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The Indian space programme was launched by Dr Vikram Sarabhai and Dr Homi Bhabha with support from Pandit Jawaharlal Nehru, the first Prime Minister of independent India.

On 21 November 1963 the first rocket announcing the birth of our space programme took off from Thumba – a fishing hamlet near Trivandrum (now Thiruvananthapuram), the capital of Kerala. For this launch everything came from abroad: the rocket, the payload, the radar, the computer and the helicopter – literally everything. Fifty years later, on 5 November 2013, when ISRO launched its Mars Orbiter Mission (MOM) from the Satish Dhawan Space Centre, Sriharikota in Andhra Pradesh, everything came from within the country. And about ten months later, on 24 September 2014, we succeeded in inserting MOM into an orbit around Mars, thus creating history. India became the first country in the world to put a satellite around the Red Planet in the very first attempt. By any standards, this is a stupendous growth in capability.

This volume has contributions from almost all the pioneers of our space programme. We have here around fifty articles of varying lengths, technical contents and styles, and they cover the entire range of activities of ISRO. In addition, it has contributions from some of the current generation of scientists and engineers who are leading our space programme. It also has brief contributions from two of the world-renowned scientists outside ISRO: Prof. Jacques Blamont, pioneer of French Space Programme and Prof. M.S. Swaminathan, pioneer of Indian Green Revolution.

Our focus, right from the days of Sarabhai, has been and continues to be harnessing space technology for national development. The technology has been effectively used for disaster risk reduction, monitoring resources, planning, development, tele-education, governance and rekindling interest in science and technology among students through space science missions. The Mars Obiter and Chandrayaan-1 missions have also caught the attention of the global community for the innovative approaches used in making the missions affordable.

This compendium of articles, interviews and reproductions edited by Dr P.V. Manoranjan Rao, assisted by Dr B.N. Suresh and Shri V.P. Balagangadharan, former scientists of ISRO, tells the incredible story of how ISRO did this. The title of the book tells it all. I congratulate the editors for this mammoth effort.

Scientists and engineers of ISRO would be greatly benefitted by reading this book as it links them to their organisation’s roots. Indeed, this publication deserves wide readership outside ISRO as well. Anyone interested in knowing the history of space programme in India would find authentic information in this book.

 I wish the publication all success and hope it will find its way to libraries of academic institutions and bookshelves of our countrymen.








	Bengaluru
	A.S. Kiran Kumar



	Chairman, ISRO


	17 May 2015





Preface
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We started working on this compendium in September 2012, at the request of Dr K. Radhakrishnan, former Chairman of ISRO. Our intention was to publish it in November 2013 to commemorate the fiftieth anniversary of the birth of the Indian space programme. (This is the reason why some of the articles in this volume refer to the fiftieth anniversary.) But we soon realised we could not be ready for the November 2013 release. There were two main reasons for this: (1) it took us a fairly long time to get all the articles we had solicited and (2) ISRO was breaking new ground in planetary exploration. It did not seem proper to publish a compendium without these historic events. The result is this book titled: From Fishing Hamlet to Red Planet.

We certainly wanted to include photographs but then this volume would become too unwieldy to be comfortable. But not to include photographs is not a pleasant option. Thus we have plans to bring out a second volume that would be a visual complement to the present one. For this purpose we have already collected a good number of photographs, some of them of vintage value. We intend to make the text of the second volume really popular so that even a lay reader would get a good idea of what ISRO has achieved over the years, while appreciating the striking visuals for which space technology is so famous! The reader would also get a glimpse of the pioneers who made it all happen.

On the other hand, this compendium is a healthy mix of popular, semi-popular and somewhat technical articles of varying lengths and different styles. While editing, we took care to retain the original flavour of the author’s style. There was a suggestion that all the articles should be edited and if necessary rewritten by a ‘professional’ in a popular ‘journalistic style’, to sustain reader interest. We did not find this suggestion desirable.

We did try to persuade the contributors to keep their articles short and simple. But some contributors found the subject matter too complex to keep it short. The reader will also find a few things being repeated in different articles. We retained the repetitions, especially in essays dealing with applications, so that each article reads like a stand-alone piece by itself. This is deliberate and not an editorial oversight! No doubt, this approach has made the volume a bit bulky but we hope the reader would appreciate the pains taken by the individual contributors.

We have included a special write-up titled ‘An Overview’ which provides the needed background for the reader to appreciate the underlying unity of theme, viz., how ISRO mastered various technologies to make our country a spacefaring nation. More importantly, these essays give the reader an idea of how ISRO harnessed those technologies for national development.

This is a compendium of interviews, reproductions, reminiscences and contributed articles representing three generations of ISRO professionals: the first generation of visionaries and pioneers who laid the foundation and built the superstructure called ISRO, the second generation that struggled to design and develop operational satellites and launch vehicles, and the third generation that is now literally reaching for the stars and taking us into interplanetary exploration! This, we believe, is the unique feature of this compendium.

Editors


An Overview
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INTRODUCTION

The three men responsible for launching our country’s space programme were: Dr Homi Bhabha, the architect of India’s nuclear project, Dr Vikram Sarabhai, now universally acknowledged as the father of the Indian space programme and Pandit Jawaharlal Nehru, the first Prime Minister of independent India. All three came from rich and cultured families; each of them was determined to do his bit for the newly emerging India.

The dominating feature of the geopolitical ambience in the 1960s was the bitter cold war enmity between the two superpowers: the United States of America (USA) and the Union of Soviet Socialist Republics (USSR) aka the Soviet Union. Both of them wooed India but Nehru tried to follow a middle path, otherwise known as the non-aligned policy which neither superpower really liked. At that time India was facing severe economic and political hardships – there was food shortage and that humiliating war in the north east. Yet, when Bhabha and Sarabhai came up with the space initiative, Nehru lent his wholehearted support. Nehru passionately believed that science and technology alone could solve our developmental problems. He wrote: ‘… science alone … can solve the problem of hunger and poverty, of insanitation and illiteracy of superstition and deadening custom and tradition, of vast resources running to waste, of a rich country inhabited by starving people. Who indeed can ignore science today?’

Even in those days of no PCs, no cellphones and no Internet, Sarabhai was a globally networked person. Thus, with his connections and with his personal charm, he could persuade the ‘bitter enemies’ of cold war to cooperate in launching the Indian space programme.

On 21 November 1963 a small American sounding rocket, known as Nike Apache took off from Thumba, a fishing hamlet near Trivandrum thus launching the Indian space programme and simultaneously announcing the birth of the Thumba Equatorial Rocket Launching Station (TERLS).

The rocket and some tracking equipment came from the USA, the Minsk (capital of Belarus) computer and a helicopter (for surveillance) came from the USSR. The payload for the rocket based experiment, known as the sodium vapour payload, was personally brought by Prof. Jacques Blamont from France, who has recently (2015) been honoured with a Padma Shri by the Government of India. The main thing to note is that our space programme was midwifed by the cold war enemies.

BORN IN A CHURCH

In those early days Trivandrum itself was like an outgrown village, described by Arthur Koestler as ‘the charming tropical suburb to a non-existent town’. And in the land acquired for TERLS, the only ‘decent building’ available was a church: the St Mary Magdalene Church. Our space programme was literally born in this church. ‘The church was our workshop and the bishop’s house was our office,’ wrote Shri D. Easwaradas, one of the early recruits of Sarabhai. Development of many of the technologies needed for rocketry was initiated in this church.

A SUMMARY

With this brief historical introduction, we now proceed to give an overview of this compendium.

Part One titled ‘The Beginnings’ starts off with a brief note by Jacques Blamont, the man who brought the payload for the very first rocket launched from Thumba on 21 November 1963. The archival-cum-historical value of this piece, ‘Starting the Indian Space Programme’ is immeasurable!

Why was Thumba, that fishing hamlet, chosen to launch our space programme? The answer is in the article ‘Significance of Sounding Rocket Range in Kerala’ by Vikram Sarabhai himself. This is a reproduction from Nuclear India, published by the Department of Atomic Energy (DAE) in December 1963. There was no ISRO in 1963. The space programme was run by DAE through the Indian National Committee for Space Research (INCOSPAR) of which Sarabhai was the Chairman. ISRO was created only in 1967.

Sarabhai’s sudden death at the peak of his creative best in 1971 shook India; he was just fifty-two. He was leading the country’s nuclear and the space programmes. He was chosen by Prime Minister Indira Gandhi to succeed Bhabha who had died in a plane crash over Alps in 1966. Now Mrs Gandhi had to find a successor to Sarabhai. In an inspired move, she chose Prof. Satish Dhawan. Perhaps this was her greatest contribution to ISRO! How she did this is described in ‘ISRO after Vikram Sarabhai’ by Prof. M.G.K. Menon who was privy to all that happened in the corridors of power. This comprises excerpts from an interview Menon gave to Dr P.V. Manoranjan Rao and Shri J. Raja in 1999.

The next essay, ‘Early ISRO: 1961–1971’, is by Prof. E.V. Chitnis who was the right-hand man of Sarabhai; he gives a first-hand account of these early years of our space programme. He was the man sent by Sarabhai to scout areas for locating the rocket launching station in Kerala. Along with Prof. U.R. Rao, he was the person to visit Sriharikota Island first, where now ISRO’s premier launch range is located.

How would one start doing something that had never been done before in the country, like say, building communication satellites? You must read Prof. Yash Pal’s interview, ‘The Romance of the Indian Space Programme’, which captures beautifully the spirit of Sarabhai’s approach towards building the country’s space capability. We have tried to retain the spontaneity, informality and the passion with which he spoke by not editing too much! We have even retained the occasional Hindi/Urdu phrases he uses which, in our opinion, make reading an endearing experience.

‘The Architect’, the next piece, consists of excerpts from an interview Dhawan gave to P.V. Manoranjan Rao and J. Raja in 1997. It is impossible to capture in a single interview or an essay all that Dhawan did for ISRO. Yet these excerpts give a glimpse of his contributions.

Shri R. Aravamudan was one of the very first engineers selected by Sarabhai to work for INCOSPAR; he was one of those early recruits sent to the Wallops Island, USA, for training even before TERLS (Thumba Equatorial Rocket Launching Station) was born. His write-up, the last piece in this section, ‘Evolution of ISRO: A Personal Account’, captures the ambience of those days bedsides providing us glimpses of how Sarabhai got things done quickly cutting the bureaucratic red tape.

Rockets of ISRO are the basic theme of Part Two in which are assembled write-ups on TERLS, Sounding Rockets, SLV-3 (India’s first launch vehicle), Augmented Satellite Launch Vehicle (ASLV), Polar Satellite Launch Vehicle (PSLV), Geosynchronous Satellite Launch Vehicles (GSLV and GSLV-Mk III). We tried to ensure that each article is written by a veteran closely associated with the development of the concerned rocket system. We largely succeeded in this except in a couple of cases.

The first article, ‘Thumba Equatorial Rocket Launching Station (TERLS)’, is a compilation of selected material from old brochures published during the late 1960s and early 1970s. It gives the reader a flavour of those early years of the space programme. The next piece is ‘Sounding Rockets’. Shri V. Sudhakar was the first Project Director of the Rohini Sounding Rockets. When we approached him, he expressed his inability ‘to write anything’. So this was written by P.V. Manoranjan Rao, the Chief Editor of this compendium who had a ringside view of the developments associated with sounding rockets of ISRO.

Dr S.C. Gupta, who laid the foundation for control and guidance systems as well as for inertial systems in ISRO, traces the origins of satellite launch vehicles in ‘Beginnings of Launch Vehicle Technology in ISRO’. Sarabhai faced some opposition when he decided to locate the Space Science and Technology Centre (SSTC) also in Trivandrum near Thumba. Gupta tells us how effectively Sarabhai silenced his critics by his impeccable logic. Gupta, a former Director of Vikram Sarabhai Space Centre (VSSC), played a key role in bringing ISRO back on track after the two successive failures of ASLV.

Perhaps the most popular name of ISRO leaders of later years is Dr A.P.J. Abdul Kalam who was, of course, the Project Director of SLV-3, ‘India’s First Launch Vehicle’. Kalam gives a fairly detailed and personal account of the launch vehicle which made India a spacefaring nation. He also gives glimpses of pioneers and visionaries such as Sarabhai, Satish Dhawan and Brahm Prakash.

Augmented Satellite Launch Vehicle (ASLV) was conceived as a technological bridge between SLV-3 and the operational vehicle Polar Satellite Launch Vehicle (PSLV). Its first two flights failed, plunging ISRO into gloom. But the lessons ISRO learnt from these failures were invaluable. Shri M.S.R. Dev was the Project Director of the ASLV. When we requested him to write this piece for us, he too expressed his inability to oblige us. So this story is told in simple and popular style by P.V. Manoranjan Rao in ‘To Err Is Human: The Story of ASLV’.

PSLV is the pride of ISRO. Though its maiden flight failed, all its later flights were successful. PSLV also was the rocket used by ISRO for the Chandrayaan-1 and recovery missions. It also launched the Mars Orbiter Mission (MOM), known as Mangalyaan. Its reliability is beyond doubt. Right now it is the only operational vehicle of ISRO. G. Madhvan Nair was the Project Director of PSLV; he worked hard for over a decade to make a success of the project. Later he became Chairman of ISRO. When we approached him, he suggested the name of Shri N. Narayanamoorthy, who was the Project Director of PSLV during 2002–07. Thus, ‘PSLV: The Workhorse of ISRO’ was written by him.

The Geosynchronous Satellite Launch Vehicle (GSLV) has an unusual configuration: liquid strap-ons and solid core and alternate solid and liquid stages. R.V. Perumal, who was its Project Director, describes the evolution of this rather peculiar configuration in the essay ‘Evolution of Geosynchronous Satellite Launch Vehicle’. Perumal was also a former Director of the Liquid Propulsion Systems Centre (LPSC) of ISRO.

With its payload capability of over four tonnes in geosynchronous transfer orbit, GSLV-Mk III, also known as LVM-3 (Launch Vehicle Mark-3), is the future launch vehicle of ISRO which has the cryogenic engine of indigenous design. It’s first Project Director, S. Ramakrishnan, who later became the Director of the Vikram Sarabhai Space Centre (VSSC), gives us a succinct account of its design and of its current state of development. His article is titled ‘The Next Generation Launcher: GSLV-Mk III’. Once this vehicle becomes operational, ISRO need no longer go outside for launching heavy communication satellites. (See also the write-up by Dr Somanath in Part Eight, Chapter 8.9.)

We have included three essays in this section dealing with specific technologies: liquid propulsion systems, inertial systems and solid propellants. The first two are equally relevant to both rockets and satellites. Though relevant only to rocketry, we have included the article ‘Evolution of Solid Propellants in ISRO’ by Dr V.N. Krishnamurthy, a pioneer in solid propellant formulation, and Dr V.R. Gowariker, a former Director of  VSSC, because it was the very first major technology mastered by ISRO. Dr A.E. Muthunayagam, Founder Director of Liquid Propulsion Systems Centre (LPSC), has written ‘Liquid Propulsion in ISRO’. Dr N. Vedachalam, former Director of ISRO Inertial Systems Unit (IISU) and also LPSC, deals with inertial components and systems in his write-up, ‘Inertial Systems for Launch Vehicles and Spacecraft’. These three essays give the reader a glimpse of how, starting with a primitive set-up, ISRO developed these technologies which today are considered state-of-the-art. The same is, of course, true of many other technologies that ISRO has developed over the years.

Part Three is about satellites. Prof. U.R. Rao is the ultimate authority on satellites in ISRO. He introduces the subject by giving us a brief and interesting account in ‘Origins of Satellite Technology in ISRO: The Story of Aryabhata’. Rao was the Founder Director of ISRO Satellite Centre (ISAC) and was also the Chairman of ISRO from September 1984 to March 1994.

India’s first indigenous communication satellite was the APPLE, an acronym for Ariane Passenger Payload Experiment. APPLE was a trendsetter in many ways: it was our first satellite in geostationary orbit which needed an apogee boost motor that was derived from the fourth stage motor of SLV-3; it had to be developed within very tight time schedules; it is also an example of how ISRO fully exploited ‘lucky breaks’ that came in its way. This story, ‘APPLE in Retrospect’ is written by Dr R.M. Vasagam, its Project Director.

INSAT-1 series, procured from abroad, represents ISRO’s first operational communication satellites. The Project Director was Shri Pramod Kale who gives a detailed account of the whole process. In ‘Origins of INSAT-1’ he tells us how INSAT-1 became a multipurpose satellite with the inclusion of the Very High Resolution Radiometer (VHRR). The pictures taken by the VHRR and telecast all over the country through TV news channels, made a ‘meteorologist’ of the common man! Shri Kale was a former Director of Space Application Centre (SAC) and of VSSC.

While INSAT-1 satellites were procured from abroad, the INSAT-2A ushered in the era of indigenous, operational geostationary communication satellites. Its Project Director, Shri P. Ramachandran, gives us in ‘INSAT-2 Story’ a good account of its development in all its details. This piece is a bit technical but worth reading even by lay persons!

IRS-1A was the first operational remote sensing satellite of ISRO. In ‘IRS-1A: A Dream Come True’ Shri S. Kalyana Raman, the Deputy Project Director shares with us the story of IRS-1A. The Project Director was Dr K. Kasturirangan who later became the Chairman of ISRO.

Dr P.S. Goel brilliantly summarises ISRO’s journey towards operational satellites. His essay, ‘Operational Satellites of ISRO’, is an example of how a complex subject can be effectively covered in a short essay, that too with bare minimum technical jargon. Dr Goel was a former Director of ISAC.

What makes a satellite useful is the payload on-board. Generally, in communication satellites they are transponders and in remote sensing satellites they are imaging devices. These payloads are designed and developed in the Space Applications Centre (SAC), Ahmedabad. In ‘Payloads for Satellites’ by Dr George Joseph, we have a detailed account of this subject. A former Director of SAC, Dr Joseph also traces briefly the history of SAC.

To launch rockets and to orbit satellites and to keep in touch with them and finally to receive data from them, to process the data thus received – all this needs elaborate infrastructure ‘On the Ground’. This subject is covered in Part Four. The first essay in this section deals with the full story of how ISRO’s premier rocket launching station, known today as the Satish Dhawan Space Centre-SHAR (SDSC-SHAR), came to be located on the Sriharikota Island on the east coast of India in Andhra Pradesh. Equipped with state-of-the-art facilities, SDSC-SHAR is justly known as ‘The Space Port of India’. This essay is written by Shri K Narayana, a former Director of SDSC-SHAR.

A launch vehicle in flight needs to be tracked and monitored. Similarly, one has to be in touch with a satellite in orbit to know its health and to control it and to get the payloads on board to do the work they are intended to, like switching on a camera. All these things are done through an elaborate network of ground stations both within and outside the country. The ISRO Telemetry, Tracking and Command Network (ISTRAC) does all these jobs. Dr S.K. Shivakumar, former Director, ISRO Satellite Centre (ISAC) is the author of the piece on ISTRAC. He was also a former Director of ISTRAC.

All communication satellites of ISRO in geostationary orbits, for example the INSATs, are tracked and controlled by the Master Control Facility (MCF) which has campuses at Hassan in Karnataka and Bhopal in Madhya Pradesh. In this article, Shri Pramod Kale traces the origins of MCF; we are grateful to the Director of MCF for the last part of this essay, which is an update on the Facility.

Dr V. Jayaraman, former Director of National Remote Sensing Centre (NRSC) in his article ‘Carrying Pixels to the People’, traces its history and tells us how the remote sensing images received from satellites are processed and converted into products in a form readily usable by the consumers. Today NRSC is serving a host of government departments dealing with agriculture, forestry, fisheries and so on.

Right from the Sarabhai days till now the Indian space programme has been driven by Applications. A common question asked is: What does the space programme do for the country? In Part Five, the reader will find the answer. In all, we have nine articles of varying lengths in this part. The first piece is a reproduction of a brief article written by the late Prof. P.R. Pisharoty and published in Current Science. Titled, ‘Historical Perspectives of Remote Sensing: Some Reminiscences’, it deals with the origins of remote sensing in the country. Similarly, Prof. M.S. Swaminathan, the man behind the Green Revolution and founder of M.S. Swaminathan Research Foundation, writes a short historical note on the ‘Genesis and Growth of Remote Sensing Application in Indian Agriculture’.

A fairly exhaustive account of remote sensing applications is given by Dr Ranganath R. Navalgund, a former Director of NRSC and SAC. His article ‘Remote Sensing Applications’, is a must-read for anyone wanting to know what remote sensing does for the country.

The next two short pieces deal with specific applications of remote sensing. Dr Shailesh Nayak, Secretary, Ministry of Earth Sciences and Chairman, Earth Commission, writes about ‘Potential Fishing Zones: Science to Service’. The article by Dr Mukund Kadursrinivas Rao, an expert on Earth Observations and Geographical Information Systems, is titled ‘Satellite Images and GIS: Changing Urban Management Perspectives’.

Mr Arnold Frutkin was the Associate Administrator of NASA, dealing with international relations. He was instrumental, as this extract from oral history transcriptions (of NASA) shows, in getting the ATS-6 satellites of NASA for our Satellite Instructional Television Experiment (SITE) which made waves in those years. We have titled this extract ‘Genesis of SITE’. The late Arthur C. Clarke had described SITE as the ‘greatest communications experiment in history’.

In ‘SATCOM for Development Education: The Indian Experience’, Dr B.S. Bhatia, a former Director of the Development and Educational Communication Unit (DECU) of ISRO writes about the role of communication satellites in promoting development of especially remote and backward areas in the country. It is a pity that today’s crassly commercialised TV channels which dish out inane stuff in the name of entertainment, have left virtually no space for any meaningful developmental or educational programmes. ISRO is perhaps the sole exception as Edusat and other efforts in fields such as Telemedicine, Village Resource Centres, etc., testify.

The INSAT system was conceived by ISRO as a means to augmenting the poor telecom infrastructure in the country in those years. INSAT-1 satellites also carried a meteorological payload in the form of VHRR, as already mentioned. Over the years, ISRO kept on adding more services, such as disaster warning, search and rescue, telemedicine, etc., through INSAT system. All these are covered by Shri N. Prahlad Rao in ‘Applications of Communication Satellites’. Rao was a former Director of SCPO (Satellite Communication and Navigation Programme Office) at ISRO headquarters.

Though ISRO launched its first navigational satellite IRNSS-1A (Indian Regional Navigational Satellite System-1A) only in July 2013, studies on the subject have been going on since long as the article by Dr Suresh Kibe, ‘Satellite Navigation in India’, shows. Dr Kibe was a former Programme Director, Satellite Navigation and also an Associate Director, INSAT at ISRO headquarters. He takes the reader through the basics of satellite navigation.

It is virtually impossible to sustain any significant space programme without industry participation. As the programme grows, so does the industry’s role. This is the theme of Part Six which comprises a single stand-alone article, ‘Space and Industry Interface’, by Dr K.R. Sridhara Murthi and Shri M.N. Satyanarayan. Murthi is the Director, International Institute of Aerospace Engineering and Management in Jain University. Satyanarayan was a former Deputy Director (Reliability and Components) at ISRO Satellite Centre and Executive Director, Space Industry Development at ISRO HQ.

The very birth of TERLS, which also marks the birth of the Indian space programme, was the result of international cooperation. ISRO too has always been willing to share its experiences with others. The earliest example is of course the Experimental Satellite Communication Earth Station (ESCES) established in Ahmedabad in 1967. Through ESCES, India trained technical personnel from several developing countries in satellite communications. A rather recent example of international cooperation is Chandrayaan-1 mission in which experiments designed by other countries were flown. In ‘ISRO and International Cooperation’, by Dr M.Y.S. Prasad, a former Director of the SDSC-SHAR, we have a good account of this subject. This constitutes Part Seven.

We have named Part Eight ‘In the New Millennium: Beyond Sarabhai’s Road Map’. This is because in ‘A Decade Profile for 1970–80’, which Sarabhai had authored, he could foresee ISRO achieving GSLV capability. He was particular that ISRO should adhere to the philosophy of doing only those things that have immediate practical benefits to the country. But that was more than forty years ago! Since then the world has changed a lot and ISRO has a pool of highly skilled professionals ready to foray into new fields. So it was natural for ISRO to look beyond Sarabhai’s road map. During the last decade and a half, ISRO has made remarkable progress in several areas: the moon mission (Chandrayaan-1), recovery of an orbiting satellite, navigation satellite system, Mars Mission (Mangalyaan), indigenous development of cryogenic propulsion, suborbital flight testing of ISRO’s next generation launch vehicle (GSLV-Mk III aka LVM-3) and some baby steps towards manned missions. All these are covered in this section. Without exception all the articles were written by people with impeccable credentials in their respective fields. This Section makes this compendium up to date.

We have four articles on Chandrayaan-1 that brought new fame to ISRO. This moon mission was conceived and government approval obtained during the period when Dr K. Kasturirangan was the Chairman of ISRO. The title of the first piece ‘Chandrayaan-1: How ISRO got the Backing of the Nation’ is self-explanatory. The next one is ‘The Chandrayaan-1 Spacecraft’ written by Dr M. Annadurai who has recently assumed office as the Director of the ISRO Satellite Centre, Bengaluru. He gives a succinct account of the design and development of the Chandrayaan-1 spacecraft. In ‘Our Journey to Moon and Mission Beyond’, Dr V. Adimurthy, formerly an Associate Director of VSSC, describes the journey from Earth to Moon. He also briefly covers the Mars Mission. Adimurthy is an authority in ISRO on interplanetary missions. Prof. J.N. Goswami, Director, Physical Research Laboratory, Ahmedabad lucidly summarises the scientific results obtained through this mission in ‘Chandrayaan-1 Mission: The New Face of the Moon’. Taken together, these four articles give the reader a comprehensive account of the maiden moon mission of ISRO.

‘The Space Capsule Recovery Experiment (SRE)’ which describes ISRO’s maiden attempt to recover an orbiting satellite is written by Dr B.N. Suresh who played a key role in making this mission a success. At the time of the experiment he was the Director of VSSC and a Member of the Space Commission. He is an Associate Editor of this compendium. It may be pointed out that mastery over recovery technology is an essential first step before anyone contemplates manned missions.

ISRO entered the new area of satellite navigation on 1 July 2013 by launching the first of a constellation of seven satellites that comprise the Indian Regional Navigation Satellite System (IRNSS). ISRO followed this up by launching two more satellites in the series. The completed system will serve the navigational needs of the Indian land mass plus 1,500 km around it. This article on IRNSS was written by Shri A.S. Kiran Kumar, the present Chairman of ISRO.

ISRO shot into international fame once again with the Mars Orbiter Mission (MOM). The article, ‘Mars Orbiter Mission’, was written by Dr S. Arunan who was the Project Director for the mission. He evidently wrote it as a stand-alone piece with great detail about the flight of the vehicle PSLV that launched MOM. At one time we thought of deleting these details because we already have a long article on PSLV in Part Two on rockets. On second thought, we retained these details to help the reader who may be tempted to read this piece first because of the exhaustive media coverage of MOM.

Till recently a great lacuna in the technological prowess of ISRO was the cryogenic propulsion systems. ISRO did use cryogenic stages in the GSLV but they were made by Russia. Originally, Russia was under contractual obligation to transfer this technology to ISRO but the geopolitical situation had become so vitiated that Russia was forced to renege on its contract. Now ISRO had to develop its own cryogenic engines and stages. This proved to be a long and arduous journey. Success came to ISRO on 5 January 2014 when the rocket GSLV-D5, with the indigenous cryogenic stage successfully inserted the satellite GSAT-14 into the specified orbit. This story titled ‘Cryogenic Propulsion System Development in ISRO’ is narrated by Dr V. Narayanan, Deputy Director of LPSC, in charge of Cryogenic Propulsion Engines and Stages. He is also the Project Director for the C25 Cryogenic Project of the GSLV-Mk III (also known as LVM-3).

ISRO pins its hopes on the GSLV-Mk III, the launch vehicle capable of orbiting a 4-tonne satellite into a Geosynchronous Transfer Orbit (GTO). PSLV, the present workhorse of ISRO, is by world standards a relatively small vehicle. LVM-3 has been under development for quite some time. ISRO got a shot in the arm when the first experimental flight test of LVM-3-X on 18 December 2014 was successfully carried out. The vehicle had only a ‘dummy’ cryogenic stage but its ‘payload’ (the Crew Module Atmospheric Re-entry Experiment [CARE]) also created some sort of history. The essay ‘GSLV-Mark III Mission’ was written by Dr S. Somanath who, at that time, was the Project Director of GSLV-Mk III. He is now the Director of LPSC. The article titled ‘Initiative on Indigenous Human Space Flight’ was written by Dr S. Unnikrishnan Nair who was the Payload Director for the experiment.

By successfully launching the PSLV in October 1994, ISRO joined the Big Rocket League. And India became a space power. The success of PSLV was the culmination of pioneering efforts of ISRO professionals who worked under the successive leaderships of Vikram Sarabhai, Satish Dhawan and U.R. Rao. The last two decades saw ISRO venturing beyond Sarabhai’s road map by successfully carrying out re-entry, lunar and Mars missions. During this period, leadership was provided in succession by Dr K. Kasturirangan, Dr G. Madhavan Nair and Dr K. Radhakrishnan. We end this compendium by reproducing excerpts from interviews/Q&A sessions with these former Chairmen of ISRO. Thus it can be seen that this compendium has contributions from all the Chairmen of ISRO, right from Sarabhai, its creator, to Kiran Kumar, the present Chairman.

We have tried our best to ensure that this compendium is error-free. If the reader finds any errors, technical or otherwise, we the editors are responsible for them, not the contributors.

Editors
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	CDB	Cast Double Base (Propellant)
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	CWS	Cyclone Warning System
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	DAP	Digital Autopilot

	DCP	Data Collection Platforms
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	DD	Doordarshan (the National TV)
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	DFVLR	German Test and Research Institute for Aviation and Space Flight (Now DLR)

	DLR	German Centre for Aviation and Space Flight

	DLRL	Defence Electronics Research Laboratory

	DMSAR	Disaster Management Synthetic Aperture Radar
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	DOS	Department of Space

	DOT	Department of Telecommunications

	DRDO	Defence Research and Development Organisation
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	DTH	Direct to Home
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	ECLSS	Environmental Control and Life Support System
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	ERP	Expert Review Panel

	ESA	European Space Agency

	ESCES	Experimental Satellite Communication Earth Station

	ETA	Explosive Transfer Assembly
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	FACC	Ford Aerospace Communication Corporation
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	HAL	Hindustan Aeronautics Limited

	HAT	High Attitude Test
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	HEX	High-Energy X-ray
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	HGA	High Gain Antenna
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	HSP	Human Space Programme
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	HySI	Hyper Spectral Imager
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	IIOE	International Indian Ocean Expedition
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PART ONE

The Beginnings


1.1

Starting the Indian Space Programme

JACQUES BLAMONT
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Most probably, it was at the 1962 COSPAR (Committee for Space Research) meeting in Washington that my friend Praful Bhavsar introduced me to Vikram Sarabhai. I had just become the scientific and technical director of the fledging French Space Agency, CNES, born on 1 March 1962 with great ambitions and small means. Vikram, a cosmic rays physicist, had already conceived an original doctrine which he explained to me with convincing enthusiasm. For him, the only method by which India could catch up with developed countries was to bypass the usual stages by exploiting the most modern technology, a process he called leapfrogging.

He considered nuclear energy, electronics and space as domains where governmental investments would quickly provide major improvements to the life conditions of the poor people who formed the majority of the Indian nation. If the relevance of the first two was obvious, space did not appear at that time to provide applications to leapfrog, at least in my opinion.

But Vikram convinced me by an exposition of his views on education through satellite. For him, analphabetism represented the major obstacle to progress in India. Imagine, he said, a central station transmitting to a satellite education programmes prepared by excellent professors somewhere in a specialized organisation, and the satellite relaying these programmes to tens of thousands of villages, where television receivers would display them to the local farmers.

In the case of India, 82 per cent of the population is dispersed in 560,000 villages. The main reason for poverty and starvation is ignorance. To find 560,000 trained teachers is out of question, but it could be possible to find as many television receivers. The impact on the intellectual level of the masses would be immediate and immense.

You have to realize that when I heard Vikram explain his dream, the first telecommunication satellite Telstar had just been placed in orbit, and the first geostationary satellite Syncom had not yet been launched. Sarabhai’s vision appeared to me as a mark of a genius and I decided to help him as much as I could.

India had to follow the same path that I had followed five years before: learn the trade with sounding rockets. Its first space effort was to build a launch site for sounding rockets, sponsored by COSPAR as a privileged place for physicists to explore upper atmosphere at the magnetic equator. Under INCOSPAR (Indian National Committee for Space Research), the launch site was built quickly with the help of NASA (National Aeronautics and Space Administration), the Soviet Union and CNES. Since there was specifically nobody in India who could build a payload, I offered to Vikram to repeat what I had done in 1959, that is, create a sodium cloud with a rocket, using a technique explained to me by my friends of the Air Force Cambridge Research Center. The cloud, visible at twilight along the trajectory above 100 km of altitude, provided good data on the dynamics of the atmosphere, unknown at that time. It was good science.

The launch site was situated in Kerala, at Thumba, in the suburbs of Trivandrum. I provided the payload, a sodium ejector fabricated in my laboratory, to be placed in the nose cone of a Nike Apache rocket given by NASA. Praful Bhavsar was the scientific manager of the project.

A very young engineer responsible for inserting the payload in the nose cone, spent the night before the launch working with a file in order to fit a (French) equipment to an (American) rocket environment. The name of this young fellow is A.P.J. Abdul Kalam and he became later, as you may know, the President of the Republic of India.

The launch, a complete success on the evening of 21 November 1963, served to validate the instrumentation at the site and is considered as the birth of the Indian Space Programme. The observation of the sodium cloud, easily detected by anybody in the crowd with a naked eye, created a great interest down to the state of Tamil Nadu; the legislative assembly of Kerala suspended its session in order for its members to observe the phenomenon for twenty minutes.

A few weeks later, on 11 January 1964, I arrived with my team in Trivandrum for the launch of three Centaure rockets provided by CNES on my request, carrying also sodium ejectors. The clouds were observed up to 200 km of altitude with sophisticated instruments we were carrying with us, from Kanyakumari where Vikram came to visit us. The whole operation was again a complete success, with great experience gained by the Indian crew at the launch site.

Subsequently, Vikram bought the licence to manufacture the Centaure and of the larger Dragon (reaching 500 km of altitude) rockets. Indian engineers learned the trade of solid propulsion and later of liquid propulsion from French colleagues at the space centres of Bretigny and Vernon.

I had become a close friend of Vikram and now I regret that I could not give him much of my time. I do not remember at which time, around 1967, he took me one evening to a village, 50 kilometres from New Delhi. On the central esplanade, a television receiver placed on a scaffold was being watched by about 200 peasants trying to understand the images. Fortunately, the loudspeaker was good. An educative programme was being broadcast by the national television organisation in New Delhi. Coming back with Vikram in his car, we were not certain that the system had shown any efficiency, but it had obviously a great potential, as the later Indian space programmes Site, Insat and Edusat had proven. But today of course, direct TV by satellite has become universal and carry educational programmes which, though not to our expectations, have some value.

When Vikram succeeded in creating ISRO (Indian Space Research Organisation), I was able to help him in various ways till the time of his unfortunate death. There was something unique between us since November 1963. When I was invited to the celebration of the fortieth anniversary in Trivandrum, I was reminded of the audience reaction to the first manned balloon flight in Paris on 4 November 1783. Somebody had asked, ‘What could be the use of that?’ and Benjamin Franklin replied ‘What is the use of a newborn child?’ A child was born in Thumba on 21 November 1963 and we watch its achievements with admiration.
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Professor Jacques Blamont was born in October 1926 in Paris. He was instrumental in creating the French space agency, CNES (Centre National d’Etudes Spatiales). In 1972 he became the Chief Scientist and Adviser to the Director General of CNES. His scientific contributions include: discovery of interstellar wind, red shift of the sun predicted by General Relativity, hydrogen envelope of comets, first measurements of upper atmospheric temperature profiles, etc. He was a member of innumerable planetary missions of both the USSR and the USA. He is a recipient of a large number of national and international awards. He was honoured with the Vikram Sarabhai Medal (1994) and the Padma Shri (2015). At eighty-nine, he is passionately attached to space sciences and follows with affection the progress of the Indian space programme.
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1.2

Significance of Sounding Rocket Range in Kerala1

VIKRAM A. SARABHAI
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With the firing of a rocket for the first time in India, on 21 November, from Thumba near Trivandrum, India has entered the Space Age, even though on a modest scale. A question which is often asked in this connection is why Thumba was selected for establishing the Equatorial Sounding Rocket Launching Facility. If we had wished to locate the range as close to the earth’s equator as is possible in India, we should have gone to Kanyakumari instead. Indeed there are many scientific problem of great interest, particularly in the field of meteorology which we would like to study near the equator; but there are still others which are related to the earth’s magnetic field and to study them we have to be almost exactly at what is known as the ‘magnetic equator’. Kanyakumari, though close to the geographical equator is farther away from the magnetic equator.

The distinction between the earth’s equator and the magnetic equator arises because the axis of the earth’s magnetic field does not coincide with its spin axis. For instance the north magnetic pole does not lie at the earth’s North Pole, which has the Pole Star directly overhead. The north magnetic pole in fact lies nearly 910 kilometres away from the North Pole and is situated close to the northern shores of Canada. If we define the magnetic equator as the line connecting points at which the earth’s magnetic field is parallel to the surface of the earth, we find that the equator crosses India very close to Quilon at about 8½ degree north geographic latitude. On the other side of the globe, in South America, the equator crosses Peru at about 11 degrees south geographic latitude. An interesting consequence of this phenomenon is that the earth’s magnetic field at the magnetic equator is the strongest in the region between India and Borneo, and the weakest over South America.

The Indian National Committee for Space Research set up by the Department of Atomic Energy, examined with the active help and support of the Government of Kerala in detail the entire coastal belt from Trivandrum to Alleppy for a site which in addition to being almost exactly at the magnetic equator would also provide other facilities required for a rocket range.

The most important consideration in this was the question of safety for the inhabitants on the shore and of fisherman at sea during the rocket firing. Even though rockets of the type that are to be used for the Indian programme have been well tried and are amongst the most reliable that are available one has to be prepared for an occasional malfunction. Moreover, rockets are greatly affected by prevailing winds close to the surface of the earth which they encounter just after launch, when their own speed is still low. Elaborate measures have, therefore, to be taken to get the best possible estimates of wind speeds as close as 5 minutes before actual firing. Even so, there is always a certain range of uncertainty in our prediction of the precise spot where the rocket would fall after burn-out. Thus people have to be cleared from the vicinity of the rocket launch pad and from the probable area where the first and the second stages of the rocket are expected to fall. Thumba, 32 kilometres (sic) south of Quilon, was finally selected because the number of people required to be moved for establishing the range was comparatively smaller than along the coast further north. Moreover, the density of fishing craft in the ocean is also less near Thumba than further north near Quilon. For these reasons it was decide to locate rocket launching site at Thumba, and not at Quilon.

The establishment of the range at Thumba has inevitably caused serious inconvenience to many families, educational institutions and religious establishments which had to be relocated. It is hardly possible to express through words the gratitude of the Indian National Committee and of the world scientific community, which will use the range to those who have borne this inconvenience and cooperated whole-heartedly in the establishment of the range. I hope that they will have the satisfaction of having directly contributed to the creation of a new activity which will not only further the cause of science and technology, but also stimulate scientific activity in Kerala.

UNIQUE FACILITIES

The site at Thumba will afford unique facilities for scientific research to those who are interested in problems of meteorology and of the atmospheric science which are special to the region of the geographic and the magnetic equators. The United States Outer Space Committee, as well as the Committee for space research (COSPAR) of the International Council of Scientific Unions (ICSU) has pointed to the great importance of establishing an equatorial sounding rocket range in time for two major international programmes which are being under taken. The first is the International Indian Ocean Expedition and the other is the International Quiet Sun year which will commence on 1 January 1964. In both these programmes the facilities available at Thumba will be used by Indian scientific groups as well as by international groups. India has offered to the United Nations that the site at Thumba may be recognized as an International Sounding Rocket Range. Thus, Thumba is now very much on the international scientific map.

The establishment of the international site has been made possible through the collaboration and active assistance of many countries advanced in space technology. Initial work at Thumba is based on agreements concluded between the Department of Atomic Energy and the National Aeronautics and Space Administration of the U.S.A. Other facilities at the range will be created through agreements with the Academy of Sciences of the U.S.S.R. and the Centre National D’Etudes Spatiales of France. Many other countries have also expressed interest in the equatorial rocket site. I wish to take this opportunity to express our most heartfelt thanks for the collaboration that we have received from our friends abroad.

In an age when man has the capability of launching rockets which travel millions of kilometres to planets such as Mars and Venus, our Indian national programme for sounding rockets would be a very modest one indeed. Its main aim is to study the region of the atmosphere 40 to 200 kilometres in space. Observations can be made with balloons up to 40 kilometres and artificial earth satellites can operate satisfactorily above 200 kilometres where the resistance of earth’s atmosphere is quite low. The 40 to 200 kilometres region can, therefore be studied satisfactorily through direct measurements only with small sounding rockets.

This region of the earth’s atmosphere is of great significance for understanding some of the processes by which weather is affected. The ionosphere which makes long range wireless communications possible through reflection of short radio waves is also in this interesting region. Moreover at the magnetic equator, the ionosphere has many special features such as narrow stream of extremely high electric current flowing from west to east, known as the electrojet. This electric current has magnetic effects associated with it and presents many fascinating scientific problems.

FUTURE PROGRAMME

Our future programme involves two types of rockets. The small rockets would be able to take instruments weighing up to 10 kilograms to heights of about 70 kilometres landing in the sea some 50 to 100 kilometres to the west of the launch pad. Experiments conducted with these rockets would mainly be for a better understanding of winds, temperature and composition of the atmosphere at these levels. A bigger two stage rocket would be used to carry scientific instruments weighting up to 40 kilograms to heights of up to 180 kilometres. The first stage of the rocket would carry the second stage through the dense lower part of the atmosphere and would then drop into the sea about 5 to 10 kilometres from the shore. The second stage would carry the instruments to the full ceiling and then land in the sea some 150 to 250 kilometres to the west.

The very first experiment involved a two-stage rocket which released sodium vapour from an altitude of 80 to 180 kilometres at dusk when the sun’s rays did not fall on the surface of the earth, but reached only the upper atmosphere. The experiment could also be conducted at dawn. An orange coloured cloud was visible to the naked eye at places up to 250 kilometres away.

It was planned to photograph the cloud from special cameras at places as far separated as Kanyakumari, Palayamkottai, Kodaikanal and Kottayam. However the sky was completely overcast at Kodaikanal and partially so at Kottayam at the time of firing. Records have been obtained from the other two stations. Putting together information from these stations where the cloud was photographed against the background of stars, it will be possible to gain fresh insight into the complicated problems connected with the electrojet and high altitude aeronomy in the Indian Ocean area. Later experiments would attempt to measure the magnetic fields caused by the currents in the electrojet and the temperature and charged particle densities of the ionosphere.

It is now more than a hundred years since the British scientist Allan Broun with Indian assistants made his important contribution to geomagnetism (J. Allan Broun, FRS, was the director of the Trivandrum Observatory from 1852 to 1865; and made some fundamental contributions to geomagnetism by his work on diurnal variations of the magnetic declination at Trivandrum near the magnetic equator – Ed.). One can safely predict that with the commencement of space activities at Thumba during November 1963 many new and important scientific discoveries will once again originate from research in this area.
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Vikram Sarabhai was a scientist, industrialist, manager, institution builder, visionary – all rolled into one. He got UN sponsorship for TERLS; created the Space Science and Technology Centre (SSTC) close to TERLS; established the Experimental Satellite Communications Earth Station in Ahmedabad; saw the first indigenous sounding rocket take-off from Thumba; created ISRO (Indian Space Research Organisation); sowed the seeds of remote sensing and satellite communication; completed formalities for an agreement with the Soviet Union to launch India’s first satellite (Aryabhata); signed an agreement with NASA for joint conduct of the Satellite Instructional Television Experiment; obtained a licence to produce the French sounding rocket Centaure in India; got Sriharikota island on the east coast for establishing a rocket launching range; flagged off the development of India’s first satellite launch vehicle SLV-3; drew the road map which ISRO followed for the next four decades and then died in his sleep on 30 December 1972. He was just fifty-three. He bequeathed the space programme to the country.
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1 Nuclear India, Vol. 2, No. 4, published by the Department of Atomic Energy, December 1963. Dr Sarabhai was the Chairman of Indian National Committee for Space Research at that time.


1.3

ISRO after Vikram Sarabhai

M.G.K. MENON

[image: Image]

P.V. Manoranjan Rao and the late J. Raja interviewed Prof. M.G.K. Menon at his residence in New Delhi on 27 February 1999. This was part of their efforts to create an oral history record of ISRO. What follow are the edited excerpts from a part of that interview. RR refers to Rao and Raja.
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MGK: In 1971, Vikram had met me in my house in December. He had come there and that’s the last I saw him. … I was also, as you know, at that time Chairman of the Electronics Commission. I was also on tour to many places. At the end of December, just after Christmas, normally my wife and children went near Ahmedabad to Nadia where her parents lived. And during Christmas and New Year’s Eve, I took a few days off and went and joined them. So I was at Nadia and then suddenly this news came that Vikram passed away. And it was a real shock. I immediately took the car and went to Ahmedabad and I was there with … the family. The body arrived from Ahmedabad airport and I was there throughout all the functions. Then I received a message there saying that I was needed in Delhi and I came straight here (Delhi). That’s the time when Mrs Gandhi held a meeting. And the people who were present at the meeting included, I can’t remember all of the names, but certainly Sethna was there. I was there, Pisharoty was there, Haksar (Principal Secretary to Prime Minister Indira Gandhi) was there. I don’t think Ramanna was there. That is my impression because Sethna was undoubtedly the senior-most. He was Director, BARC (Bhabha Atomic Research Centre). I had taken over Bhabha’s place as Director, TIFR (Tata Institute of Fundamental Research); Sethna had taken over Bhabha’s place as Director, BARC; Vikram had taken over Bhabha’s place in AEC (Atomic Energy Comission) and Space. That’s how the structure was and rest went on. So I think these were all in that meeting with Mrs Gandhi: Haksar, Sethna, Menon, Pisharoty. You check with Pisharoty. I don’t think anybody else was there. And then, of course, the decision was very clear that Sethna would take over as Chairman, AEC. I don’t (remember) at what point Sethna said that he did not want to look after the Space Programme. I think this was very important. You see he could have said: ‘Look, I take over as Vikram’s successor. Everything will remain as it was, OK?’ He didn’t. … Therefore the position was very clear. Atomic Energy Chairman would be Sethna. What happens to Space? That was the question. I said, ‘Fine, I will do it. I know the history.’ I dealt with it. Vikram consulted me on all matters. … And we discussed everything, but very little on Atomic Energy. But on Space we discussed everything. He consulted me on people, my views on them, promotions, reporting (structure) and (there were) so many meetings with foreigners such as Frutkin, Itokawa … which were held in Bombay. So I told Mrs Gandhi, ‘I will look after Space. I know this whole thing.’ But I also told her: Look, you have asked me to take charge of Electronics. That’s big. And also Space. It will be unfair to Space particularly and I remember clearly saying that Dhawan is the man for Space.

RR: You had already made up your mind.

MGK: Yes, I had already made up my mind. At that time Dhawan was in Caltech. I made it very clear to Haksar. At the meeting with Sethna it was only decided that I would take charge (of Space). No other discussion. Then I had a further meeting with Haksar … and Mrs Gandhi. Then I made it very clear to her that I would certainly do it as long as needed, and I had a commitment to Vikram, commitment to Space, but it would be unfair for Space to look after Electronics, Space and TIFR. If you want me to do it, I will do it. I will give up the rest. But I said that we have the best man and my recommendation is Dhawan, and the reason I will tell you which I have not told anybody because now we are dealing with history and archives. But I don’t know how long I will be there. You know she had a hesitation. And her hesitation only arose out of one thing. I think Dhawan had been offered positions earlier. I do not know what, but I know he was offered and asked to take over CSIR (Council of Scientific and Industrial Research) as Director General. I don’t know if he was also asked to take over DST (Department of Science and Technology). I don’t know. But it was one of those or he was asked to be Scientific Adviser to Raksha Mantri (Defence Minister). I don’t know what. But I remember Mrs Gandhi’s face. I can still see it in that meeting; she said: ‘Prof. Menon, you are right you know. But I don’t know if it will work. I had wanted him here for other things and he had always said no. So she had something in her mind that he was not interested. I told Haksar: ‘Look, it is the programme which matters most. It’s a very challenging programme. Dhawan is an ideal person both in terms of training and temperament and can make a success of it. We must get him. But not in the routine way. Don’t just make an offer for him to reject and then it becomes difficult.’ I even told Haksar, ‘Please ask the Ambassador (in the USA) to speak to him personally. I will not come in the way. You speak to him or let Prime Minister speak to him personally. Do it appropriately, but persuade him to come.’ I don’t know if he (Dhawan) has told you these.

RR: He said something about not accepting. Yes. But he also said that J.R.D. Tata and the Ambassador (in the USA) persuaded him.

MGK: I know. This is my idea and I was working behind the scenes. I was telling Haksar: ‘Please ensure Prime Minister talks to him or you speak to him and I told him that people whom he respects are these two: J.R.D. Tata and R.C. Choksi.’ (Haksar) spoke to him and wanted him to go over as early as possible. I will come to it later. Finally, as I said, my effort was only to ensure that he (Dhawan) did take over and therefore I wanted the best possible way of persuading him. I also know that I went back to Bombay and I saw Choksi and I told him that this is the position. He agreed with me and told me that they would do whatever they could. Dhawan accepted the offer. He can tell you more. I have told you the background up to that. He also made it clear that he would not be able to join immediately. He was in Caltech. He wanted to complete (his sabbatical). He would only come at the end of the year and also made it clear that I would look after (Space) till he joined. … Now Dhawan also said that whatever I did was agreeable to him.

Now, let me tell you about the period when I was Chairman of ISRO, until Dhawan took over. … In fact, I can tell you that some people in Bombay thought I had gone crazy to take on TIFR, Electronics and now Space; and then PRL. I was also Director, PRL (Physical Research Laboratory). So it meant a long circuit from Bombay to Trivandrum, to Madras, to SHAR (Sriharikota Range), to Bangalore, to Delhi, because Electronics Department was there, to Ahmedabad and Bombay … But there was a very important contribution which most people don’t know and again for historical reasons, I must tell you. I felt all the activities of Thumba were all looked after by Vikram. Everyone trying to do something … looked up to him. I said this won’t do. And I said, exactly as all the activities at Bombay are being integrated into one big centre, Bhabha Atomic Research Centre, we will integrate all activities at Thumba into one organisation and name it after him (Sarabhai). I had asked people repeatedly to get me the files because I put up a note to Mrs Gandhi that I could remember, almost a photographic memory I had of that piece of paper. I must have the records somewhere myself but I cannot find it. They would have it either in Trivandrum or Bangalore. Please look for it and rather look for it in Bangalore. Look for it in Trivandrum. Look for it under the head ‘Prime Minister’. I named it Vikram Sarabhai Space Centre (VSSC). I integrated it into one unit. That’s I think important and I also remember one more thing that I discussed with Dhawan: that we need a Director for the whole thing. We could not ask anyone there in Thumba … All those people were juniors – Kalam, Gupta, others. I said we need a senior leader of vision, high technical competence and respect; and I will tell you now something else. When Sethna took over as Director of BARC and later as Chairman of AEC, one of the persons who, in a sense I would call ‘frustrated’ was Brahm Prakash. He had been brought in by Bhabha, promoted by Bhabha. Brahm Prakash, as we know, was a person of few words. He was a very even-tempered person, worked exceptionally hard, a very good scientist and technologist but at the same time nobody gave him the credit that his stature called for. He and I were very close not in a personal way, but I respected him and told Dhawan: ‘Here is the man’. And he knew that, so I told him to persuade Brahm Prakash. We persuaded him and Brahm Prakash moved over to Thumba (and integrated activities at Thumba and became Director of VSSC).

So that is, I think, one of the most important things. Second, I also suggested: ‘Look, you have too many units in Ahmedabad. You had that microwave unit, you had that ESCES (Experimental Satellite Communication Earth Station) unit, you had all those activities. I said we need one single space unit and one person I suggested to him (Dhawan) one who would do the job was Yash Pal. I told Dhawan, ‘You talk to him, that will be the correct thing to do’. I suggested that Yash Pal should be the Director. He accepted and invited Yash Pal. He integrated what is today SAC (Space Applications Centre).

Third, Vikram had started some discussions with Russians regarding satellites. First thing I did, after taking over, was to discuss (this) with the USSR Ambassador in his embassy. I called on him. That resulted in a project. Later I took a delegation to Russia and the people who were in the delegation on the technical side were U.R. Rao, Tarsem Singh and so on. We had a very good meeting. It was decided that India would build a satellite. Russians will launch it and we will build everything except components, etc. That was Aryabhata. I signed the first agreement.

Then the question rose of building the satellite. U.R. Rao and I had detailed discussions and we felt that it would not get done in the timescale in Thumba. So he suggested Bangalore and I had a lot of trouble because a lot of people from Kerala took exception to it; they felt that Space would be taken away from Kerala. No, I said, no. VSSC is a growth centre. It will ultimately build a launch programme. It has a tremendous programme. This (satellite) needs a different type of programme because of electronics support. I gave all sorts of reasons, answered Parliament questions. And that’s when we negotiated and got sheds in the Peenya Industrial Estate. And that’s how Aryabhata came into existence.

Thus the first was VSSC and the second was integrating SAC and the third was signing the Aryabhata agreement with Russians. Fourth was the seminar in Ahmedabad. In this also I made an effort to analyse Vikram’s ideas on the institutional management framework and I got it done with Kamla Choudhary. Also I had long discussions with Sethna; we separated the structure from Atomic Energy so that Space could function independently and that is when I got Seshan as also Vellodi. PRL was separated and put under Space. And I was Director, PRL. And the next step I think was the discussion with P. Lal to move him as Director of PRL, along with his entire group of geophysical scientists. So PRL got Lal, Space Application Centre got Yash Pal, Brahm Prakash integrated VSSC and U.R. Rao was put in charge of the Aryabhata project. We had the site for satellite building located in Bangalore at Peenya. And then, of course, the whole institutional framework was analysed.

I will tell you what. I was already Chairman, ISRO, not Chairman, Space Commission. But it was very clear to me that ISRO has to be under the government. This was the first discussion I had with Dhawan before he took over. … Parliament and CAG (Comptroller and Auditor General) are not going to be very happy about ISRO being part of private (autonomous) organisations like PRL and TIFR. A case of tail wagging the dog and we had huge things to come. Government cannot give you huge sums of money unless it was part of the government. Therefore, it has to be government, but we will give it the freedom. That is based on the Electronics Commission, Atomic Energy resolutions and drafts. Dhawan made (the) draft and sent it to me and we discussed it and that was what he put up, that he would like to be Secretary of the Department of Space. ISRO would not be destroyed. In fact, ISRO exists still. It has headquarters in Bangalore. So we didn’t destroy ISRO, we kept it, but along with that we created a governmental framework of commissioning the policy of a department where government would give funds. Dhawan also wanted me to be on the Space Commission. I said I had no objection. I had no difficulty and I was Member of Space Commission from day one.
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No other scientist of the calibre of Professor M.G.K. Menon held as many nationally important positions as he did. Some samples: Director, Tata Institute of Fundamental Research (1966–75), Chairman Electronics Commission and Secretary Department of Electronics (1971–78), Chairman, ISRO (1972), Scientific Adviser to the Defence Minister, Secretary Department of Defence Research and Director General of the Defence Research and Development Organisation (1974–78), Director General of the Council of Scientific and Industrial Research (1978–81), Scientific Adviser to the Prime Minister (1986–89), Minister of State for Science and Technology (1989–90) and Member of Parliament, Rajya Sabha (1990–96). M.G.K. Menon is a recipient of innumerable international and national awards, including Padma Vibhushan (1985).
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1.4

Early ISRO: 1961–1971

E.V. CHITNIS
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INTRODUCTION

I would like to start by going back to the point of time in our Atomic Energy Programme, of which Homi Bhabha was the pioneer and the important role played by the Tata Institute of Fundamental Research. TIFR has been called the cradle of Atomic Energy Programme. It was a nursery from where many cosmic ray/nuclear scientists came. In a similar sense, the Physical Research Laboratory (PRL) became the cradle of Space and this has to be understood because, to a large extent what is called the ISRO culture originated from PRL. When I joined PRL in the early 1950s, it was housed in a college with a few rooms and you will be surprised to know that Vikram Sarabhai did not have any room for himself. It was just a passage and at the end of that passage there was a window and a table and there he sat. Behind him sat a person, a man with a hand-operated Facit machine (calculator of those days), which used to make a lot of noise. K.R. Ramanathan was the Director. His room was just a few partitions here and there. Thus PRL had such a meagre beginning. We had no tables. We had two boxes and one asbestos sheet which became our table. Three of us used to occupy that table. The whole amount of money was nothing more than one lakh rupees for research. That was the starting. Sarabhai used to get so many scientists to excite us, to stimulate us. S. Chandrasekar was one. You name a top scientist and he would come for a lecture at PRL. K.S. Krishnan was another big name. We had to work with our own hands because of very meagre resources. We had hardly any instruments. We made all our instruments ourselves and more important than that was the programme itself. That was very authentic, though limited, but a well-conceived science programme which was appreciated by Bhabha. He said we were trying to look at all radiations including cosmic rays coming from outer space and creating very interesting physical phenomena, first in atmosphere and then at ground. So naturally after five to ten years, when our work matured, we started looking at new technology of space which would provide new cutting edge to our research. That is how PRL became the cradle of Indian space programme. That is when we wanted to go to Thumba. That is where the magnetic equator was, and it was P.R. Pisharoty and I who chose the site.

I went there in July 1962 in search of a site for the sounding rocket launching. That was a very unique programme and we tried to link it with international programmes like International Indian Ocean Expedition (IIOE) and IQSY (International Quiet Sun Years) and we took advantage of the fact that there were no equatorial launch sites. Vikram Sarabhai had the great knack of picking things out of so many options, something very meaningful and something which could be achieved quickly and would create an impact so that more work could be done. At that time, the rockets were ‘something which has to be closely guarded and preserved’ because of the cold war. It was India who at the UN proposed that if the USA and the USSR could come together, we can combine with other nations like France and the UK and create this international facility for all nations to cooperate and participate in IIOE and IQSY. That was how the Thumba Equatorial Rocket Launching Station (TERLS) was conceived in 1962–63. Monsoon is of course a very important consideration. The magnetic equator with the equatorial electrojet above is a very important factor. So you have a very meaningful scientific programme for which we could rope in the world scientific community. Both IIOE and IQSY were very much related to our monsoon and equatorial aeronomy. So on one side it was good science and on the other it was a very practical diplomacy at the UN. Thumba is at a vantage point as regards the monsoon. You may remember that India was at that time importing food under PL 480. The Green Revolution in India was yet to take off. So Indian scientists realised that this had to be the hour and that science must be used to cater to India’s needs. On one side you had the technology, but at the same time, whatever you were doing must be relevant to the country’s needs. This was the basic idea of Sarabhai when he started the space programme

INCOSPAR AND SITE SELECTION

Between say 1955 and 1960, many scientists from PRL went abroad after they finished their PhD. They went to MIT (Massachusetts Institute of Technology), Harvard, NASA, UCLA (University of California, Los Angeles). You name a place and they were there and quite a few came back. So they had acquired some background in space. In 1961 or so, Sarabhai thought of a space programme. His base was the PRL team and from that team of scientists he wanted to build an applications centre. That was it. We had at that time Bhabha. He had written a letter in 1944 to J.R.D. Tata and that letter says that atomic energy is going to be of very practical importance for the nation and hence India must step into this field. We must create a school of scientists which would be second to none, so that when atomic energy becomes a practical proposition, India would not have to look abroad for scientists and experts. The potential for India becoming a great country in science and technology was all the time there. He demonstrated it in the area of atomic energy. Remember that INCOSPAR (Indian National Committee for Space Research) was created as an autonomous body. In this context, one must remember that in 1958 science policy was already laid down by Prime Minister Nehru. That was very important. That defined India’s role as a country with great tradition of science and technology, and we must come into our own as a free country now.

INCOSPAR was constituted in the Department of Atomic Energy (DAE) in February 1962. Vikram Sarabhai was the Chairman and K.R. Ramanathan, M.G.K. Menon and A.P. Mitra were members. Director General of Meteorology was a member as was the Director General of Overseas Communications. So we obviously showed our interest in communication, meteorology and science. P.R. Pisharoty and I were also members. When INCOSPAR/ISRO was expanded and reconstituted after a couple of years, Satish Dhawan, A.S. Rao, Brahm Prakash and Sethna became members. These people represented technology. So you can see that as the programme expanded, people who were experts in technology were brought in.

PRL was a small laboratory. It did not have great infrastructure. We were using basically the infrastructure of DAE. INCOSPAR was a committee. DAE gave funds to PRL and space activities were administered through PRL. This was a very unique arrangement, because PRL was formulated on the model of TIFR and had lot of autonomy. The funds were transferred from Atomic Energy to PRL, and PRL was responsible for administrating the space programme. You know the personality of Vikram Sarabhai. He could gather people and motivate them. The whole institute of geomagnetism was at our disposal. All our communications also would go through India Meteorology Department’s (IMD’s) teleprinter machines. In those days, if there was no teleprinter system, there was no communication. The members, on their own, collaborated and motivated others. The civil engineering work was done by Goveas of Atomic Energy. I used to take him to Trivandrum. We used to plan the whole roads, launch pad, block house, etc. Thumba as the site for TERLS was selected in November 1962. INCOSPAR was created in February 1962. I went in July 1962 in search of the site. We had several rounds of searches and the Kerala government cooperated extremely well. Bhabha himself came for final site selection. We stayed with the Governor at his guest house and a fleet of fifteen cars was available to go for site inspection. Bhabha, Sarabhai, Goveas, Chief Architect R.B. Patel and I – all five of us stayed as guests of Governor V.V. Giri and he hosted a dinner for us. So we had no difficulty in approaching anybody. INCOSPAR was working as an organisation.

I went to the USA, talked to experts/officials in NASA. The experts from NASA in turn came to India. Then I went to France and Britain and talked to people. We had thus the international collaboration in the offing. The French gave us radar, which we upgraded. Then we had the chaffe experiment for winds and sodium vapour experiment. Then the Germans came with barium payloads and then the Japanese came with X-ray astronomy payloads. Bhabha asked Vikram and me, before that seminar in January 1963, ‘What should I say?’ He wanted to have some brainstorming with us. So we said, ‘This is now the beginning of 1963. In 1957 the space era started and India as a country should go in for applications and build technology of rockets and satellites. Even communication satellites had not become operational. But we should get into this field and do experiments, learn before it becomes operational.’ So he made again the point that we were going to get into communications. In meteorology we had very good base because India Meteorology Department (IMD) had a long tradition of scientists. But in communication we had yet to make a mark. We said, ‘You must talk about potential application of communication and then we should create a pool of professional people so that when this application becomes a practical proposition, we will not have to look abroad for people.’ Bhabha agreed to our approach. His speech is in Nuclear India. If you get the old issue of that, you will find that speech. He said that through projects like this, we would be able to do it. We must experiment in satellite communication and excite our people. When we took this path, it would not only create our own experts, but also would be a good incentive for our young engineers to stay in India. They would have challenging jobs and tasks to do. Otherwise they won’t stay here. At that time, there was lot of talk of retaining people in India. So Bhabha made these two points.

SELECTING SITE FOR SATELLITE LAUNCHING

Do you know how Sriharikota was selected? In March 1968, U.R. Rao and I had gone to Hyderabad for our X-ray astronomy balloon experiments. One day the colleagues in Tata Institute who ran the balloon facility said, ‘Next four days the winds would not be favourable. So you will have to wait for four days for your flight. You cool your heels’. So I told Rao, ‘Let’s go and talk to some people at Andhra Pradesh State Sachivalaya’. Vikram had earlier told me to look for a launch site on the east coast. In those days I was reading about all the launch sites in the world. I had read about Von Braun’s launch site (Peenemunde) in Germany when he was working under Hitler. I had seen other sites like American sites – Wallops, Cape Canaveral with 110,000 acres with several launch complexes – and Kagoshima in Japan. So we went to the Sachivalaya in Hyderabad. We met Abid Hussain. He was then Director of Industry, Andhra Pradesh. I said, ‘We want to look for launch sites. So, you give us an engineer who can help us with information.’ That was in March 1968. With Abid Hussain’s help, I got all the maps prepared, and relevant information about Sriharikota and a few other sites. After the balloon experiment, we came back to Ahmedabad and showed the maps to Sarabhai and told him, ‘Here is Sriharikota, the most wonderful and most potential site.’ He was so excited. He said, ‘When are you going there? You go there now.’ I said, ‘I had already told Abid Hussain that next month I would be going there and exploring the place.’ And in April, Pramode Kale and I went to Sriharikota. In August, Vikram Sarabhai had a survey of that. He took The Hindu newspaper’s Dakota. You know those people had a plane. So he flew over that, and in October we acquired about 29,000 acres of land. So fast! You know the speed with which we could move and get things done. It was amazing!

(Editor’s note: Today, the launch range of ISRO located on the Sriharikota Island is known as the Satish Dhawan Space Centre, Sriharikota Range [SDSC-SHAR]).

BIRTH OF ESCES

It was 1963. The Telstar and other satellites had gone up and the overseas communication people wanted to get an Earth station so that they could do some experiments. They found they were knocking against a wall in the Ministry of Communication. Nobody was listening to them. Then Philips was the Secretary for Communications and he was the brother of Annamani working in the India Meteorology Department. Philips went to Bhabha and said, ‘We are not getting any response from the government. Would you take over this space communication?’ Bhabha, as I said earlier, was interested in that. So these communication people came to Ahmedabad to meet Sarabhai and me. I showed them our satellite telemetry station. We had small IBM 1620 computer and they were impressed. Thus we decided to establish an earth station in Ahmedabad for experimental purpose and we said that we would get some help from UNDP (United Nations Development Programme). We spoke to UNDP and they sent an expert in October 1963. UNDP and ITU (International Telecommunications Union) had never handled any satellite communication project. This field itself was new. But they sent an Italian ’expert’ who talked of having a small station with a few telephone lines. Vikram Sarabhai said, ‘We want a full-fledged television facility. While explaining to him, he unfolded a vision. That became SITE. He insisted on a full TV facility. In December 1964, I went to NASA. We signed a letter of understanding with NASA for participation with their Application Technology Satellite (ATS) series. ATS-1 to ATS-5 were being built; ATS-6 was the sixth of this series with which we did the SITE experiment. I went to Cape Canaveral and attended the ground station meeting. I discovered that ATS-2 would be available which was a Medium Earth Orbit (MEO) satellite. So I went back to New York and told the UNDP, ‘We want to go ahead with the Earth Station Project.’ They were giving us $500,000. We were going to spend another $500,000 in rupee and create an international facility. It was designated as Experimental Satellite Communication Earth Station (ESCES). This became the main stay of all our communication experiments, the Ahmedabad Earth Station as it is known now. Apart from conducting experiments in satellite communication, the facility was to be used as a training centre for engineers from developing countries.

ORIGINS OF INSAT

That was the time when the INTELSAT organisation was born, India joined that. But India had such a poor record of international communication traffic that we got only 0.5 per cent share in INTELSAT. It was according to traffic. America got 65 per cent. Next was the UK with 13 per cent, and to get one vote in INTELSAT meeting, you have to have 1.5 per cent shares. So we had to team up with two other 0.5 per cent shareholders or one with 1 per cent share to have some say in any meeting. It was thus heavily loaded in favour of the US. COMSAT, a US company became the manager of INTELSAT. COMSAT was a pakka American organisation. But like in the case of NASA, we had established contacts with COMSAT also. Chadwick was the President and Sarabhai again had a very good rapport with him. This is what has to be understood. Sarabhai’s ability to interact with people at international level was fantastic. You talk of Chadwick or of McNamara, or of UN Secretary General, it was on personal terms that he knew all of them. Because he gave us confidence, we could also go and knock at the door of Chadwick and talk to him.

In December 1964, I went to the Hughes Aircraft Company near Los Angeles to see how communication satellites were made. They told me that there were companies in Japan where we would get an earth station for $500,000 or so. The point is, at that time this vision of satellite communication was unfolding. From day one we were thinking that one day we should have our own satellite. On 26 January 1967, we started Krishi Darshan experiment to see how television could be effectively used for agriculture. Krishi Darshan could be seen in about eighty villages around Delhi because that was the only television transmitter operating at that time in the country. Then in June 1968, we had an ISRO–NASA joint meeting. We had a joint study taking into account the ATS-6 capability which had a large 30-foot antenna and a lot of power for direct reception, which you today call DTH (Direct to Home) system. The study said such a thing was feasible. Hence we staked our claim to have ATS-6 satellite for one year. Remember it was a $180 million satellite with a two-year life and we were staking a claim that we should have it for one year! But by that time because of our space science experiments from TERLS, we had UN sponsorship and such a close cooperation and good relationship with NASA that they started helping us. Brazil also wanted it. President Johnson appointed a task force to determine whether it should be given to Brazil or to India. Wilbur Schram was the Chairman of that task force. Schram was a software communication scientist. He was a pioneer in that field. Again with Sarabhai’s contact with Wilbur Schram and Ed Rogers and several professors at Stanford, we were sure that finally the decision will come in our favour since we already had initiated the Krishi Darshan experiment and had an earth station and all these things in place. The task force recommended to President Johnson that the satellite when it is ready should be made available to India for one year!

So, we had the Krishi Darshan; we had an ISRO–NASA study. Then Vikram Sarabhai established a NASCOM (National Study Group for Satellite Communications) involving all the ministries concerned like education, health, communication, information and broadcasting and so on. The NASCOM studied to find out whether technically it was possible to have SITE and what its profile should be; which states should we go to. All such details were worked out. Thus we started coming into contact not only with technologists but also with social scientists and educationists. B.G. Verghese, then Information Advisor to Prime Minister Indira Gandhi, was very helpful.

The whole meaning of satellite communication started unfolding for us and Vikram Sarabhai played a tremendous role. At the back of our mind was INSAT (Indian National Satellite [System]). In September 1967, because of our earth station, we had established contact with Hughes people and had a meeting with them. They said, ‘Why do you want to do SITE?’ I said, ‘The satellite communication would be a very effective means of overcoming the backwardness in communication. It will accelerate growth of telecommunications; lead to rapid spread of television and will act as an effective instrument for development and education. Unless we go through SITE and convince the Government of India, it will not fund INSAT. So this experiment is for making the government invest in education, development of communication, etc. This is a learning exploration for that.’ They were a little confused. But ultimately they gave me a team of twenty engineers for two to three days to work out a profile of INSAT. Before my meeting at Hughes, I had gone to Midwest and met Dr Sumi who had developed the Sumi camera for cloud cover picture. I told the engineers that I want to put that camera on INSAT. That’s how we thought of this VHRR (Very High Resolution Radiometer). When I came back to India, Sarabhai had gone to America. So I wrote a letter to him in September 1967 suggesting that INSAT should have a meteorological payload at that time, for cloud cover pictures. He approved the idea totally.

Here comes the question of vision. We had this Vienna Conference in 1968, first UN Space Conference. Sarabhai was the Chairman and we had tremendous success there. We presented our papers about INSAT, its uses and how it could be cost- and time-effective. Pisharoty also presented his meteorology paper on Indian monsoon. I spoke about successful international collaboration from Thumba. In Vienna we contacted Philco and General Electric (GE). First was the ISRO–NASA joint study for SITE. But then we thought SITE should go on. It will be a learning affair. But here we will push INSAT in parallel and so we started campaigning for this. By that time, we had established good rapport with Philco through personal contacts as well as through NASA. We had Kale and a team of engineers in NASA for SITE. They were part of the NASA team for ATS-6. We wanted another team of ten engineers to go to Fairchild when they would make ATS-6 satellite. ISRO engineers will be studying under them. We asked Fairchild Company not to pay them anything. ‘You just give them a table and a chair each and they will be part of your team’. Government of India had agreed. Then we had ISRO–GE study and the two INSAT studies were done.

By early 1968, INTELSAT revisions were taking place. I said the whole thing was heavily loaded in favour of the USA. Other countries like Britain, France and Germany were also saying that this was not fair and wanted revisions. I became a part of the communication ministry’s team. We were fighting for fairer and equitable arrangement. India got support of lot of developing countries and we became a formidable team. Algeria and others were very supportive. At that time all the INTELSAT satellites were being made only by American companies. It was almost mandatory and the Europeans were saying that they also must have a right to bid. The Europeans told the USA, ‘You take whichever bid is good.’ The Americans were saying, ‘The best product for the best price. If you go on shuttling across the Atlantic, the prices will go up.’ I joined the opposition forces and said, ‘Yes, we should also have a right to bid! Why only Europeans?’ The Algerian, who was a good supporter of us, called me and said, ‘Why are you fighting for this? We are not going to build satellites.’ I said, ‘Who said so? We want to build not only our national satellites but we want to bid for INTELSAT also!’ That was when we had not even built Aryabhata! This is what I wanted to emphasise. It is the vision that matters. If your leadership has the vision and says that we should do this, the rest follows, technology follows.

SOME THOUGHTS ON ISRO

Sarabhai said, ‘Yes, we must do first-rate science. We must be second to none in applications. And whatever technology is required for that, we must pay for it or develop it. We must have big interdisciplinary projects. No technology must be singled out, whether it is fibreglass or some other material or anything. We must get it. By conceiving, designing and conducting large projects with large teams, we would develop new management techniques which would be very relevant for total development. Some of our people who have acquired new insights in teamwork and new visions should go to other places, other departments, other industries and spin-offs should occur. Mind you, this part has to be nursed to be more enduring. ISRO should never be inward-looking. It should always be outward-looking. This part is very important.’ ISRO is the only space agency in the world which had social scientists. We were not just scientists; we were not just technologists; and we were not just managers. We had another dimension to look at the country’s total perspective – what is happening around us. In those days in ISRO, the individual was very important. Every individual felt that he had a say in the organisation; he had something to contribute to the organisation and that culture has to be nurtured.

I have always said that ISRO is a very different organisation. When I see other organisations, I find the people are equally good. ISRO people are no better than other Indians. They can’t be worse either. But ISRO had, at certain period of time, developed organisational creativity. That was very effective. In some other organisations, the organisational creativity doesn’t exist. In them, the individuals may be creative but they don’t fructify.

When we had failures, who supported us? The Prime Minister. If that support was not there, ISRO would have been nowhere. Indira Gandhi was the Prime Minister. She supported us when we needed it. If you succeed, you don’t need any support. But if you fail, I should not humiliate you and say you are useless. That is the time when Vikram Sarabhai used to support. That was the time when Prime Minister used to support. So, if you are a leader, you have to ask yourself the question, do I support my people in and out? If they have made a big mistake, do I take the blame or I set myself aside and say, ‘Sir, these people have made a mistake?’ This is a question which everyone must ask oneself at all levels.
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Prof. E.V. Chitnis was associated with the Indian space programme, right from day one. In 1962, when Indian National Committee for Space Research (INCOSPAR) was constituted, he became its Member Secretary. Since 1962 he has been very closely involved in the formulation and implementation of the Indian space programme and in particular the establishment of TERLS (Thumba Equatorial Rocket Launching Station), SSTC (Space Science and Technology Centre) and ESCES. Later, he became the Director of SAC. He was instrumental in making the SITE (Satellite Instructional Television Experiment) a great success. Unusual for a scientist, Prof. Chitnis was unanimously elected Chairman of the Board of Directors of the Press Trust of India (PTI) in 2008. He was honoured with Padma Bhushan in 1985. Highly regarded by the entire ISRO community, at eighty-eight he is still passionately attached to the Indian space programme
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1.5

The Romance of the Indian Space Programme1

YASH PAL
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I would like to speak about our space programme as I saw it developing and as I experienced it. For me in the beginning, it was not only a technological programme, but almost a sociological programme. It came at a time when the world was beginning to realise that the Earth cannot remain separate from the rest of the universe. And as one started thinking about what one could really make use of space possibilities, it seemed we could change the whole geography of the earth. All places on the ground, wherever you were, become reachable! You could observe everything and you could interact with every part of the world. The more I thought about this, it seemed to me that it was not just a new technological happening but was also a tremendously deep ethical input to human history. It is strange that words like this should be spoken by somebody who was actually involved, quite centrally, in some sense, with the programme itself. People think I am a technical person. I am a physicist. Sarabhai was a physicist too. But then Satish Dhawan was a technologist. But all the persons we talked to about our space programme, we told them about making an entirely different world, where a new global consciousness would envelop everybody. I know not many scientists speak like this. But I think it is the special part of the Indian space programme, that philosophy, ethics and the tremendous capability which needs to be developed in order to give substance to all these dreams came together.

When we started, we didn’t know much. So we learned to cooperate with other nations and provide them with a launch site for their rockets and started to learn all kinds of things which we did not know earlier. As I speak about this, it occurs to me that there was a very special character of our programme that many people of different capabilities got together. There was Vikram Sarabhai who started the Physical Research Laboratory for doing space science. Space meant that you could go up away from the surface of the Earth and look at the radiation which came to Earth from outside. You could study cosmic rays. There were people like me who also did these kinds of things. We talked to each other. And there was Sarabhai who started dreaming. If you go very high up, not only you can look outside, you can look at large parts of our country at one time. If you look at large parts of our country, you know what lies in the country, what is the geography of it, what the weather is like in different parts of the country and so on. It also seemed possible that in our country with very little communication facilities, one could set up communications at one go! All of a sudden people could see each other and talk to each other. This is what really excited Sarabhai. He started dreaming about using this technology for a much a larger purpose. I remember having conversations with him. He was 5–6 years older than me and he said, ‘Yash, you could broadcast signals from very high up, and we could reach the whole of the country; and we could broadcast radio and TV programmes to the whole country!’ I said, ‘What TV programmes? We don’t even have television in our country.’ He said, ‘That does not matter; we will develop it. We will learn how to do this.’ And then this man, Sarabhai, goes to Prime Minister Mrs Gandhi and says, ‘We want to test whether space could be used for such purposes.’ She says, ‘But where are your rockets and how can you test?’ He says, ‘I have friends; we have scientific friends in America, everywhere, and so on. Let’s see what we can do.’

Sure enough, it was possible to persuade the Americans to move one of their experimental satellites, with a transponder for beaming TV programmes, a little closer to India so that we can send TV programmes up and they can come all over the country. But then who receives it in the country? What do you want to do with it? There is no television in this country. No television at all! And Sarabhai tells Mrs. Gandhi, ‘No, we don’t want to put television sets in the cities. We will put them in thousands of unreachable villages. Entirely new thing to be done! We will engage with our country, we can engage with the people in our country much faster than we can do any other way.’

I think there was something very romantic in this which could get across. I wish I could have been sitting there when this conversation was going on. A scientist exciting a politician to do something which is very strange: that you want to bring communication all over the country! That is why we want space programme so that we can connect the country together very quickly. I think the strength of our country is and was, at least at that time, that leaders could appreciate. They could dream together with scientists and scholars that something new which could be done, and could be done here in this country, which has never been done before.

It was pointed out to Sarabhai that there was no country with satellites broadcasting TV! He says, ‘So what? We will learn.’

As I said earlier, the main point which came out of space programme at that time was this: We don’t know enough. It if it is a difficult programme we will break it up into pieces. We will learn the elements, learn about rockets, learn about the fuels used in rockets; we will learn about satellites; we will learn about all these things. We will learn at different places; will learn electronics and will telecast programmes and will couple with people.

Then came the people who said, ‘What are you talking about? You, physicists and engineers, learn to talk to people of India? You sit in Delhi, you sit in Ahmedabad and you sit in Bangalore. What would you talk to the farmers of Bastar? What would you talk at various places?’ We said. ‘If it is so, we will have to learn to talk to farmers. Let us try to make it one country.’

Out of this we found new possibilities of doing things in a country like ours.

It was amazing that this dreamlike thing could excite many people with different capabilities: to build new rockets, to make mission planning for rockets going up. We could think in terms of launching satellites. It generated tremendous confidence! If it can be done by anybody, we can do it someday.

Around that time, the Americans have launched the Earth Resources Technology Satellite which took beautiful images of the Earth and we could look at things in a fantastic manner! But we did not know how to do this. Nobody knew remote sensing in this country at that time. It was said. ‘Why don’t we send some people to America. Let them for a while work with the Americans, and learn from them and come back. Aaram se (comfortably!).’ I know this because I was involved in it at that time. I asked, ‘How many years ago was the Earth Resources Technology Satellite launched by the Americans?’ The reply came, ‘Just last year, sir.’ ‘If it was last year that the Americans did such a wonderful job, please, could you tell me to whom did the Americans send their men for training?’ I replied. Then everybody was quiet. I said, ‘If Americans could learn about this, could do it on their own, how is it that we never learn things ourselves? We will do it ourselves and try to develop the remote sensing programme.’ They said, ‘We have nobody here. Nobody is doing remote sensing here.’ I said, ‘Look, Vikram Sarabhai is doing space science. I know people in TIFR who are also doing space science. What is space science? You go up in balloons or whatever way and you look at the Earth. Turn this around and instead of looking at the Earth you look outwards, then it becomes astronomy. If you look at this Earth you can do remote sensing. We had this wonderful man, Pisharoty, who tried to identify diseased coconut trees using special cameras carried on aircraft. And sure enough, he could identify these trees from far away. If you could do it from an aircraft, you could finally probably do it via satellites also. It looked almost childish to say that you could do this, you could do that and so on.’

Amazingly, people allowed younger scientists and engineers and social scientists to think about these things and start working on them. So there were very large groups coming together in Bangalore, in Trivandrum, and later on at Sriharikota and Ahmedabad, and they knit themselves into one organization which didn’t have only the same kind of people. I always thought, I do even now, about how a really great university would be like. I think a really great university would be like the kind of collection of people whom we gathered in all these centres to work together. And then people said, ‘Can you manage?’ Luckily, we happened to be living in towns which had reliable management institutes, for example in Ahmedabad. People there got excited about what we were doing. And soon we had the systems groups developed in all the centres. Systems groups talk to each other. Then Project Managers came. It is amazing how ISRO has learned to work like this.

I would like to mention a very special thing which happened in Ahmedabad. People in agriculture, people in meteorology, people in telecommunication and people in broadcasting came together and said, ‘Okay, let’s have a satellite programme; we will all work together.’ And the government said, ‘Okay, you work together and make a good organisation; discuss among yourselves and then we can think in terms of supporting it.’ Then even the Planning Commission said, ‘We can do that.’ Tremendously fantastic genius of people like Satish Dhawan got together and formed coordination committees involving others from government departments. So meteorology could be developed; people could learn how to use images taken from satellites for agricultural development, for fisheries, and how to network people with radio and TV so that people could talk back, and so on. The number of things that could be done was enormous.

I remember I was in Brazil. I was the Secretary General of the second World Space Conference of the United Nations. And people always asked me, ‘How could you get various agencies in your country to work together on a programme like that?’ I think that was a very special genius which was developed here, namely, that you had to get everybody involved. For example, in the beginning, the Department of Telecommunication said, ‘We don’t need satellites; we have microwave links.’ Broadcasting people said, ‘We don’t need satellite for broadcasting, we think broadcasting is best done through near things and so on.’ People all wanted to go their own ways. They didn’t understand what to do till you made it such that everybody had a stake in it. When we got the first (operational) geosynchronous satellite (INSAT-1), it was both a meteorological satellite and a communication satellite. So all these agencies had stakes in doing this and to develop techniques and technologies, which were, of course, done in Bangalore and Trivandrum and some in the Space Applications Centre. And in a way it made people to learn to work together in a very different way.

When I sit back and see the things we have achieved and look at the plans which were made, I see there were problems and failures. The point is that it was all learned by oneself. It is probably the only rocket programme in the whole world which was started not by the army; not under the Ministry of Defence. This was under Space, in which scientists and engineers were involved. Of course when it developed capability they used it for all kinds of purposes. But it started like this. The amazing thing is that even the Planning Commission ultimately agreed that India will have a space programme and satellite programme operationally, because it was shown that it could be very useful even for interacting with people, for education, for agriculture and so on. Never before had anything been done like that. I think and I hope we haven’t forgotten to do these things even now and that you could dream of doing things which never have been done before, and that you could do things at certain level.

At one time at the Space Application Centre we had 250 social scientists who were working all over the country to find out what is communication and how to talk to the people, and there were about 800 to 1,000 engineers. How to make these social scientists and engineers work together in one place without killing each other - that was absolutely amazing, and people wondered how it could have happened. Many things the social scientists learned about engineering and the engineers learned about social science; all that happened in SAC.

Prof. Chitnis was a very senior person in ISRO; he was there right from the beginning. I asked him, ‘You have made such nice things happen – with so much of work. People have given their lives. So many things were done which were not even thought of, no one has done before. How could we do it? Do you think we could have done it if we had written a project report saying that we will do this and will do that?’ He said, ‘Absolutely not! When you want to do something entirely new, you should not start with writing a project report that would soon become very limiting – the kind of ordinary project report which nobody will even understand. We don’t know at the start what we will be able to do. And then the project develops and things develop and objectives develop as you go. You don’t start with objectives to fulfil; you start and then you create new objectives which are in the spirit of what you want to do. This is a wonderful thing! Such things don’t happen nowadays. Those bureaucrats and people sitting in the ministry don’t allow new things. It was possible then. We started making things and finally brought in the goals to achieve: to do remote sensing and to go on to operational satellites which were first built outside, then here and simultaneously developing and testing our capability in rockets. Kamaal ki cheez hai. (Wonderful thing.) How we managed to do it. I don’t know how we managed to do it! I think the very privilege of being able to be involved in such things is absolutely exciting.’

I know I am away from it all for a long time, but still feel so closely attached to the programme. Every time something doesn’t work, I feel sad and when it works I feel the joy. We have developed a long community which in terms of age extends to sixty, seventy and eighty years, and we talk to each other and we can understand each other. This is development in a very wide sense.

Space means connection with the universe in totality. I came to the conclusion that to do new things, to learn new things, to invent new knowledge, altogether new, we need lots of people to work together; we don’t need only leaders! You need ordinary people; you need everybody to work together in different ways. And then it occurred to me – a phrase which I like very much but which is not much in use – that we need to ‘parallel’ people. Everybody working separately in parallel and then networking. Paralleling and networking the country, paralleling and networking the world, paralleling and networking everybody, that probably is the solution which we need to seek. Not only in India but everywhere. I think it was the whole lot of paralleling and networking which was going on when the space programme in India was being set up.

I still think it remains that way. I go there very often and still belong to and consider myself as part of it. Though at my age nobody should talk to me, they do. It is wonderful and I think that is the spirit of this programme and that is how it was developed. I have a feeling I can go in many different directions to describe ISRO: as a great educational institution, as a great technological achiever where you do not distinguish that technology is only for a certain class of people. I remember people telling me, ‘You don’t have television in your country; you don’t have anything. How can you do such a complicated and difficult thing?’ We used to quote Vikram Sarabhai: If something is complicated and difficult, and you want to do it mainly because you think it is useful for those who feel the least need for it, try to make such things work for them. So automatically you make the system which is really inclusive. What in the world is more inclusive than signals from satellite coming down like rain to everybody? It rains for everybody! Make use of the rain properly but don’t go for flooding. All those things are really mixed in this programme, and amazing joy you get out of the fact that people have accomplished so much.

I mentioned remote sensing for example. You know I came to SAC from TIFR at that time. They said, ‘How are you going to develop remote sensing instruments?’ I went to TIFR, to Dr George Joseph. I said to Dr George, ‘Come to Ahmedabad,

‘What will I do in Ahmedabad?’

‘We have to develop remote sensing instruments.’

‘What is remote sensing?’

‘If you look at the ground from outside and find out what is there, that is remote sensing.’

‘Yes, I will also take Kamath, the computer scientist.’

The first TIFR computer was built by him. I had dragged them away. They are the ones who developed the first remote sensing instruments and wrote the computer programs and analysed data. Then they got many more clever people. I was so pleased, for example, when the synthetic aperture radar was assembled. The person was Kiran Kumar, only twenty-three years old when I recruited him. The other day I was talking to people about the synthetic aperture radar and how it works. I wish I could make it work for societal purposes!

Now, about the Space Conference which you mentioned. For the first World Space Conference the chairperson who was invited by the Secretary General of the UN was Sarabhai, for the second Space Conference the person who was invited was me and for the third Space Conference the person who was invited was U.R. Rao. There is something: pagalpan hai hum logon meh (there is madness in us!). They perhaps think that we can pull people together and talk of things which have meaning for the whole world! I think this is a good thing that has been retained by the space programme. It is a very special thing. I think that is the connection which comes from Sarabhai, Satish Dhawan, Menon, Chitnis, U.R. Rao and Kalam.

So I think this is the kind of thing I can say about our space programme. I think it is marvellous in my life that I started as a physicist and could do something in cosmic rays, high-energy physics, particle physics, education, rural education and education through SITE.

Again, let me give an example and then I will finish. We were to make some TV programmes for children during the Satellite Instructional Television Experiments. Then Doordarshan said, ‘You are the scientists; so you guys make the TV programmes?’ I was in trouble because I believed that science can be taught only through experiments. I had gone to hundreds of villages where the TV sets were to be installed; they had no equipment to do any experiments. So I felt very bad. Then what occurred to me was something like an inspiration. I thought we would make a new philosophy about this. The philosophy is: Science is everywhere, not only in the laboratories. You talk about the laboratories in the cities, and in the villages there is none. You just look outside: there are birds flying, kites flying, water flowing, plants growing and so on. There can’t be a bigger laboratory than this. The people who you think have nothing by way of a laboratory have the richest laboratory! Make use of them, make your programme such that they are based on this and then see where you go. Then we involved a lot of people from many places to help prepare programmes of this kind and request people to give briefs for your programme. You know we had some good friends around the world. I said to them, ‘Look, we have to make this idea work. Can you stop everything else and then send me some briefs?’ Prof. Philips Morrison from MIT, for example, came back within a week and said, ‘Yash, they have hundreds briefs.’ So that’s how we started making the programmes.

ISRO is wonderful because, as I said, the important thing is not to gather information but to understand, to understand and to understand. Then we talked to young people, that is, programme producers freshly coming out of the Film Institute and got them excited: ‘Arrey, tum logon ko aisey programme banana hai.’ ‘Saab, hum ko vigyan aata nahi.’ Main ne kaha: ‘Kaafi aata hai.’ (You people have to make these programmes. They said: ‘We don’t know any science!’ I said: ‘You know enough.’) I told them that we would ask people in TIFR and other places to work as collaborators in making the programmes. So our science programmes were discussed in the west canteen of TIFR and made in Lemmington Road in a place given by Madhuri Dixit of Bombay Municipal Corporation. So we involved all kinds of people: down to up, from right to left, to make these programmes. If you make a programme like that, you make it truly representative of what space is all about. Space ka matlab Bramhand saaraa; uske saath talluk. (Space means the whole universe! It is related to that.) And that’s what had happened and this will keep on happening all the time in agriculture, in education, in development and so on.

So I am very glad that I have had this chance of saying a few words; probably not very scholarly but probably carrying some of the spirit of what I think is the Indian Space Programme.2
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Professor Yash Pal started his career at the Tata Institute of Fundamental Research (TIFR), Bombay. He took charge as the first Director of the newly set up Space Applications Centre, Ahmedabad, in 1973. He led the SITE programme of ISRO. He was appointed as the Secretary General of the Second United Nations Committee on Peaceful Uses of Outer Space (1981–82). He held the posts of Chief Consultant, Planning Commission (1983–84) and Secretary, Department of Science and Technology, Government of India (1984–86), after which he was appointed Chairman, University Grants Commission (UGC) (1986–91). During his tenure as UGC Chairman, he advocated the setting up of Inter-University Centres funded by the UGC, on the model of the Nuclear Science Centre (now Inter-University Accelerator Centre [IUAC]), New Delhi. Institutions such as the Inter-University Centre for Astronomy and Astrophysics (IUCAA) emerged from this vision.

[image: Image]


1 Edited transcript of a special recording made at our request; recorded in Delhi by Rithin Sen Gupta, ISRO Branch Secretariat, on 2 August 2013 for this book project

2 For further reading, Biman Basu, Yash Pal: A Life in Science, New Delhi: Vigyan Prasar, 2006.
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The Architect

SATISH DHAWAN
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Satish Dhawan spoke to P.V. Manoranjan Rao and J. Raja at the ISRO headquarters, Bangalore, on 5 August 1997. Some edited excerpts follow.

[image: img]

On how he came to be picked up by Prime Minister Indira Gandhi to lead the space programme. When Sarabhai died in December 1971, Dhawan was in Caltech, USA, on his sabbatical.

… I received the news (of Sarabhai’s death). In fact, I didn’t know anything about it. I got a call from Mr L.K. Jha who was in Washington. (Jha at that time was the Indian Ambassador to the USA.) He called up and said that Dr Sarabhai passed away suddenly. This was in December (1971) and the Prime Minister wanted me to come back and possibly help to do something for ISRO. I told him that I was in the middle of a class. I had been pulled out to attend the telephone call. I will complete my assignment here, which was another couple or three months from December. I was going to be back in March. And I will come and see the Prime Minister. I also had to take the advice of the governing council of IISc (Indian Institute of Science) since I am an employee there as a professor. Well, the remaining part is very well known. But when I did come back, I asked the governing council, Prof. R. Choksi was the Chairman of the council. I said, ‘I am not leaving the Institute (Indian Institute of Science, Bangalore, of which Dhawan was the Director). I am happy here. Unless you chaps push me out, having made a move from the aeronautical department to the directors’ business. Then Mr J.R.D. Tata and Mr R. Choksi and others in the council, all felt that we must accede to a request from the government, and I must be positive about it. So I said, ‘Okay, if you agree that I don’t leave the institute, I will go and talk to the PM. See what the requirement is.’ Which is what I did. So, when I met her, she said it was a sad thing that Sarabhai passed away suddenly. The programme was a running programme, she was advised, and she was told by people in ISRO as well as outside that I would be the right person to do this job. I don’t know about the parameters they have used to find out that I am the right person.

Dhawan did not have an office of his own in Delhi.

So there I was – Secretary, DOS, and Chairman, Space Commission – with no office in Delhi, and things proceeded from the IISc, from the same place where I was working before, and Delhi, one had to frequent because one had to set up a system. Sethna was the Chairman of DAE at that time. So I asked him, ‘What do you think? Where should I work from?’ ‘You work from wherever you like. In any case, I am not in Delhi often. You use my office.’ So the office which Dr Bhabha had used became my office, and I had no facilities at all but for the courtesy of the DAE. If you tell them, the car was available, and if the room was not occupied by Sethna I could use. But Sethna’s presence was frequent because Delhi meant either parliamentary work or seeing the Prime Minister. She (Indira Gandhi) had five minutes allotted. So this whole business rapidly grew on.

Dr Brahm Prakash as the Director of VSSC.

I was able to persuade Dr Brahm Prakash to become Director of VSSC. He had just finished his stay at Bhabha Atomic Research Centre. An extraordinary person. I knew Dr Prakash because we had travelled on the same boat, when we went as sponsored Indian students abroad. This was in 1944–45, early ’45. We were on the same boat. He went to MIT and I went to Caltech. He was senior to me. He finished his DSc in MIT. When he came back, it is interesting to note, as a metallurgist the activity in Bhabha Atomic Research Centre was non-existent. Dr Bhabha asked him, ‘Why don’t you start the work in IISc.’ So, when I returned, he had returned two years earlier. He was Chairman of the Department of Metallurgy and had already done a lot of interesting work on the railways and started a whole school of activity there. I knew him very well, both as a colleague at the IISc and as a person who travelled together on the trip in 1945. So when he retired, we kept up our contact. Obviously, it seemed to me a gap existed in the scene at Thumba – the presence of a Director who was there all the time. Dr Sarabhai was an extraordinary person. He used to go there once a month and Warrier, his Secretary, used to travel with him. I had travelled with him once or twice like that. He was running the DAE also at that time. So, anyway, the presence of Brahm Prakash assisted the process of normalisation. (This was a nagging administrative problem that took years to solve.) Of course, Seshan (T.N. Seshan who later became the high-profile Chief Election Commissioner of India) worked hard at the headquarters.

Setting up the Joint Consultative Machinery (JCM).

And then another event led to the setting up of what is called the Joint Consultative Machinery. I asked Seshan, ‘What is this nonsense?’ In the government department, there is no method of talking to the employees. As students we grew up in an atmosphere of pre-freedom days and in the question of working class and the rights of the working class the entire minds tended to be pro-union. On the other hand, employees of the government particularly tended to have an ‘anti’ attitude. By the time India became free, you had the Trade Union Act, which was a part of the Constitution of India. Constitution gave the right to freedom of association. So the formation of a trade union was looked down upon by the intellectuals and it is still so to some extent. Of course, they have gone through complete ups and downs too. They became bottlenecks of a kind in the name of freedom of association. In any case, the principle remained that in VSSC there were a large number of trade unions, both technical as well as for the clerical staff, and they had rivalries between them. That’s not how the Government of India runs. Government procedure ends with the administrative procedures at the Cabinet Secretary. He is the boss of all the representative guardians and he is the Advisor to the Cabinet. So I went up to Delhi and saw him. He just happened to be Rao Saheb, an extraordinary man, you know. He became a member of the Space Commission.

Incidentally, there was another interesting thing. In the Government of India rules of business, in any meeting – I don’t know whether it still exists or not, but that is what I learnt at Delhi – any meeting of Secretaries or group of people from the government where a Cabinet Secretary is present, he is automatically the Chairman of the meeting. So I had gone to ask him about this joint consultative machinery that I must set up. Scientific departments don’t have any. They are running around. I said, ‘Look at what P&T is doing, what all the other departments are doing. This is not what we are going to do. DOS and ISRO must have a formal standing group where the employees are present in their own right. And we must set up a system in which we can talk regularly to each other. Problems will come and they will help solve those problems.’ So he said, ‘Very good idea. You go ahead and set it out.’ Seshan worked very hard at the job. I have forgotten the names of the two workmen from Thumba … Ramdas was one. There was another chap who was … very smart. They worked hard with Seshan, and Seshan of course used to lose his temper every now and then. On the other hand, he was bottled up to see that this was a very important thing to do. So we set up the Joint Consultative Machinery (JCM) where the requirement was that the Chairman, ISRO, has to preside. No one else will do.

On the reason for the conscious decision to make him the Chairman, ISRO, the Secretary, DOS, and the Chairman, Space Commission.

Well, we debated. When I say ‘we’, I mean primarily myself; whom else to debate such a thing with? My own initial response or reaction was: Is it not too much for one person to do? Haksar pointed out that organisations in India at that time, particularly government organisations, public institutions, tend to be looking at the person who is running the organisation. That’s how it was, the situation. Secretary, Department of Space was to be the Space Commission Chairman also. That was decided by the government, not by myself. My concern was with ISRO. And I have known enough of Bhabha Atomic Research Centre, TIFR (Tata Institute of Fundamental Research) and the DAE programme. (I) was a Member of the AE (Atomic Energy) Commission for a while. In this background it seemed to me that we were not following that pattern entirely. My judgement or understanding was mainly from Dr Bhabha and from people like Sarabhai and others. Although the cradle of the programme was Tata Institute of Fundamental Research many of the people who went to BARC went from PRL. The linkage between the PRL and BARC loosened very rapidly. There was a time when the people, the physicists, particularly the physicists who were at the Tata Institute of Fundamental Research, were teaching in BARC School. Ramanna used to teach there and later he became Head of the Nuclear Physics Institute there. This was a unique kind and to an academic mind which is not a management mind, it seemed to be a very ideal way. Who else can do things better than you, than your students? So, if I could retain that kind of a relationship between the government department and ISRO, it would be ideal. But ISRO no longer had much to do with PRL. By the time when Dr Sarabhai passed away, the Physical Research Laboratory which was the cradle of many things which began was already not particularly involved in flights. For major experiments people from PRL used to go to Thumba, buy a rocket and take some measurement, look at the atmosphere. Although initially they were nicely and gracefully done and sort of separated out. So, how to retain the Indian Space Research Organisation’s research element? Not just the management system. It is the research group. If you make it government, make it completely government, call it a government organisation. It should be a full set up, it would be a DOS. I was very reluctant to convert ISRO into a DOS. I don’t know, if you ask me why. I don’t know distinctively although I remind you that the people, two persons who came from the department, the Department of Atomic Energy, government servants, were extraordinary good. (Here Dhawan was referring to A. Vellodi and T.N. Seshan.) We were just lucky. They set the pattern. I felt ISRO should be an organisation. It was already an organisation and it should have a Chairman, all the Centre Directors must play a part in running the organisation. Earlier there (were) no Centre Directors. Although there was Chitnis and this and that but decision making was done primarily by one person. There was a little addition on that and it seemed acceptable if you saw how you ran an Indian Institute of Science. There is the Senate, the Director and all the Professors are members of the Senate. The major decisions and policy issues including the general budget are decided by the Senate. Of course, there are various weightages. So, it seemed to me that we must follow that philosophy and change it if it didn’t work. After all we had the flexibility, which is in the order of the setting up of the Department of Space. What is the tradition? Why should we change? Strange. It is an organisation which existed before the Department of Space. Why should it lose? And it is a research organisation. So ISRO remained as it was.

Okay. Now who will head ISRO? It is not difficult, not difficult to imagine a typical management chart: that you have a Chairman in ISRO, who reports to the Secretary, Department of Space, who no longer is connected with people in daily life, talking to scientific people, talking about matters not only in money management but also the technical issues. Very rapidly, we would then have a cleavage and the pattern would begin to change. On the other hand, it was clear that you were now a government organisation. Although you are a research organisation, you are a government organisation. And I couldn’t see any reason why a government organisation with people of the calibre of Dr Prakash or Dr Gupta or Kalam or a whole lot of people be participatory to decision making, and decision making by a process. So we left it at that, although it militates against the classical pattern, namely, you know all things speak at one person. The Chairman, the Chairman of the Space Commission is really an interface between the Department of Space and the Government of India, really the Prime Minister. It advises the Prime Minister and the Cabinet and in that role an informed person will also be running the Indian Space Research Organisation and knowing the feel of it. At any rate, the choice was between these two. And it is true that there are many things in ISRO which were partly benefitted and partly hurt by the government process.

New promotion policy and keeping out of UPSC (Union Public Service Commission) and bringing outsiders to review things, etc.

So, it was essential for ISRO to develop its own methodology. We couldn’t copy anything from BARC, except the fact that we have to review and then there was this principle that people have to be reviewed. The principle in the pattern rather than the implementation. That when a person is reviewed, he or she can be promoted without having a vacancy being created any longer. In fact, I made a little arithmetic. This I had done in IISc earlier. And the principle is simply this that a person is rigorously – that is important – rigorously evaluated and the evaluation has to be done by not only within your own organisation. There was a little tremor about that in ISRO. But as you look back on it, you can see, I think the ball has gone the full circle, people from academic and the world of research outside ISRO are all in our committees, whether they are committees of the staff, technical projects or the rest of it. A sampling of those constitutes a very good peer group for reviewing. It costs a great deal of difficulty. I know even now it is a great deal of difficulty to collect such people, people are busy, good men particularly. But there was no other way to go. The Space Commission approved it. In fact, when we went up to the government and proposed this, it was objected to that this whole system of appointment and selection should be done by the UPSC. UPSC objected to it and a question came before Parliament and I had to write an answer which the Prime Minister replied. The PM used to ask Mr K.C. Pant who was not Minister for Space but was assisting the PM in all matters dealing with Space. We had many discussions with him and he reported that we would remain out of UPSC. Then quickly other departments also followed.

On picking up Kalam to head the SLV project and the basis for same.

The procedure followed there was what I felt should be, as far as possible, adhered to. SLV-3 is a project of the centre. It’s an ISRO project on the other hand. The vast complexities of managing four or five Project Managers, each for one stage and some rotation involved didn’t seem possible to me. So, I spent some time trying to understand each stage, its management and how it was being done. Primarily, my idea was that amongst those five, there would be one person who could lead. It was clear and I discussed this with Dr Prakash, that he couldn’t do SLV project with four Project Managers. We have to integrate it into one. Of course we had a number of senior people working on this but they were Heads of Divisions, simultaneously managing the SLV-3. So apart from other things, natural conflicts were bound to rise. So, I suggested to Dr Prakash that as early as possible, we will organise this into a single project, a very large project at that time compared to anything else.

Then there were some conflicts between various groups who developed rocket systems. Prakash agreed with the assessment that this should be done by a single person. So, I asked him to search around and find a person. I had some contact, apart from these 4–5 people, some contact with other people also. So it seemed to me that a person who heads the project as Project Director, first of all, must have some fair comprehension of concept. I looked for a person either with aeronautics background or electronics. Past experience showed that people with such background plus the ability to do things and get things done usually transform themselves very rapidly, more so than people who are ignorant of these. And the reason for this is the history of both subjects. Aeronautics had the background that it is highly empirical on one side and on the other highly mathematical. That’s the history of fluid mechanics. Electronics has an even deeper involvement with these two kinds of things. It’s a bit more steeped in fundamental physics, structure or matter, probability theory, communications. None of them are possible without high degree of branches of mathematics playing a very strong role. So, I mean general observation shows that amongst all the people who are available clearly the person had to be from the VSSC. He should be reasonably acceptable too. I had seen Kalam at work earlier before he joined ISRO. On two occasions, once when he was in Madras Institute of Technology. He was enrolled there as a student in aeronautics; I had something to do with it either as an examiner or Director. They had a change of Director and the Director was another colleague, senior colleague from the IISc, professor, electrical communication engineer. He had gone there to become Director. So sometimes he would call me. Secondly, he worked for some years in ADE, the Aeronautical Development Establishment, where one of the projects which they had taken on was the Hovercraft … Kalam was doing the project on Hovercraft, I happened to stop by there, by the area near what is currently the Nehru Auditorium or the Planetarium. For a couple or three years I was the Chairman of the ADE, LRDE, etc., and my main job was to get ADE out of that place in the junction and leave this area for some other civilian purposes. Anyway, that’s another story. Kalam was driving away his hovercraft on the road. I mean, as a person, as an engineer and as a person who would do things. We examined most people at that level, at the VSSC, and I then talked to Prakash. And I think there was a meeting in Hyderabad. I don’t know what that meeting was for. Some committee at which I asked Prakash if he agreed with the idea that we should ask Kalam to become the Project Director. This is my view. Retain the Director of the Centre fully in the picture in making the appointment and he would carry the support of the people within the VSSC divisions and units. I had shown him a big draft of what he should say, because he should decide. That’s it and the rest is history.1
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In an inspired move Indira Gandhi, the Prime Minister of India, chose Satish Dhawan to succeed Vikram Sarabhai, the creator of ISRO. In about twelve years of his leadership he transformed the fledgling ISRO into a technological giant. Some of his contributions: (1) created the Space Commission and the Department of Space (DOS) and brought ISRO under the government, (2) chose Brahm Prakash, the metallurgist of international repute, to lead the newly created Vikram Sarabhai Space Centre, (3) chose A.P.J. Abdul Kalam to lead the SLV-3 Project, (4) brought total transparency to the workings of ISRO and DOS, (5) involved all stakeholders (the various departments of the Government of India) in defining space application missions, (6) created a mechanism for the employees to officially interact with the management, and (7) brought national prestige and international recognition to ISRO which it still enjoys today.
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1 For more information about Prof. Dhawan, see Roddam Narasimha, ‘Obituary’, in Current Science, Vol. 82, 15 January 2002, pp. 222–25; and P.V. Manoranjan Rao, ‘Gentle Colossus’, www.thehindu.com/opinion/op-ed/article/24715.ece


1.7

Evolution of ISRO: A Personal Account

R. ARAVAMUDAN
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The Indian space programme has come a long way in the fifty years since its inception. From a fledgling Sounding Rocket Launch Facility established in the early 1960s on the white sands of a fishermen’s beach in Thumba near Trivandrum, it has matured into a giant world-class space power. Today ISRO sprawls across the country with huge launch stations, tracking centres, R&D facilities and manufacturing and data processing units, all engaged in highly sophisticated and complex technological activities.

ISRO has seen distinct phases of development in these five decades. The first decade (1963–73), which I would term the Vikram Sarabhai decade, was one of vision, dreams and hopes. This period saw the visualisation of the space profile, the sowing of the seeds of programmes, the harnessing of resources and the rallying of the key manpower.

The second decade (1973–1983) has been the decade of the consolidation and concretisation of the programmes. I would call it the decade of Satish Dhawan. Projects were delineated, government approvals were obtained and the end-users of the applications were evolved. Early programmes like the SLV (Satellite Launch Vehicle), Aryabhata and Bhaskara satellite launches and application programmes like SITE came to fruition. Foundations were laid for the operational launch vehicle and satellite projects.

The third decade (1983–1993), which was the U.R. Rao decade, saw peak activity in terms of development of the subsystems and components of the launch vehicles, spacecraft and ground segments. Some operational satellites were established in the geosynchronous and low earth orbits. Regular communications and remote sensing operational services to the nation were established. Experimental launchings of the Indian launch vehicles yielded data on their performance, validating some design elements and revealing inadequacies in a few elements, which were subsequently rectified. This was a rich learning phase for our ambitious future programmes.

The fourth decade (1993–2003) under the leadership of Kasturirangan saw rich returns from the investments made in the earlier decades. Resounding successes in the PSLV (Polar Satellite Launch Vehicle) and GSLV (Geosynchronous Satellite Launch Vehicle) programmes and the consolidation of the indigenous capability in the launch vehicle and space systems area bore ample testimony to the attainment of quality and reliability with adequate safety. India became self-reliant in space services and even started providing launch services for the international community.

The fifth decade, the bulk of which was steered by Madhavan Nair, saw the further development of the PSLV and GSLV vehicles and the expansion of the application areas. The payload capacity of the PSLV was increased and its reliability was strengthened. Dramatic missions like orbiting and landing a payload on the surface of the moon and the launching and sea recovery of a capsule were successfully carried out.

The lunar mission resulted in the first-ever discovery of traces of water on the moon. There were also setbacks in the technical and administrative fronts during this period. However, ISRO has recovered fast and is once more on track under the new leadership of Radhakrishnan. The commercial utilisation of the technologies developed by ISRO was handled by an exclusive agency set up for that purpose, namely, the Antrix Corporation. Launch services for other countries and agencies using ISRO vehicles and facilities were provided. Data from ISRO spacecraft and from ISRO transponders were also made commercially available.

The saga of Indian space research has been an exciting one. I had the privilege to participate right from its inception. In fact, I was there even before it all began. I am therefore thrilled to share with you some of the excitement of those initial days when we were a small, close-knit family group.

Those were the days when the core team consisted of a mere handful of young men. We operated with total informality on a budget of a few lakh rupees. ISRO has, today, turned into a giant with staff strength exceeding 16,000 full-time employees and budgets running into thousands of crores of rupees per year. Obviously, the informality of those early days cannot exist in today’s environment. ISRO has necessarily turned into a well-structured but impersonal entity.

My induction into the space programme started in late 1962, even before Thumba was formally chosen for locating a rocket launching station. I was a young electronics engineer working in the Reactor Control Division of the Department of Atomic Energy at Trombay, when word got around that Sarabhai was looking for fresh electronic engineers to form a core team to set up a small rocket launch pad in south Kerala. This demand came from a group of international geophysicists who wanted to conduct in situ vertical soundings from the geomagnetic equator. I was interested in the opportunity since I wanted to get away from the crowd and noise of Bombay, and green and peaceful Kerala offered a perfect alternative. I was asked to travel to Ahmedabad and meet Sarabhai to know the details at first hand.

I took the Bombay–Ahmedabad train and checked into a seedy hotel. I took an autorickshaw to Navrangpura where the Physical Research Laboratory was situated. The first person whom I met was E.V. Chitnis, a handsome young man who said that Sarabhai would meet me shortly.

As I was hanging around in the corridor waiting, a Standard Herald car with an open top stopped at the portico and a fair and dashing-looking young man dressed in white shorts and shirt stepped out and asked, ‘Are you Aravamudan?’

I said yes, and he immediately asked me to hop into the car. He drove up a short distance to an instrumentation trailer from NASA parked in the campus. Later I learnt that this was called the Microlock Receiving Trailer. He led me inside and personally explained to me the working of this trailer and how it received signals from scientific satellites. He then went on to explain how he was planning to do scientific experiments from Kerala, perhaps from near Trivandrum, using rockets carrying measuring instruments. He also described the launch pad, telemetry receiving station, radar and Doppler velocity and position system, which he hoped to install.

It all sounded like science fiction to me, but I was quite interested mainly because if I took the assignment, it meant my moving down south. Also it involved a spell of training in NASA which sounded quite exciting. But, more than anything else, it was the charisma of Sarabhai, the gleam in his eyes when he described his plans, and his sincerity which attracted me.

My colleagues at DAE cautioned me against leaving a permanent position at Trombay. ‘The rocket programme was uncertain and could fold up,’ they said. But I had made up my mind. Soon I was on my way to Washington DC for training at the Goddard Space Flight Centre of NASA. To begin with, we were a group of four: Ramakrishna Rao, Kale, Prakash Rao and I. After about three months, H.G.S. Murthy, Easwaradas and Abdul Kalam joined us.

We were exposed to all aspects of sounding rocket launching. We were also coordinating with people at home and providing details of the range, the safety distances, building plans, electrical details and so on.

Meanwhile, after looking at various options, Thumba near Trivandrum was selected as the launch site and the basic range started taking shape. While a part of the team returned to India, a few of us continued to stay on at NASA to train in other aspects of the programme like radar tracking, etc.

Towards the end of 1963, while we were at the final stages of our training, the preparations for the first launching from Thumba were at their peak. The Nike Apache rocket had been flown to Trivandrum and the vapour cloud payload had reached. Being hazardous items, the transportation of these from the US was in itself a pioneering effort and many a tale could be written on this.

I would leave the description of the first launching to others since I was only a remote participant. We were thrilled when an announcement came on the Wallops Island intercom that India had successfully launched its first sounding rocket.

The first launching was that of a Nike Apache carrying a vapour cloud payload. There was no telemetry or radar tracking, only photography from three stations of the vapour cloud. The orange vapour trail was visible from all over Kerala and parts of Tamil Nadu. This created great excitement. Since the common public had never seen such a sight before, it also gave rise to some hilarious newspaper reports. In fact, the Kerala Legislative Assembly which was in session then, apparently adjourned temporarily to have a good view of the bright vapour trail in the western sky!

NASA personnel who had gone to Thumba for the launch had nice stories to tell us about the beautiful Thumba beach with coconut trees all over. They also claimed that they launched the Nike Apache with the help of bullock carts for transportation and their own pocket knives for tools.

Our American colleagues were congratulating us over the public address system when there was a dramatic interruption. We were informed of the assassination of President Kennedy at Dallas. What struck us then, as most remarkable, was that the Wallops Range and NASA continued to work as usual and no holiday was declared.

After packing and dispatching the NASA instrumentation trailers, we left the US and landed in Trivandrum, a few days before the New Year’s Day of 1964. Although I was born and bred in the south, I had never visited Kerala before. I had always lived in big cities, at first in Madras, then in Bombay and finally in Washington DC. The contrast between these big cities and Trivandrum was quite stark.

Although Trivandrum was the state capital, it was a sleepy and slow town with nineteenth-century tiled houses lost amidst coconut palms. The roads were narrow and curvy with sharp turns and fast-changing slopes. For young bachelors like us, who knew no cooking, there were hardly any eating places. All we had were lodging houses with minimal facilities.

At the rocket range, the launch pad and the block house had been built and the main roads were laid. But the approach to Thumba was very circuitous. The present road via Veli was not laid and there was no bridge over the Veli Lake.

We had to make use of public transport as there were no official vehicles yet and no canteen. So, our day began with a quick breakfast of idli–sambar at the railway station canteen, which was the only place where we could get food to our taste. We would then pack some snacks and lunch from the same canteen and go to the bus stand, to catch a mofussil bus to Kazhakkuttam. We would get down at the bus stand there and walk about a kilometre or so to the range. The whole trip took about an hour.

There were no buildings yet in the range. Our first office was in the bishop’s house and the church building. The range was quite large in area and the only means of transport within the range was bicycle. Those like Kalam who could not cycle had to hitch rides with others.

There were no strict working hours and work went on round the clock. Soon the range acquired a jeep in addition to a standard van and these were pressed into round-the-clock duties. When we got the first bus a few months later, it was a major relief to the employees.

Over the next year, the basic facilities at the range were established. This included the NASA instrumentation facilities such as the telemetry station, the DOVAP trailer and the MPS 19 radar. The Russians provided a Minsk computer and an MI-4 helicopter. The French gave us a launcher and a high-speed camera. Soon we had a seagoing vessel for range safety surveillance. A control centre building was put up on the beach and this is where the first offices and laboratories of the range personnel were located.

During the second half of the 1960s, the rate of launchings picked up. Scientists from the US, France, the USSR, the UK, Germany and Japan brought their payloads and sometimes their rockets for conducting a variety of experiments. The United Nations acknowledged that TERLS was now truly a facility dedicated to the cause of peaceful use of space. An international advisory panel of eminent scientists from all over the world was formed to periodically meet in Thumba and guide the facility.

It is nice to recall a typical launch day. H.G.S. Murthy was the Test Director, coordinating the overall launch activity. Easwaradas was in charge of the assembly and launch of the rockets. I was the Head of the Ground Support Division which meant that I was in charge of the ground instrumentation like telemetry, radar tracking, timing, intercom and so on. Abdul Kalam was the Range Safety Officer, whose job was to make sure that land, sea and air were clear prior to the launch. His inputs for this were from visual sightings, reports from the helicopter and sea vessel, and phone messages from the airport and other agencies.

The initial launch campaigns provided a lot of learning opportunities, especially when serious programmes were started to indigenise the hardware. We started in a small way to manufacture rockets, payloads, instrumentation and ground systems. During this phase we had many incidents which provided us with hard lessons.

I cannot, for instance, forget the day when we were launching a small rocket, which required a siren to be sounded three minutes before the launch. When one of my colleagues pressed the siren switch, a thundering noise was heard and the rocket zoomed up. Fortunately, it was pointing in the right direction and no one was hurt and no harm was done. The Test Director, Murthy, was heard asking anxiously, what the big sound was about. We learnt that day, how important it was to isolate the ground leads of the firing circuits from the general ground.

Then there was the series of Nike Apache launchings with vapour cloud payloads triggered by locally designed igniters. The rockets were to be fired successively. The first launching took off well, but there was no payload release. Determined not to be deterred by a single failure, the order was given to go ahead with the next firing. But alas, that was also a failure. It then occurred to us to carefully examine the igniter in the laboratory. To our dismay, we found that the igniter did not work in a vacuum, while it was fine under normal pressure. The igniter design was modified and then it started functioning well in actual flights.

There were, fortunately, no major accidents during the launchings, although there were cases when the rockets went astray and parts were picked up from the surrounding areas. We also worked out a regular system of compensation for fishermen who claimed that their nets had been damaged by rocket debris.

The mid-1960s saw the setting up of the SSTC and initiation of the development of the SLV. Surveys for the satellite launch range were conducted. Towards the late 1960s, Sriharikota was identified as the ideal location.

Sarabhai attracted young Indian scientists and engineers from all over the world for the programme. To start with, these hi-tech specialists did not have places to work from. They were housed at first in the church building, where special cubicles were built for them.

The initial training and experience gained by the launch team came in handy for the planning and development of the launch vehicle, spacecraft and the range. Members of the original team were assigned various development tasks. I myself was asked to start the development of the radar tracking system for SHAR, in addition to other responsibilities.

The visits of Sarabhai to Thumba used to be a major event and would trigger feverish activities. Fresh development proposals would be churned out by the dozen. Some of these would be variations of the same basic proposal. A few live tests would be rigged up to press home a point. Sarabhai would give the same serious attention to all the proposals and clear a large number of them to proceed further. Meetings with him would continue well into midnight. They would start again at dawn the next day and sometimes continue at the airport until he boarded the aircraft. Some meetings took place on the aircraft itself!

I must describe a particular event involving me to bring out the extraordinary way he worked in those days. The European Launcher Development Organisation (ELDO) had just decided to abandon its programme to develop an All-European Satellite Launch Vehicle after a series of failures of its developmental launches from the Woomera Range in Australia. This was in the late 1960s. They were scrapping brand new satellite telemetry and tracking stations, which were up for auction as scrap. Sarabhai thought that this was a great opportunity for India to acquire the system at a low price for our own programmes.

We suddenly received a call from Sarabhai to proceed to a remote northern Australian station called Gove where the bidding for an auction was being held for the system. A colleague and I were to meet Sarabhai at Bombay and then proceed to Australia where H.G.S. Murthy would join us. We reached Bombay and were asked to go to the Reserve Bank of India to collect the foreign exchange for bidding at the auction. We called on the Reserve Bank official and explained our requirement. Those were the days of stringent foreign exchange regulations and severe scarcity of hard currency.

The Reserve Bank official looked at us in amazement and disbelief for having the audacity to demand the release of foreign exchange to two unknown novices, that too in the form of an open demand draft for bidding at a foreign auction. This was unheard of and he brusquely told us to vacate the premises. We did not know what to do and did the only thing that we could think of, namely to telephone Sarabhai and give him the bad news. Sarabhai asked us to wait in the outer office and said that he would get back to us soon.

Sure enough, we had a feedback soon; not from Sarabhai, but from the same official who asked us to get out. He rushed out from his office and personally requested us to accompany him inside. He told us to kindly wait for a few minutes and the demand draft would be ready. He wanted to know on whose name the draft should be made.

We were wondering at the sudden transformation of the official. Only later we learned what transpired. Apparently, Sarabhai had telephoned the Union Finance Minister, at that time Y.B. Chavan, and he in turn had personally telephoned the poor official to immediately release the foreign exchange. All this while we were standing in the corridor! Such was the charisma and style of working of Sarabhai!

This story would not be complete if I did not describe what happened in Australia subsequently. When we landed at the Gove station, we found to our dismay a whole array of racks and antenna structures dismantled and piled up in the yard. They had thought that no one would be interested in buying at second hand the highly specialised equipment and decided to chop it up into bits and sell it as scrap parts to component dealers. We were devastated that so much of our unprecedented effort had gone to waste.

Then came a flash of hope. The ELDO official asked us not to worry. He had another identical station intact, which he would offer us for a negotiated price. We were then taken from north Australia to the city of Adelaide in the south where we finally managed to negotiate the purchase of a complete ground station at about 10 per cent of its original cost and arranged to ship it to Madras. This was later received and installed at SHAR as the first Satellite Telemetry Ground Station.

After the tentative location of Sriharikota as the new launch site, the very first visit to the as yet unexplored area by Sarabhai stands vividly in my memory. The approach road to SHAR from Sullurupeta was not yet laid and so during summer, when the waters had receded, a kachcha road had to be laid using dried leaves and sticks all the way from Sullurupeta over the Pulicat Lake till the Buckingham Canal. A temporary bridge had been rigged up of planks laid over boats stacked abreast.

A reception was accorded to Sarabhai at Sullurupeta and a procession of more than thirty jeeps drove over the rough terrain to the entrance of the present range, where the forest rest house was located. The procession then drove straight over the sand to the sea front. On the way, quite a few vehicles broke down.

Undeterred, Sarabhai proceeded on foot and walked along the beach for at least 10 kilometres, surveying the area. When the party returned to the guest house, a grand feast was awaiting them, courtesy the Andhra government. After the feast, Sarabhai addressed the local Yanadi tribals in English, the local Collector providing the translation. The tribals, who had not ventured much outside their island, believed Sarabhai was the raja who was going to change their lives.

Towards the end of the decade, the organisation of the SSTC increased in tempo, the buildings at Veli were ready and the R&D groups were in place. The Rocket Fabrication Facility and the Rocket Propellant Plant were established and the SHAR facilities started taking shape.

After one of his routine visits to Thumba on 29 December 1971, Sarabhai asked some of us to meet him at the Kovalam Palace where he usually stayed (the hotel had not come up at that time) for discussing various proposals. Our discussions went on till well past midnight and I left for home terribly exhausted. By 6.30 a.m. the next day, we were informed that Sarabhai had passed away. It was a great shock and we were all caught off guard. Suddenly the central pillar, which supported the edifice, had collapsed. There was utter despair all around.

I clearly recall the day after his demise, when all the senior people were at Ahmedabad attending the funeral. I was at Thumba and was the senior-most person on hand. The CISF (Central Industrial Security Force) was just then being inducted into TERLS.

The open seafront of Thumba was causing serious security problems and it was decided to try and locate concrete tetrapods across the beach, and as an experiment one tetrapod was moved to the beach. This was strongly opposed by the local fisherfolk. There was some clash and the police had to resort to firing to quell the rather excited mob. There was a terrible uproar in the local area and it took a long while to pacify the people, although the plan for locating tetrapods was itself given up. Occurring, as it did, hardly a day after the tragic death of Sarabhai, this caused tremendous distress in our minds.

The organisation had, however, quickly recovered from this shock and after a brief spell of leadership by M.G.K. Menon, Satish Dhawan took charge and was ably aided by stalwarts like Brahm Prakash, Yash Pal and others. Decades followed and the organisation steadily evolved into the giant multidisciplinary entity that ISRO is today.

Many of the dreams of the pioneers have been realised and exceeded. ISRO today is a byword for excellence and is an example of how a dedicated group of men can achieve tremendous results in adverse circumstances, given the motivation and leadership.

I am particularly proud of two important areas which I initiated and nurtured over the years which have now matured into full-fledged elements of the ISRO technology. One of these is the Systems Reliability and Quality Assurance activities and the other is the development and commissioning of indigenous tracking radars.

In the early years of ISRO, there was no exclusive agency to assure the quality of various space systems. This task was left to the development agencies and to some extent to the user agencies. But sheer experience threw up the flaws of this approach. We realised that we needed an independent agency to test and qualify the on-board and ground systems prior to the actual mission. I was assigned the task of setting up this activity.

Initially an independent Test and Evaluation Group was set up to put rocket payloads through electrical performance and environmental checks. They were also to qualify the ground systems. The scope of this group was soon expanded to include reliability prediction, parts and material control, inspection and failure analysis.

So a comprehensive centre-level Systems Reliability Group evolved with various arms. All components and subsystems had to be certified by this group before they were accepted for flight. Soon all ISRO centres had similar groups and a Reliability Monitoring and Standardisation Cell was also formed at the ISRO level. Today this activity alone employs more than 500 personnel working across ISRO with veteran specialists ensuring the quality and reliability of all systems.

The other major area, which I initiated, was the development of indigenous Radar Tracking Systems for the ISRO Ranges and Downrange Stations. Radar tracking was an area of great military significance and the technology was not available from other countries for love or money. They were also not available for outright procurement for strategic reasons. Vikram Sarabhai took a bold decision to start indigenous development of these systems in ISRO and the core group was formed with myself in the lead, in the late 1960s.

We roped in the Tata Institute of Fundamental Research (TIFR), the Electronics Corporation of India (ECIL) and some other agencies working in this area to form a core consortium to carry out the design of the subsystems and integration of the radar working in the C band for precision tracking with the help of transponders.

When the Sriharikota Launch Base was set up in the 1970s the first tracking radar was installed at SDSC and was ready for the SLV launch. Radar was built and installed for a backup.

Soon a programme was mounted to develop C-band coherent precision monopulse tracking radars which were trailer-mounted. These were installed at SDSC to augment the precision tracking capability with transponders on-board. These systems are functioning satisfactorily and providing vital support to all the launchings from SHAR.

An important aspect of the ISRO programmes has been the development of human resources and putting in place a continuous process of induction of fresh manpower and training system so that at no time there is a dearth of people to carry forward the activities.

I am greatly privileged as I was assigned a series of key positions in ISRO and hence could play a meaningful role in this great adventure. The first such position was that of Range Director, TERLS. This was during an active phase of TERLS when several national and international launch programmes were successfully conducted from Thumba. I went on to become Associate Director, VSSC at a time when crucial launch vehicle development activities were taking place. My next key assignment was as the Director of the Sriharikota Launch Centre also known as Satish Dhawan Space Centre (SDSC). It was an exciting period as the Sriharikota range was transforming itself into a world-class space port. Then I moved on as Director of the ISRO Satellite Centre. During my brief tenure there, we built and launched a record number of world-class satellites.

My personal journey has been synchronous with the growth of ISRO. Over the decades I was fortunate to be at the epicentre of crucial developmental activities, be it rocket technology, launch base establishment, spacecraft technology or the introduction of R&QA (Reliability and Quality Assurance) discipline in ISRO. I take great personal pride in the fact that today ISRO has established our nation as a leading power in the field of space science and technology.

There are exciting times ahead. ISRO has many ambitious plans which will require a lot of hard and focused work. Can we do it? When I look back and see where we started and how far we have come, I have no doubts in my mind. I am sure we can achieve all this and more with resounding success.
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R. Aravamudan, a graduate from the Madras Institute of Technology in 1960, was handpicked by Dr Sarabhai to join India’s space programme even before it started. He was trained in rocketry and ground support at NASA. He was one among the pioneers who made the Thumba Equatorial Rocket Launching Station (TERLS) operational, eventually taking over as its Director. He played a key role in developing and building indigenous Tracking Radars which even today form the backbone of ISRO’s Sriharikota launch facility. He served ISRO in various capacities including as the Director of Satish Dhawan Space Centre (SDSC) at Sriharikota and as the Director of the ISRO Satellite Centre in Bangalore. He was also responsible for initiating and overseeing Reliability and Quality Assurance Activities at ISRO level.
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PART TWO

Rockets


2.1

Thumba Equatorial Rocket Launching Station (TERLS)1

A COMPILATION
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TERLS is located close to Thumba, 4 miles north of the limits of Trivandrum, the capital of the state of Kerala.

The latitude and longitude of the launch pad are 8°32'28"N and 76°51'38"E

The magnetic parameters of Trivandrum in 1958–59 were:

H (Average): 40,055 gammas2

Z (Average): 447 gammas3

Dip: 0°47'

Latitude (magnetic): 0°24'S (1964)
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The economy of the coastal belt of Kerala, where population density is one of the highest in the world, depends principally upon fishing and on the cultivation of coconut palms. The establishments of a rocket launching station at Thumba on the magnetic equator involved the displacement of many families from a one-and-a- half-mile stretch of the coast. A new settlement was built, close to Thumba, where the displaced families were provided with accommodation. Basic facilities required for a rocket launching station were created at the outset which was continually expanded to cope with a full programme of research with sounding rockets starting from the period of the International Quiet Sun Year (IQSY) and the International Indian Ocean Expedition (IIOE).

The Thumba Equatorial Rocket Launching Station (TERLS) has been established by the Indian National Committee for Space Research (INCOSPAR) of the Department of Atomic Energy of the Government of India. The rocket launching facility became operational on 21 November 1963 when the first Nike Apache rocket carrying a sodium vapour payload was fired. The sounding rocket programme to be conducted at the magnetic equator has been made possible through collaborative agreements with NASA of USA, CNES of France and the Academy of Sciences of the USSR. The assistance from these nations is gratefully acknowledged.

TERLS could be set up in a short period of six months only because of the help received from the Government of Kerala, the Bishop of Trivandrum and the hundreds of families which moved their homes from the site at great personal inconvenience.

THE UN AND TERLS

In 1962, the Scientific and Technical Subcommittee of the United Nations Committee on the Peaceful Uses of Outer Space urged the creation of an International Equatorial Sounding Rocket Launching Facility. It emphasized the Facility’s scientific value and usefulness thus: ‘Sounding rocket provides a very useful tool for the experimental study of a large region of the atmosphere. In fact they provide the only means of taking direct measurements at levels between about 30 and 200 kilometres, i.e., above the ceiling of balloons and below the operational altitude of satellites. They have already contributed significantly to the programmes of peaceful space exploration conducted during the International Geophysical Year and the International Geophysical Cooperation 1959, and will be required for the programmes of the International Quiet Sun Year, the World Meteorological Survey and the Indian Ocean Expedition.’

COSPAR, in the recommendations of COSPAR Working Group II, Washington, May 1962, recognized this role of sounding rocket research, and proposed extensive synoptic sounding rocket programmes in meteorology, aeronomy, the ionosphere, solar activity, and the Earth’s magnetic field.

There are, however, major gaps in the world coverage of sounding rocket launching sites. Amongst them are the equatorial region and the southern hemisphere. The equatorial region has special scientific interest for meteorology and aeronomy. In particular, the magnetic equator is highly significant in the investigation of the Earth’s magnetic field and the ionosphere. It is therefore urged that a sounding rocket launching facility on the magnetic equator be established as soon as possible, as a first step in creation and using international sounding rocket facilities under United Nations (UN) sponsorship.

Sounding rocket launching facilities were thus freely available to all interested member states. These will serve the interests of the international scientific community and of all member states, and will contribute to international cooperation by creating new opportunities for peaceful technical and scientific research.

‘Such facilities would open possibilities for nations which wish to enter the field of space research. They would also make possible such research by Member States which are unable, because of economic or technological factors, or the unsuitability of their territories, to support sounding rocket programmes except through co-operative efforts. They would also allow States already possessing facilities to conduct research in other regions, for peaceful scientific purposes.’

India expressed at the United Nations in 1963 its interest in being the host state for an International Equatorial Sounding Rocket Launching Facility. In response to India’s invitation a scientific group visited Thumba on behalf of the United Nations in January 1964 and recommended United Nations sponsorship for the facility. This was granted and the facility at Thumba would be operated in accordance with the basic principles suggested in this regard by the United Nations Outer Space Committee.

Scientific objectives of sounding rocket experimentation at Thumba:


The main scientific objectives of the space programme in India can be broadly classed under four categories: (1) exploration of the upper atmosphere, including the neutral particle and ion composition of the ionosphere, (2) the magnetic and electric fields associated with the electrojet and their time variations in relation to solar activity, (3) study of the meteorology of the stratosphere and mesosphere, and (4) research in selected aspects of astronomy for which the location of Thumba is specially suitable.



During 1964–66 many meteorological sounding rockets were fired from Thumba as part of a synoptic programme for the International Quiet Sun Year and the International Indian Ocean Expedition. These involved release of chaff and parachute dropping of temperature measuring devices consisting of thin copper-coated mylar filaments, at rocket altitudes, and their tracking by radar. The meteorological programme should advance our understanding of the problems of tropical meteorology, particularly in the Indian Ocean region.

The equatorial electrojet which is known to occur above the magnetic equator presents many interesting problems in aeronomy, particularly problems dealing with the interaction of neutral and charged particles in the presence of Earth’s magnetic field. Special features arise from the fact that the magnetic field of earth is exactly horizontal at the magnetic equator.

The Earth’s magnetic field at the magnetic equator is strongest in the region of Indian Ocean and is weakest in South America. In consequence, there is over Thumba a slot of several hundred kilometres between the top of the F region4 and the region of trapped particles, which provides further interesting possibilities for scientific investigations.

The study which is planned involves, along with sounding rocket experiments, measurement with ground-based equipment of related parameters, analysis of real-time telemetry data from satellites and radio propagation studies using satellite beacons.

Besides the study of the dynamics, the composition and the temperature of the upper atmosphere, research in astronomy, particularly X-ray astronomy, can be fruitfully conducted from Thumba. Thumba is one of the very few rocket launching stations from where a large part of the southern celestial sky is visible.

Rocket experiments will provide photographs of clouds formed by the release of sodium and self-luminescent vapour which give information on wind velocities, shears and regions of turbulence in the vertical profile of the neutral atmosphere from an altitude of 80 km, through the E region up to 180 km. The chemical composition of the ionosphere and the vertical profile of electron density would be studied with various payloads. Special emphasis is on understanding the nature of D layer and of the sporadic E. Using magnetometers, the structure, the extent and the movements of the current systems involved in the equatorial electrojet would be investigated. Studies in X-ray astronomy include the measurement of the flux, the energy spectrum and time variation of X-ray sources in and beyond our galaxy.

Backup experiments at Trivandrum and Thumba for the sounding rocket programme included meteorological surface and high-level observations, measurements of the changes of the magnetic parameters, continuous monitoring of cosmic ray intensity, vertical ionosonde, ionospheric drift measurements, riometers, and observations of solar activity (Kodaikanal).

During the initial years, Nike Apache, Centaure and Judi Dart rockets were fired for conducting vapour cloud, magnetometer, Langmuir probe and meteorological experiments. The scientific payloads for some of these flights have been fabricated by scientists belonging to different institutions in India.

The following institutions actively participated in space research at TERLS:


	Physical Research Laboratory, Ahmedabad

	Tata Institute of Fundamental Research, Bombay

	India Meteorological Department

	National Physical Laboratory, Delhi

	Andhra University, Waltair



INDIAN NATIONAL COMMITTEE FOR SPACE RESEARCH

Prof. Vikram A. Sarabhai (Chairman), Director, Physical Research Laboratory, Ahmedabad

Shri. K.M. Balchandani, Director General, Overseas Communications Service, Bombay

Dr M.K. Vainu Bappu, Director, Astrophysical Observatory, Kodaikanal

Prof. E.V. Chitnis Member Secretary, Physical Research Laboratory, Ahmedabad

Prof. S. Dhawan, Director, Indian Institute of Science, Bangalore

Dr L.S. Mathur, Director General of Observatories, India Meteorology Department, New Delhi

Prof. M.G.K. Menon, Director, Tata Institute of Fundamental Research, Bombay

Dr A.P. Mitra, Assistant Director, National Physical Laboratory, New Delhi

Prof. P.R. Pisharoty, Physical Research Laboratory, Ahmedabad

Prof. K.R. Ramanathan, Physical Research Laboratory, Ahmedabad

Shri A.S. Rao, Director, Electronics Group, Bhabha Atomic Research Centre, Trombay, Bombay

Shri H.N. Sethna, Director, Bhabha Atomic Research Centre, Trombay, Bombay

Dr S.R. Valluri, Director, National Aeronautical Laboratory, Bangalore

Shri H.G.S. Murthy, Director, TERLS, Trivandrum

Till 1 August 1975, 803 rockets have been fired from the range. They were of different types and were for different purposes. The important experiments carried out from here are for measurements of upper atmospheric winds and temperatures by releasing vapour clouds, investigation of equatorial electrojet with rocket-borne magnetometers, measurement of electron densities and temperatures using Langmuir probes, high-frequency capacitance probe for ionospheric studies, barium cloud releases for electric field measurements, meteorological rockets for wind and temperature studies, mass spectrometers for neutral and ion composition of the upper atmosphere, air glow and X-ray astronomy experiments.

WHEN TO CONDUCT EXPERIMENTS

There are about 140 rainy days in a year at TERLS. Mean maximum temperatures during May–September are near 30°C and in other months they vary between 30° and 35°C. The minimum temperature throughout the year is between 20°C and 25°C. The south-west monsoon sets in by the end of May and continues till the end of September. October to December is the north-east monsoon period. But the launchings are not affected by the rainy season as there is a large number of sunny days. Vapour cloud experiments are possible from the middle of January to March when the sky is clear.

IMPACT AREA

Rockets are launched from Thumba towards the ocean to the west. The impact area lies on the sea to the west up to 250 km or beyond from the shore along the firing azimuth. Normally rockets can be launched between azimuth angles of 190° and 300°. The maximum permissible nominal elevation angle is 85° (87° after wind correction). On the land the range is limited to a semicircle of about 1,000-metre radius.

LAUNCHING FACILITIES


	The range has launchers for Nike Apache, Centaure, M-100, Skua, Petrel, Boosted Arcas, Dragon, Judy Dart and Rohini series of rockets.

	Universal launcher and MSR (multistage rocket) launcher are at pad no. 1. Universal launcher can launch Centaure and Nike Apache rockets. With suitable adaptors and booms, any tow-stage rocket up to 150 mm can be launched from this. MSR launcher is used for multistage RH-125 rockets. Pad no. 2 has two launcher suites to fire Nike Apache, Nike Tomahawk, Boosted Arcas, Skua, M-100 and RH-100 rockets. Pad no. 3 is provided with a special launcher suitable for Centaure and Dragon rockets. Pad no. 4 has a spiral rail launcher for Judy Dart and 75 mm test rockets.

	Installation of special and additional launchers by the users is possible if required.

	Instrumentation cabling is available from the block house to launch pads. Umbilical cables can be made use of by the project scientists.

	The Rocket Assembly Hall has an area of 30 m × 10 m. Two-stage solid propellant rockets up to a diameter of 560 mm and a weight of 2 tonnes can be assembled here. Facilities available here are:

	Two tonne overhead cranes (manually operated), one in each hall

	Balance up to 3,000 kg and dynamometers up to 1,000 kg for determination of weight and centre of gravity of vehicles

	Static balancing rig for payloads up to 150 kg weight

	Transportation equipment for loading the rocket on launcher

	Rocket storages

	Mechanical workshops







BLOCK HOUSES

There are two block houses (5 m × 5 m) in reinforced concrete situated 100 m away from the launch pad. They are provided with two consoles, each one containing the launcher and firing control units, and the other for payload monitoring.

PAYLOAD INTEGRATION

Payload integration group consists of mechanical and electrical integration sections. These groups between themselves look after (a) experiment planning, (b) assessment of flight requirements connected with vehicle, payload telemetry and instrumentation, (c) fabrication and procurement of payload, (d) assembly of payload and cabling, and (e) calibration and pre-launch checkouts. Facilities of a well-equipped machine shop, fitting shop and sheet metal shop facilities are available.

GROUND SUPPORT FACILITIES

Telemetry: The telemetry conforms to IRIG (Inter-Range Instrumentation Group) standards (FM/FM). A PCM system is under installation. The stations are located 400 metres away from the launch pad. The FM/FM station has two helical antennas and two receivers. The antennas are manually operated. A standard half-inch, four-track magnetic tape recorder records receiver video outputs along with auxiliary information like timing, receiver AGC, lift-off, voice countdown, etc. Auxiliary signals and timing pulses are fed to a series of IRIG standard VCO (voltage-controlled oscillator). The subcarrier outputs of these VCOs are summed up in a linear mixing amplifier to provide one composite output which is acceptable to the input of the recorder. To minimize wow and flutter in the tape, a reference oscillator and tape speed compensator are used. Discriminators are used to sort out the flight data from the multiplex. A thirty-six-channel oscillograph recorder records the output. An additional FM/FM telemetry station as a standby is under installation.

Tracking system – Cotal LV-300 Radar: Radar installation includes surveillance, acquisition and tracking facilities. The radar provides instantaneous values of slant range, azimuth and elevation angles in terms of shaft positions to the computing system. The information is transmitted to the recording system as synchro-transmitter outputs. Both analog and digital recordings are available. A system for the online processing of Radar data is under installation.

Tone Range and Interferometer Systems: Tone ranging system provides trajectory information for any rocket, balloon or airborne scientific payloads which employ telemetry. With the help of an on-board receiver and a ground-based interferometer, the slant range, azimuth and elevation angles are determined.

Rawin set AN-GMD-1A: This is a 1,680 MHz radio direction finder for use with radiosondes. It is used for meteorological payload telemetry to altitude in excess of 30 km (100,000 ft) with balloon ascents.

METEOROLOGICAL TELEMETRY SYSTEM AND ASSOCIATED EQUIPMENT

The telemetry system consisted of a superheterodyne receiver and panoramic adaptor for the visual observation of the received signal. The receiver is having a frequency range of 1 to 25 MHz. The first intermediate frequency (IF) of the receiver is fed to the panoramic adaptor where the signal is displayed on a frequency scale and photographed.

The recording system employs a 35 mm camera. The signals appearing on the screen of the panoramic adaptor in the form of dots are continuously photographed on a 35 mm film.

The timing system derives the timing pulses (1 to 10 pulse per second [pps]) from an electronic timer. The timing system in the telemetry receiving station is actuated by the lift-off pulse from the block house. Apart from this, standby mechanical timers are provided at both the telemetry stations.

Two identical telemetry stations are provided for redundancy.

RANGE INTERCOMMUNICATION

All operational centres are provided with hard-line communication facility and telephones. Radio communication facilities are available for range communication support during rocket launchings to contact MI-4 helicopter, the sea vessel and camera stations.

METEOROLOGICAL SUPPORT

In addition to the facilities at the Range Meteorological Observatory, data from the State Meteorological Centre in the city are used. Met support consists of collection and analysis of surface winds, pilot balloon and radiosonde ascents for calculation of wind weighing factors for launcher settings.

GROUND-BASED SCIENTIFIC EQUIPMENT

In addition to rocket-borne measurements there is a variety of ground-based scientific equipment manned by experienced technicians. These are:

Ionospheric Drift Recorders: The horizontal drifts in the E and F regions of the ionosphere are measured by using a pulse transmitter and spaced receivers.

Riometers: Riometer measures the ionospheric absorption of cosmic radio noise. There are two riometers, one operating at 21.3 MHz and the other at 16.5 MHz.

C4 Recorder: This is an automatic ionospheric recorder used for sounding of ionosphere. The frequency range is 1 to 25 MHz.

Back Scatter Radar: A coherent Back Scatter Radar operating at 54.95 MHz is installed to study the equatorial electrojet and associated irregularities.

Magnetic Observation: A magnetic observatory located close to Trivandrum is equipped with a set of Akamia Earth magnetic variometers for continuous photo registration of H, V, D and also with a set of La Cour quartz horizontal magnetometer and balance magnetometer zero for absolute measurements of H, V and D magnetic parameters which could be made available with a notice of twenty-four hours.

Proton Precession Magnetometer: The Earth’s total magnetic field is recorded daily using a proton precession magnetometer.

Editors’ Note: From today’s perspective, TERLS may not seem very important. But fifty years ago, TERLS was where the whole action was. Latter-day ‘heroes’ such as A.P.J. Abdul Kalam, Pramod Kale, R. Aravamudan were all products of TERLS. Basics like rocket assembly, payload integration, range safety, countdown procedures, etc., were all learned first-hand by people working in TERLS in those days. It was also the place where our engineers could work closely with Indian and foreign scientists of repute. In short, it was in TERLS that seeds of ISRO’s rocketry were sown.


1 This article is compiled from the official brochures published during the first decade of the Indian space programme. This is done to give the reader an authentic flavour of the times.

2 H represents horizontal component of Earth’s magnetic field.

3 Z represents vertical component of Earth’s magnetic field.

4 For convenience, the ionosphere is divided into different layers. The approximate heights of these layers are: D (60–90 km), E (90–160 km) and F (above 160 km up to 600 km). The upper region of the atmosphere where the population of electrically charged particles (electrons and ions) is large enough to affect propagation of radio waves is known as the ionosphere.


2.2

Sounding Rockets

P.V. MANORANJAN RAO
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INTRODUCTION

Till about the end of World War II, rockets had generally been used as weapons. The most dreaded of these was of course the V-2 rocket of Hitler’s Germany, developed under the leadership of the twentieth century’s iconic rocket engineer, Wernher Von Braun. The Americans captured Von Braun as well as some V-2 rockets and took them home. In 1946, one of these reassembled V-2 rockets was launched from White Sands, New Mexico, to make measurements in the upper regions of the atmosphere. This reassembled, peaceful avatar of V-2 was perhaps the world’s first sounding rocket.

Of the several meanings the verb ‘to sound’ has, the one relevant to us here is ‘to probe’ or ‘to explore’. Thus sounding rockets are used, generally, but not only, to explore the upper regions of the atmosphere. They are also used as platforms to test prototype components or subsystems developed for launch vehicles. Since 1946, several thousand sounding rockets have been launched all over the world for these purposes. In India too, since 1963, we have launched several hundred sounding rockets, both foreign and indigenous, from all the three ranges of ISRO at Thumba (Kerala), Sriharikota (Andhra) and Balasore (Odisha). On a few occasions, we have used them for testing subsystems designed for our launch vehicles.

Not surprisingly, the first decade of TERLS was dominated by launching of foreign rockets. These were:


	American: Nike Apache, Nike Tomahawk, Arcas and Judi Dart

	French: Centaure and Dragon

	British: Skua-I, Skua-II (T), Petrel

	Soviet Union: M-100



Usually, sounding rockets are unguided with fins providing stability. They have one or two stages, powered by solid propellants; the first stage is referred to as the booster and the second stage as the sustainer. There are several features of sounding rockets which make them attractive to space scientists and engineers, like simplicity of hardware, ease with which they can be assembled for launch and, of course, low cost. To design, develop and test a payload for a sounding rocket is far quicker and cheaper than to do the same for a satellite. Thus, even today sounding rockets have their own niche in space research. Finally, they provide the cheapest means of initiating students into space research.

CENTAURE, THE FIRST INDIAN-MADE FOREIGN ROCKET

In his now famous ‘A Profile for the Decade 1970–1980 for Atomic Energy and Space Research’, Vikram Sarabhai noted, ‘It was clear at the outset that space research could not progress without the simultaneous development of advanced space technology. As a beginning, an arrangement was concluded in 1964 to manufacture in India, under license from a French firm, a two-stage rocket capable of reaching an altitude of about 150 km with a payload of approximately 30 kg. The manufacture of these rockets was established provisionally at the Bhabha Atomic Research Centre pending the setting up of a special Rocket Fabrication Facility (RFF) at Thumba. A Rocket Propellant Plant (RPP) was also set up at Thumba to make solid propellant blocks under license from France.’ The rocket in question was of course, the Centaure whose Indian version was designated as Centaure II-B. The French firm was Sud Aviation. Of the eighty-one Centaures launched from TERLS during 1965–88, only ten were imported. The rest (Centaure II-B) were manufactured in India.

The lasting contribution of the Centaure Indigenisation Programme was the establishment of RFF and RPP, which still stand today at Thumba as sentinels to Sarabhai’s vision. The experience gained through RPP in producing propellant grains for the Centaure II-B contributed significantly to the R&D efforts of ISRO in mastering solid propellant technology. Similarly, RFF introduced our engineers to 15CDV6, a low-alloy, high-strength steel. Thus, thanks to the Centaure Indigenisation Programme, our engineers could understand the morphology of 15CDV6 and study its welding and heat treatment characteristics. This is important because 15CDV6 is used extensively in launch vehicles of ISRO.

M-100

This rocket from the Soviet Union (now Russia) deserves a special mention because for over two decades (1970–93), it dominated the skies of Trivandrum. Every Wednesday evening during those years, the M-100 would lift off from TERLS, creating a thunder-like sound that was heard all over the city. It was also the most reliable of sounding rockets; of over 1,600 launches, there was only one failure! Its regular launches made Thumba synonymous with rocketry!

M-100 was a two-stage rocket with a uniform diameter of 250 mm and an overall length of 8.32 m. It could carry a payload of 70 kg to an altitude of about 85 km. Loved by meteorologists, it had been used globally to measure temperature and winds.

RH-75 AND OTHER EXPERIMENTAL VERSIONS

RH-75 was India’s first sounding rocket, with RH standing for Rohini and 75 representing the diameter in mm. It was first launched on 20 November 1967, exactly four years after the first launch of Nike Apache that marked the birth of TERLS. Since then, this nomenclature of RH-XX has become standard for all sounding rockets of ISRO.

There was nothing great involved in its design because it used commercially available materials: extruded aluminium alloy tubes for motor case, cordite blocks as propellant, etc. Weighing a mere 7 kg or so, it was truly a tiny thing but nevertheless it was our first rocket! It did help our engineers wet their hands in some areas crucial to rocketry: aerodynamics, propellant charging, test stand design, flight testing, etc. Some enthusiastic engineers even flew tiny ‘payloads’ on it!

During the period 1967–75, several groups in TERLS and SSTC (Space Science and Technology Centre, established in 1967) attempted to develop their own sounding rockets, all the time aiming at improving the performance (in terms of payload mass and apogee altitude) and introducing complexity in terms of staging, etc. They enjoyed the freedom to try out all sorts of things. There was even a queer combination of radial-burning booster and an end-burning sustainer! One estimate put the total number of different designs tried out at fifteen. Yet those were very creative years during which one could try out his ‘dream rocket’! Thus the Rohini Sounding Rocket family grew, finally leading to the currently operational sounding rockets of ISRO.

The Rohini Sounding Rocket (RSR) programme, which consolidated all activities related to sounding rockets, came into being only in 1975 after Satish Dhawan took over as the Chairman of ISRO in 1973.

OPERATIONAL SOUNDING ROCKETS OF ISRO

Today, ISRO offers three operational sounding rockets to the scientific community. These are: RH-200, RH-300 MkII and RH-560 MkII. The brief descriptions of these three are given below:

RH-200

This is the most frequently used sounding rocket of ISRO. Till now, over 1,500 of them have been launched. Incidentally, this is the only Rohini rocket that can be launched from all the three ranges of ISRO: TERLS (Trivandrum), SDSC (Sriharikota) and Balasore (now Baleshwar) in Odisha.

This two-stage spinning rocket can reach a payload of 10–15 kg to an altitude between 55 and 70 km. The booster burns for six seconds after which it ‘naturally’ separates from the sustainer due to differential drag (acceleration) between them. Then the sustainer coasts for 4.5 seconds before being ignited. It burns for four seconds reaching a peak Mach number of 6 and peak acceleration of 42g. The gross dimensions of the rocket are shown in the line sketch (p. 89). First launched in January 1978, the RH-200 survives almost in its original avatar till today.

RH-300 MKII

This is an improved version of the original, single-stage RH-300. The improvements were:


	Increased propellant loading, from 240 kg to about 330 kg. This necessitated increase in motor length from 2.2 m to 3.4 m.

	Use of case-bonded IPP-40 propellant in dual-grain configuration (in which a tubular segment at the head end of the grain is followed by a six-slot configuration). This allowed increased volumetric loading of propellant (93 per cent). Thus the burning characteristics mimicked those of a two-stage rocket!

	Reduction of motor case thickness from 2 mm to 1.6 mm which resulted in some weight saving.

	Thermal protection for fins and fin shroud.



The motivation to develop RH-300 MkII was the imminent expiry of the licence (from Sud Aviation of France) to produce Centaure II-B rockets in India. Today, RH-300 MkII is powered by HTPB (Hydroxyl Terminated Polybutadiene), the workhorse propellant of ISRO. It is a single-stage, unguided spinning vehicle which, with a propellant loading of 328 kg, can take a payload of 70 kg to an altitude of 130 km, thus easily covering the D and E regions of the equatorial ionosphere. The nose cone can be jettisoned, exposing the instruments to the outside environment. It has a full-fledged telemetry system. With its maiden flight in 1987, RH-300 MkII till now has logged twenty launches. Its basic dimensions are shown in the line diagram (p. 89).

RH-560 MKII

The original version of this, known as RH-560 had the Belier rocket as its sustainer, by replacing which by RH-300 MkII, the new, two-stage rocket RH-560 MkII was developed. RH-560 could take a payload of 90 kg to an altitude of 390 km. On the other hand, the RH-560 MkII can reach a payload of 100 kg to 425 km altitude when launched at 80° elevation. This is the most powerful operational sounding rocket developed by ISRO till date. Both RH-560 and RH-560 MkII have been used in many scientific missions at both national and international levels. We refer here to two international cooperative programmes: (1) the Spread-F experiment carried out jointly by the PRL (Physical Research Laboratory, Ahmedabad) and the then West German Aerospace Research Establishment in 1987 and (2) Dynamics of Equatorial ionosphere Over SHAR (DEOS) experiment, also an Indo-German collaborative effort. In the latter, a large number of payloads like Resonance Cone experiment, Radio Beacon experiment, Flux-gate magnetometer, Impedance and Langmuir probes were flown.

So far thirty-six RH-560 and nine RH-560 MkII launches have been made. Basic dimensions of RH-560 MkII are shown in the line sketch (p. 89).

ROHINI GOES TO NORWAY

It may be recalled that TERLS became operational on 21 November 1963 when the American sounding rocket, Nike Apache took off from there. Exactly thirty-four years later, a new rocket launching range at Svalbard in Norway, was declared operational by launching the Rohini rocket, RH-300 MkII on 20 November 1997.

The Svalbard Rocket Launching Range is located at 78°N in the Svalbard group of islands, one of the northernmost human settlements in the world, whereas our TERLS is located at 8° 32' N. Thus, the equatorial and arctic launch stations were brought ‘closer’ by Rohini.

At the request of the Norwegian space agency, ISRO undertook development of a variant of RH-200, designated RH-200 SV. But for reasons, which we do not intend to discuss, this programme has so far not been successful.

ROHINI ROCKETS AND LAUNCH VEHICLES

Sounding rockets played an important role in the development of ISRO’s launch vehicles, SLV-3 and ASLV. For example, avionics subsystems such as the vehicle attitude programmer, rate gyro and tone range receiver, being developed for the SLV-3 at that time were flight-tested in a Centaure sounding rocket in 1974. This was followed by two more Centaure flights, in 1975 and 1976, to qualify monopropellant Reaction Control System (RCS), telemetry and telecommand systems, sequencers and C-band radar transponders.

Perhaps the most important and sophisticated test flight of sounding rocket conducted for SLV-3 development was the controlled flight of the RH-560 in 1977. As already mentioned, sounding rockets are usually not guided or controlled. But this particular RH-560 flight had three control systems: (1) Secondary Injection Thrust Vector Control (SITVC), (2) Hydraulic Fin Tip Control (HFTC) and (3) RCS. SITVC and HFTC were in the first stage while the RCS was in the second. Thus the rocket was controlled in all the three axes, namely, pitch, yaw and roll. The subsystems of SLV-3 tested in the flight were: (1) miniature attitude reference system, (2) vehicle attitude programmer, (3) rate gyros, and (4) telemetry, telecommand and power systems.

In the case of ASLV, Rohini rockets were used to test strap-ons. It may be recalled that ASLV was ISRO’s first launch vehicle to use strap-ons. To get some hand-on experience, ISRO rigged a Rohini strap-on rocket. The core was the RH-300 while the two strap-ons were the RH-200 rockets (only the boosters, of course). The contraption, designated as SO-300-200 was successfully flown on 16 October 1985 from Sriharikota.

ADVANCED TECHNOLOGY VEHICLE (ATV)

Strictly speaking, this is not a sounding rocket and hence does not have the Rohini tag. It is being developed to get some hold on the air-breathing technology in which the atmospheric oxygen is used as the oxidiser! ATV is capable of carrying two air-breathing engines, each weighing 72 kg. It could reach a peak Mach number of 6 ± 0.5 and dynamic pressure of 85 ± 25 kPa. ATV’s first development flight was successfully conducted on 3 March 2010 from SDSC-SHAR. ATV is a spinning, two-stage rocket with fins providing stability. Both stages have identical propulsion systems.

Extensive wind tunnel tests, CFD (Computational Fluid Dynamics) analysis and structural tests were done to qualify the vehicle configuration. With some minor modifications and without air-breathing engines, the vehicle is capable of taking a payload of 200 kg to an altitude of 350 km. Basic configuration of ATV D-01 is shown in the line sketch (p. 90).

CONCLUSIONS

The Rohini sounding rockets programme has achieved two things: (1) It provided our space scientists with the means to probe the upper regions of the atmosphere, and (2) it laid a solid foundation for launch development in ISRO.

To paraphrase what Reimer Lust, the former Director General of the European Space Agency, once said: ‘The spirit of those who worked on the early sounding rockets still pervades much of the Indian space activities today. This is an excellent heritage; long may it remain so.’ (The word European in Lust’s original replaced here by Indian. – Eds)
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A doctorate from Calcutta University, Dr P.V. Manoranjan Rao did his postdoctoral research at Nagoya University, Japan. His research interests include physics of lightning discharge, lightning protection for launch vehicles, electrostatistics of rockets and satellites, etc. He was the editor-in-chief for. 50 Years of Space: A Global Perspective (Universities Press, Hyderabad, 2007). He co-authored the book Brief History of Rocketry in ISRO along with P.V. Manoranjan Rao and P. Radhakrishnan (Universities Press, Hyderabad, 2012). Dr Rao retired from Vikram Sarabhai Space Centre in 1996.
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FIGURE 2.1: The three operational sounding rockets of ISRO
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FIGURE 2.2: Basic Configuration of Advanced Technology Vehicle.


2.3

Beginnings of Launch Vehicle Technology in ISRO

S.C. GUPTA
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INTRODUCTION

It was in 1965 that I responded to an advertisement in the Newsletter of the Indian Embassy, Washington DC, USA. It said that a Rocket Research and Development Group was being formed near Trivandrum for which they were recruiting engineers and scientists. One Upendra Desai who at that time was in the Goddard Space Flight Centre, was assisting Vikram Sarabhai in interviewing and selecting candidates. I was one of the six candidates to be selected. The other five were Y.J. Rao, A.E. Muthunayagam, M.K. Mukherjee, M.C. Mathur and D.S. Rane. The same year Sarabhai had recruited four others in India for the same purpose. They were Vasagam, Vivekanandan, Kathirvel and Prakash. Our group came to be known as the Rohini Group. V.R. Gowariker, C.V. Ouseph and C.L. Amba Rao joined this group later. Historically, the Rohini Group was a precursor to the Space Science and Technology Centre (SSTC) which Sarabhai set up on the Veli Hill near the Thumba Equatorial Rocket Launching Station (TERLS).

TERLS

TERLS was born on 21 November 1963 when an American sounding rocket, known as Nike Apache was launched from there. The reasons why Sarabhai and Homi Bhabha chose Thumba (with help from E.V. Chitnis and P.R. Pisharoty), a fishing hamlet near Trivandrum, to establish TERLS were clear. Thumba was close to the magnetic equator which had great fascination for space scientists studying cosmic rays, the ionosphere (particularly the equatorial electrojet), geomagnetism and so on. Studying these using sounding rockets was the main thing to do in those days. Further, sounding rockets can be used to probe the atmosphere to measure physical parameters of interest to meteorologists studying the monsoon. There are not many countries in the world which have the rich scientific heritage that India has, and through which the magnetic equator passes. Moreover, the Trivandrum airport was close to Thumba. Thus Sarabhai could easily convince the space science community of the world about the wisdom of establishing a rocket launching range in Thumba. With his famed personal charm, he could persuade the bitter enemies of the cold war to cooperate in setting up the TERLS.

The purpose of TERLS was to provide facilities to test, integrate and launch payloads brought by both Indian and foreign scientists and collect all needed data. When I joined the Rohini Group, TERLS was in operation and Nike Apaches of the US and Centaures of France were being launched. In December 1965, the United Nations General Assembly accorded sponsorship to TERLS making it formally an international facility. It may be noted that there were no big technological ambitions behind TERLS.

WHY SSTC IN TRIVANDRUM?

Significantly, however, Sarabhai clearly stated that the main purpose of SSTC was to develop all technologies that are relevant to satellite launch vehicles. And the Rohini Group was formed with this technological ambition in mind. At that time Sarabhai was facing criticism for his decision to establish SSTC also in Trivandrum near TERLS. Influential people such as Hideo Itokawa, the official adviser to Sarabhai and H.G.S. Murthy, the Director of TERLS were trying to persuade Sarabhai to set it up in Bangalore. Their argument went something like this. Bangalore had good industrial infrastructure; it also had good institutions and organisations like National Aerospace Laboratory (NAL), Hindustan Aeronautics Limited (HAL), Bharat Electronics (BEL), Indian Institute of Science (IISc) to count only some. Bangalore thus had a good mix of industrial and academic infrastructure. In contrast, Trivandrum had only the Engineering College and some very small workshops. Sarabhai was fully aware of all these and still he wanted to keep SSTC in Trivandrum, near TERLS. He said, ‘You need a critical mass for any new activity to grow, especially for a complex activity like developing launch vehicle technology. Such a critical mass cannot come by dispersing the component activities. Here in Trivandrum, we already have an internationally recognised rocket launching range (TERLS) which can act like a nucleus. TERLS is being operated in a professional way for which purpose our people such as Kalam, Aravamudan, Ramakrishna Rao, Easwaradas, Kale and Prakash Rao have been trained by NASA and they are all doing a good job – Kalam in payload integration, Das in rocket assembly, Aravamudan in ranging, Kale in telemetry and so on. Members of the Rohini Group of SSTC could participate in these activities of TERLS and gain first-hand knowledge of how such things are done. Similarly, members of TERLS can freely interact with the Rohini Group and gain some expertise in other fields.’ He foresaw that day-to-day interaction between TERLS and SSTC staff would be of great value.

Indeed, Sarabhai never made any hard and fast distinction between TERLS and SSTC professionals. For example, H.G.S. Murthy was not only the Director of TERLS but also the Associate Director of SSTC. Sarabhai did all this consciously. In addition, facilities associated with the Centaure indigenisation programme like the Rocket Propellant Plant (RPP) and the Rocket Fabrication Facility (RFF) were coming up close to both TERLS and SSTC.

That was Sarabhai’s vision: TERLS, SSTC, RPP and RFF all together in one place in Trivandrum! Like all other visionary projects of his, this too proved him right.

In 2013, TERLS may not seem great but in the 1960s it was the only place for civilian rockets in the country. That was where the foreign scientists came with their payloads and sounding rockets to conduct their experiments. In retrospect, it is interesting to note that some of the prominent ‘future leaders’ of ISRO came from TERLS: Kalam, Aravamudan, Kale and so on.

WHY SOLID PROPELLANT?

This is a question that is often asked by people: Why did we choose the solid propellant route to develop SLVs? A quick answer: It was easier to develop solid propellant motors than to develop liquid engines. While this was true, there were other pragmatic reasons.

To start with, all the sounding rockets being launched from TERLS employed solid propellants. Secondly, Hideo Itokawa, who was advising Sarabhai, came from the Institute of Space and Aeronautical Sciences (ISAS), University of Tokyo. Itokawa was instrumental in sending many of the Rohini Group to ISAS to gain first-hand knowledge on what the Japanese were doing. At that time, ISAS was developing a range of sounding rockets with different capabilities. They had names like Alpha, Lambda and Mu (picked up from the Greek alphabet). All of them used solid propellants. Most importantly, Sarabhai had already arranged for the indigenous production of the French Centaure. Under this arrangement, M.R. Kurup and M.C. Uttam were at that time being trained in France where they got good exposure to the manufacture of free-standing PVC propellant grains. Thus the whole ambience at that time was suffused with solid propellants!

There were of course others who speculated that the real reason for India developing launch vehicles was to develop IRBMs (Intermediate Range Ballistic Missiles). If this was true, going for solid propellants made sense! Missiles using solid propellants can be stored and deployed at short notice.

INITIAL EFFORTS

In the absence of more sophisticated facilities, in the beginning, about 1 kg mix of a polymeric fuel binder and ammonium perchlorate powder were mixed manually, using a pestle and mortar set. The mix was loaded into a tubular chamber, with a circular rod for a mandrel. Curing of the propellant was done in a laboratory-grade oven. Unsurprisingly, the first of this simplified propellant contraption exploded on the test bed, making the team realise that many lessons need to be learned before tasting success.

Eventually, a reasonably credible propellant formulation was realised and made ready to be loaded in a heavy-wall tubular chamber. A metallic headend and a convergent–divergent nozzle at the other end were fitted to the chamber. Addition of a highly simplified igniter assembly made the test article ready for trial. It was decided to perform an instrumented static test. The monitoring and data acquisition instruments comprised strain gauge type pressure and thrust transducers, electronic signal amplifiers and a strip chart recorder. Soon, the tests began to yield explosion-free trials and vitally significant performance data.

The team eventually developed the working formulations. It acquired requisite facilities for mixing, casting and curing them for use in the one-stage Rohini sounding rocket, RH-75 (RH standing for Rohini and 75 indicated the diameter in mm of the rocket motor). The whole rocket weighed less than 7 kg. Ultimately, the rocket was put to instrumented flight test. The in-flight acceleration was measured with a strain gauge type accelerometer and the chamber pressure was measured with a strain gauge type pressure transducer, similar to the one used in static tests. Appropriate signal processing and FM-FM telemetry electronics compatible with the ground facility gifted by NASA were developed by the Group. The in-flight measurements matched closely with the pre-flight prediction of thrust and acceleration. Further, the Cotal Radar, gifted by CNES, France, tracked the flight in skin mode. Close match between pre-flight predictions and in-flight measurements established that the Rohini Group had achieved the capability to design and realise hardware and even more significantly to develop software for prediction of performance. The multidisciplinary team had begun to perform well.

Sarabhai wrote later, ‘When a nation succeeds in setting up a scientific programme with sounding rocket, it develops the makers of a new culture where a large group of persons in diverse activities learns to work together for the accomplishment of a single objective.’ Not losing the momentum, the dreamer in him began to demand rockets comparable in performance to the Centaure, thus leading to the initiation of the development of the single-stage RH-300 sounding rocket. Next, he posed a truly gigantic challenge: to design a satellite launch vehicle to place a 30 kg satellite in 400 km circular orbit which should have a minimum orbital life of 100 days. Further, in his mind the time had arrived to broaden the Rohini Group by including scientists and engineers in TERLS, RFF and RPP in the RH-300 and the Satellite Feasibility Study Projects.

True to his expectations, the Satellite Feasibility Study Project formed on 23 April 1968 submitted its report (SSTC-SFG-RP-1-68) in November 1968. The Project had two Conveners and eight special subcommittees. Y. Janardana Rao and Pramod Kale were Co-conveners. The report contained detailed performance analysis of four different satellite launch vehicles having a capability of putting 20–50 kg payload into 400 km orbit. Various methods involving trajectory programmes and optimisation techniques were discussed briefly. Various problems concerning flight safety and impact zones of the proposed satellite launch vehicle boosters were also deliberated upon. A brief analysis concerning the cost and PERT charts related to the development of the satellite launch vehicles were also presented.

After evaluation of the feasibility report, Sarabhai, Chairman, INCOSPAR, decided to conduct optimisation study before finalising various systems. The Optimisation Study Project was formed in April 1969 with Y. Janardana Rao as Project Leader, who in turn requested various divisions to nominate individuals to work in the Project, to coordinate participation from their respective divisions. A detailed report (SSTC-SFG-RP-3-69) was submitted to Chairman, INCOSPAR, in November 1969. The report was discussed in a Coordination Committee meeting held on 6 December 1969, wherein Chairman, INCOSPAR, decided to develop a four-stage vehicle with 1,000 mm diameter as first stage, 800 mm as second stage, 560 mm as third stage and 400 mm as fourth stage.

The report dealt with fourteen special areas listed below:


	Aerodynamics

	Rocket motor design

	Propellant production

	Propellant development

	Control, guidance and instrumentation systems

	Structural design

	Fabrication of large boosters

	Development of launchers

	Expansion of RFF facilities

	Fibreglass technology

	Materials

	Systems analysis

	Telemetry and radar development and

	Electronic instrumentation and communication



The next contemplated step was to constitute systems and overall satellite launch vehicle development projects. Sadly, this step could not be completed due to the sudden passing away of Sarabhai, then in harness as Chairman of the recently formed Indian Space Research Organisation (ISRO). M.G.K. Menon assumed the interim charge of Chairman, ISRO, and held it till Satish Dhawan took charge of the newly constituted Department of Space and the Space Commission. It was Dhawan who constituted the development project for the overall SLV-3 with A.P.J. Abdul Kalam as the Project Director. I understand the rest of the SLV-3 story is narrated by Kalam himself in his article in this volume.

ORGANISATIONAL AND FACILITIES DEVELOPMENT

At the time of their joining, the members of the Rohini Group were accommodated in small cubicles formed in the historical St Mary Magdalene Church building. So, Sarabhai, wishing to speed up the construction of the building for SSTC (for which blueprints were ready in 1965), asked me, a member of the Rohini Group, to take over coordination.

Significantly, Sarabhai himself assumed the position of Director, SSTC, to guide the Rohini Group. But, for most of the time, he was not in station at Trivandrum. He appointed H.G.S. Murthy, Test Director, TERLS, as the Associate Director of SSTC to facilitate logistics and administrative support to the growing Rohini Group. Sarabhai appointed me as a Technical Coordinator. As mentioned earlier, he had already asked me to coordinate the progress of construction of the main building of SSTC on the Veli Hill. Perhaps, with his penchant for avoiding hierarchical problems, he did not define formally my role as the Technical Coordinator! Eventually, he expanded the coordination responsibility by creating a Technical Coordination and Finance Committee (TCFC), initially with four members, namely, V.R. Gowariker, Y. Janardana Rao, A.E. Muthunayagam and M.K. Mukherjee. Later, he made me too a member of the TCFC. The chairmanship of TCFC was by rotation among the members, every three months! Thus, TCFC coordinated formulation of the annual budget, placement of additional staff, allotment of working space, recruitment of new staff, etc. Technical activities of the expanded Rohini Group came within the purview of the TCFC. Thus TCFC coordinated support to the ongoing projects, namely RH-300 and the Satellite Feasibility Study followed by the Optimisation Study Projects.

A noteworthy feature of the new recruitment was that most of the nearly 1,200 engineers and scientists were fresh graduates from institutions from all over India.

As the construction of the main building for the SSTC progressed, Sarabhai asked me to coordinate the allocation of space to various divisions and common facilities. Thus, space for library, an auditorium, conference rooms, computer centre for housing a mainframe digital and a hybrid computer and associated facilities and canteen were created. Concurrently, the plan for constructing an adjoining multi-storey building was taken up with the same urgency. As the main activities were identified, specialised space for controlled clean environment for Precision Instrument Laboratory (PIL) for inertial sensors and systems and satellite subsystems were created. Further, a vibration isolated building (Circular Building) for testing and calibration of inertial sensors and systems was constructed. This is how the initial basic facilities for carrying out the development and validation of frontier technologies and systems for rockets and satellites were created.

Thus were sown the seeds for Rohini sounding rockets and launch vehicles such as the SLV-3, ASLV, PSLV, GSLV and the future GSLV-Mk III.
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Dr S.C. Gupta laid the foundations for control and guidance and inertial systems technologies in ISRO. A firm believer in self-reliance, he guided the Vikram Sarabhai Space Centre, during one of its most difficult periods. He believes that while failures have vital lessons hidden in them, success is inevitable if one pays proper attention to modelling, simulation and practising engineering precision. Success in space technology depends on teamwork and failures test the true mettle of the teams! Teamwork coupled with openness is the secret of ultimate success. Dr Gupta was also a Member of the Space Commission. Winner of several awards, he is the author of the book Growing Rocket Systems and the Team.
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2.4

India’s First Launch Vehicle

A.P.J. ABDUL KALAM
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INTRODUCTION

P.V. Manoranjan Rao and B.N. Suresh, my erstwhile colleagues from Vikram Sarabhai Space Centre (VSSC), approached me some time back requesting for ‘a short piece’ on SLV-3, the first launch vehicle of ISRO for the commemorative publication on fifty years of the Indian space programme. My first reaction to them was that I had written quite extensively about the experiences from this pioneering project over the last several years. However, when I further reflected on the subject, I felt that reliving the experience, nearly three decades afterwards, would bring forth some messages from the project which have stood the test of time and guided me during my entire professional career. What are the most important messages? The project taught all of us, who were all young and inexperienced, early in our career, how systems integration, systems engineering and systems management are important. This is true, be it a complex space project or a time-bound large infrastructure project or a social mission with multiple dimensions or integrated management of organisational, national or global challenges. SLV-3 also was a real test bed to introduce certain transparent engineering and management mechanisms, which enabled development teams and project teams to communicate freely and to lead to optimal decisions, taking along other important players in the project like the national laboratories and industries. Failure management of SLV3-E01 and springing back to success in a matter of one year brought about many facets of the organisation including the nobility of the leaders, Satish Dhawan and Brahm Prakash. Timely decision making was one hallmark of the project. The decision to convert S2+S4 flight (a suborbital flight intended to evaluate the fourth stage and to gain mission experience) to the first experimental flight of full vehicle (orbital) was taken with detailed analysis at a very short time involving all tiers of management. The decision to develop industries for motor cases, structures and other areas by holding their hand, so to say, has proved productive. Encouragement of the youngsters proved to be a great boon, since many of them have grown to be leaders in ISRO and other national institutions. Even as I meet them today, I see the pride of their association with and contribution to the first national launch vehicle project of the country writ large on their faces. And thus they make my day.

EARLY WORK WITH SOUNDING ROCKETS

As we commemorate the first-ever launch of Nike Apache sounding rocket of NASA on 21 November 1963 from the shores of the tiny fishing village, Thumba, near Trivandrum, I become extremely nostalgic, not only about the particular event but also of the path-breaking efforts of the space pioneers of the country. Many memorable events including my own initiation into space, and particularly of my fortunate association with Vikram Sarabhai, the founder of the Physical Research Laboratory (PRL) and the Indian space initiative, comes in flashback to me. Sixty years ago a few young scientists rallied around this great scientist-visionary-manager to do research in cosmic rays and atmospheric sciences. Vikram Sarabhai believed very strongly in the development of basic sciences, and at the same time was concerned about application of scientific knowledge for the betterment of life of the people. This approach is the need of the hour for combating many difficult problems faced by our nation and the world.

For the maiden Nike Apache launch, I was in charge of rocket integration and safety. The rocket was assembled in the church building in Thumba. The only equipment available to transport the rocket was a truck and a manually operated hydraulic crane. When the rocket was lifted by the crane and was about to be placed on the launcher, it started tilting, indicating a leak in the hydraulic system of the crane. As we were approaching the launch time, 6 p.m., any repairs to the crane had to be ruled out. Fortunately, the leak was not large and we managed to lift the rocket manually, using our collective muscle power and finally placing it on the launcher. The launch was smooth and problem-free. We obtained excellent flight data and returned home with a sense of pride and accomplishment. Soon after the successful launch, Sarabhai chose to share with us his dream of an Indian satellite launch vehicle.

I am able to remember vividly the early days of my work in Space Science and Technology Centre (SSTC) and Thumba, where, along with my young team including G. Madhavan Nair, V. Sudhakar, V.V. Babu, Abdul Majeed, the late A.C. Bahl and C.R. Sathya, I had the fortune of interacting with eminent scientists like P.D. Bhavsar, U.R. Rao, E.V. Chitnis and Yash Pal. We thoroughly enjoyed the opportunity of working with committed scientists like Sathyaprakash, C.S.G. Sastry, Raghava Rao, Potungo of USSR, Oda of Japan, Blamont of France, and NASA scientists. They were all there sitting through day and night as we were integrating their payloads into the tiny rockets. Mechanical and electrical integration, attending to the scientists’ requirements, the flight qualification of payloads and rockets, and exploring new areas of understanding were all providing day-to-day adventures and challenges. Challenges of the work were absorbing. Every day we were learning. Time of the day or night did not matter to us. Failures did not deter us. Looking back, I am clear about one thing. Working with the scientists and meeting their requirements gave our team tremendous motivation. The system of working together evolved in that early partnership has stood me in good stead since then. There was a great element of international partnership in the sounding rocket programme.

INSIGHTS INTO DECISION MAKING FROM VIKRAM SARABHAI

During his frequent visits to Thumba, Sarabhai would openly review the progress of work with the entire team present. He never gave directions. Rather, through free exchange of views, he led us forward into new terrain, which often revealed an unforeseen solution to problems. Perhaps he was aware that though a particular goal might be clear to himself and could give adequate directions for its accomplishment, his team members might have resisted working towards a goal that made no sense to them. He believed that collective understanding of a problem was the main attribute of effective leadership. He once told me, ‘Look, my job is to make decisions; but it is equally important to see to it that these decisions are accepted by my team members.’

In fact Sarabhai took series of decisions that were to become the life mission of many. We would make our own rockets, our own Satellite Launch Vehicles (SLVs) and our own satellites. And this would not be done in a serial way but concurrently, in a multidimensional fashion. In the development of payloads for the sounding rockets, instead of getting a certain payload and then engineering it to fit into the rocket, we discussed the matter threadbare with the payload scientists working in different organisations and at different locations. I may even say that the most significant achievement of sounding rocket programme was to establish and maintain a nationwide mutual trust. Sarabhai assigned me the task of providing interface support to the payload scientists. Almost all the physical laboratories in India were involved in the sounding rocket programme, each having its own mission, its own objective and its own payload. The payloads were required to be integrated to the rocket structure so as to ensure their proper functioning and endurance under flight conditions, all of which were new to us at that time.

CHALLENGE YOUNGSTERS AND SHOW FAITH IN THEM, THEY WILL DELIVER

Sarabhai was creating a new frontier in the field of science and technology in India. A new generation of scientists and engineers, in their thirties and early forties, was being charged with an unprecedented dynamism. Our biggest qualifications at INCOSPAR were not our degrees and training, but Sarabhai’s faith in our capabilities. Sarabhai’s optimism was highly contagious. The very news of his coming to Thumba would electrify people, and all laboratories, workshops and design offices would hum with unceasing activity. People would virtually work round the clock because of their enthusiasm to show him something new; something that had not been done in the country – be it a new design or a new method of fabrication or even an out-of-the-way administrative procedure. Sarabhai would often assign multiple tasks to a single person or group. Though some of those tasks would appear totally unrelated in the beginning, they would at a later stage emerge as deeply interrelated. He was ever willing to try out novel approaches and liked to draw in young people. He not only knew how to appreciate when something was well done, but also when to stop it! He was an ideal experimenter and innovator.

VISION ELEVATES THE ORGANISATION

I was fortunate to work with Vikram Sarabhai for seven years. While working closely with him, I saw the dawn of the vision for the space programme in a one-page statement. Witnessing the evolution of this one page by many years of ceaseless work by a cosmic ray physicist, a great scientific mind, was really a great learning experience for me. I was also thrilled to see the famous vision statement of Vikram Sarabhai made in the year 1970 which states: ‘India with her mighty scientific knowledge and powerhouse of young, should build her own huge rocket systems (satellite launch vehicles); and also build her own communication, remote sensing and meteorological spacecraft; and launch from her own soil to enrich the Indian life in satellite communication, remote sensing and meteorology.’ When I look at this vision statement now, I am overwhelmed to see the results of this statement. Today, India can build any type of satellite launch vehicle; any type of spacecraft; and launch from Indian soil with its mighty facilities and powerful human resource. Through space technology and space science, India can be a partner in the world space programme to enrich the planet earth and further exploration. I witness this personally in many space fora, how the international community in space is applauding the Indian capabilities in bringing the benefits of this high technology to common people. All these because of the vision of Vikram Sarabhai.

SEEDING FOR SLV-3

It was way back in 1970. Vikram Sarabhai wanted to initiate the first launch vehicle project of the nation in a fast-track mode, to put modest tens of kilos into low earth orbit. Imagine it was a time when we did not have any experience, expertise or infrastructure to take up such an arduous task. He believed that India had to venture into the new realm of space technology for the benefit of common citizen and realised that the launch vehicle technology was part of that strategic thinking. At that time we had just started our work in solid propulsion. Hence that was the natural choice for the launch vehicle propulsion systems. A four-stage vehicle was configured.

TRIGGERING CREATIVITY: MULTIPLE DESIGN PROJECTS FOR SLV-3

Sarabhai, probably keeping in view the status of technology at that time, found a unique methodology to configure the satellite launch vehicle project. He formed a number of projects, one each for the four stages, like development project for stage 1 (DPS-1), and likewise DPS-2, DPS-3 and DPS-4 and one each for (a) control and guidance, (b) telemetry and telecommand and one for the overall vehicle aspects – total of seven projects. Each project was given a project leader and team. I was assigned to DPS-4. Sarabhai thus intentionally triggered a number of potential leaders and specialists to come up with innovative ideas. Yes, you could easily see some intentional duplication. It also enabled him to gauge the hidden complexities in technology and management. He used to review the projects periodically. It was becoming clear that a number of technologists and managers were getting evolved. The selection of a number of design projects and encouraging free thinking resulted in a number of ideas and concepts in the launch vehicle programme. Each one of them such as V.R. Gowariker, M.R. Kurup, A.E. Muthunayagam, S.C. Gupta, R. Aravamudan, D. Easwaradas, etc., turned out to be pioneers in their own areas. What is the message? A creative leader with a clear-cut vision can originate missions and programmes in a unique way to charter unexplored paths and create a number of leaders wedded to the vision and missions and united solely by vision.

DPS-4: A UNIQUE EXPERIENCE IN SYSTEMS THINKING

DPS-4 was unique in many respects: both in technology and management. Engineering the stage as a part of the total vehicle, evolving specifications and design of the subsystems and planning for the realisation as well as qualification of the components, subsystems and stage were all challenging. The collective wisdom of the team was fully exploited to do literature survey, to brainstorm, to plan experiments, and to evolve concepts. A matrix management structure was evolved.

As my team was working on the stage 4 of SLV, Sarabhai brought a French visitor. This gentleman was Hubert Curien, President of CNES, our counterpart in France. They were then developing the Diamont launch vehicles. Curien was a thorough professional. Sarabhai and Curien together helped me to set a target. They also cautioned me about the possibilities of failures. Sarabhai’s catalytic intervention led Curien to interpret his own progress in the Diamont programme. He brought smile to Sarabhai, when he enquired if we could make the Diamont’s fourth stage. We reconfigured and upgraded our stage from a 250 kg, 400 mm diameter stage to a 600 kg, 650 mm diameter stage. After two years’ effort, when we were about to deliver it to CNES, the French suddenly cancelled their Diamont BC programme. However, later R.M. Vasagam, Project Leader of APPLE (Ariane Passenger Payload Experiment), India’s first communications satellite, brought smiles to us when he flew the SLV-3 fourth stage as apogee boost motor for APPLE, which was launched by the Ariane vehicle.

OFFER OF SLV-3 LEADERSHIP AND ADVICE OF SENIORS

I worked with Brahm Prakash for more than seven years when he was the Director of VSSC, Trivandrum. In 1972, Satish Dhawan and Brahm Prakash gave me the mission of designing, developing and launching the first satellite launch vehicle of India to put Rohini satellite into orbit. I still remember what Brahm Prakash said. He said, ‘Kalam, ISRO will give the required human power, required financial resource and also Cabinet-approved management structure, so that you will have all the freedom of operation.’ It was an unexpected offer from two great minds. I had to give proper response in a few minutes. I was really puzzled when I got the offer in my hand. On one side there were many experienced senior people in the organisation and on the other, I had to tap talents of thousands of engineers, both from ISRO and academic institutions. Would I succeed mobilising all of them? What were the impacts of accepting such a mission of national importance? I was filled with multiple thoughts at that time.

While the discussions were going on, Satish Dhawan gave me an advice. The advice was, ‘Kalam, both Prakash and I can see your thought process whether you can do it or not. But, both of us have an advice for you. That is, if you do not work for any mission, you don’t experience any problem. But, when you take a bigger mission or task like SLV-3, India’s first SLV, some problems will definitely crop up. But, you should become the captain of the problem, defeat the problem and succeed. After all, only challenges give you great opportunities.’ Immediately after hearing this, without any hesitation, I accepted the offer of leadership of SLV-3.

Brahm Prakash told me not to focus on what I saw as other people’s strengths compared to my own, but instead, to expand their abilities. ‘Everyone will work to create their bit of SLV. The SLV mission will be accomplished with and through a large number of people. You will require a tremendous amount of tolerance and patience,’ he said. Working with Brahm Prakash was a great experience. Even today I remember him when I face some tough situations. His scholarship, maturity and nobility have been a great guiding force for me ever since.

SLV-3 MANAGEMENT PLAN

When I was the Project Director of SLV-3 programme, Brahm Prakash was the Director of Vikram Sarabhai Space Centre, which integrated multiple entities based on the advice of Kamala Choudhary, a management guru from Indian Institute of Management (IIM), Ahmedabad. Brahm Prakash took hundreds of decisions for the growth of space science and technology. Once a mega programme like SLV-3 was sanctioned, all laboratories of VSSC and other centres of ISRO including the Space Department had to work to realise the targeted goals of the programme, as a team. Particularly during 1973–80, there was a tremendous financial crunch. One important decision of Brahm Prakash, I will always cherish. He enabled for the first time the evolution of a comprehensive management plan for the SLV-3 programme. After my task team prepared the SLV-3 management plan, in a period of three months, he arranged nearly fifteen brainstorming meetings of the Space Scientific Committee (SSC). After discussion and approval, this management plan was signed by Brahm Prakash and became the guiding spirit and working document for the whole organisation. This was also the beginning of converting a national vision into a mission-mode programme. During the evolution of the management plan, I could see how multiple views emerged and how many people were apprehensive of losing individuality due to the main mission, thereby throwing tantrums in the meetings. I could also see how Brahm Prakash radiated with smile in the midst of continuous smoke emanating from cigarettes being lit one after the other. The anger, fear and prejudice all disappeared in the presence of his nobility. Today, the space programme, launch vehicle, spacecraft, scientific experiments and launch missions are all taking place at the centres of Indian Space Research Organisation in a cohesive and cooperative manner. I learnt the hard way from this mighty soul ‘before starting any programme, it is essential to have the project management plan with the details of how to steer the project during different phases of the project and foresee the possible critical paths and possible solutions, keeping time, performance and schedule as key factors’. I revere this mighty soul who evolved the concept of management with nobility. He was an eminent professor in metallurgy at the Indian Institute of Science, Bangalore. He was also the pioneer who established the Nuclear Fuel Complex (NFC).

The primary objectives of the SLV Project were design, development and operation of a standard SLV system, SLV-3, capable of reliably and expeditiously fulfilling the specified mission of launching a 40 kg satellite into a 400 km orbit around the Earth.

As a first step, I translated the primary project objectives into some major tasks. One such task was the development of rocket motor systems for the four stages of the vehicle. The critical problems in the completion of this task were making an 8.6 tonne propellant grain; and a high mass ratio apogee rocket system, which would use high energy propellant. Another major task was the vehicle control and guidance. Three types of control systems were involved in this task: aerodynamic surface control; thrust vector control and reaction control for the first, second and third stages; and the spin up mechanism for the fourth stage. Inertial reference for control and guidance through inertial measurement was also imperative. Yet another major task was the augmentation of launch facilities at SHAR with systems integration and checkout facilities and launch support systems such as launchers and vehicle assembly fixtures. A target of ‘all live’ flight test within sixty-four months was set in March 1973.

I took up the executive responsibility of implementing the project within the framework of policy decisions, the approved management plan, the project report and also within the budget and through the powers delegated to me by the Director, VSSC, who formed four advisory committees to advise me in specialised areas.

SLV-3 CORE (PROJECT) TEAM

We made three groups to carry on the project activities: a programme management group, an integration and flight testing group and a subsystems development group. The synergy of these groups among themselves and with the development groups in other centres, headquarters, industries and academic institutes and national laboratories was the hallmark of the synthesised management system. Life cycle management of the subsystems from specification to flight, adaption of the mechanism for different phases of the project and ensuring a management information system were all part of the management strategy.

Each member of the SLV-3 core project team was a specialist in his own field. It was therefore natural that each one of them valued his independence. To manage the performance of such specialists, a delicate balance between the hands-on and hand-off approaches was required. The hands-on approach takes an active interest on a very regular basis in the members’ work. The hands-off approach trusts team members and recognises their need for autonomy to carry out their roles, as they deem fit. It hinges on their self-motivation. When the leader goes too far with the hands-on approach he is seen as an anxious and interfering type. If he goes too far with hands-off approach, he is seen as abdicating his responsibility or being indifferent. In the matrix type of management structure adopted for SLV-3, probably for the first time in the country, for a major effort, the project team and development teams had to evolve a working relation to plan and progress the work as well as to settle the conflicts as they arose. Three things I stressed before my colleagues: importance of design capability, goal setting and realisation, and the strength to withstand setbacks.

I was aware of the contradictions that often occurred in such situations. People heading teams often have one of the following two orientations. For some, work is the most important motivation. For others, their workers are the all-consuming interest. There are many others who fall either between these two positions or outside them. My job was going to be to avoid those who were neither interested in the work nor in the workers. I was determined to prevent people from taking either extreme and to promote conditions where workers and work went together. I visualised my team as a group in which each member worked to enrich the others in the team and experience the enjoyment of working together. Today the members of the SLV-3 team have grown to lead (or retired after great performance) some of the country’s most prestigious programmes in ISRO and other government departments and in industry. Each one of these men rose to his present position through consistent hard work and rock-like willpower. It was indeed an exceptionally talented team.

GLIMPSES OF SLV-3 DEVELOPMENT

Realisation of SLV-3 from concept to development through design was a challenge in both technology and management. Equally important was building the infrastructure and human resources in the areas of propellant, propulsion, avionics, materials, motor testing, vehicle assembly, vehicle checkout and ground telemetry/tracking. With the industry in the country in a very nascent stage to take up such sophisticated technology, harnessing them was a unique effort by itself. ISRO establishments in the country were geared to these mammoth efforts through time-bound projects. Even as centres of excellence in rocketry were getting evolved in ISRO centres, specifically in VSSC and SHAR (Sriharikota Range), partnering with national laboratories and academic institutions grew rapidly.

VEHICLE DESCRIPTION

SLV-3, a four-stage solid propulsive vehicle, designed and developed by VSSC took approximately seven years to realise. This vehicle with a lift-off weight of 17 tonnes and total length of 22 metres could impart the required velocity of 28,000 km/hr to the 35 kg satellite to inject the same into a low earth elliptical orbit. SLV-3 consisted of forty-four major functional subsystems which are indicated in the exploded view (p. 126). The main constituents of the vehicle are:


	Vehicle propulsive system

	Rocket systems

	Guidance and control system

	Vehicle electronics



VEHICLE PROPULSIVE SYSTEM

The first stage was of 1,000 mm diameter and carried 8.6 tonnes of PBAN (Polybutadiene Acrylo Nitrile) propellant developed indigenously. The motor case, fabricated from 15CDV6 steel sheets and forgings, was in three longitudinal segments. The segmented motor technology was specifically developed for the first stage motor. This motor developed an average thrust of 46 tonnes and burned for fifty seconds with a specific impulse of 254 seconds (vacuum).

The second stage motor was of 800 mm diameter and carried 3 tonnes of PBAN propellant in a single monolithic grain. This motor was also made of 15CDV6 steel sheets and forgings. The motor had an average thrust of 20 tonnes and burnt for forty-four seconds and gave a specific impulse of 268 seconds (vacuum). The third and fourth stage motors used fibre-reinforced plastic motor cases and high energy propellant (HEF 20) developed in-house. The third stage with a diameter of 800 mm housed 1 tonne of propellant and gave an average thrust of 6.3 tonnes. The fourth stage with a diameter of 650 mm, carried 262 kg propellant and provided a thrust of 2.4 tonnes. The specific impulse of the fourth stage was 284 seconds (vacuum). A number of static tests were carried out both in scaled-down size and in full scale to validate the performance of individual stage motors.

ROCKET SYSTEMS

Rocket systems comprised stage separation systems, destruct system and heat shield. For the first two stages, the separation between the stages was carried out by initiating Flexible Linear Shaped Charge (FLSC) system located between the stages. Ball-type separation system was employed for the third and fourth stages. Fibreglass honeycomb heat shield was provided around the satellite and the fourth stage to protect them from aerodynamic heating during atmospheric flight regime. After the vehicle crossed the dense atmosphere, the heat shield was separated from the vehicle at an altitude of about 85 km.

Also FLSC-type destruct systems were housed in the first three stages to destruct the vehicle based on ground command in the event of the vehicle deviating dangerously from the specified flight path.

Guidance and control systems of the vehicle were responsible for three-axis stabilisation and for steering the vehicle along the preset trajectory profile. The system mainly does three functions:


	Sense the inertial attitude of the vehicle,

	Generate suitable control function (command) to actuate the control power plants, and

	Generate appropriate control forces to stabilise and steer the vehicle.



GUIDANCE SYSTEM

Four-gimbal stabilised inertial platform was used to sense the vehicle attitude. Autopilot compared attitudes with command angles as given by pitch programme stored in the vehicle attitude programmer and with launch references for yaw and roll axes. The error signals thus generated were mixed with vehicle body rates measured by rate gyro package to generate command signals for control systems.

CONTROL SYSTEMS

For the first stage, Secondary Injection Thrust Vector Control (SITVC) system in proportional mode was employed (using strontium perchlorate as injectant) for the first seventeen seconds of flight, for pitch and yaw control. For roll control throughout and pitch and yaw control beyond seventeen seconds, electro-hydraulically operated aerodynamic control surfaces (fin tip control) were used. For the second stage, bi-propellant on-off reaction control power plant (with Red Fuming Nitric Acid [RFNA] and hydrazine as propellants) was used for pitch, yaw and roll control, both in power and coast phases.

The third stage had monopropellant on-off Reaction Control System (RCS) (using hydrazine and indigenously developed catalyst), to generate control forces required during third stage flight regime. The fourth stage was spin-stabilised. SITVC system was evaluated in the static test of the first-stage motor. Second and third stage control systems had undergone a number of system-level ground tests. In addition to computer simulation, the total guidance and control chain was also tested in the hardware in the loop simulation checks.

VEHICLE ELECTRONICS

The telemetry, telecommand, tracking and sequencing system constituted the vehicle electronics systems. During flight, the health and performance of vehicle systems were monitored by telemetry system. This employed two schemes, one FM/FM and the other PCM/FM, accommodating about 400 vehicle parameters like motor pressures, temperature, guidance commands and attitude errors. On-board tracking subsystem included C-band transponder and tone range receiver. Vehicle sequencer generated the actuation commands for stage ignition, separation and control system gain change. Redundant telecommand receivers were provided on-board to execute ground commands for destruction, if required. The equipment bay, the brain of the vehicle housing most of the guidance and electronic subsystems, was located just above the third stage.

The stages were interconnected by aluminum alloy inter-stages, housing instruments, control system and separation system.

MISSION SOFTWARE

Major strides were made in this field during the course of SLV-3 development. They included trajectory studies, heat transfer analysis, control system design/analysis, structural design, rocket motor design, separation disturbance studies, error analysis, digital/hybrid/ hardware in loop simulation, checkout software, range safety studies, orbit studies, visibility calculation, post flight software and several others.

SUPPORT FROM INDUSTRIES AND ACADEMIC INSTITUTIONS

Apart from various centres of ISRO, a number of institutions and industries participated in SLV-3 programme. Institutions like Aeronautical Development Establishment (ADE), Defence Electronics Research Laboratory (DLRL), Gas Turbine Research Establishment (GTRE), Indian Institutes of Technology (IITs), Indian Institute of Science (IISc) and National Aeronautical Laboratory (now National Aerospace Laboratory) (NAL) contributed towards hybrid simulation studies, antenna testing, heat shield evaluation tests, heat transfer studies and wind tunnel testing. Major industries like Walchandnagar Industries Limited (WIL), Pune, Larsen and Toubro (L&T), Bombay, Hindustan Aeronautics Limited (HAL) (Kanpur, Bangalore, Nasik, Lucknow and Koraput), Richardson and Cruddas Ltd (R&C), Bombay, Bharat Heavy Plates and Vessels (BHPV), Vizag, Hindustan Steel Limited (HSL), Rourkela, Republic Forge Company (RFC), Hyderabad, Anup Engineering Ltd, Ahmedabad, and Hindustan Machine Tools (HMT), Kalamassery, played major role in fabrication of components like motor cases, inter-stages, launchers, etc. A number of small-scale industries, specifically in and around Trivandrum had made remarkable contributions to the SLV-3 programme.

ROHINI SATELLITE (RS-1)

SLV-3 flight on 18 July 1980 carried an experimental satellite (RS-1) instrumented to monitor the performance of the fourth-stage motor and satellite in orbit. It also carried magnetic aspect sensor, velocity encoder, pulse code modulation, telemetry and solar panels including indigenously developed solar cells.

INTEGRATION AND CHECKOUT

AT THUMBA

The integration of nearly one lakh individual parts of the vehicle was an arduous task, spanning over more than a year. The four rocket motors were processed at VSSC/SHAR. The other eight inter-stage subassemblies housing control systems, equipment bay, separation system, electronic monitoring/interface circuits were integrated and checked out at Vehicle Integration Laboratory/Electronic Checkout Laboratory, VSSC, before being transported to SHAR. The checkout process, conceived in four phases, was carried out for components, individual subassemblies, electrically interfaced stages and fully integrated vehicle.

The computerised checkout system for the above was also developed at VSSC. This was built around two redundant computers and individual test sets for powering various on-board subsystems, checkout, simulation of signals and for monitoring. The satellite, which was built at ISRO Satellite Centre (ISAC), Bangalore, was brought to Trivandrum, checked for its electrical/mechanical compatibility with the vehicle, dynamically balanced and then taken to SHAR.

AT SRIHARIKOTA RANGE (SHAR)

The various subassemblies and rocket motors were brought to SLV-3 Complex, which consisted of a vehicle integration building, block house, launcher and other facilities such as pneumatic sources. During this period, commonly known as launch campaign, the vehicle was built up in stages, with a concurrently running checkout from block house, which was nearly midway between the vehicle integration building and the launcher and was connected with them through 1,000 lines of checkout cable.

After integration and checkout of the vehicle at integration building, it was moved to launch pad. The final countdown of the vehicle, in conjunction with ground stations spanned over more than twenty-three hours, preceded by a rehearsal. The last eleven minutes of operations were entirely taken over by the checkout computer at the block house. Nearly 600 parameters were checked during this phase and the computer clamped down a hold if the monitored parameters did not fall within set limits.

SOME HIGHLIGHTS FROM SLV-3 DEVELOPMENT

In a time-bound project like this certain crucial decisions become critical. While in such a small write-up it is not possible to detail all of them, I would like to mention a few instances.

Conceiving Solid Propellant Rocket Booster (SPROB) plant to produce tonnes of propellant even when the propellant development was at grams level was a major visionary action in this field. The decision to develop the propellant indigenously was another major one. It is a tribute to the entire team to have worked out an optimum test matrix to validate the rocket motor systems. To keep things simple, a decision was taken to go for an open loop system for guidance and control. While a decision was made to import the inertial measurement unit for the initial flights, the development team was encouraged to develop it indigenously for future flights. It was decided to go for a computer-based checkout system. To realise the solid motor cases and aluminum alloy structures manufactured through industries was a step with long-term benefits. The courage shown by the team after an accident during the test at the bi-propellant system level was adorable. As I mentioned earlier, there was a financial crisis particularly regarding foreign exchange. Technology denial regimes were also in place. Hence indigenous development of technology/material/component was undertaken to the largest extent possible. The project also ensured a harmonious partnership between technical and administrative groups.

The SLV-3 development envisaged using the available sounding rockets to test different systems in the limited flight duration possible.

SOUNDING ROCKET TEST FLIGHTS

The project used a Centaure sounding rocket in 1974 to test a scaled-down heat shield, rate gyro unit, vehicle attitude programmer and tone range receiver. This particular Centaure was elaborately instrumented for monitoring vibration, acceleration, temperature, altitude, etc. It was a successful flight that boosted the confidence of the team. This was followed by two more Centaure flights in 1975–76 in which monopropellant reaction control systems, telemetry and telecommand systems, sequencers and C-band transponders were qualified.

Similarly, in 1977 we had a fully controlled flight of our RH-560 sounding rocket to test a number of subsystems relevant to SLV-3. It may be recalled that sounding rockets are generally spin-stabilised without any active controls. This particular RH-560 had used three different types of controls, all relevant to SLV-3. These are: Secondary Injection Thrust Vector Control (SITVC), Hydraulic Fin Tip Control (HFTC) and Reaction Control System (RCS). Other important subsystems tested in the flight were:


	Miniature Attitude Reference Systems (MARS) for three-axis attitude reference,

	Vehicle Attitude Programmer (VAP) to store information to pitch down the rocket as the flight proceeded,

	Rate gyros to provide the rotation rates of the rocket about the pitch, yaw and roll axes; Analog autopilot to generate commands to drive FTC, SITVC and RCS, and

	Telemetry, telecommand and power systems.



INSTANCES OF SOME CRITICAL DECISIONS

Now I would like to describe two specific instances of decisions in some detail. As the Project Director of SLV-3, I was guided by Brahm Prakash in the selection of a special material 15CDV6 for rocket motor cases and nozzle. During the development of SLV-3, we were ready to go for the first static test S-2 (3/4), the second-stage motor static test with the flight hardware. While we were ready to do the test at SHAR, there was a debate whether to go for static test or not, because of a minute welding crack in the motor case reported by QA (Quality Assurance) teams. The structural specialists had analysed all the aspects and declared that the defects which had come to the notice on the 15CDV6 nozzle backup hardware was going to be a failure after 80 per cent of burn time. This could even lead to opening up of nozzle or an explosion. All the members of Space Council had expressed serious concern over proceeding with the test. (Now the late) S. Srinivasan, a structural specialist and Deputy Project Director of the Project had his own analysis on the nature of crack and crack propagation. I requested Brahm Prakash for his view based on his experience that he had with the metallurgical products. He spent considerable time in the evening and late night and concurred for the test. The test was eventually successful. This incidence of decision making shows many dimensions. The concerns expressed by many participants and QA teams alerted the project to do an in-depth analysis. The conviction and confidence exhibited single-handedly by my distinguished colleague (the late) S. Srinivasan was laudable. He grew to be one of the foremost chief designers and a visionary for rocket programme in the country. Brahm Prakash’s guidance paved way for the establishment of the acceptance standard and crack levels in metallic welding for the particular type of steel. This event still rings very clearly in my mind.

CONVERSION OF S2+S4 FLIGHT INTO FIRST SLV-3 EXPERIMENTAL FLIGHT

I remember distinctly it was a Tuesday Project Review Meeting, when my friend Abdul Majeed made an explosive suggestion that it would be beneficial to the project if we scrapped the S2+S4 suborbital flight and go straight for the orbital flight. It was soon after the successful RH-560 controlled flight. This triggered surprise and all kinds of emotions. But during the course of discussions for a few hours in that night I was convinced. Soon D. Narayana Moorthi and E. Janardhana swung into action and brought out a nice comprehensive document highlighting the technological accomplishments so far, including through RH-560 flight, the readiness for the experimental flight and the benefits of the decision without any serious concerns. I went on a marathon discussion with my Veli colleagues and those from other centres on their views and comments. The project team worked on these and even prepared slides as answers. It was remarkable that in just one board meeting immediately followed by a higher-level meeting in the same evening, the decision was made to go ahead with the first SLV-3 experimental flight, thereby dropping the suborbital test. Chairman, ISRO, attended the board meeting essentially in an observant mode. Such a crucial fast track decision was possible because of the comprehensive systems engineering exercise done by the project and development teams and the perceptive questions by the review members and the cohesive answers by the teams. Indeed, this was really a welcome mid-course correction for the project.

FROM PROJECT INTO THE MISSION

For a successful completion of SLV-3 launch, a close coordination among elements of the mission, viz., vehicle, satellite, ground stations, tracking networks and mission software, was essential. A definite effort was required with focus on SLV-3 mission. A mission organisation structure was evolved with all the elements of the mission. Regular vehicle integration review meetings were organised. Readiness of subsystems was reviewed through flight readiness review teams. In addition, the Flight Readiness Review (vehicle and mission) looked at the mission as a whole. Launch Authorisation Board was periodically reviewing, holding my hands as Mission Director and authorising me for decision making during various phases, particularly after the start of the countdown. The QA teams gave their overall assessment. There were conflicts to be resolved. A comprehensive mission campaign manual was prepared by the project and presented to the Launch Authorisation Board. Potential failure modes for the mission were also analysed with possible contingency actions where necessary. Post-flight data analysis teams were put in place both for quick-look data analysis and detailed analysis. Coordination between Mission Control Centre, block house, ground stations, tracking network and range safety was worked out. The countdown manual was evolved with extensive discussions including hold/call-off procedures. The evolution of the entire process of mission management was a pioneering work in systems engineering.

PROJECT MANAGEMENT

In addition to the technology development, production, integration and launching of SLV, the programme was a landmark in developing a planning and management methodology. SLV-3 is a unique multi-disciplinary combination in areas such as aerodynamics, structure, propulsion, control system, guidance, electronics, materials, quality assurance; and each area has a gamut of functions varying from design, development, facility establishment, production and operation. Added to this are the critical time-bound nature of the programme, stringent resources, conflicting decision situations. A management methodology enveloping all these constraints has to be evolved, the highlights of which are:


	a matrix type of management structure

	a thorough design review methodology

	configuration and weight control

	a closed-loop fail-safe mechanism involving online quality control, waiver boards, tests and evaluation, quality assurance teams

	flight and mission readiness reviews

	periodical review meetings at different levels of management

	PERT scheduling

	budget control



Particular mention has to be made of two areas.

The first one is quality assurance. When we started the space projects, what we were familiar with was essentially quality inspection, specifically in the hardware area. We had to graduate into quality assurance and systems reliability domains essentially from first principles. Towards the end we had to develop methods for estimation of success probability of missions through parametric study of various control parameters with their statistical variation from limited test data and their extrapolation. Another area is configuration control. We had to devise a system for configuration control and assessment of changes from baseline configuration based on their potential mission impact.

THE MAIDEN FLIGHT

Our first flight was designated SLV-3 E01. The rocket took off at 07:58 hours IST on 10 August 1979 from the Sriharikota Range (SHAR). It is necessary here to enunciate the primary objectives of the maiden flight. For a country which never built a rocket system as complex as the SLV-3, even to bring the fully integrated vehicle to the launch pad itself was a technological feat! The other goals were: to evaluate on-board systems like stage motors, guidance and control systems and electronic subsystems; and to evaluate ground systems, like checkout, tracking, telemetry and real-time data facilities. SLV-3 E01 performed almost to perfection all through the first stage. But soon after the second stage took over, the rocket went out of control and after 317 seconds into the flight, it splashed into the Bay of Bengal 560 km off the Sriharikota Island. It is difficult to describe how we all felt after this devastating failure! Several hundred engineers and scientists had worked with complete devotion; hundreds of industries had contributed their mite; and millions of our countrymen had pinned their hopes on this flight; and it all ended in the sea! It is something like a pleasant dream suddenly turning into a frightening nightmare! I had described in my autobiography how I could come out of this traumatic failure with the gentle solace provided by Brahm Prakash. It did not take very long for the Failure Analysis Committee to find out why the maiden flight failed.

The second stage was controlled by a bi-propellant reaction control system (RCS) in which the Red Fuming Nitric Acid (RFNA) was used as the oxidiser. When the time came for the RCS to act, there was no RFNA! Why? It was found that even while the rocket was on the launch pad, a full eight minutes before the take-off, all the RFNA had leaked out. At that time (i.e., T minus eight minutes) a warm-up test was done on the second stage RCS, as scheduled. A solenoid valve which was designed to close after the warm up pulse test did not close. This led to complete depletion of the RFNA. Unfortunately, this leakage of RFNA was not noticed during the countdown. Why did not the valve close? Most likely it was because of some contamination. It may be noted that even a particle as small as 40 microns could potentially lead to such a situation. The solution to the problem was simple. Put appropriate filters to block contaminant particles!

It should be noted that though the flight failed, we did gain a lot. Of the forty-four major subsystems, thirty-six had performed well during the flight. In addition, the flight had proved that all the launch complex facilities and the ground stations were fully operational. And the team showed its resilience and commitment by starting work immediately for the next flight.

INDIA ENTERS THE EXCLUSIVE CLUB OF NATIONS WITH THE SUCCESSFUL SLV-3 E02

Having incorporated all the recommendations made by the Failure Analysis Committee, we were ready for the second flight, designated SLV-3 E02, on 18 July 1980. At 08:03 hours IST that day, SLV-3 took off from SHAR and about 600 seconds later, its fourth stage pushed the 35 kg Rohini satellite into a low earth orbit. We were one of the six spacefaring nations to have a satellite vehicle capability. We had arrived, and it was a big step for India. Mission was accomplished and the entire team was elated. My colleagues continued the project and orbited two more satellites using SLV-3.

A LESSON IN FAILURE AND SUCCESS MANAGEMENT

Immediately after the SLV-3 E01 mission failure, there was a press conference at Sriharikota. Dhawan took me to the press conference. And there he announced that he took responsibility for not achieving the mission. I was the Project Director and the Mission Director. When we launched SLV-3 E02 on 18 July 1980, successfully injecting the Rohini satellite into the orbit, again there was a press conference and Dhawan put me in the front to share the success story with the press. What we learn from this event is that the leader gives the credit for success to those who worked for it, and absorbs and owns the responsibility for the failure. This is an important lesson in leadership for all.

THE LEGACY OF SLV-3

The legacy of SLV-3 is vast and varied. For example, the first stage solid propulsion module of the SLV-3 found use not only in the Augmented Satellite Launch Vehicle (ASLV) that followed it, but also in the Polar Satellite Launch Vehicle (PSLV) which today is the most reliable workhorse of ISRO. It is also used as the booster in Agni, India’s Intermediate Range Ballistic Missile (IRBM). Similarly, the fourth stage of SLV-3 was used as the apogee boost motor to propel India’s first communication satellite, APPLE (Ariane Passenger Payload Experiment) from GTO to GEO. The Fibre Reinforced Plastics Laboratory in which C.R. Sathya and I worked to develop filament winding technology has today grown into the Reinforced Plastics Centre (REPLACE) that produces an array of components and subsystems for both launch vehicles and satellites of ISRO. Similarly, the birth of ISRO Inertial Systems Unit which produces inertial components and systems for launch vehicles and satellites can be traced to SLV-3. Same can be said about mechanisms and ordnance systems which were used for initiating ignition of motors, separation of stages deployment of solar array and so on. More importantly, many of the professionals associated with the development of SLV-3 have grown to be leaders of technology, both within and outside ISRO, contributing significantly to the progress of the country.

CONCLUSION

After the success of SLV-3, ISRO has carried out many spectacular missions in space technology and applications, of which the entire nation is proud. I have been applying the systems integration, systems engineering and systems management techniques learnt from SLV-3 experience in my professional career ever since. I notice that even today, whenever we achieve something significant, we are used to seeing a footnote saying that we are the fifth or the sixth nation to do so. How do we come out of this syndrome? In recent times, I have been interacting with a number of young ignited minds with their creative ideas and experiments. Today, we have the enormous resource of 540 million youth waiting to be ignited and inspired. What an opportunity awaits the scientists of the country! In particular, in launch vehicle technology, we have great challenges and therefore opportunities to bring down the cost of access to space by two orders of magnitude compared to the present cost of about US $20,000 per kg of orbited payload. I wish ISRO all the best in moving towards this goal.
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Dr A.P.J. Abdul Kalam was the Project Director for India’s first launch vehicle SLV-3 which made the country a spacefaring nation. He was decorated with India’s highest civilian award, the Bharat Ratna. He was the President of India from 2002 to 2007.

[image: Image]

[image: Image]

FIGURE 2.3: Exploded view of SLV-3


2.5

To Err Is Human: The Story of ASLV

P.V. MANORANJAN RAO
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INTRODUCTION

… but space is unforgiving! This is the hard but useful lesson ISRO learnt when the first two flights of its Augmented Satellite Launch Vehicle (ASLV) failed.

ASLV was the successor to the SLV-3, the first satellite launch vehicle developed by ISRO. It may be recalled that SLV-3 was an all-solid four-stage rocket, capable of launching a 40 kg satellite into a low earth orbit. It was thought that by attaching two side rockets called strap-ons, we could ‘augment’ the capability of SLV-3 from 40 kg satellite to about 150 kg. The new vehicle (i.e., SLV-3 with two strap-ons) was given the name ASLV. See diagram (p. 136). Now each of these two strap-ons had the same power as the first stage of the SLV-3.

As the studies progressed, it turned out that ASLV could also be used to prove some of the new technologies which could not be tested in SLV-3 but which would be essential if ISRO wanted to develop powerful launch vehicles capable of orbiting satellites weighing several hundred kilograms, if not thousands of kilograms! And ISRO did have plans at that time to develop one such powerful vehicle called PSLV (Polar Satellite Launch Vehicle). Indeed rockets like PSLV are absolutely necessary to orbit application satellites like the Indian Remote Sensing Satellites (IRS).

Some of these new technologies which could be proven in ASLV are:


	Strap-ons (needed for increasing the muscle power of a launch vehicle)

	Closed-loop guidance (needed for precise injection of satellites into specified orbits)

	Yaw manoeuvring (needed for many missions launched from Sriharikota)

	Bulbous heat shield (needed for accommodating large payloads)

	Vertical integration (needed for assembling big rockets)



One could argue that ISRO should have gone straight from SLV-3 to PSLV without any kind of ASLV as an intermediate step. But such a strategy would have been very risky because of several reasons. Firstly, the scaling up involved was too huge – the SLV-3 weighed less than 20 tonnes whereas PSLV would weigh 300 tonnes. Secondly, PSLV was a Rs 300 crore project; it would be unwise to deploy all new, untested systems for the first time in PSLV. On the other hand, ASLV was a Rs 19 crore project and all its solid propulsion modules had been flight-tested in the SLV-3. In addition to testing new technologies, the ASLV could also be used to fly small scientific satellites. Thus, because of low cost, our academic community could in principle, at least, afford to fly scientific experiments on the ASLV. From all these considerations, the ASLV seemed to be an ideal vehicle worth developing before going for the PSLV.

And the most attractive feature of ASLV was its simplicity of design: just add two strap-ons to the already proven SLV-3 and manage the rest. To top it all, it seemed that ASLV could be developed and made ready for flight within three years or so. Naturally, everyone in ISRO who was knowledgeable in rocketry was for the ASLV.

After about four years of groundwork, ISRO formally submitted a project report to the Government of India (GOI). In July 1982, the GOI approved the project with a financial sanction of Rs 19 crore. (This did not include the cost of building new infrastructure at Sriharikota Range [SHAR] from where ASLV would be launched.) Finally, ISRO took five and not three years to build ASLV and make it ready for flight. There were several technical and managerial reasons for this delay which may not be of great interest to the general reader. As examples, we just mention that the massive infrastructure to be established at SHAR, the large number of simulations to be carried out before the flight, etc., contributed to the delay.

CONFIGURATION OF ASLV

The ASLV was a five-stage vehicle; this was because the two strap-ons added to the good old four-stage SLV-3 constituted another stage. To keep the nomenclature close to that of SLV-3, the two strap-ons together were designated as the ‘zero-eth’ stage, abbreviated as ASO-1 and ASO-2. The other four stages were designated as AS-1, AS-2, AS-3 and AS-4.

The final configuration of the ASLV arrived at for its maiden flight, designated ASLV D1, had the following vital statistics.







	Lift off mass	40 tonne

	Total height/length:	24 m

	Number of stages:	5

	Maximum diameter:	1 m

	Satellite mass:	150 kg




The satellites to be launched by the ASLV had the generic name, Stretched Rohini Satellite Series (SROSS). Thus ASLV D1 carried SROSS-1.

THE FIRST FLIGHT

ASLV D1 took off from SHAR at 12:09 hours IST on 24 March 1987. The lift-off was clean and beautiful with the vehicle soaring into the skies on the double plume spewed out by the two strap-ons which behaved more or less as expected.

After the two strap-ons burned out, say in about fifty seconds, the core or the first stage (AS-1) would ignite and two strap-ons would be separated. After AS-1 burned out, AS-2 would ignite and so on till all the stages would burn out. By the time the last stage (AS-4) burned out, the rocket would have attained a speed of over 27,000 km/hr needed to orbit the satellite. This was the designed flight sequence. On 24 March 1987, things went on well till the two strap-ons burned out. But after that, AS-1 did not ignite! Inevitably, the ASLV plunged into the Bay of Bengal, taking with it the hearts of all those in ISRO who had worked for it!

A Failure Analysis Committee (FAC), headed by the veteran R. Aravamudan, analysed all the telemeter data (366 parameters were measured during the flight!) to find out why the ASLV D1 failed.

It was of course clear that AS-1 did not ignite; but why? The FAC examined thirty-seven possible ways in which the failure would have occurred but could not pinpoint the reason for the failure. Probably the non-ignition of AS-1 was due to some random failure of a component associated with the AS-1 ignition chain. Such failures of rockets for which unique reasons could not be found are not uncommon in the history of space technology.

THE SECOND FLIGHT

But things should move on and they did. Every possible care was taken to ensure that each component and each subsystem was tested thoroughly and all simulations were carried out for the second flight of ASLV, designed ASLV D2. It lifted off from Sriharikota at 14:48:35 IST on 13 July 1988. Again the lift-off was beautiful and clean. The two strap-ons performed reasonably well and to the relief of all, the second stage (AS-1) did ignite, but a trifle too late. Once again the ASLV plunged into the Bay of Bengal.

A pall of gloom descended over the whole of ISRO and the country was shocked! In a country where people feel that a loss of a cricket match is a national disaster, one could imagine the mood in the country when two successive flights of ASLV failed! But media, by and large, behaved responsibly encouraging ISRO to face the challenge with grit and determination.

And, of course, engineers and scientists are trained to handle failures, especially in aerospace. This time two committees of specialists analysed the ASLV D2 failure. One was a FAC, chaired by S.C. Gupta, then the Director of VSSC, and the other was an Expert Review Panel (ERP) chaired by R. Narasimha of the National Aerospace Laboratory (NAL). The FAC mostly comprised ISRO engineers and scientists while members of ERP were drawn mainly from R&D institutions outside ISRO. This was done to ensure the nation that the investigation would be 100 per cent impartial. The two committees conducted their proceedings in a transparent way. Anyone, either inside or outside ISRO, who had any technical opinion about the two failures was invited to present their views to the committees. And many did. After one full year of deliberations, which even included some simulations, the two committees submitted their reports to the Chairman, ISRO. Any professional who reads these two reports would be impressed by the thoroughness of the investigations carried out by the two committees.

TECHNICAL DETAIL

To appreciate fully the findings of the two committees, we need to know a couple of technical things. Each stage of ASLV had its own control system. The two strap-ons (ASO-1 and ASO-2) and the core or the first stage (AS-1) had what are called SITVC (Secondary Injection Thrust Vector Control) systems. The main thing to remember is that the control force generated by the SITVC depends on the thrust developed by the motor (i.e., the solid propellant module) which powers the stage. Thus, if the thrust developed by the stage motor is low, the control force available is also low. During tail-off or the burnout phase of the motor, the thrust will naturally be low; so will be the control force available.

There is a module in the guidance package, known as the autopilot. Its main job is to maintain the specified attitude (orientation) of the rocket at every instant, by generating appropriate commands to be executed by the control system.

WHY THE SECOND FLIGHT FAILED

The designed sequence of flight events are as follows: (1) First the two strap-ons (ASO-1 and ASO-2) are ignited at T=0 second. (2) The strap-ons burn for about fifty seconds (3) Then the first stage (AS-1) is ignited with its own SITVC coming into action. After this, the strap-ons are separated and jettisoned off. (4) The AS-1 burns for about forty-eight seconds and so on, till all the stages burn out and the satellite is injected into the specified orbit.

What actually happened in the second flight is described below:

The rocket took off with simultaneous ignition of the two strap-ons (ASO-1 and ASO-2). The strap-on motors performed normally until they burned out a trifle earlier than expected. Then the first stage motor (AS-1) ignited at T=48.5 seconds and took over control from strap-ons as expected at T=49.1 seconds. But because the strap-ons burned out at a trifle earlier than expected, there was a gap of 0.5 seconds during which the SITVC of neither the strap-ons nor the first stage could be effective! Thus the rocket started deviating from its intended course. But this deviation would have been taken care of, had the autopilot acted faster than it did! But, alas, the autopilot was a bit sluggish! As a result the aerodynamic forces acting as the rocket had become so formidable that the rocket broke up. And the mission failed!

It is worth taking a second look at the time intervals involved – half a second of no control during transition of control from strap-ons to first stage, and 0.7 seconds taken by the autopilot to respond to the crisis. Even after all the propellant in both the strap-ons burned out, the rocket weighed over 22 tonnes and was moving at a speed of over 6 km/s (i.e., 21,600 km/hr). A hulk, moving with such enormous speeds and yet a half-second of no control becoming so catastrophic! That’s how unforgiving space technology is! You have to pay heavily even for the tiniest of errors! ‘The situation was, of course, compounded by all the adverse flight conditions and systemic defects of the vehicle conspiring together with vengeance to prove the veracity of Murphy’s Law - whatever can go wrong will go wrong,’ as stated in one of the committees’ report.

REMEDIAL MEASURES

Both the FAC and the ERP suggested a number of remedial measures. We mention below only a few:


	Redesign autopilot and make it robust so that it can handle all adverse conditions such as those encountered during the second flight of ASLV and respond quickly to any crisis. (Remember that in the second flight, the autopilot was somewhat ‘sluggish’.)

	Introduce Real-Time Decision (RTD) systems for igniting first stage (AS-1). That is, instead of AS-1 igniting at a preset time, it should ignite whenever the thrust in the strap-ons falls below a specified value. This would prevent the occurrence of ‘no control zone’.

	Improve modelling of SITVC.

	See if it is necessary to introduce fins to increase static stability.



It is worth quoting what the ERP said in its report:

The panel’s investigations have not revealed any major technological problems that cannot be handled with the capabilities and skills already available in ISRO and also elsewhere in the country. The Panel notes in passing that other pioneering space projects outside India have gone through similar experience (for example, the US Vanguard programme had only three successes in the first eleven launches). But lessons learnt from such failures can establish the basis for future successes. The panel wishes to underline the importance of making reviews rigorous during all phases of design and operation, and of careful planning and coordination of research, design and development efforts in evolving solutions to the complex problems posed by the advanced technologies involved in the satellite launch vehicle programmes.

THE SUCCESS

By implementing all the recommendations of the ERP and FAC, ISRO finally proved its mettle on 10 May 1992 by successfully flying the ASLV. This third flight, designated as ASLV D3, had the following features:


	Lift-off weight: 42 tonnes

	Length: 24 m

	Number of stages: 5

	Closed-loop guidance in second and third stages

	Satellite mass: 105 kg



Thus, ISRO took ten years from the day the Government of India sanctioned the project to launch ASLV successfully! But it was worth the effort, for we learned very valuable lessons in launch vehicle design which could never be found in textbooks or in any open literature!

To demonstrate that the success of ASLV D3 was not a fluke, ISRO flew ASLV D4 successfully on 4 May 1994. Thus the ASLV proved that failures could serve as stepping stones for success!

WHAT ISRO LEARNED FROM ASLV

The lessons learnt from the ASLV experience contributed significantly to the development of the PSLV, the most reliable launch vehicle of ISRO today. S.C. Gupta summed up these as follows:

PSLV, a considerably larger launch vehicle with a diameter of 2.8 m, is an inherently more stable vehicle. The maximum dynamic pressure that would be experienced by PSLV is less than 70 per cent of that of ASLV. Unlike ASLV, the control of PSLV rests mainly with the core stage. Besides, the critical events in the thrusting stage are well separated in time and take place at higher altitudes, which would provide further relief to the vehicle. Even though PSLV has all these advantages, the ASLV flights have provided valuable data in areas like aerodynamic loads, wind, angles of attack, inertial navigation, digital autopilot and closed-loop guidance, aero-structure-control interaction, transonic buffeting, acoustic levels, S-band TT&C (Telemetry, Tracking and Command) technology and so on. Based on these data, the aerodynamic coefficients were reviewed and appropriate wind gust and shear models have been formed, leading to improved autopilot design and enhancements of control power plants.

Further, the PSLV strap-on firing sequence has been changed based on the revised estimation of loads. Of the six strap-ons of PSLV, two will be lit on the ground (instead of four as planned earlier) and four will be lit in air. This further reduces the maximum dynamic pressure by 30 per cent. Incorporation of real-time decision for the ignition of PSLV’s second stage, augmentation of roll control system and incorporation of further redundancy have also been undertaken specially with the lessons learnt from ASLV. We have been able to effect design modifications in PSLV based on ASLV experience, without significantly affecting either the PSLV time schedule or cost.
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FIGURE2.4: Comparison of SLV-3 and ASLV Configuration (Planned)
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PSLV: The Workhorse of ISRO

N. NARAYANAMOORTHY
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INTRODUCTION

Friday, 14 November 2008, is a historic day in the annals of the Indian space programme. On that day, the Moon Impact Probe (MIP), with the national tricolour along with other scientific instruments weighing approximately 35 kg, was detached from the Chandrayaan-1 orbiting the moon and crash-landed on the lunar surface. This event made history as it was India’s maiden moon shot. It also marks the birth anniversary of independent India’s first Prime Minister, Jawaharlal Nehru, with whose support Homi Bhabha and Vikram Sarabhai sowed the seeds of the Indian space programme in 1962.

The Polar Satellite Launch Vehicle (PSLV) developed in the 1990s has undergone systematic improvement over time and its new variant called PSLV-XL was flight-tested for the first time in the Chandrayaan-1 mission. That maiden flight of PSLV-XL was designated as PSLV-C11. The last few days of countdown of PSLV-C11/Chandrayaan-1 mission was marred by inclement weather. Yet, as the PSLV was rainproof and as the launch window was narrow, the Launch Authorization Board (LAB) decided to proceed with the countdown. To everyone’s relief, weather conditions improved on the crucial night of 21 October and the PSLV-C11 lifted off as scheduled on 22 October at 6.30 a.m. from the second launch pad of the Satish Dhawan Space Centre (SDSC), Sriharikota, and the rest is history.

The success of Chandrayaan-1 mission, including the impact of MIP on moon’s surface and the subsequent discovery of water on moon, has created a sense of pride in the people and the stature of ISRO has grown immensely, and PSLV has become a household name.

The story of PSLV has two distinct phases: the developmental and the operational. Naturally, the development phase, spanning over a period of twelve years, starting from 1982, was the most difficult and hence the most challenging and ultimately the most gratifying one. During this phase, three launches were attempted, namely, PSLV-D1, PSLV-D2 and PSLV-D3. Though PSLV-D1 launched in October 1993 could not meet the mission objectives, the very next attempt (PSLV-D2) a year later in October 1994 was successful. This signalled the entry of India into the Big Rocket League. PSLV-D3 marked the completion of developmental phase in 1995. The operational phase commenced with the launch of PSLV-C1 in September 1997.

Over the years, PSLV has undergone major changes in propulsion systems, structures and avionics to improve the payload capability from 1,000 kg to 1,600 kg (in 600 km polar orbit). Today, PSLV is available in three configurations: the generic PSLV with six strap-ons, the core alone (PSLV-CA) configuration with no strap-ons and the most powerful one designated as PSLV-XL, with extended strap-ons. Till today, PSLV has successfully orbited sixty-one satellites including thirty-five foreign satellites. The latest launch was on 1 July 2013 which orbited India’s first navigation satellite. The twenty-three successively successful missions have made PSLV the most reliable workhorse of ISRO.

EVOLUTION OF THE CONFIGURATION

As early as 1978, that is even before the first flight of SLV-3, Satish Dhawan, then Chairman of ISRO, formed a study group headed by S. Srinivasan with the responsibility of defining a configuration for a vehicle capable of placing a 600 kg remote sensing satellite in Sun-synchronous orbit (500–1,000 km), targeting the first experimental launch in 1984–85. The study group initially considered the following options with Sriharikota Range (SHAR) as the launch base, which has the launch azimuth constraint of 135°.


2 × S80 + S80 + L30 + PAS (Perigee–Apogee System)

9 × S10 + L45 + L15 + PAS

4 × S80 + S80+ S20 + PAS



Where S stands for solid propellant, L for liquid and the numbers following signify propellant mass in tonnes. One could easily see predominance of solid systems in the above configurations. This was because till then ISRO’s experience was largely confined to solid propulsion systems. (It may be recalled that at one time, ISRO toyed with idea of establishing another range down south from where PSLV could be launched due south, straight into polar orbit without any constraint on launch azimuth. But this idea was dropped later.)

In the meantime, ISRO entered into an agreement with the French Space Agency (CNES) under which: (1) ISRO would supply 10,000 space-qualified pressure transducers to CNES and (2) in return, France would transfer know-how for their liquid engine, Viking, to ISRO. The indigenous version of Viking is called Vikas. This was a great breakthrough for ISRO because, now one could confidently think of a liquid stage in the configuration. The configuration now seriously considered for PSLV was:

6 × S9 +S125 + L33 + S7 +S2

In words this means: six solid strap-ons each with propellant loading of 9 tonnes, surrounding a solid core of 125 tonnes, a second stage with liquid propellant of 33 tonnes, third and fourth stages with 7 and 2 tonnes of solid propellant respectively. It was for this configuration that government sanction was obtained in 1982.

The following nomenclature is used to denote the different stages of PSLV: strap-on: PS0; first stage: PS1; second stage: PS2; third stage: PS3 and fourth stage: PS-4. The inter-stages are denoted by IS; then, IS ½L means the inter-stage between the first and second stage with ‘L’ indicating lower part.

It did not take long for ISRO to realise that with a solid terminal stage it would not be possible to achieve the injection accuracy needed and a liquid stage is needed for meeting the injection accuracy. It was also realised that the following mid-course corrections were necessary:


	Increase in loading of PS2 from 33 to 37.5 tonnes to augment payload capability.

	Change in vehicle diameter above the first stage to 2.8 m from the originally planned 2.6 m from aerodynamic consideration.

	Change in payload-fairing configuration to reduce buffeting effects.



Thus the final configuration of PSLV which flew during the developmental phase was:

6 × S9 + S125 + L37.5 + S7 + L2

The general configuration of PSLV is shown on page 167.

SOME MAJOR DEVELOPMENTAL EFFORTS

From the very start of the project, it was clear that the development of PSLV involved a large number of new technologies, that too on an unprecedentedly large scale. But in an essay of the type it is neither possible nor perhaps desirable to describe in detail all the developmental efforts. Therefore, we choose some of the major areas to illustrate the efforts involved.

SOLID MOTORS FOR PSLV

In spite of our experience in solid motors for sounding rockets, SLV-3 and ASLV, we had to face many problems in the case of PSLV mainly because of the large sizes and quantities involved. De-bond between insulation–propellant interface was a recurring defect noted for SLV lower stage motors employing Polybutadiene Acrylo Nitrile (PBAN) propellant. Besides, there was a need to replace the PBAN binder, which was being imported and the major indigenisation effort towards this led to the successful formulation and production of Hydroxyl Terminated Polybutadiene (HTPB) binder. This binder brought in distinctive advantages in terms of better mechanical properties, better castability and safety in addition to the improvements in ballistic parameters. The technology of HTPB was transferred to industries and currently three industries are engaged in production of this binder, culminating into a successful commercialisation effort.

The development of large solid booster for the first stage of PSLV, which was the world’s third largest booster at that time, posed yet another challenge not only in the solid propulsion area but also in the areas of material and fabrication. A national-level committee was constituted with the renowned metallurgist Dr Brahm Prakash (also, the first Director of VSSC) as Chairman and the committee considered various options including 15CDV6 and recommended the use of maraging steel (M250) for the booster case of PSLV. Apart from the superior mechanical properties including that of mass savings, the added advantage of simple heat treatment cycle and good weldability of the material made M250 a preferred choice as motor case material for the first-stage (PS1) motor.

The formulation of M250 material and realisation of defect-free plates and rings having uniform properties throughout were daunting tasks considering the state of the material and manufacturing technologies available in the country at that time. The development of M250 motor case was undertaken with the cooperation of public sector undertaking, the Mishra Dhatu Nigam Ltd (MIDHANI) and commenced with the establishment of facilities required for ingots/billets and for converting these ingots into plates and forgings of large sizes required for the 2.8 m diameter booster. The process of Vacuum Induction Melting (VIM) followed by Vacuum Arc Refining (VAR) was fine-tuned through repeated trials and MIDHANI could realize the melts of international standard with respect to close compositional tolerances, high degree of cleanliness, minimum segregation and low gas contents. Plate rolling and ring rolling operations were undertaken by MIDHANI in collaboration with Rourkela Steel Plant (RSP).

Even as the material development efforts in industry continued, efforts were made in parallel to evolve various technology elements like welding, machining, ultrasonic non-destructive testing (NDT), fracture toughness evaluation, etc. As M250 material was prone to stress corrosion cracking, an R&D programme was undertaken within VSSC, R&D laboratories outside ISRO, and industries to establish material properties, material characterization and machineability aspects. Techniques were devised to mitigate the cracking noted at the interface between the Heat Affected Zone (HAZ) and the parent metal, and also to carry out welding repair of the defects noted on the welds of the segments which developed defects when kept in storage after completing the machining and ageing operations.

The fracture-prone nature of M250 called for fracture-based design of the motor case, and the design of the interfaces assumed more significance in the wake of the failure of the Solid Rocket Motor (SRM) of space shuttle (of the USA). The final design of the motor case, with segmented joint incorporating two O-rings with capture feature to arrest joint rotation, was instrumental in assuring operational reliability of PS1 hardware and interfaces.

Development of PS1 motor demanded the design and establishment of large-size propellant mixing facilities, cast-cure facilities and heavy handling accessories. These facilities were established in Solid Propellant Space Booster (SPROB) plant, SHAR (now called SDSC), and propellant casting of the segmented PS1 motor was carried out after establishing the process through repeated trials. NDT facility and techniques to cater to large propellant segments were also established. Test beds, to measure six components of thrust and moments of PS1 were also established in SHAR.

The special feature of PS1 nozzle is the large-size carbon phenolic (CP) throat insert developed for the first time in ISRO, replacing the graphite throat used earlier. Realisation of defect-free nozzle liners through hydroclave curing necessitated the establishment of high-temperature and high-pressure curing and machining facilities. Subscale motor-level tests were carried out for finalising the CP throat design and also for development of defect-free nozzle ablative liners.

The PS1 motor was inducted into developmental flight after two successful static tests and, after the first three development flights of PSLV, the propellant loading of PS1 was increased from 125 t to 139 t (PS1 S139) in the same motor case envelope by enhancing the volumetric loading, and thus improving the mass fraction to 0.87.

The third stage of PSLV was the largest upper-stage solid motor developed by ISRO. Though composite cases were used in solid motors of SLV-3 and ASLV, the design and realisation of this motor case with 2 m diameter and unequal openings for head and nozzle ends posed a major design challenge. The preliminary design of motor case was made during 1983. The first two proto models failed prematurely during pressure testing and improvement in the design like modification in the winding pattern, increasing the critical thickness in the neck region of metallic bosses and introduction of doilies (Kevlar cloth/epoxy) between the layers of the dome region to improve the hoop strength were effected in subsequent motor cases. The first successful proto case was made in September 1987 and burst-tested satisfactorily. Subsequently, four motor cases were tested to demonstrate the design margins. Totally seventeen motor cases of the revised design were subjected to various levels of testing before they were deployed for flight.

PS3 motor has a submerged contoured nozzle with an area ratio of 50 and is designed to provide three-degree vectoring using flex nozzle actuation system. The flex seal was a new development taken up for the PSLV project. A series of developmental tests was carried out under simulated motor operating pressure and axial loads using a hydraulic medium. Extensive evaluation of the flex seal was carried out on the torque vs deflection characteristic to assess the structural integrity of the seal and the flex seal control system response characteristics. The flex nozzle was further qualified through a series of static tests in integrated PS3 level, with and without flex nozzle actuation.

The strap-on motor (PSOM) of PSLV is a variant of the motor developed for the SLV-3. However, for higher margin of safety of propellant system, better interface properties, higher reliability and storage life, HTPB-based propellant system was introduced in PS0Ms. Six strap-on motors, each with an action time of fifty seconds, function in tandem with the booster motor during the atmospheric flight regime.

Collision-free separation of the launch vehicle stages is of paramount importance in any mission and the special purpose motors play a vital role in ensuring the same. Eight Retro-1(RS-1) motors are used to separate the first stage while four Retro-2 (RS-2) motors are used to separate the second stage. Apart from stage separation, small motors are also employed to provide positive acceleration to the ongoing vehicle after spent stage separation and before the ignition of the next stage, especially liquid stages. During the flight, it is essential to ensure almost simultaneous ignition of each set of motors, delivering near-identical thrust with near-uniform burn time. The propellant processing for these special purpose motors was done in batches and special casting set-up was devised for simultaneous casting of multiple motors.

The solid motors of PSLV are the most reliable propulsion modules of ISRO; these are often quoted as examples of successful efforts of laboratory-level R&D maturing into commercial scale, resulting in mutually beneficial collaboration between ISRO and Indian industries.

LIQUID STAGES DEVELOPMENT

The second and fourth stages of PSLV are powered by liquid propulsion. As already mentioned, the basic know-how for the second-stage engine, Vikas, was obtained from France.

Yet, to translate engine design into the fabrication drawings and to identify the materials and processes associated with the realisation of component parts like gas generator, turbo pumps, gas bottles, the pneumatic and hydraulic system, etc., really posed many challenges. Industries were roped in and for some critical technologies in-house workshops were utilized and the first engine was realised towards the end of 1989. As our own test facility at Mahendragiri was not ready, this engine was taken to France and tested at the SEP (Société Européenne de Propulsion) facilities. It was really heartening that at the very first attempt, the engine performed satisfactorily. At that time, the basic test facility for the large thrust rocket engines was being established at Mahendragiri, very close to Kanyakumari, in Tamil Nadu. The stage test stand was also established later at Mahendragiri. This involved large structures which could withstand the thrust of the engine as well as the weight of propellant tank. The facility was completed by establishing a network of instrumentation and control systems.

Again, to convert this engine to a liquid rocket stage, realisation of propellant storage tank using aluminum alloy was undertaken. The particular type of alloy starting from the sheets which were required to fabricate the tank and other components were not available in the country and had to be imported. The tooling for such large tank was not available at HAL (Hindustan Aeronautics Limited), which was our partner for fabrication of liquid engine tanks. So, we had to seek collaboration abroad which was not an easy task! Finally, a procurement contract was signed with Air Liquid France for the propellant tanks along with tooling. ISRO team members along with HAL teams were trained in various aspects of the complex fabrication associated with aluminum alloy tank. Today, the HAL Aerospace Division manufactures these tanks, without any external help.

The stage hot test at sea level was carried out in two phases. The first one was the Battleship tests wherein the mechanical systems (propellant tanks, inter-stage and thrust frame) were of rugged construction. A total of eight hot tests logging a cumulative duration of 334 seconds were conducted in this configuration. Stage assembly, establishment of safety procedures, contamination control and test sequence were validated through Battleship test series. Anti-vortex baffle/anti-slosh baffle and assembly improvements to prevent leakage were introduced before taking up development test series. The development test series was conducted in exact flight configuration except for nozzle area ratio and system pressurisation levels. This was because these tests were done at sea-level, whereas in flight, PS2 operates in near-vacuum. The development was declared complete after successful long-duration tests of 150 seconds.

Testing of individual elements such as the gas generator, turbo pumps and injector helped in predicting the performance of the engine which is very vital in mission design. Subsequent to the developmental flights, the PS2 engine thrust was upgraded by 10 per cent.

Satellite teams at ISRO and international customers have expressed concern about the high levels of vibration during engine shut-off. To overcome this problem, necessary modifications were made in the fluid circuits to reduce the pressure oscillations during shutdown and the vibration level at satellite interface was considerably reduced.

PSLV FOURTH STAGE (PS-4)

The twin engine, liquid fourth stage of PSLV (i.e., PS-4 was actually an afterthought because it was not part of the project approved by the government. As mentioned earlier, liquid fourth stage was essential to achieve the needed injection accuracy of a satellite into orbit.

But, unlike in the case of PS2, no external help was available to ISRO for PS-4. Thus the development of PS-4 was a truly indigenous effort. The basic idea was to upgrade the PS1 roll-control thrusters into PS-4. Though this concept seemed simple, its implementation was a major challenge as the following comparison shows:









	Parameter
	RCT
	PS-4



	Thrust
	6.5 kN
	7.5 kN



	Operation time
	<110 seconds
	>420 seconds



	Ignition
	On ground
	In vacuum



	Specific impulse
	260 seconds
	307 seconds



	Combustion efficiency
	90 per cent
	98 per cent





Several tests had to be conducted before arriving at the above specification for PS-4. The final configuration consisted of a multi-element triplet injector with 30 per cent fuel film cooling. The injector was welded to a regeneratively cooled thrust chamber with nozzle area ratio up to 5.24. It had a radiation-cooled nozzle extension made of columbium alloy with a nozzle area ratio of 5.2 to 60. Columbium alloy sheets used in nozzle extension are a strategic material but after sustained indigenisation efforts by ISRO, they are now being indigenously produced.

No other liquid stage or solid stage that ISRO had built till that point of time required so much testing. Although the development of this engine started in 1983, it was only in 1988 that the engine was successfully tested. Again, realisation of the high-altitude test facility using huge vacuum chambers and gas ejection system at the liquid propulsion system facility at Mahendragiri was a major achievement.

Configuring the PS-4 stage with the engine, propulsion modules, titanium tank, high pressure gas bottles, and reaction control system thruster were followed up subsequently and the full stage was test-fired by 1990.

Subsequent to the developmental flights of PSLV, the fourth stage, especially with respect to propellant loading capacity, had been reconfigured by using tanks of different capacity to meet customer requirements. Also as part of UN resolution on space debris control, passivation of PS-4 stage has been implemented since 2002.

MISSION DESIGN

Launch vehicle mission design demands expertise in a wide range of subjects, and powerful computing facilities are essential for this activity. It generally consists of aerodynamic characterization of the vehicle during its atmospheric flight regime, trajectory design, aerothermal studies, stage separation system analysis, wind profile generation, navigation software, guidance software, autopilot design, mission simulation studies and structural characterization of the vehicle including flexibility analysis.

No doubt, we had gained valuable experience in the mission design through SLV-3 and ASLV projects. But PSLV had its own special mission requirements. Features which made the mission design different for PSLV are;


	Use of alternative solid and liquid stages resulting in the use of different types of guidance algorithm,

	Use of different control systems especially for the liquid stages,

	Use of Redundant Strap down Inertial Navigation System (RESINS) requiring new algorithm in quaternion and failure detection and isolation logic,

	New redundant on-board computer system with large computational requirement, and

	Range safety issues associated with launch azimuth of 135°.



During the development phase (concurrent with ASLV testing), the activity was supported by professionals from the Indian Institute of Science and Indian Institutes of Technology and National Aerospace Laboratory, especially in the areas of aerodynamic characterization and finalisation of guidance/autopilot design.

The lessons learnt from ASLV failure necessitated a thorough relook at PSLV mission design and the new guidelines were evolved for design robustness.


	Aim for peak dynamic pressure as low as possible.

	Provide for the seasons worst-case peak wind angle of attack, wind shear and gust values.

	Ensure availability of control force during the entire atmospheric phase of the flight.

	Introduce real-time decision making during critical regimes of flight.

	Aim for positive or neutral static stability margins.

	Take into account reliable estimates of dynamic pressure, tail-off thrust, wind and angle of attack while setting the jettisoning energy for stage separation.



As per the original sequence, four of the six strap-ons were to be ignited immediately after take-off with the remaining two being air-lit. This was modified to with only two strap-ons being ignited at take-off. This was mainly to reduce the dynamic pressure at the cost of payload reduction. However, for subsequent flights the original sequence was restored, based on flight experience. To eliminate any possible no-control zone during first-stage regime additional auxiliary control system was introduced to take care of transition between PS1 burnout and PS1 separation.

The ASLV failures enabled PSLV team to understand the complexities associated with control system interaction with structural elements, uncertainties in modelling wind profile, disturbances induced due to wind gust and shears and the importance of vehicle data documentation, especially moment of inertia and centre of gravity computation. For the first time, FEAST (Finite Element Analysis of Structures), a software package developed in-house, was used. But many concepts such as the design margins, accounting for various forces around the vehicle, especially in the unstable regime of the flight in the atmosphere, the response characteristics of actuators, the structural bending mode frequencies, were all evaluated through a series of ground tests. These efforts have eventually resulted in the creation of a valuable databank of great value to launch vehicle community. In a liquid configuration the movement of the liquid propellant within the tank, known as the slosh effect, poses a problem as it interferes with the control system. Similarly, during the propulsion stage, the oscillation which can set in within the tanks as well as the feed lines of the liquid rocket engine can lead to what is called the POGO effect. Again this can sometimes get coupled with the structural frequencies and create havoc for the mission. Thorough evaluation of all such parameters through a series of ground tests, creating theoretical models, validating them by experimental data and finally applying them for the flight condition was successfully achieved by the specialists in the fields of fluid dynamics, structural dynamics, as well as control engineering. The net result was that, when the 6D trajectory model had to be run by perturbing all parameters, virtually the flight could be visualized in the ground simulation to the minutest detail. Based on this study, a large number of modifications had to be incorporated into the individual control loops of the actuators, the overall control loop of the vehicle incorporating appropriate compensators and filters in the circuit, again using digital techniques. This has to be seen in the light of the developments taking place elsewhere. For similar class of vehicles in Russia, Europe or the USA, they all used the analog technique for designing the control loops, whereas we had taken a bold decision to go ahead with the digital implementation, and that too with a processor with severe performance limitations, and doing everything in binary arithmetic and doing the programming in machine language and, finally, validating all this demanded great effort and care. Yet, sad to say, this had resulted in catastrophic failure of the maiden flight of PSLV in 1993. But we must hasten to add that the maiden flight had proven the flight-worthiness of the majority of subsystems, as described later.

The development of the navigation software was equally demanding. The modelling of the sensor characteristics, converting the vehicle motion into sensor parameters of acceleration and body rates and from there building the actual movements of the vehicle in an inertial reference frame and finally correlating this with the actual flight – all this was a herculean task. This again was done without any external assistance and it was the ingenuity of the software engineers which finally led to the development of world-class software that can meet the demands of an inertial navigation system. Not only does the software compute the position and velocity of the vehicle but also the correction required for the scale factor, bias, g-sensitive response and so on. The guidance algorithm has to take into account the launch azimuth constraint of 135° at Sriharikota which leads to loss of energy. In addition, sophisticated manoeuvres are needed simultaneously in the pitch and yaw direction before the vehicle could be taken towards its polar orbital direction. The vehicle had to virtually go beyond the Sri Lankan territorial waters. This type of trajectory demanded not only a ground station at Sriharikota but also tracking stations at Trivandrum and Mauritius to follow the vehicle through the entire flight. The data from all these ground stations had to be collected and synchronized before being displayed on the consoles in the launch complex at Sriharikota.

AVIONICS

Launch vehicle avionics generally consists of navigation, guidance, control and sequencing, instrumentation, telemetry, tracking and command (TT&C), and power systems.

The knowledge base acquired during the SLV-3/ASLV development has enabled a clear plan for PSLV avionics development. The driving factors for finalisation of avionics activities were pedigree, availability of parts during the life cycle, adopting latest technology, productionisation and mass/power budget.

For navigation, the choice was between the Stabilized Platform Inertial Navigation System (SPINS) and the Redundant Strap down Inertial Navigation System (RESINS). The SPINS had the good legacy from ASLV/SLV-3. Though risky, based on the overall technical merit and confidence of the development team, a decision was taken to adopt RESINS for PSLV. It was decided to develop indigenously the Dynamically Tuned Gyroscope (DTG) and to use imported servo accelerometers for the initial flights. It goes to the credit of the inertial system development team, that they could successfully develop RESINS along with the associated electronics in time. The orbit accuracy using this system has been remarkable, thanks to the unique compensation and alignment scheme employed at the launch pad. The development of electronics was a challenge considering the fact that the system is extremely sensitive to noise and worked over a very large dynamic range. The power electronics, the VFC (Voltage Frequency Converter) pulse counters, navigation software using 16-bit processor and the failure detection and isolation scheme were all new to the development team. For the operational missions, even the servo accelerometers are indigenous. Thus the development of RESINS was an important landmark in the history of launch vehicle development in ISRO.

The PSLV NGC (Navigation Guidance and Control) system has two chains one serving as a backup. Each chain has two processors, one to handle navigation function and another for the guidance and control functions. The NGC chain also consists of on-board sequencing system and stage processor modules. When one uses the redundant system, the redundancy can be configured in two ways, i.e., either treat both the systems separately or cross-strap them to have added failure tolerance. In PSLV, the cross-strapping philosophy is adopted. The cross-strapping philosophy demands close synchronisation between operation of two chains, resulting in software complexity. The failure isolation detection scheme and validating the software under different error conditions have been a major challenge to the software development team.

The in-house development of on-board processor and control electronics for different types of control system was another major achievement. The design of pulse width modulated drive scheme for driving the electromechanical actuators without affecting the overall system in a noisy environment was a major achievement. PSLV employs around 450 transducers and also monitors around 1,000 parameters during flight. The concept of distributed architecture of central control unit with remote data acquisition units located in each stage was employed for the telemetry system resulting in the reduction in cabling while easing the testing procedure. Due to the high volume of data, using PCM telemetry as base band with increased data rate necessitated changeover of radio frequency from P band to S band. Thus the S-band transmitter had to be developed anew. Similarly C-band transponder for tracking was developed in-house. The C-band radar developed by ISRO for tracking was the first in the country. The technology thus developed was transferred to the industries. The telecommand system which is very vital for range safety was a new design using Viterbi decoding with sufficient hamming distance to ensure the safety of the vehicle in case of an unauthorized command from any hostile stations.

The power system of a launch vehicle mainly consists of the batteries and DC/DC convertors. Thanks to the embargo, we could develop Ag-Zn (silver-zinc) cells in-house. Indian industry too chipped in to develop Ag-Zn cells. Right from the first flight of PSLV, the batteries used were from indigenous sources. The development of switched-mode power supply was also a major achievement.

As efforts to outsource production and testing of avionics to Bharat Electronics Limited did not succeed, small electronic industries were roped in after formal certification and training in aerospace electronics fabrication and quality control procedures. Along with the development of on-board system, a comprehensive network of telemetry and tracking systems was established on the ground for monitoring the real-time performance of the rocket system.

The avionics systems developed during 1985–90 were successfully used till PSLV C-11. In 2002 it was time for upgrading avionics architecture for launch vehicles. This included both on-board processors and telemetry systems. In this context, the most important development was the development of VIKRAM 1601 ASIC processor which replaced the Motorola microprocessor used on-board. The advanced avionics systems were flight-tested as a piggyback system in PSLV C-8 (in 2007) and subsequently inducted into the regular missions from PSLV C-12 (in 2009). As a result of all these developments, today we have a strong design base within ISRO for avionics system design and testing.

OTHER IMPORTANT DEVELOPMENTS

Usually when one talks of rocket technology, one concentrates only on propulsion technology, the mission design/management and avionics systems. However, there are many other technologies and ground support systems that are equally important. They include inter-stage structures, structural testing, stage separation systems, destruct systems, development of explosive systems for ignition and other related functions, control system actuators and electronics, vehicle integration and testing, development of checkout systems, development of tracking and data receiving system and transportation and handling schemes. That is why the phrase ‘rocket technology’ is used in common parlance to suggest something very abstruse, difficult and esoteric! We describe some of these below.

Stage Separation Systems

The type of separation system used in a rocket depends on several factors, including the jettisoning velocity required, acceptable shock loads, etc. In the case of PSLV, multiple types of separation/jettisoning systems are employed. They include flexible linear-shaped charge (FLSC) system for separation of first stage and upper stage, merman band release system for second stage and satellite separation, and the unique linear charge bellow system for payload-fairing separation and jettisoning. The development of these mechanisms along with the development of the associated explosive system was a real achievement. As the tests on the ground cannot account for the effect of vacuum on the system, appropriate corrections had to be incorporated. Though all mechanisms and separation system are mission-critical, the developments of the first stage FLSC system and of the payload-fairing separation system have been the most challenging because of their complexity. For example, in the case of payload fairing, a total of 534 rivets of about 4 mm diameter has to be severed by explosive charge within 10 milliseconds and the separated halves have to be jettisoned with a minimum velocity of 6 metres per second, so that they do not make contact with the thrusting vehicle. This is an extremely complex and the most critical event in flight. In addition, the products generated during explosion had to be contained within the bellow so that contamination of satellite is avoided. Right from concept, design and fabrication, thorough characterisation of dynamic behaviour of separated parts under high shock levels, all this had been an excruciating exercise. Finally, the flawless performance of all these mechanisms over twenty-three flights has established the reliability of these flight-critical systems.

To sum up, the development of these mechanisms and the associated testing facilities was a landmark in the history of ISRO. This was possible because of the establishment of a world-class mechanism testing facility at Valiamala (about 30 km from Trivandrum) as part of the infrastructure development for the PSLV.

Pyro Systems

The pyrotechnic elements (ordnance systems) play a vital role in rocket systems. The SLV-3 and ASLV employed a direct electrical initiating system of pyrotechnic devices. From international safety standards, this was not a desirable option and hence for PSLV it was decided to employ the concept of Remotely Mounted Safe Arm (RMSA) unit especially for Class A explosive systems. The first two flights of ASLV did use Safe Arm, and examples of Class A system include solid motor ignition and separation systems for major hardware. The use of RMSA demanded development of many new technologies like ETA (Explosive Transfer Assembly), and Through Bulkhead Initiator (TBI). The RMSA provides safety to both the operational team and the facility against inadvertent operation of the explosive bridge wire. The development of ignition system for big solid motors such as the S125 (first stage) is extremely complex, as it demands development of igniters (as big as a small rocket) with very tight tolerances on the peak energy levels and response time. The development of PS3 igniter for operation in vacuum condition posed certain problems which were solved using different combinations of TBI charge. Also problems relating to higher ignition peak pressure and failures due to de-bond in the grain were adequately addressed and corrected. Pyros are one-shot devices that must operate with 100 per cent reliability for any mission to be successful. Each flight of PSLV carries twenty-seven different types of pyro devices. That till today no pyro device has failed in flight is a testimony to the maturity of this technology in ISRO.

Control Systems

Yet another indispensable part of any launch vehicle is the control system. This includes control actuators, driver electronics, compensator circuits, modelling of the system and ensuring compatibility with the autopilot design.

Choosing the control system for each stage of PSLV was an exercise by itself. For the control of the vehicle in all the three axes, a combination of different types was essential. For the first stage there were multiple choices. For the pitch and yaw axes control, the ideal choice was flexible nozzle control. However, we had practically no experience in developing a submerged nozzle with a flex seal which could handle high temperature for duration of nearly 100 seconds. Based on the experience with SLV-3 first stage, a Secondary Injection Thrust Vector Control (SITVC) system was chosen. A fluid is injected into the nozzle flow stream which modifies the flow in the nozzle at high pressure. Though the principle is simple, the development of a full-scale system was taken up after necessary tests in a sub-scale motor. The development of a closed-loop control valve which could handle up to 12 litre/second flow of strontium perchlorate and ensure that the flow was regulated demanded a sophisticated electromechanical valve.

Again these valves were distributed around the nozzle in a group of six each, totalling twenty-four and this had to be fine-tuned to get the required deflection of the thrust. In order to validate the system, a six-component test stand, in which the full-scale 125 tonne booster could be mounted and the thrust could be measured accurately, was established.

The roll control system for the first stage was yet another technology by itself. Two liquid engines capable of swivelling (with 600 kg thrust each) were used for this purpose. The development of the liquid engines, associated pressurization system, propellant tanks, regulation system, rotary actuators for swivelling, and thermal management had been perfected through a series of ground tests.

The second-stage engine was virtually suspended on a bearing while hydraulic actuators effected control. This was more or less similar to what had been used in the Viking engine. However, developing a linear hydraulic actuator with a nearly ±55 mm stroke and to control it in an accurate manner without any non-linearity, and associated electronics was a real challenge. And the actuators had to be mounted along with the stage and tested at Mahendragiri test facility. A number of components like servo valves, fluid storage, pressurization system, bladders and gas motors had been developed for the control system. For the third-stage solid motor, we opted for the modern flex nozzle system though we had no experience in this. This posed a number of problems. The thermal management in submerged portion of the nozzle, the flow turning around the nozzle and the erosive nature at impingement, etc., had to be taken care of before the ground tests. During the initial tests there were failures in actuation. The extra expansion of the Kevlar motor and the expansion of the nozzle due to the pressure and deflection of the seal itself had to be carefully crafted to avoid any non-linear behaviour and, after two tests the system was successfully realized. The actuation for PS3 is based on electromechanical system with high power torque motors and ball-screw mechanism. For the fourth stage also the electromechanical linear actuators are used for gimballing the engines in all the three axes and the small thrust RCS engines are used for coast phase control. Thus the development of different types of actuators, both hydraulic and electromechanical, with the associated electronic systems and modelling had been a major developmental effort for the PSLV project.

Vehicle Integration and Testing

Really the integration activity started right from the design stage even as the new facilities were being created at VSSC (Valiamala Complex included), LPSC and SHAR (now SDSC). The creation of a new facility at Valiamala was mainly intended for sub-assembly integration, dynamic testing of sub-assemblies of PSLV; and the planning for it was done with such foresight that it not only continues to serve PSLV but the GSLV (Geosynchronous Satellite Launch Vehicle) too. The facilities at Mahendragiri are mainly for integrating liquid stages whereas at SHAR facilities are for vehicle build-up and final launch. The facilities at SHAR also cater to the preparation of solid motors including segment assembly of PS1 stage, nozzle assembly, igniter assembly and necessary clean rooms for satellite testing and assembly. A prominent feature of the infrastructure created for PSLV at SHAR was the massive 3,000 tonne, 76 m tall Mobile Service Tower (MST), for integration of the vehicle. The structure with service platforms and air-conditioned clean rooms, etc., acts virtually like a Faraday cage for the entire vehicle and the launch pad. Finalisation of integration methodology especially at the first launch pad, design of handling fixtures, alignment system, transportation containers, design and testing of vibration isolators, conducting various road trials for transportation of hardware from different work centres to SHAR, design and fabrication of vehicle interface elements, testing of assemblies under vibration and acoustics, generation of operation documents for various activities at different work centres and for the solid motor segment assembly had been the major achievements of the integration team.

The 450 avionic packages comprising navigation, guidance and control system, instrumentation, telemetry and tracking system, pyro system and power system are distributed in different sub-assemblies including the equipment bay (EB) (often referred to as the brain of the vehicle). The system engineering aspects of electrical integration consisting of power distribution schemes, pyro initiation schemes ensuring safety and reliability, instrumentation scheme, the design of interfaces between various systems located in different stages and ground system and test procedures – all this was done on an unprecedentedly large scale. The electrical integration of PSLV employed almost 40,000 connections using about 20 km of cables and 1,500 connectors. The electrical harness design and its implementation without a single defect were crucial to the success of the mission. A great challenge was to ensure electromagnetic compatibility between disparate subsystems: several DC/DC converters, pulse width modulator (PWM)-operated control systems with high power levels and presence of high-speed switching clock and radio frequency systems. For this purpose various schemes for grounding, shielding and static charge protection were implemented right from the design stage. Thus the nagging problem of electromagnetic interference was overcome by systematic design practices.

Test and evaluation of systems at subsystem level, integrated system level and later on at the launch site were a complex activity. For testing of sub-assemblies, Victers-186, a microcomputer developed in-house, was used. For the first time a fully computerized checkout system with the concept of remote checkout was developed for testing of the PSLV at the launch pad. This consisted of a remote checkout system located at a distance of around 150 metres from the launch pad from where two-way communications could be carried out. The remote checkout unit was controlled from the launch control centre located 6 km away, interfaced using fibre-optic systems. It is pertinent to note that these systems including software were developed in-house during 1990–93, when the computer-based test systems were in their infancy in the country.

The automatic launch countdown starting from T=10 minutes involved monitoring of about 600 parameters and fifty commands. The design finalization and validation of the Automatic Launch Sequences (ALSs) had been one of the major achievements of PSLV project.

The integration and checkout of launch vehicle require close coordination with all development and analysis teams. Thus the teamwork culture developed during PSLV has stood ISRO in good stead.

SOME PROACTIVE DECISIONS

One of the very first tasks of the project was to evaluate the capabilities of the indigenous industries as well as the identification of infrastructure requirements both in-house and in industries. As regards infrastructure creation, the most important decision was the commissioning of a new integration and testing complex and aerospace mechanism test facility at Valiamala. Tremendous efforts and initiatives by many under the leadership of Dr S. Srinivasan, the first Project Director of PSLV, had transformed what was once a firing range for the police at Valiamala into the present world-class aerospace complex.

Considering its long experience in fabricating aircraft structures, HAL (Hindustan Aeronautics Limited) was the natural choice for fabrication of aluminium structures and propellant tanks. A major decision was to create an Aerospace Division in HAL. Even so, ISRO had to import a few things:


	2.8 metre dia rings for three sets of hardware while simultaneously installing machines for ring machining.

	Tooling for three major structures, namely, core base shroud, heat shield and inter-stage IS 1/2L. It is a well-accepted fact that tool design and fabrication is a technology by itself and this action helped the project in a substantial way.

	Inter-stage IS 3/4 structure with complicated pocket milling.

	Decision to make facilities in industries to carry out structural testing of certain hardware in the initial phase.



The fabrication of propellant tanks demanded expertise in welding technology in aluminum, and HAL team was not fully confident to undertake this job. Thus it was decided to import three tanks along with technology transfer and tooling. This single timely decision had enabled the project to realise the second stage ahead of many other systems.

Implicit in these decisions to import certain things was the subtle distinction between self-reliance and self-sufficiency. An outstanding example which epitomises this is Japan, a country which is undoubtedly self-reliant. But it is not self-sufficient because it has few natural resources! By importing a few things, not only were project schedules met but, over a period of time, we have also become both self-reliant and self-sufficient!

Many other work centres in the industries were set up for fabrication of motor cases, liquid engines and other hardware, namely, at L&T (Larsen and Toubro), WIL (Walchandnagar Industries), MTAR Technologies (P) Ltd, Godrej, etc., to mention a few. The contract model with a variable pricing policy and willingness of ISRO to fund some of the infrastructure at industries, were bold steps.

All the above was possible because the management system adopted for the PSLV was different from that of SLV-3 and ASLV. Besides the Core Project Team there were four System Development Projects for Solid Motor, Liquid Propulsion, Inertial Guidance and Electronics. Each of these System Development Projects had a Chief Executive and a System Management Team. The Chief Executive wielded substantial financial and decision-making powers.

PSLV-D1: THE MAIDEN FLIGHT OF PSLV

The countdown for PSLV-D1 commenced on 16 September 1993 after a relatively long launch campaign of 115 days as against the expected duration of ninety days – not surprising, being the very first attempt on such a scale. Though the countdown was smooth, at T=3 hours, a snag was detected in the mating status of a pyro arming connector. After the snag was corrected, to thoroughly verify all associated circuits, it was decided to postpone the launch to the next day. The automatic launch processing system being employed for the first time performed satisfactorily though there were minor holds during the final phase of the countdown.

The PSLV-D1 took off majestically on 19 September 1993 at 10:45 a.m. IST amidst thunderous applause and a sense of relief. And the lift-off was perfect. There were anxious moments during the atmospheric regime flight and also during the separation of strap-on motors and of the first stage. The performance of PSLV-D1 during the first stage and the second stage regimes was satisfactory. However, immediately after the ignition of third stage, though control force being available, the pitch error went beyond limits and the vehicle started tumbling. This led to the mission failure, even though the third and fourth stage propulsion system performed normally.

The post-flight analysis of the telemetry identified three issues, namely the following:


	During the second stage separation, two of the retro rockets has not functioned as the initiators were not commanded, indicating a break in the pyro chain electrically.

	During the second stage regime yaw error build-up was excessive and was not being corrected due to certain autopilot problems.

	The pitch error was increasing due to an error in software implementation during the third stage regime.



To identify further the reason for loss of control, detailed investigations and simulations were carried out. First of all it must be noted that the electromechanical actuators of the third stage (PS3) flex nozzle control system were mounted in such a way that the pitch command signal, before being fed to the control electronics, needed polarity inversion. The error computation by the Digital Autopilot (DAP) as implemented in the GCP (Guidance and Control Processor) was done in 32-bit fixed-point arithmetic using 2’s complement representation and truncated 16 bits and then to effect the inversion. No one at that time foresaw the possible danger in this scheme during design and simulation. The software as implemented had no provision to limit the signal to a predetermined value or to recognize overflow condition. Unfortunately, in the D1 flight, the third-stage pitch error was large enough to cause ‘overflow’! The net result was that the needed inversion of the signal did not take place and the flight went beyond control and ended in tragedy.

As often said, failure is the greatest teacher; ISRO reacted positively to the shortcomings in the design especially to the software implementation error. There was no witch-hunting or finding a scapegoat. It was realised that concepts of quality control, quality assurance, configuration control are to be applied as much to software as to hardware. The most important outcome of the PSLV-D1 failure was setting up of an exclusive mission software testing and validation group which would evaluate the entire flight software on different simulation test beds to eliminate any errors due to singularity, scale factor overflow and other parameters. Also the documentation process and code walk through reviews were made mandatory before commencement of any software testing. All these actions ultimately resulted in flawless performance of PSLV in all subsequent flights.

Though PSLV-D1 could not meet the mission objectives, the satisfactory performance of practically all the vehicle subsystems infused confidence in the design and development of large rocket motors, their control systems, guidance, navigation and autopilot, structural hardware for implementing various on-board functions, mission design and launch campaign management encompassing vehicle integration, propellant servicing, checkout operations as well as real-time computer system and TT&C networks. The data collected through telemetry and tracking confirmed satisfactory performance of almost all the seventy-nine subsystems. The PSLV-D1 mission did prove many of the new technologies.

PSLV-D2: THE FIRST SUCCESSFUL FLIGHT OF PSLV

The very next flight of PSLV, designated PSLV-D2, on 15 October 1994, was perfect! It launched India’s remote sensing satellite, IRS-P2, into the prescribed Sun-synchronous orbit. It is difficult to express in words the sense of achievement felt by the rocket community of ISRO, following the success of PSLV-D2. Was it the sense of détente one feels where the tension built over twelve years was suddenly relieved?

One prosaic way of describing significance of the success of the PSLV-D2/IRS-P2 is to say how each one of the components, subsystems and systems performed in-flight and conclude that we have a firm grip on the launch vehicle technology. This includes not only on-board systems but all the ground systems spread over SHAR, Trivandrum, Bangalore, Mauritius, Hyderabad, etc.

We can also say that for the first time we successfully orbited an application satellite of the IRS class with a precision of which any advanced spacefaring nation could be proud. At this juncture, it is worth mentioning about the perseverance and the guidance given by Mr G. Madhavan Nair in enabling the entire team to realise and launch successfully within a period of twelve months after PSLV-D1 launch failure.

A management expert (outside ISRO) said that the most important gain of the D2 mission was that it proved that we Indians could work as a single team, even when such a team consisted of thousands of scientists, engineers, technicians, managers, administrators – all specialists in their own domain but wedded to a common cause.

G. Madhavan Nair, Project Director, PSLV-D2, rightly observed that the success had proved that we could successfully manage large-scale multidisciplinary projects that required efficient coordination and orchestration of a very large number of activities spread over vast geographical areas, all within the framework of government regulations. And then D2 also proved that we drew correct conclusions from the failure of D1.

Indeed, through PSLV-D2 we had given notice to the world that we are potential competitors in the world’s space market.

PAYLOAD IMPROVEMENTS

Over the last fifteen years or so, the PSLV has undergone some systematic changes that resulted in the increase of its payload capability. Taking 600 km Sun-Synchronous Polar Orbit (SSPO) as reference orbit for launch from Sriharikota, the baseline payload for D1 turns out to be 1,000 Kg. Since then, the following changes have enhanced the payload capacity to 1,600 kg:


	Increase in propellant loading of PS1 from 125 tonnes to 139 tonnes.

	Specific impulse improvement in PS1 by three seconds.

	Revised strap-on ignition sequence.

	Increased propellant loading of PS2 from 37.5 tonnes to 40 tonnes.

	Introduction of high-performance PS3 known as HPS3.

	Upper stages mass optimization through induction of carbon composites.

	High-pressure PS2 engine.

	Reduced SITVC loading in PS1.

	Introduction of extended strap-ons known as PSOM-XL; strap-on propellant loading increased from 10 tonnes to 12.8 tonnes (with no change in diameter but increase in length).

	New-generation avionics.



SOME INNOVATIONS

The operational launches of PSLV are known as the C-series, where C stands for ‘continuing’. The latest in this series was the PSLV-C22 which launched ISRO’s first navigation satellite IRNSS-1A, under the Indian Regional Navigational Satellite System, on 1 July 2013.

During this operational phase, many innovations had to be introduced to meet the demands of the customers, to improve performance and to enhance safety. Some of these are listed below:


	Rainproofing of the vehicle.

	Introduction of Remote Fill and Drain System for the second stage to improve safety in handling liquid propellants.

	Introduction of ‘Day-of-Launch wind biasing’; in this, wind measurements made at T–3 hours were used to generate trajectory of the vehicle during the atmospheric regime of the flight (to reduce vehicle loads and control demand).

	Development of dual-launch adaptor to accommodate two satellites of comparable masses.

	Introduction of core-alone configuration.

	Introduction of advanced avionics module to avoid obsolescence in avionics system.

	Advanced mission computers.

	Use of GPS-based navigation for preliminary orbit determinations.



As a result of all these innovations, PSLV has become the rugged, reliable and versatile launch vehicle of ISRO.

A conscious effort to reduce the import content of PSLV was also made as part of operational mission under the leadership of Mr G Madhavan Nair which resulted in indigenisation of many systems/subsystems. Also this activity helped ISRO to overcome the embargo-related issues. The most prominent ones in the area of indigenisation through industries/in-house are:


	Establishment of facility for realisation of 2.8 m class forgings for both aluminium and steel;

	Development of Sephen throat for PS2 nozzle;

	Development of materials like columbium sheets for PS-4, ablative materials for nozzles and KC20WN for PS2 nozzle;

	Development of torque motors, hydraulic pumps, servo valves and carbon-carbon vanes for control systems;

	Setting up facility for aerospace-grade aluminium alloy sheets and fasteners;

	Development of integration parts, namely, connectors, cables and batteries, vibration isolators; and

	Development of on-board processor VIKRAM-1601, passive parts, crystal oscillators.



SUMMARY

PSLV was the first launch vehicle conceived by ISRO for orbiting application satellites (see diagram on p. 167). It took over a decade to design, develop and demonstrate its flight-worthiness. This was because of the large number of new technologies involved which in turn called for establishment of a large number of state-of-the-art facilities, both within ISRO and in the Indian industries. The failure of the maiden flight in 1993 was analysed meticulously and right conclusions were drawn. Since then ISRO has never looked back! Over the years, the PSLV payload capacity has been improved from 1,000 kg to 1,600 kg in polar orbit (reference: 600 km orbit).

Today PSLV is available in three configurations; the generic vehicle with six strap-ons, the core-alone version (without strap-ons) and the XL version with extended strap-ons (see diagram on p. 168). The generic version with six strap-ons will be discontinued in future. This would certainly make production of PSLV commercially viable as only one type of strap-on, viz., the XL version needs to be produced.

PSLV has been successfully deployed for multiple missions: SSPO, GTO, and lunar as well as for space capsule recovery mission. It has also the record of orbiting ten satellites in a single launch. It has enabled ISRO to enter the arena of satellite navigation considered crucial for both civilian and defence applications. It is also earmarked for the nation’s maiden Mars Orbiter Mission. As of today it is the only operational launch vehicle of ISRO. In short, PSLV is the most reliable workhorse of ISRO and the pride of the nation.
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N. Narayanamoorthy, an electronics and communications engineer, joined Vikram Sarabhai Space Centre in 1971. His expertise is in launch vehicle electrical system engineering including vehicle electrical architecture design, integration and testing methodology. He was associated with PSLV development right from its formative years. He was responsible for mission management of four launches which included the first launch from second launch pad (PSLV-C6), the prestigious SRE (Satellite Capsule Recovery Experiment) mission (PSLV-C7) and the first PSLV core alone mission (PSLV-C8). Under his leadership, GSLV-Mk III Project achieved significant progress. He was Associate Director, VSSC, and Chief Executive, Human Spaceflight Programme. Presently he is Senior Advisor, Launch Vehicles in VSSC and Chairman of Launch vehicle Flight Readiness Review for PSLV programme. For him work is worship.
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FIGURE2.5: PSLV Configuration
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FIGURE2.6: The three versions of PSLV







	Left:	The general configuration with six strap-ons.

	Middle:	The Core Alone (CA) configuration. This version has no strap-ons. To compensate for this an Aerodynamic Stabiliser (AST) is included.

	Right:	This version has strap-ons with extended length (XL) and more propellant loading. This is the most powerful version of the PSLV. It was used for both Chandrayaan-1 and the Mars Orbiter Mission.
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Evolution of the Geosynchronous Satellite Launch Vehicle

R.V. PERUMAL
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INTRODUCTION

On 18 April 2001, ISRO made its historic launch of a geosynchronous communication satellite from the Indian soil. The Geosynchronous Satellite Launch Vehicle-Mark II (GSLV-Mk II), which made this feasible is the fourth launch vehicle developed by ISRO. The genesis of GSLV, however, has a long history, going back to the very early days of rocketry. As far back as in 1963, in a space science symposium organised at Ahmedabad, both Bhabha and Sarabhai emphasised satellite-based communication as an important field of interest. Sarabhai also emphasised on the development of indigenous launch capability. In line with this vision Sarabhai submitted to the Government of India, the decadal profile for 1971–80 calling for, as the most important task, developing indigenous satellite launch capability. The first task set was the launch of SLV-3 by 1974. This was to be followed in the period 1975–79 by a launch vehicle capable of orbiting a 1,200 kg satellite in synchronous orbit.

This grand vision of Sarabhai was however replaced by a gradualist policy. First, the development of SLV, as a technology base building exercise, was proceeded during the 1970s. During the 1980s, the ASLV was configured for low earth scientific missions with SLV-3 modules. In parallel the development of Polar Satellite Launch Vehicle (PSLV), the first operational-class vehicle, was taken up. This was followed by the plan for the development of Geosynchronous Satellite Launch Vehicle (GSLV) in the 1990s. The payload capacity of GSLV was fixed as 2,400 kg in the Geo Transfer Orbit (GTO) based on the input from user ministries. Originally the plan envisaged a GSLV-Mk I with PSLV boosters with a payload of 1,500 kg and GSLV-Mk II with newly configured boosters for a payload of 2,400 kg. Both the vehicles were to use a common Cryogenic Stage (CS). But as a common CS was not found feasible, the Mk I was not progressed. However, as the spacecraft mass kept on growing, ISRO started developing the GSLV-Mk III, with a payload capacity of over 3,000 kg in the new millennium.

THE CONFIGURATION STUDIES

The very first study on the various mission strategies and vehicle configurations to launch geosynchronous and polar satellites was carried out by a task team formed in November 1972 with R.M. Vasagam as the Convener. The report of the committee submitted in August 1973 proposed a five-stage baseline vehicle to meet the mission requirement of direct injection of 800 kg satellites into geosynchronous orbit from Sriharikota at a launch azimuth of 135°. The configuration is as follows:

4 S40 + L120 + L29 + C10 + L1.5 where

4 S40 represents four numbers solid strap-ons with 40 tonne loading; L120 represents liquid propellant stage with 120 tonne usable propellant loading and C10 represents cryogenic stage with 10 tonne usable propellant loading. The baseline vehicle proposed by the Vasagam Committee had a GTO capability of 2,900 kg. The core vehicle without the L1.5 perigee module will meet the polar launches of 1,400 kg class satellites.

The goal set by the task team was to realise an operational launch in eight years, i.e., by 1981. This vehicle could have been realised, maybe not in the early 1980s, but certainly in the early 1990s. It is worthwhile to note that by the late 1980s, ISRO had all the building blocks for the baseline vehicle as a part of the PSLV developmental efforts. One exception was the cryogenic stage which did not form part of PSLV. All operational vehicles of PSLV/GSLV class have practically the same size and complexity in systems. If you can build one, you can build the other, with PSLV being a subset of GSLV.

In a 1981 ISRO technical note, A.P.J. Abdul Kalam addressed the question: ‘what does ISRO need for leapfrogging in launch vehicle technology?’. Kalam highlighted the growing trend of the mass of spacecraft both for earth observations and communications. His projections for communication satellites extended to 30 tonnes in geosynchronous orbit (GSO). His suggested configuration for INSAT 2 class of spacecraft is as follows:

2 S100 + S100 + L33 + C8, 12

Where the C8, 12 represents a cryogenic stage with 80 kN thrust and 12 tonnes of usable propellants. The payload is to be further enhanced to 4,000 kg by replacing the L33 with a cryogenic stage of 30 tonne loading and clustered twin engines.

Right from the 1970s, the GSLV configuration was continuously engaging the attention of flight dynamics engineers. Once the PSLV configuration was frozen in the early 1980s, configurations availing its modules were taken up for focused studies. The Aerospace Design and Dynamics Group in coordination with the Cryogenic Study Team, constituted by the Chairman, ISRO, in 1982, led by E.V.S. Namboodri, carried out these studies in the period 1982–84. The resulting scenario was presented to the Chairman, ISRO, in 1984. The most preferred option of the study team, coincidentally designated as GSLV 3, is as follows:

2 S125 + S125 + L37.5 + C12, 12

This configuration was considered advantageous with its large payload margin and the use of PSLV modules for strap-on, first and second stages. Also the payload margin provided a number of fallback options like using the European HM-7 stage with 60 kN thrust, lower propellant loading in case of lower payload mass, higher payload with the indigenous CS with 14 tonne loading, etc. Range safety considerations called for a 135° launch azimuth.

In a study in 1986, E. Janardhana, then in PSLV, proposed a three-stage configuration as follows:

2 S150 I + L110 + C20, 15

The GTO payload estimated was 4,800 kg. The S150 I is the PSLV core motor with an additional segment and vectorable nozzle. In case of non-availability of CS in time, the vehicle can be flown with L37.5 + S7 in place of CS and still launch 2.5 tonnes into GTO. The Liquid Propulsion Systems Centre (LPSC) was of the opinion that they may not be able to develop the L110 stage. Their preference was to adopt either L220 or L40 as in Ariane 4. Due to the assumed constraint on the time available for the development of the vehicle, both the L110 and indigenous CS were considered non-viable. Accordingly, non-cryogenic options with solid boosters came into prominent focus once again. The candidate configuration finding place in a draft project report of 1988 is as follows:

2 S150 I + S150 I + L55 + L4

This vehicle enabled 102° azimuth launches with a payload of 2.2 tonnes. Once a cryogenic stage is developed it would be like the earlier proposed GSLV 3 configuration with higher payload capability. To meet the launch requirements of vehicles with large strap-on, SHAR proposed, in 1988, a new launch pad following the ‘integrate-transfer-launch’ mode, like the one in the current second launch pad.

In 1988 the Integrated Launch Vehicle Programme (ILVP), with S. Srinivasan as Programme Director, was created along with Launch Vehicle Design Group (LVDG) for overall system design of launch vehicles. R. Jeyamani was named as Project Director designate for GSLV. Further studies were undertaken by these agencies. The studies carried out by ILVP were presented to the Chairman, ISRO, in March 1989. It was recommended to develop

2 S168 I + L110 + C10, 6 / C14, 12

with a payload capability of 3,500/4,000 kg as the primary option. It was also suggested that in case imported CS is available, PSLV may be flown with the two upper solid stages replaced by the imported CS, to achieve a payload of 1,500–2,000 kg at 135° azimuth.

These configuration options were reviewed and considering the lead time involved in developing new solid boosters with controlled tail-off for strap-on, L110 liquid booster and a new launch pad with associated facilities, it was decided to pursue the cryogenic option as the primary route with PSLV-derived lower stages and the PSLV launch pad as the launch facility. The resulting configuration that emerged in a project report in September 1989 was:

(4 L27 + S125) + L37.5 + C14, 12

The launch azimuth was to be 102° with the first and second stages impacting in the Bay of Bengal. It was further proposed that pending the development of the indigenous CS, the initial launches will be made with imported stages. The payload capability with the C6, 10 (HM-7) at 135° launch in single-burn mode was estimated to be 2,345 kg. For operational launches, an indigenous multi-burn C14, 12 was estimated to deliver the same payload at 102° azimuth, i.e., with lower inclination and therefore higher payload at GSO. Subsequently, the loading of strap-on was increased to 37.5 tonnes and finally to 40 tonnes. The final booster configuration of GSLV was frozen as

(4 L40+ S125) + L37.5

The cryogenic stage is to be imported.

A SHORT-LIVED CONSTRAINT

It should be noted that from the early 1980s the various candidate configurations for GSLV indicated a strong need for modular solid strap-on. Till 1984 no substantial progress was made in the design of the PSLV launch pad. An opportunity was available to build the facility which would cater to the needs of the launch vehicle configurations that were emerging as candidate configurations of GSLV. Unfortunately this was missed. Later this became the single significant factor in determining the final booster configuration of GSLV-Mk II.

Hardly three years after the decision on the Mk II configuration, a team was constituted in October 1993, under E. Janardhana at VSSC to study and define the Second Launch Pad (SLP). Based on the report of the committee, a preliminary project report was prepared by SDSC and reviewed. The final report on setting up the second launch pad was submitted to the government in August 1996 involving a cost of Rs 316.11 crore. The government sanctioned Rs 289 crore in June 1997 towards the SLP. The facility was commissioned in August 2004. After two PSLV flights, the fourth flight of GSLV, the F02, took off from the SLP on 10 July 2006.

IMPORT OF CRYOGENIC STAGE

ISRO approached the various agencies abroad that were producing cryogenic upper stages for supply. All of them declined. The Russian State Agency Glavkosmos (GK) was informed about India’s interest in the acquisition of a suitable cryogenic stage. Russia had no operational cryogenic stage. However, they had an engine developed and qualified for their Moon mission. GK initially offered to engineer a stage with an inert mass of nearly 3,000 kg, and without any technology transfer. From the mission point of view as well as technology acquisition point of view this did not meet ISRO’s expectations. It was concluded that indigenous route was the best option. But subsequently GK revised the offer promising an inert mass of 1,900 kg and full technology transfer. This offer was accepted and the indigenous programme to develop the C14, 12 was closed.

MISSED OPPORTUNITIES

The Cryogenic Study Team formed in 1982 under Namboodri submitted a fifteen-volume detailed study report. This was reviewed by a Cryogenic Technology Advisory Group and at a special meeting with external experts. A formal project report was submitted in 1986 and a pre-project funding of Rs 16.30 crore was sanctioned. By 1987 single-element-level tests were carried out. This was followed by 10 kN thrust sub-scale engine tests by 1989. Facilities were being established to meet the sub-scale engine tests and also for short-duration tests on 120 kN engine. The technology developmental efforts in the areas of material and fabrication were also undertaken. A 25 l/hr (litre per hour) LH2 plant was put in place to support the developmental effort.

However, every discussion on the cryogenic propulsion system has been beset by a focus on the expected long cycle time of the development. This, viewed against an unrealistic end date and a short time frame assumed for the development of rest of the systems, led to giving up the indigenous efforts. What the longer cycle time really called for was an early start. Actually, ISRO had an early start when V.R. Gowariker proposed the Cryogenic Technique Project in 1970. By mid-1971, a team had been formed to define a road map and to undertake the development. Starting with a pressure-fed semi-cryogenic engine of 5 kN thrust, the programme envisaged the development of a 680 kN pump fed LOX-LH2 engine for booster applications. Against all odds, a semi-cryogenic pressure-fed engine was tested for a few seconds before the end of 1971. The preliminary design for a 75 kN LOX-LH2 engine was completed. The shower head injector elements of a 30 kN LOX-kerosene engine was also tested at the then National Aeronautical Laboratory. The programme was however aborted with the demise of Sarabhai.

A fully indigenous cryogenic stage is currently under development for GSLV-Mk III with a thrust of 200 kN and loading of 20 tonnes.

THE GSLV-Mk II VEHICLE

With the conclusion of a contract with GK for the cryogenic stage the vehicle configuration was finalised as:

4 L40 + S125 + L37.5 + C7.5, 12.5

The salient geometric features of the vehicle are shown in the diagram on p. 189. By construction, the Mk II vehicle is an assembly of thirty-two structures. At the forward end is the payload adaptor which interfaces the satellite with the vehicle. The satellite is protected by the Payload Fairing (PLF) which gives the vehicle the aerodynamically shaped nose portion. Other than the maraging steel motor case and the second stage (GS2) tank with its immediate aft inter-stage and thrust frame, all other structures have been newly developed. One of the unique structures is the vented inter-stage between the first and second stages, which with its lattice construction enables the ‘fire in the hole’ mode of separation between the stages. The development of Mk II involved development of two new propulsive stages. Of this, the L40 was developed by ISRO and the cryogenic stage by Design Bureau Salyut in association with Design Bureau Khimmash on behalf of Glavkosmos.

Like any new launch vehicle the Mk II is defined by its aerodynamic, structural dynamic and control characteristics. Extensive wind tunnel tests were carried out both at NAL and in Russia to arrive at the aerodynamic parameters of the Mk II vehicle. The tests also included unsteady pressure measurements and buffeting studies. The structural dynamic characteristics were evaluated through extensive ground resonance tests on boosters in India and on CS in Russia with simulated forward and aft structures. The mathematical model of the full vehicle was derived from these experimental data. All control systems were characterised through both cold and hot tests of the engines with actual flight standard control systems. The digital autopilot has been designed based on these experimentally derived characteristics. The avionics for the first time employed the MIL 1553B high speed bus to meet the time constraints in various operations, particularly for CS.

THE CRYOGENIC STAGE

The contract between ISRO and Glavkosmos (GK), a state agency of Russia, was entered into in January 1991. The contract provided for the supply of two flight stages and the transfer of technology for the manufacture of the stages in India. In October 1993, due to geopolitical compulsions of Russia, the contract had to be revised as to one of supply alone, eliminating the technology transfer. As compensation, GK offered two additional flight-worthy stages. In addition GK offered to supply three additional stages at a cost of US $3 million per piece. ISRO agreed to this offer and the total number of cryogenic stage supply was increased to seven in all. Subsequently through mutual discussions it was agreed that the last two stages will be upgraded to 15 tonnes of propellant loading and a thrust of 95 kN to enhance the payload capability of GSLV.

One of the important features of the CS contract is that GK supplies only the power plants namely the engine and the stage with their functional elements such as valves and actuators. The control and operation of the stage has to be done by ISRO-designed electronics. This called for mutual discussions to arrive at the functional requirements in detail and the verification of design through joint tests of the electronics and of the functional elements of the CS. Hot tests were carried out with the main and steering engines with ISRO’s CS control electronics in command. Two stage-level hot tests were carried out with full complement of GSLV Equipment Bay (EB). During the entire test programme in Russia, which extended over a period of four years, mostly in severe winter, the performance of the ISRO electronics was highly satisfactory, even when the meltwaters leaked and flooded the electronics.

INDIGENISATION OF THE CRYOGENIC STAGE

With the signing of the contract with GK in 1991, teams from ISRO and the industry were formed to absorb the technology. This enabled initial exposure to the Indian teams on various aspects of the construction of the engine and its operation. However, with the termination of the technology transfer part of the contract these activities came to an abrupt end. ISRO had to proceed on its own towards realising the cryogenic stage in India. It was decided that the stage, for all purposes of form, fit and function will have to be similar to the imported CS. Another decision was to import some of the critical materials and special purpose machines and process equipment. All this enabled quicker realisation of the indigenised engine. The stage was totally engineered in India with aluminum alloy 2,219 tanks with iso-grid construction using the facilities available at Aerospace Division (ASD) of HAL. The stage pneumatic control modules were developed and qualified. The insulation laying facilities for applying and machining the insulation were developed along with the foam, the overwraps, conductive coatings, etc. Engine and stage integration facilities along with the component-level, engine-level and stage-level test facilities were commissioned at LPSC, Mahendragiri.

The first indigenous engine, designated as A-0, was tested in the newly created Main Engine Test Facility on 16 February 2000. After a smooth ignition the engine ceased operation at 13.7 seconds due to inappropriate design of the nozzle protection system. After necessary corrections, the A-1 engine was successfully tested on 9 February 2002. In parallel, steering engine tests were conducted in a special high-altitude test facility created for this purpose. The stage-level tests commenced in October 2006 with a fifty-second test. The full-duration test for 720 seconds was conducted in November 2007, thus qualifying the stage for flight. As of December 2012, thirty-seven hot tests on seven engines have been conducted for a total duration of 7,960 seconds and seventy-nine hot tests have been conducted on eighteen steering engines for a cumulative duration of 10,400 seconds.

THE STRAP-ON STAGE: L40

The liquid-fuelled strap-on boosters of GSLV with 40 tonne loading, is a new stage developed specifically for Mk II. The e-propulsion system with engine, the stage modules, gimbal control system, POGO suppressor, etc., are all adopted from the second stage of PSLV. From vehicle interface considerations the stage dimensions were finalised as 19.68 m in length and 2.1 m in diameter. The strap-on nose cone was shaped as merged cones reducing the aerodynamic moments. The stage development plan envisaged two series of tests designated as developmental D-series and qualification Q-series tests. Two hot tests namely D1 and D2 were carried out on the D article. One test in Q-series was carried out successfully in February 1998. This qualification test was followed by propellant-filling trials at SDSC. The Q-series hardware with all functional modules of the stage and electronics was used. With this the L40 was ready for flight.

IMPROVEMENTS TO L40 STAGE

The major improvement carried out on the L40 stage after the first flight is the uprating of the engine operating pressure from 5.26 MPa to 5.85 MPa to generate higher thrust. At the higher operating pressure, to avoid the possible combustion instability, the fuel UDMH had to be replaced with a new fuel formulation called UH 25. The UH 25 is a mixture of UDMH and hydrazine hydrate. With this propellant combination the high-pressure engine underwent sixteen tests logging a total duration of 815 seconds, with the longest test duration being 1.2 times the flight duration, done as the qualification test. The high-pressure engine was introduced in the D2 flight of GSLV.

L40 has the distinction of being the only stage that is being realised through an industry as a fully integrated flight-ready stage. The Aerospace Division of HAL has been realising the individual hardware like tanks, nose cone, base shroud and the inter tank structure. HAL also has long experience in the delivery of fully integrated aircraft with all functional elements like airframe, engine, avionics and auxiliary systems. Availing this expertise, ASD carries out the integration of the stage with necessary wire harnesses, tubing for pneumatic and hydraulic systems and final testing and evaluation. L40 stages supplied by ASD are being flown since F02 flight.

LAUNCH PAD FACILITIES

The Mobile Service Tower of the PSLV launch pad has been designed to accommodate a vehicle taller than PSLV up to 5 m. The launch pedestal and the jet deflector were also designed to accommodate a heavier vehicle and larger mass flow rate of rocket exhaust. This enabled the use of the launch pad for GSLV. The additional facilities for launching GSLV like servicing the strap-on and cryogenic stage and other modifications were provided at a cost of about Rs 145 crore.

ISRO had very limited experience in handling the cryogenic propellants. Also, servicing a stage is very intimately connected with its design features. Hence GK was requested to establish the ground servicing facility. During the negotiations held with GK, the Russian team challenged ISRO to prove that the price offered by ISRO is commensurate with the design efforts involved. With only an afternoon and night available, the SDSC team burnt the proverbial midnight oil and prepared the details for a presentation. The presentation made next day was appreciated by the Russian team with the comment that ISRO has a good team of learners. Without further fuss the contract was concluded at the price indicated by ISRO.

THE MISSION DESIGN

The contract signed with GK did not specify the propellant loading with the proviso that this would be finalised to optimise the payload. The flight dynamics group carried out the optimisation studies with varying parameters like propellant loading, burn sequence and the second stage impact point. The optimal payload was found to be 2,730 kg for a loading of 12.5 tonnes in two-burn sequence with coast duration of 125 seconds between the burns. The second stage was impacting at 101°36'E in the Gulf of Siam. The burnout mass considered was 2,450 kg inclusive of the EB mass of 550 kg. For the constrained impact of 97°18' the estimated payload was 2,277 kg. These studies assumed contoured nozzle for L40 with the payload loss for conical nozzle being 20 kg. Based on this study 12.5 tonne loading and two-burn sequence were finalised.

The GSLV mission design finally adopted had a few changes made along the way as development of the vehicle progressed. The first one made early in the programme was to adopt a trajectory biased to the seasonal mean wind to contain the loads by limiting the product of the dynamic pressure and angle of attack, Q alpha, to 2,400 Pa radians compared to 4,800 Pa radians for PSLV.

The second one involved the scheme for transition from the first to the second stage. The original scheme envisaged shutting down all four strap-ons on the basis of the lowermost burn time estimated for any one L40. This resulted in large amount of left out propellants. Controllability studies indicated that with one of the L40s fully depleted and a second one depleting up to 50 per cent, there were no problems. The scheme was also easy to implement through an on-board logic. This was adopted and the actual flights proved that practically all the energy of the strap-on could be availed of.

The third decision made in the evolution of the GSLV mission is the burn sequence of the CS. The original design was based on a two-burn sequence consuming 9.6 tonnes and 2.9 tonnes of propellants respectively with intervening coast duration of 125 seconds. When the first-stage-level hot test failed at Glavkosmos (GK), during the second burn ignition phase, though due to a test facility valve malfunction, it was decided to change over to single burn, for flight. It was found that without much payload penalty a single-burn sequence with an initial uprated regime of operation of the engine at 109 per cent followed by nominal thrust at a launch azimuth of 102° with the argument of perigee of 178° is possible. This scheme was adopted.

The fourth decision arose with the insistence of GK that there should be no ambiguity in evaluating the performance of the CS. Therefore, it was decided that a pill box would be defined with set conditions of velocity, altitude and flight path angle for the transition between the second stage and the CS. This way, both the initial and final conditions for the stage get defined against which its performance can be evaluated. Till this instant no definite decision had been made on the impact zone of the second stage. It was decided that the impact of GS2 will be contained within the waters of India in the Andaman Sea. Based on this the trajectory was optimised for maximum payload and the pill box for transition to CS was defined.

THE PAYLOAD

A major concern in the GSLV mission planning was the continuous reduction in payload due to the increase in the inert mass of the CS against the original value of 1,900 kg. In March 1991, GK submitted the Technical Project Report with the inert mass as 2,067 kg and 2,170 kg as the burnout mass which included the left out propellant and service fluids. The inert mass increased to 2,169 kg to cater to the 30 per cent increase in structural loads. Though ISRO decided to reduce the payload fairing diameter from 3.6 m to 3.4 m and to reduce Q alpha to 2,400 Pascal radians, the structural design was frozen at the higher loads by GK. There were few technical requirements like baffles in liquid oxygen tank, lower stub adaptor, etc., amounting to a little over 150 kg. Thus the updated data provided by GK indicated the dry mass as 2,320 kg. Finally, when the stages were delivered, the first two weighed 2,546 kg and 2,540 kg and the next three weighed 2,450 + 25 kg.

Based on the studies of the Flight Dynamics Group in 1991, for the second stage impact of 97°18', the payload estimated was 2,277 kg with a burnout mass of 2,450 kg. With a burnout mass of 3,200 kg, the payload ought to be 1,527 kg. As the impact point of GS2 has been further pulled back by 0°48', there will be a further reduction of 150 kg. Against this, the final mission design carried out indicated that the payload that could be realised for the first mission is 1,540 kg.

THE D1 MISSION

With the completion of cryogenic filling mock-up trials by the middle of 2000, all the launch pad facilities were ready for the first launch. The integration of the vehicle was commenced and after detailed review of all the results of the checkout operations the go ahead was given for the launch on 28 March 2001. All operations during the twenty-nine hours of countdown phase were carried out satisfactorily and the final automated launch sequence was initiated at T-0–12 minutes. As scheduled, the L40s were ignited at –4.6 seconds. All the engines ignited but the flight was aborted at –0.1 seconds before lift-off. Immediately after the abort, there were anxious moments as the residual propellant vapour from the engines driven by the ground winds accumulated between the umbilical tower and the vehicle and caught fire. This fire in turn ignited the insulation pads on the strap-on stages. This was quickly put out using the fire hydrants. Quick analyses indicated that the launch was aborted as one of the strap-on engines did not build up the required operating pressure for a successful mission. It was decided to replace the particular strap-on with the standby unit and proceed with the launch.

An inspection of the malfunctioning engine indicated that the flow of the oxidiser was obstructed by incomplete removal of lead used during the bending operation done to shape the oxidiser tube. The standby stage was integrated and the launch was rescheduled for 18 April. After a smooth countdown, the launch took place on schedule. The vehicle performance was as per design and at burnout of the second stage all conditions for the transition to the CS stage were met. The CS ignited and the flight proceeded as planned. However, it was noted that there was shortfall of 3,600 km in the final apogee attained, indicating a shortfall of 60 m/s in the velocity delivered by the CS. The post-flight trajectory matching revealed that the specific impulse (Isp) of the engine realised was 454 seconds against 461 seconds estimated by Engine Design Bureau. The GSLV D1 mission, but for the performance shortfall, was a resounding success. It was a time when new launch vehicles like Delta III of the USA and Ariane V of Europe have all failed consecutively in their initial launches more than once. ISRO can truly be proud of its achievement in terms of design and its pre-flight verification, which had contributed in large measure to the success in the very first launch.

THE D2 MISSION

A number of improvements were made on the vehicle and mission planning based on further technological developments and D1 flight observations. These included the use of high pressure engines for both L40 and GS2, additional propellant loading in the solid booster from 129 to 139 tonnes, deletion of SITVC system, uprating initial phase thrust of the CS engine to 111 per cent, reduction in inert mass of PLA, etc. This resulted in a payload gain of 485 kg. The decision to have the lower Isp of CS at 454 seconds and to increase the guidance margin led to a payload loss of 200 kg. The net gain in payload was 285 kg. The D2 launch took place on 8 May 2003 with resounding success placing the 1,825 kg GSAT 2 satellite in the designated orbit within bounds. The performance of CS was as expected with an Isp of 454 seconds.

THE F01 MISSION

The F01 was launched successfully on 20 September 2004, with a spacecraft weighing 1,950 kg. The payload gain of 125 kg was achieved by the lowering the inert mass of the CS by 65 kg and adopting a lower guidance margin compared to D2.

THE F02 MISSION

The F02 mission was the first one to be launched from the SLP. It had a payload improvement of 185 kg over F01. This mission launched on 10 July 2006, with the INSAT 4C weighing 2,168 kg, ended in failure due to one of the L40 strap-on engines failing even at lift-off. The loss of thrust in L40 left the vehicle with higher disturbances and inadequate control capability. The angle of attack built up after forty-seven seconds, leading to break-up of the vehicle at 55.7 seconds.

The post-flight investigation revealed that malfunction of the gas generator (GG) was the cause of the failure. An error seemed to have occurred while machining the control port of the propellant flow regulator of the GG. The process calls for initially generating a hole of diameter 14 mm, which is later enlarged to 16 mm for part of the length. If the full length is enlarged to 16 mm, it will lead to loss of control of propellant flow in the regulator. Unfortunately, the inspection plan did not call for verification of the 14 mm portion after part enlargement to 16 mm. There was no planned incoming inspection at the ISRO end. The flow calibration that indicated the malfunction of the regulator was overlooked. Thus a series of failures led to the loss of the F02 mission. After this failure a number of measures have been instituted including checking of all functionally critical dimensions before assembly operations.

As a part of the failure analysis, the control sharing logic of the L40 phase of flight was reviewed. As designed, the sharing between pitch/yaw control and roll control was through apportioning. Based on the flight performance of this logic in F02, where extreme demand was on the control, it was decided to change to a more robust scheme.

THE F04 MISSION

The next mission, designated as F04, launched on 2 September 2007, is identical to F02 mission in terms of payload and mission design. The F04 placed the spacecraft in GTO with lower apogee and the inclination achieved was also not as designed. This deviation occurred due to control system malfunction in one L40. After eighty-three seconds of the flight, the control actuator started drifting and its position got stuck at 4° at 130 seconds. This malfunction caused roll and pitch disturbance and the body rates started building up. High roll rates caused entry of gas leading to premature shutdown of the strap-on stages resulting in a velocity loss of about 120 m/s. Though both the second and third stages operated till depletion of propellants, it still left a small velocity shortfall. The resultant orbit was about 34,700 × 168 km. Due to loss of reference of the inertial unit, the inclination achieved was 15°48'. The spacecraft corrected these orbital errors during its transition to GSO. In spite of the failure of one of the L40 actuators, reasonable orbit could be achieved due to the improved control logic incorporated in F04 flight, learning from F02.

There was another observation to which not enough attention was paid. During the first-stage phase of the flight, one connector in the transition zone between the CS and the GS2 had snapped. This connector being a redundant telemetry connector did not affect the performance of the vehicle or cause any major shortfall in the data reception. Consequently, this was treated as a minor deviation. But this occurrence was indicative of a system weakness with potential disastrous consequence.

THE D3 MISSION

The next mission of GSLV was the much awaited one with the indigenous cryogenic stage. The launch took place on 15 April 2010 at 16:27 hours. It carried the GSAT 4 satellite with a mass of 2,218 kg housed in a newly developed 4 m diameter composite payload fairing (PLF). The performance of the vehicle during the GS1 and GS2 phase was as designed. The CS start-up operations commenced as per the planned sequence. The ignition of the steering engine, main engine and the gas generator took place as scheduled. However, the operation of the engine could not be sustained due to stalling of the fuel booster pump. Detailed failure analyses and simulated tests could not positively establish the reason for the failure. However, the analyses indicated that there could be improvements to make the fuel booster more robust. All these are being implemented for the next flight including elaborate ground qualification and acceptance tests.

The successful ignition of all the three systems in flight is one of the important outcomes of the flight. The ignition system has been indigenously developed and has not been qualified otherwise in the absence of a high-altitude simulation facility. The performance of the 4 m fairing and its impact on the vehicle were as expected and did not have any adverse effect in terms of aerodynamic instability or acoustic and vibratory environments.

THE F06 MISSION

The next mission, F06, had significant improvements in the vehicle and the cryogenic stage. The CS with 15 tonne loading and engine uprated to 126 per cent of rated thrust was used. The payload fairing was the enlarged one with 4 m diameter already flown in D3. All these changes resulted in enhancing the payload to 2,310 kg with the Andaman Sea becoming the natural impact point of the GS2 stage.

The F06 flight took off on schedule at 16:04 hours on 25 December 2010 with the GSAT P5 satellite. The flight was normal till 47.65 seconds. At this instant the electrical continuity of the vehicle was lost. Consequently, control of the vehicle through the L40s was disabled. The vehicle deviated from the flight path and with rapid build-up of the aerodynamic loads disintegrated about six seconds later. The vehicle was passing through the transonic phase of the flight but all parameters such as the angle of attack and the dynamic environments were well within limits. High-speed video of the flight indicated that the aft shroud of the CS covering the engine bay disintegrated at the instant of control snap-off.

The computational fluid dynamic analyses done on the local region with all geometries simulated, indicated the presence of negative pressures downstream of the wire tunnel cowling. The local loads induced by the negative pressure have caused the failure of the shroud, snapping the electrical continuity and resulting in the failure of the vehicle. This phenomenon present in all the seven GSLVs flown to date has caused the failure of the seventh flight!

CONCLUSION

The application-driven Indian space programme, in execution, followed the strategy of backward integration. Starting with the demonstration of the efficacy of space application with borrowed satellites, it progressed through bought-out and indigenous satellites with procured launch services and finally building the indigenous launch capability. ISRO also built up the industry backup for the fabrication of components and systems and metal processing along the way.

The GSLV-Mk II configuration evolved to meet the needs of launching the INSAT 2 class of spacecraft with a mass not exceeding 2,400 kg. The configuration choice was further constrained by conditions like using the PSLV launch pad. The indigenous development of cryogenic engine and stage was also put off citing the long developmental cycle in spite of early start in the mid-1980s, if not earlier, in the 1970s. Within these constraints ISRO personnel have evolved a good workable design. The success of initial three launches has established the basic design validity. An indigenous cryogenic stage for the Mk II has also been developed and qualified. However, quality problems have dogged the programme which is being overcome with concerted efforts.

Moving forward, the cryogenic stage which is currently underpowered has to be uprated to a thrust of 95 kN at which level the engine has been already tested. The propellant loading of 15 tonnes will make optimal use of the booster power assuring the payload capability of over 2,400 kg. This will fulfil the goal set by Vikram Sarabhai, the legendary founder of the Indian space programme.
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R.V. Perumal joined ISRO in October 1970 after a master’s in aircraft structures and a three-year stint in Hindustan Aircraft in Ground Qualification Testing of aircraft. Till 1980 he was involved in the design, development and testing of hardware. He Joined PSLV project in 1980. Perumal served as the overall design architect of structures and mechanical systems. He was involved actively in fabrication and setting up of the industry infrastructure for PSLV systems and successfully carried out the integration and launch operations of the first three launches of PSLV. Perumal served as the Project Director for PSLV and GSLV projects and was later the Director of Liquid Propulsion Systems Centre.
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FIGURE 2.7: Salient Geometric Features of GSLV-Mk II
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The Next-Generation Launcher: GSLV-Mk III

S. RAMAKRISHNAN
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THE GENESIS

GSLV-Mk III or the Launch Vehicle Mark 3 (LVM-3) can truly be described as the third-generation launcher of ISRO. While SLV-3/ ASLV were the first-generation launch vehicles, through which ISRO acquired and consolidated the launch vehicle technology, PSLV and GSLV belong to the second generation conceived to provide indigenous operational launch services to deploy remote sensing and communication satellites respectively. PSLV was originally conceived and configured to carry the Indian Remote Sensing (IRS) satellites of 1 tonne class into Sun-Synchronous Polar Orbit (SSPO). GSLV was essentially derived from PSLV, maximally utilising the propulsion modules of PSLV and adding a procured Russian Cryogenic Upper Stage (CUS) to acquire capability to deliver payload into Geosynchronous Orbit (GSO) meeting the requirements of GSAT programme. However, even as GSLV development was on, it was clear that its GTO capability of 2 to 2.5 tonnes will fall short of the evolving GSAT programme, with a projected optimum mass of 4 tonnes in the future.

As early as in 2000, before the first development flight of GSLV took off, it was clear that while GSLV would give an immediate capability to put a decent payload into GTO, it is no match for the growing size of our communication satellites which will continue to depend on procured launches for deployment.

Meanwhile, the Launch Vehicle Design Group (LVDG) at VSSC was already giving shape to the next-generation launcher GSLV-Mk III, to bridge the gap. GSLV with indigenised cryogenic upper stage (CUS) was designated GSLV-Mk II with a payload capability touching 2.5 tonne in GTO. GSLV-Mk III will enhance this capability to 4 tonnes. The LVDG report describes GSLV-Mk III as ‘a vehicle capable of launching 4 to 4.5 tonne to GTO or about 4 tonnes to GEO (Geostationary Orbit). The vehicle will use efficient boosters and stages with state-of-the-art materials and design methods, to realise a rugged, least-cost and reliable launcher’.

GSLV-Mk III CONFIGURATION

The basic ground rule followed in finalising the GSLV-Mk III configuration and systems was to use the available proven technologies and modules maximally to ensure reliability, reduce uncertainties and realise the targeted launch schedule. The core strengths evolved through PSLV and GSLV programmes in solid and liquid propulsion systems were essentially exploited and there was a consensus that it has to be a three-stage vehicle with a liquid core stage augmented by large solid strap-on boosters. A high-performance LH2/LOX cryogenic upper stage was a must to add the necessary velocity which has to exceed 10.5 km/s for delivery of spacecraft into Geosynchronus Transfer Orbit (GTO). In fact, with the launch corridor available from our spaceport at Satish Dhawan Space Centre (SDSC), Sriharikota, and the first and second stages impact zone constraints, the launch trajectory to GTO demands about 50 per cent of the total injection velocity to come from the cryogenic third stage.

Having set the above baseline configuration, the sizing and detailed design of the stages was governed by several parameters. As the next generation operational vehicle with an expected service life of about fifteen to twenty years, one primary requirement was performance upgradability. While the immediate GTO payload was set as 4 tonnes, enhancing it to 5 to 5.5 tonnes in the coming years should be feasible to meet the growing demand. Of course, the launcher has to be flexible to perform a variety of missions including SSPO, LEO and inclined orbits apart from GTO. Taking into account the LEO payload capability of up to 10 tonnes feasible with this vehicle, the payload fairing diameter was fixed as 5 metres to accommodate large modules like a space station segment or manned capsule. Incidentally, considering the possibility of future human space flight missions by India, the boost phase acceleration was capped at 4g, the standard human tolerance level accepted by spacefaring agencies.

Of course, the other essential attributes governing the vehicle architecture were reliability, ease of production, operability and quick turnaround time between launches. The vehicle has to be fit for all-weather launch from the Indian spaceport at Sriharikota. Limiting the number of propulsive stages to three with two liquid propulsion units definitely enhanced the reliability of the vehicle and reduced the launch operation cost.

CONFIGURATION, ITERATIONS AND DESIGN APPROACH

The approach to final configuration and design methodology for individual propulsive stages was essentially governed by the following key factors:


	Adopt available proven technologies and limit newer elements/improvements to the essential minimum.

	Keep focus on indigenisation to ensure self-reliance.

	Minimise development cost and time by judicious planning of qualification programme and associated hardware rotation scheme.

	Identify, plan and implement performance growth strategy as an integral part of development plan to ensure the relevance and competitiveness of the vehicle during its service life.



For core liquid booster, using the earth storable N2O4 and UDMH combination and clustered multiple Vikas engine was the obvious baseline. Our maturity in this technology comes as a legacy from PSLV (second stage) and GSLV (second stage plus the L40 strap-on stages) which makes this the most cost-effective propulsion unit that can be developed on a fast track. The Vikas engine which had already been productionised at Indian industries with excellent pedigree was the natural choice for the power plant. This engine which was uprated as high-pressure Vikas for use in GSLV strap-on stage had already been qualified for a burn time of 200 seconds commensurate with 40 tonnes of propellant loading. Since the core stage of LVM-3 required a propellant loading of over 100 tonnes, the endurance of the engine operation had to be further enhanced, for each engine has to burn 50 tonnes of propellant. This was subsequently done by improving the silica phenolic composite throat of the engine to a dual-ply version.

For a spacecraft mass of 4 tonnes, the propellant loading for the cryogenic upper stage was already estimated as 25 tonnes to deliver the incremental velocity of 5 km/s apportioned to the upper stage.

With the propellant loading and mass of the core and upper stages fixed as above, the various options for the solid strap-ons were studied. With two motors of the existing PS1 stage (S139) attached as strap-ons which will virtually function as the lift-off stage, the GTO payload is less than 3 tonnes. Of course, four S139 solid boosters as strap-ons yield a GTO payload touching 5 tonnes. But, the vehicle becomes more complex and relatively less reliable due to the addition of two more propulsive units. So, to limit the solid strap-on boosters to two and attain 4-tonne-plus GTO payload, more propellant had to be added, and thus the S200 solid boosters with 200 tonne propellant were selected as the strap-ons.

Having finalised the propellant loading for the three stages, the next exercise was in fixing the optimum geometry in terms of the diameter and height of each stage. LVM-3 is a three-stage vehicle with the two solid boosters thrusting in tandem at lift-off acting as the first stage. The liquid core L110 which ignites in-flight has an overlap with the S200 burning and functions as the second stage. The C25 cryo stage, which ignites at the end of a long coast period after L110 separation, is the terminal stage which delivers the payload. The configuration details of GSLV-Mk III are shown in p. 202.

With the payload fairing diameter fixed as 5 m, the core vehicle diameter will naturally be the same or slightly less to provide a gentle transition in the external profile. Taking into account the length to diameter (L/D) ratio and limiting the overall height of the vehicle on pad to less than 50 m, a core vehicle diameter of 4 m was selected which also dictates the machining facility and toolings required to realise the propellant tankages for L110 and C25 stages. Coming to S200 solid strap-ons aerodynamically, a diameter equal to or less than that of the core vehicle is preferred and thus a diameter of 3.4 m was selected. Incidentally, since the strap-on motors have to be attached to the core vehicle, both at the forward end and aft end, the overall length of the S200 motor should also be compatible with the distance between the attachment station on the core. A diameter of 3.4 m yielded a motor length meeting the above interface requirement. Thus, finalising the stage configurations and fine-tuning their dimensions and interfaces was an iterative, multidisciplinary exercise involving propulsion, aerodynamics and structural design teams from VSSC and Liquid Propulsion Systems Centre (LPSC).

GSLV-Mk III PROJECT CONSTITUTION

The approval of the Government of India for the development of GSLV-Mk III vehicle was granted in May 2002 and the GSLV-Mk III Project was formally constituted by the Chairman, ISRO, and the Secretary, DOS, in October 2002 with the primary objective of realising a cost-effective three-stage launcher to deliver 4-tonne-class spacecraft into GTO. The project management proposal was on the same pattern as followed for PSLV/GSLV, adopting the concept of a core project playing the integrating role, both technical and managerial, supported by system projects with specific, well-defined developmental tasks and deliverables to realise the launch vehicle. The three major propulsive stages, viz., S200 strap-on, L110 core and C25 cryo stage development were identified as the three major system projects with dedicated System Project Directors to lead these project teams. There were two more system projects: (1) the ‘Avionics Project’ to develop and realise the total vehicle avionic subsystems including the vehicle Equipment Bay and (2) ‘SHAR Facilities Project’ to realise the GSLV-Mk III specific infrastructure and facilities at launch complex located at Satish Dhawn Space Centre (SDSC) which included a totally new Solid Propellant Plant (SPP) with a capacity to process and cast 100 tonnes of propellant required for one S200 motor segment.

While the S200 and avionics system projects and the GSLV-Mk III core project itself came under VSSC, the L110 and C25 stage system projects were under the LPSC. The SHAR facilities project was to be handled by the Satish Dhawan Space Centre, Sriharikota. The experience of managing PSLV and GSLV development programmes brought out the inherent strength of the system project concept in harnessing the expertise and sharing the responsibility among various ISRO centres which brings about a sense of participation and a cohesive team sprit cutting across geographical boundaries. The concept of system projects with their own Project Management Boards (PMBs) functionally linked to the Core Project Management Board and a Project Management Council (PMC) as an apex body has proved to be sound and is adopted for many such large interdisciplinary programmes of ISRO.

THE DEVELOPMENT OF GSLV-Mk III

With the formal constitution of the GSLV-Mk III Project, and identification of the project functionaries, the development activities commenced on all fronts. The experience of managing the earlier projects of PSLV and GSLV had boosted the confidence and mutual trust among the launch vehicle community spread across the three key centres, VSSC, LPSC and SDSC-SHAR and this definitely was an advantage for the GSLV-Mk III Project teams, who did not face any conflicts of interest or interface issues between the major players.

The immediate task for the project team was to release the overall specifications and system definition for all the vehicle systems including the stage-wise allocation of mass budget and the propellant quantities with deliverable specific impulse. This formed the input for the preparation of system design documents for the Preliminary Design Review (PDR). Along with this, the definition and the design of major ground facilities were given a head start keeping in mind the lead time required to realise them. In fact, programme elements constituted about 50 per cent of the total GSLV-Mk III Project cost since several new facilities and infrastructure were created to handle and process larger hardware and stages. SPP was established at SDSC-SHAR with enhanced capacity to process 100 tonnes of HTPB propellant in a single casting campaign to realise the large segments required for S200 motor.

The other major programme element in LVM-3 was towards creation of assembly, integration and test facilities for the C25 cryo stage realisation, through augmentation of already established infrastructure for GSLV CUS as well as the totally new Thrust Chamber Test Facility (TCTF) which included a High-Altitude Test (HAT) set up to evaluate the CE20 cryo engine operation under simulated flight environment of vacuum ambience. Apart from these key elements, a large number of facilities was commissioned in all the three launch vehicle centres, namely, VSSC, LPSC and SDSC, primarily to handle the increase in size of the major hardware elements, which jumped from 2.8 m diameter of PSLV/GSLV to 4 m with associated growth in weight.

The S200 motor development was relatively smooth, thanks to the substantial pre-project design and development initiatives by the Solid Motors Group. Scaling up of the flex seal from the 500 mm diameter size of PSLV third stage to the 1,600 mm diameter required for the S200 booster and realising this complex engineering hardware through industry were indeed a challenging task. Again, characterising the flex seal and then the total flex nozzle control (FNC) system for S200 required elaborate test set-up to be created at VSSC.

The new propellant casting plant established for S200 at SDSC incorporated extensive automation and improved safety features with the lessons learnt from serious fire accident that happened at SPROB. All the plant equipment and the logistic elements were put through extensive test and evaluation and full-dress rehearsal, handling toxic materials and non-hazardous slurry before taking up the live propellant casting. The casting of the first S200 motor segments was accomplished without any hitch, meeting all the quality standards. The first S200 motor was assembled and static tested (ST-01) on 24 January 2010 which was followed by the second motor test (ST-02) on 4 September 2011. Resounding success of both these static tests boosted the morale of the entire solid propulsion community in ISRO and reaffirmed the maturity of technology in this area.

The L110 liquid core stage development was also a process of scaling up from the PSLV and GSLV liquid stages and as such did not pose any major technology challenges except for the larger size of the tankages and managing twin-engine operation with associated thermal and vibration environment in propulsion bay. Of course, the qualification of the improved SEPHEN throat for longer burn duration was one essential technical requirement. The Principal Test Stand (PTS) at LPSC, Mahendragiri, was modified to accommodate the larger L110 stage and the stage was successfully captive-tested for full duration of 200 seconds on 8 September 2010.

The C25 cryogenic stage development for LVM-3 is perhaps the most difficult and challenging task undertaken by the Liquid Propulsion System community in ISRO, as this is the first totally indigenous turbo-pump-fed engine and stage to be realised from scratch. The CE20 engine with 20 tonne thrust is not a scaled up version of the 7.5 tonne CUS engine of the GSLV. While the latter has staged combustion cycle, the CE20 was deliberately configured as gas generator cycle engine to facilitate faster development cycle and flexibility in subsystems testing. While the same Indian Industries who make the Vikas engine were involved in the manufacturing of cryo engines, they were yet to attain the level of maturity in cryo engine fabrication. The delivery of CUS engine was already lagging behind and the same work centres were loaded with the CE20 hardware realisation, which delayed the CE20 engine delivery. Added to this, the sharing of the test facilities at LPSC, Mahendragiri, with the CUS project did have an impact on the progress of C25 stage development.

The failure of GSLV-D3 where the first indigenous CUS was flight-tested had further impact the C25 stage programme due to the priority assigned at LMF (now IPRC) for the additional investigation tests and added qualification tests demanded on CUS engine systems. Notwithstanding these handicaps, the C25 project has crossed significant milestones such as the first fully integrated power head test of CE20 engine in boot-strap mode which was successfully carried out in 2010, and readiness of thrust chamber assembly for the static test at TCTF.

As the propulsive stages were being developed, the vehicle systems were also undergoing design finalisation. Being a new vehicle, several configuration changes and mid-course corrections were part of maturing process in vehicle engineering area. CFRP (Carbon Fibre Reinforced Plastic) composite payload fairings was opted for LVM-3 for obvious cost and mass benefits. New interfaces such as Aft-Stub Adaptor (ASA) and Fore-Stub Adaptor (FSA) were introduced for the cryo stage to manage the steep thermal gradient between adjacent structures.

In addition to the system design reviews such as the Preliminary Design Review (PDR) and the Critical Design Review (CDR), an Integrated Technical Review (ITR-01) was held in 2004 to take stock of the design maturity of LVM-3 to identify grey areas if any and also recommend mid-course corrections. Thrust Oscillation Isolation System (TOIS) was one such new element identified during ITR-01 to tackle the issue of protecting the spacecraft from the dynamic loads due to low frequency oscillations generated by the S200 solid boosters. This required redesign of S200 nose cone structure with an additional nose cone adaptor (NCA) hardware. Another major change was the adoption of collet mechanism for L110 separation eliminating the FLSC (Flexible Linear-Shaped Cord) cutting originally conceived. ITR-01 also recommended enhancement of nominal propellant loading for C25 cryo stage to 27 tonnes to restore the GTO payload back to 4 tonnes.

LVM-3: CURRENT STATUS

Subsequent to the ground qualification tests, the Critical Design Review (CDR) for the propulsive stages, viz., the S200 solid booster and the L110 liquid core stage has since been completed. Substantial progress has been made in the vehicle systems engineering and integrated testing. Elaborate qualification load tests have been carried out on the vehicle structural elements including the tankages and inter-stages for the most severe load combination expected during flight. The structural dynamic characterisation through ground resonance test has also been completed for core alone and whole vehicle configuration using full-scale flight standard hardware at vehicle assembly facilities located in SDSC.

Environmental qualification tests, viz., acoustic/vibration tests on the LVM-3 proto sub-assemblies such as the payload fairings, equipment bay, S200 nose cone, IS½U assembly, etc., have been completed satisfactorily using the facilities at NAL (National Aerospace Laboratory) and SDSC.

A full vehicle integration mock-up exercise for GSLV-Mk III to validate all the vehicle integration processes and facility interfaces at the launch complex was successfully carried out at SDSC. This campaign also included the important propellant mock-up for L110 stage servicing at launch pad involving remote filling and draining of large qualities of N204 and UDMH propellants as part of final countdown.

LVM-3-X (EXPERIMENTAL) FLIGHT AND D1 LAUNCH

The maturity of the vehicle systems and the readiness of the two lower-stage propulsive units, viz., S200 to L110 for flight was reviewed in the second Integrated Technical Review, ITR-02, held in 2012. A proposal to validate the overall vehicle architecture and the controllability during the atmospheric regime of flight through a suborbital flight test of LVM-3 with a passive C25 upper stage carried by live S200 and L110 booster stages was accepted and is being pursued.

Meanwhile, the CE20 cryo engine development tests will progress to realise the integrated engine test and then the C25 stage captive test. The propellant mock-up for C25 at launch pad will also be carried out before attempting the first development launch D1 of the GSLV-Mk III vehicle.

LVM-3 PERFORMANCE/FUTURE PERSPECTIVE

The GSLV-Mk III has the mandate to meet the requirement of deploying 4 tonnes to GTO. However, we can reasonably predict that the first development launch which is essentially to prove the vehicle will carry conservative payload of 3 to 3.5 tonnes and the subsequent operational missions will be with full capacity. The avenues for further enhancement of LVM-3 performance beyond 4 tonnes will definitely be explored once the vehicle stabilises after a few successful missions. Inert mass reduction in the upper stage (C25) and associated assemblies will be the most attractive and efficient route with least risk in terms of mission reliability. Of course, the propellant loading of C25 itself can be further augmented beyond 27 tonnes by stretching the tankages and also requalifying the endurance of the propulsion systems for the longer burn time. Modulating the engine thrust within bounds in terms of uprating/downrating during the long-stage burn time to optimise the needed velocity gain (ΔV), as was done with GSLV CUS stage, can be another strategy to marginally stretch the performance. However, without touching the lower propulsive stages and the overall vehicle architecture the payload growth of GSLV-Mk III may not go beyond 5 tonnes to GTO. With the ongoing programme to develop a 200 tonne thrust LOX-Kerosene semi-cryo engine and subsequently a semi-cryo stage to replace the L110 core, the GTO payload is expected to touch 6 tonnes.

The LVM-3 is identified as the carrier launcher to perform Indian human space flight missions as and when undertaken in future. As such the man rating of this vehicle is the immediate task to be addressed. With the mature design approach and robust vehicle architecture incorporating proven propulsion modules and technologies, GSLV-Mk III is expected to be a reliable cost-effective workhorse vehicle to meet the country’s requirement of sustained self-reliance in accessing space for the next couple of decades.
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S. Ramakrishnan, a graduate from Guindy Engineering College and M. Tech in Aeronautics from IIT, Madras, joined ISRO in 1972 in SLV-3 Project. Later, in the PSLV Project, he worked on liquid stages development, vehicle engineering and integration tasks. As Project Director, PSLV, he played a key role in enhancing the performance and operationalising PSLV through C1 to C4 missions. As the first Project Director of GSLV-Mk III, the next generation launcher of ISRO, he steered the project during the crucial phase of design, engineering and first-off hardware realisation. He was the Director, LPSC, before taking over as the Director, Vikram Sarabhai Space Centre, Trivandrum. He is a fellow of Aeronautical Society of India, Indian National Academy of Engineering, and Member, International Academy of Astronautics.
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FIGURE 2.8: GSLV-Mk III: Configuration
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Evolution of Solid Propellants in ISRO

V.N. KRISHNAMURTHY AND VASANT R. GOWARIKER
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ISRO’s largest and the world’s third-largest solid propellant rocket motor was successfully static-tested in January 2010 at Satish Dhawan Space Centre, Sriharikota. Two of such huge 3.2 m diameter solid motors, each containing 200 tonnes of the state-of-the-art, fully indigenous solid propellant will be used as boosters in the forthcoming 610 tonnes GSLV-Mk III launch vehicle of ISRO. This was the culmination of efforts spread over nearly five decades of R&D in ISRO. We would briefly describe the history of the development of solid propellants.

A solid propellant is a complex and stable mixture of an oxidiser and a fuel which react chemically when ignited to liberate large amount of hot gases. Once ignited, a rocket motor using solid propellant burns with a predetermined mass burning rate till all the propellants are consumed. Thus it does not have on-off capability.

Solid propellants are broadly categorised into three types – double base, composite and composite modified double base. The double-base propellant is a homogeneous propellant with nitrocellulose and nitroglycerine as major constituents and is used in sounding rockets and missiles. On the other hand, a composite propellant contains an oxidiser, a metallic fuel, a polymeric binder and some additives like plasticiser, burn rate modifier, bonding agents and process aids. Though the oxidiser constitutes over 70 per cent of the propellants, they are generally known by the name of the binder used. For example, propellants using HTPB as the binder are known as HTPB propellants. Composite propellants are used in launch vehicles, sounding rockets and missiles. The composite modified double-base propellant, as the name suggests, is a blend of composite and double-base propellants. It is also used in missiles and launch vehicles. The energy of a propellant available from the combustion of the propellants is measured by its specific impulse. Double-base propellants have a specific impulse of around 200 to 205 seconds while composites have a specific impulse of 245 seconds under normal conditions. The specific impulse depends on the solid loading (the amount of aluminum and ammonium perchlorate in the propellant formulation), carbon/hydrogen ratio in the polymeric binder, the molecular weight of the exhaust combustion gases and the combustion temperature.

A solid rocket motor assembly basically consists of a motor case, which contains the propellant grain and also acts as high-pressure combustion chamber, a convergent-divergent nozzle for expanding the hot gases generated inside the motor, insulation for protecting the case and nozzle from high operating temperature of the gases in the chamber, and an igniter for starting the burning.

PROPELLANTS FOR SOUNDING ROCKETS

PVC PROPELLANTS

The original agreement with NASA for the Nike Apache sounding rockets did not include transfer of any technologies. Later, Rocket Propellant Plant (RPP) was set up close to Thumba under licence from Sud Aviation, France, to manufacture the Centaure rocket, a two-stage rocket, in India. This rocket used solid propellants based on Polyvinyl Chloride (PVC), called plastolite propellant in both of its stages. This propellant uses mainly ammonium perchlorate (AP), PVC, dioctyl phthalate (DOP) and lithium fluoride (LiF). The propellant plant was commissioned by the end of 1968. Initially, imported raw materials were used to make non-aluminised propellant grains, which had a solid loading of 74 per cent. The hardware was fabricated from imported 15CDV6 sheets at the central workshop of the Department of Atomic Energy. The first Centaure rocket with propellant made at RPP was successfully flown on 26 February 1969 with an indigenous scientific payload.

Concurrently, RPP carried out the indigenisation of raw materials for Centaure propellant. All the chemicals from indigenous sources were qualified by making propellants and static firing of the grains in proof hardware. The first static test of propellant grain, from indigenous raw materials was carried out on 2 March 1969. In 1970, the PVC technology was also used to develop other sounding rockets, like RH-100, RH-125, and RH-560.

The PVC propellant made for Centaure rocket was upgraded for energetics by incorporation of aluminum powder. The aluminised PVC propellant formulation containing 12 to 15 per cent aluminum, called as RPP II, was used in the two-stage RH-560 rocket (RH stands for Rohini and 560 the booster diameter in mm). The rocket is very similar to the French Dragon sounding rocket. RPP II propellant had a solid loading of 78.8 per cent. This rocket weighing more than 1,000 kg could reach 350 km altitude with 150 kg payload. The first successful flight of RH-560 (with a 560 mm dia booster and 300 mm dia sustainer) was carried out from Sriharikota/SHAR range on 27 January 1973.

The indigenisation of imported Centaure technology was a major milestone in the development of sounding rockets. This process helped us understand the Centaure propellant system, thereby establishing the future growth of rocketry in India, even though PVC propellants are not suitable for launch vehicle.

DOUBLE-BASE PROPELLANTS

The time between Nike Apache launch in 1963 and the commissioning of RPP in the beginning of 1969 saw the development of a number of sounding rockets under the banner of Rohini series, using double-base propellants available from ordnance factories. The first project was that of RH-75 rocket whose main objective was to get hands-on experience in designing, developing and flying a small rocket with solid propellants. In the first phase of the project, cordite blocks from Aravankadu cordite factory were used after conducting many static firings, both in proof and flight hardware, at Thumba for their suitability and acceptability. The rocket was flight-tested on 20 November 1967, four years after the first rocket flight (Nike Apache) from Thumba. This is the first indigenous rocket in its true sense. However, the propellant was not made in Trivandrum. The cordite propellant used had a length of 1,100 mm and a diameter of 75 mm, and weighed 5.02 kg. The total rocket weighed 10.8 kg including nose cone and fins and reached an altitude of 8 to 9 km.

The development phase of RH-75 project was completed in 1969–70, using cordite propellant. Simultaneously, RH-100 and RH-125 projects were approved and rockets were flown with the same SUK propellant blocks. Cordite blocks from Aravankadu factory were extruded in star shape based on our requirements. Their specific impulse is low, of the order of 195 to 200 seconds. Hence they are not suitable for launch vehicle.

COMPOSITE PROPELLANTS

Propellant Engineering Division (PED) concentrated on the development of composite propellants. Unlike RPP which got the French know-how for making PVC propellants, PED started from scratch, using commercially available unsaturated polyesters (from Hylam, Hyderabad) as the polymeric binder. The other ingredients used are ammonium perchlorate (AP) from Central Electrochemical Research Institute (CECRI), Karaikudi, and aluminum powder from Metal Powder Company, Madurai. The work started in right earnest in August 1967 in an asbestos shed with plywood partitions for various operations of propellant making. Initially, when there was no mixer, the propellant formulation was made in a beaker with a PVC rod as a stirrer. Ammonium perchlorate was ground using a porcelain mortar and pestle, and sieved using a kitchen sieve. The sieved perchlorate and aluminum powder were added in small quantities to the resin taken in a beaker and mixed. The polyester propellant from the mixer was rammed into steel chambers. PVC rods or Teflon-coated steel rods were used to get a port of 20 mm dia. After curing, the mandrel was removed in open. The ends of the propellant grain were covered with a commercial polyester (HSR 8111) mixed with titanium dioxide and curatives. These steel chambers were then fitted with head and nozzle flanges with bolts. Graphite throat inserts were used and ignited with a squib and black powder. These motors, called zero-zero motors, were static-tested in the Veli Static Test Facility operated by Propulsion Group (headed by A.E. Muthunayagam) of Space Science and Technology Centre (SSTC). These propellants were called ABC (a) propellant or Veli-1(a) propellant.

PED continued its efforts to improve the processibility or flow characteristics of the propellant by adding different amounts of plasticisers. The propellant, called ‘Mrinal’ named after Sarabhai’s wife Mrinalini, was flight-tested in RH-75 rocket called Dynamic Test Vehicle (DTV) on 21 February 1969. This propellant had 67 per cent solid loading and 6 per cent nitroglycerine. The flight was successful and reached an altitude of 4.5 km. The flight preparations were made by Rocket Engineering Division (RED) under A.P.J. Abdul Kalam. PED celebrates 21 February as PED Day and plans to celebrate it as natural polymer’s day.

PED carried out the first test flight of composite propellant in India in the midst of fierce competition from Propulsion Group, which was also working on the development of composite propellants based on liquid rubber, a commercial product. The next day, i.e., on 22 February 1969, a liquid rubber propellant was successfully flight-tested. Sarabhai’s encouragement of competition paid rich dividends: India now had two composite propellants for use in a short time. Sarabhai did not believe in territories or areas. He encouraged competition as it brings out creativity and hard work in achieving the goal in a short time.

POLYESTER PROPELLANTS

As the commercial resins were not consistent in quality (on account of wide tolerances), PED started making the unsaturated polyester resin in the laboratory. The resin was named as VI-1 resin. This resin system was used to make propellants for the projects like RH-100, RH-125 and Menaka. The authors recollect one memorable static test of one VI-1 polyester resin–based propellant in RH-100 motor. After ignition, the motor got detached from the test stand. The head end also got detached from the chamber with the result that the gases started coming out profusely from the head end. Soon the rocket went up in the air and after hitting the roof flew zigzag through the air across the Veli Lake. The motor fell on the banks of the lake beyond the boat club where a herd of cattle was grazing and a heap of dry grass was stored. Luckily, everything ended up without any other disastrous consequences. Two polyester resins–based 125 mm rockets in fibreglass casing were flown for the Menaka project on 6 and 25 June 1969. To meet the requirements of the projects, the resin was scaled up in the pilot plant section. The binder development group also made other kinds of polyesters using itaconic anhydride in place of maleic anhydride and named the resin VI-1(M). Propellants were also made with these polyester resins and offered to projects. The resin production was shifted to the city, while all other activities of PED were housed in an asbestos shed on the Veli Hill with no separate space for engineers, scientists and technicians.

POLYSULPHIDE AND PEDATHANE PROPELLANTS

The propellant development followed the same pattern as that followed in the United States. Encouraged by the success of the flights based on polyester resin, a two-pronged attack in the development was pursued. One group worked on polysulphide resins based on imported Thiokol’s LP 33 polysulphide resin. These propellants, designated as Veli-3(a) and Veli-23, had no metallic powder in their formulation. Polysulphide-based propellants have a reputation of being used for key operations in Moon missions.

The other group focused on the development of polyurethane propellants. Large quantities of this polymer are used in foam industries and hence easily available. The polymer also has low viscosity and hence can take higher solid loading than polyester or PVC and therefore gives higher specific impulse. PED named these prepolymers as Pedathane resins. Pedathane-22 was used for making propellants with 83 per cent solid loading. These propellants, christened as Veli-22, were characterised by static-testing 2 kg motors. In addition, another formulation, called Pedathane P-10 was also developed with good processability. This propellant was offered to the RH-300 project that was created in the early 1970s to replace the Centaure rocket. The first static testing of P-10 propellant in RH-300 motor was fired in presence of Sarabhai in June 1970. After the test Sarabhai wanted the propellant to be flown in the RH-300 rocket by the year end.

Isocyanate terminated polyurethane prepolymer is sensitive to moisture and hence had to be made and used within two days and also had to be stored under dry nitrogen blanket. The resin though gave good mechanical properties and specific impulse, the propellant had to be made under dry conditions. In order to improve the mechanical properties of these Pedathane propellants, bonding agents in small quantities were tried to improve the adhesion of oxidiser particles and the binder matrix in the propellant. To improve the processability, plasticisers were used. Since the prepolymer has a linear aliphatic chain backbone, a linear chain plasticiser was selected.

CTPB PROPELLANTS

During 1970 when PED was toying with polyurethane propellants based on Poly Propylene Glycol (PPG) 2000, a book titled Propellant Manufacture, Hazards, and Testing was published, based on a symposium on propellants at the 153rd American Chemical Society meeting in April 1967. Inspired by the book, PED decided to start work on polybutadienes especially with Carboxyl Terminated Polybutadiene (CTPB). These almost bifunctional prepolymers (having two reactive groups) give substantially improved mechanical properties at high solid loadings, especially at low temperatures. The group started working on propellant formulations based on imported CTPB. As per literature, CTPB polymer can take solid loading of about 90 per cent. Hence to take advantage of the prepolymer, a solid loading of 88 per cent was tried. To get such high solid loading, a bimodal distribution of ammonium perchlorate was tried.

PROPELLANTS FOR LAUNCH VEHICLES

THE GREAT VISION

While one group in PED was engaged in formulating high-energy propellants, another small group of engineers and scientists prepared a project report for the setting up of a solid propellant manufacturing unit at Sriharikota. For this, about 1,000 acres of land was identified taking into account the safety distances and the quantities handled, and the scope for future expansion. The plant was envisaged to develop solid propellant grains, including allied systems, weighing up to 10 tonnes in a single operation and assembly of segments weighing up to 40 tonnes of propellants. The major reason for concentrating on a solid propellant plant was the simplicity in design and operation of solid motors. The Solid Propellant Rocket Booster (SPROB) plant was approved in late 1971 and was expected to go into production by the end of 1975 or early 1976. Considering the huge size of the propellant grains proposed to be produced in the SPROB plant, segmentation was considered in the planning stage itself, in view of the advantages like ease of handling, transportation and assembly, and also the use of relatively smaller equipment for much bigger motors. By the time the plant was ready for trials in the second half of 1976, the capacity was reduced to 250 tonnes. Many of the equipment were made within the country, although some critical equipment like horizontal mixers and linear accelerator had to be imported. A remote-controlled trimming machine, for example, was designed and fabricated with the help of the Central Machine Tool Institute, Bangalore.

A monolithic SLV-3 first stage (1 m dia and 10 m long) was cast with IPP-10 propellant, based on ISRO polyol. The casting used about fourteen mixings of 1 tonne capacity and the operations took almost two continuous days. In addition to monolithic motor, two control blocks and cartons were cast from each mix of propellant. The propellant was then cured at 50°C for twenty days in a planned way. The monolithic motor was test-fired on 27 March 1977. The motor exploded after one second and the inauguration function of SPROB planned on the beach in the evening on that day was abandoned. A high-level committee headed by A.E. Muthunayagam was constituted to look into the failure and suggest the reasons for the failure. The committee found that the failure was due to defect in the head end of the grain. The monolithic motor was not cast afterwards except for the one tested with HTPB propellant in November 1994. Initially SPROB plant was mixing and casting the third- and fourth-stage motors for SLV-3, though the plant had the capability for processing bigger grains like that for first- and second-stage motors. In view of the delay in commissioning of the SPROB, RPP was expanded to meet the requirements of SLV-3. Later the first-stage motor was cast in SPROB plant and supplied to SLV and to the ASLV programme when there was a need for pair casting. The SPROB plant was expanded further to meet the demands of PSLV. Now, the plant is capable of producing 200 tonne grains for Mk III, as mentioned in the beginning.

ESTABLISHMENT OF PCX AND PFC

While the scientists were struggling with the synthesis of CTPB resin, the city cell was producing the unsaturated polyester resin and Pedathane polyurethane resins for the various Rohini sounding rockets. A small group of R&D scientists in PED were preparing a project proposal to manufacture these resins for both sounding rockets and SLV-3 in the complex at Thumba. Two proposals were made; one Propellant Fuel Complex (PFC) for manufacturing the resins and another called Binder Development Laboratory or Polymer Complex to carry out research on polymeric binders required for future advanced high-energy propellants. The proposal contained the production of polyesters, polysulphides, plasticisers, catalysts, phenol formaldehyde, polyurethanes and polybutadienes with a maximum production capacity of 200 tonnes including the allied chemicals in an area of 7 acres of land in Thumba. The role of PFC was twofold. It had to be demonstrated that any chemical process that works in laboratory scale, works on larger scale also, before it is taken up for industrial production. PFC could also meet the requirements of the projects for the resins. Sarabhai approved the setting up of the PFC. Its foundation stone was laid by M.G.K. Menon in February 1972, who held the reins of ISRO after the death of Sarabhai. PFC came into operation in 1974.

The basic resin development group and fine chemicals group along with necessary control laboratories were housed in the new facility called Polymer Complex which came up by 1973. The scientists working in Polymer Complex developed many polymers and chemicals including CTPB, HEF 20, PBAN, HTPB, phenol formaldehyde resins, silicone resins, polyimide resins, a host of adhesives and sealants, thermal control paints, etc.

At the end of 1970, the President of French Space Agency, CNES, Hubert Curien, who visited Trivandrum along with Sarabhai was impressed by the progress made in sounding rockets. He also enquired whether India could develop the upper-stage solid motor for their Diamont launch vehicle. Accepting the challenge and refusing the French technology transfer (offered at a high cost), the propellant group developed in the next six months two formulations named Veli-21 and Veli-22 based on imported CTPB resin and Pedathane-22 resins respectively. Some twenty-four 2 kg motors were made with each of the formulations and static-tested on 29 December 1971 while Sarabhai was reviewing the progress in the engineers building conference hall. After the review, Sarabhai was happy and satisfied with the progress. He had meetings with others and returned to Kovalam where he received more visitors. He retired finally around midnight. Next morning (on 30 December 1971), when his secretary went to wake him up, there was no response. He was no more! After two years, the French dropped their Diamont programme and there was no need for any propellant from India for their programme.

PBAN PROPELLANTS

Since SPROB would not be ready to meet the first flight of SLV-3 in 1977, RPP was expanded to take care of the first- and second-stage motors. RPP started the developmental work for SLV-3 programme with imported PBAN and PED was entrusted with third- and fourth-stage propellants. PBAN is well known and comparatively cheap. RPP started the work on case-bonded propellants. The developmental work culminated in a propellant with 84 per cent solid loading containing 12 per cent aluminum powder. The propellant, called RCN-01 was scaled up first in S2 size motor before taking up the S1 segments. The scale-up first used three-fourth (3/4) size S2 before casting full-size S2 motor. The S2 motor has 3.15 tonnes of propellant. The S1 motor was a segmented one and had three segments each carrying around 3 tonnes of propellant. (Though segmented motor had many advantages, the disaster of the space shuttle Challenger demonstrated the importance of perfect joints between segments.) The segmentation technology was first demonstrated in RH-300 size before going for the S1 motor. The first segmented motor was static-tested during 1975–76.

Simultaneously, RPP was developing compatible insulation for the propellant. The choice was based on silica-filled nitrile rubber and the sheets of 1.5 to 2 mm were calendared and hand-laid inside the rocket casing, which was sand-blasted and solvent-cleaned. The unvulcanised rubber sheet was bonded to the cleaned surface with rubber solution and vulcanised in an autoclave. The insulator was called ROCASIN in view of its role as rocket casing protector. The propellant had to be bonded to the ROCASIN sheets laid inside the motor casing. To bond the propellant, polyurethane resin, called liner, was applied as a thin coat either by brushing or spraying before casting the propellant.

PED continued the development of CTPB-based propellant for the upper stages and these propellants required higher elongation and higher tensile strength in view of harsher environment of flight. The propellant was tailored with 86 per cent solid loading with 20 per cent aluminum powder and tested in 40 kg control block levels. The programme had to be abandoned midway due to an embargo in the supply of the prepolymer (CTPB). Hence, the effort on indigenous prepolymer synthesis was accelerated. The synthetic process optimised in R&D level was passed on to PFC for scale-up and productionisation. The problem of finding large suppliers of butadiene gas and transportation in tankers had to be solved before the production at PFC. In view of the delay anticipated for the procurement, PED started with a novel idea of using polybutadiene rubber as the starting material which is easily available in India and that could be transported easily. Simultaneously PED developed a low-density insulator based on Ethylene Propylene Diene Monomer (EPDM) with silica micro-balloons. The low-density insulator initially posed some problems in bonding to the metallic case. During the time of PSLV, RPP developed an EPDM-based insulator for PS3 motor with cork particles as filler to get the required low density. Both developments did not find use in solid motors in view of inconsistent density of the insulator.

HIGH-ENERGY FUEL 20 (HEF 20)

It was in the second half of 1973 that R&D engineers in PED started with polybutadiene rubber to get CTPB. This was achieved by oxidative degradation of the rubber. Propellants were made at 85 per cent solid loading and compared with that of CTPB at the same solid loading. The mechanical properties were much better than CTPB though the unloading viscosity was marginally higher for the new resin. The new resin, lactone terminated polybutadiene, was called High-Energy Fuel (HEF 20), the first of its kind in the world. The upper stages of SLV-3 require better mechanical properties (tensile strength more than 10 kg/cm2 and elongation more than 35 per cent) compared to lower stages (tensile strength not less than 5 kg/cm2 and elongation ≃ 25 per cent). PED used HEF 20 for this propellant in view of the non-availability of CTPB and non-suitability of PBAN. The propellant was tailored to ensure that the unloading viscosity was within the castable limits by choosing an 84 per cent solid loading and adjusting the AP coarse-to-fine-particles ratio. After successful proof motor testing, the propellant was cast in glass/Kevlar fibre motors. The S4 motor was put through environmental tests like thermal cycling, hot and cold temperature tests, vacuum test, and vibration and spin tests. These tests were required as S4 motor was chosen as the apogee motor to put India’s first communication satellite using Ariane launcher under development at European Space Agency. This satellite, known as Ariane Passenger Payload Experiment (APPLE), was successfully launched on 21 June 1981. Earlier on 18 July 1980, the S4 motor of SLV-3 with HEF 20(1) propellant successfully put India’s first satellite, Rohini into orbit. The propellant was also successfully used in the third and fourth stages of ASLV. Two propellants, one based on ISRO polyol and another based on indigenous CTPB, were developed to substitute a cartridge-loaded Russian sustainer grain weighing around 150 kg. The propellant developed in PED was scaled up in RPP and four grains were made from each mix of 850 kg. The flight was conducted successfully during September 1982. The flight motor was kept open outside for five years and flight-tested successfully, proving the ageing characteristics of CTPB propellants.

ISRO: POLYOL PROPELLANTS

Till then the propellant binders required for solid propellants were based on petrochemicals. Mindful of the oil and energy crisis and related problems, the PED scientists were concerned for some time about substituting Poly Propylene Glycol (PPG) from non-petroleum sources within the country. During the search for a natural substitute they stumbled on castor oil, a common non-edible oil. This castor oil was converted into a polyol after hydrogenation and modification of the resulting product. The polyol could be used in polyurethane propellants in place of PPG.

At the end of 1973, PED developed a new propellant using this polyol, called ISRO polyol, with 83 per cent solid loading. The propellant, called IPP-10, was cured with toluene di-isocynate (TDI). The propellant had no plasticiser and had better mechanical properties compared to imported PBAN and the PPG-based propellants. This propellant was used in RH-300 and the RH-300 Mk II. The RH-300 with IPP-10 propellant was flown successfully in January 1983. The RH-300 Mk II had a dual configuration. The grain had a tubular configuration at the head end followed by a six-star configuration for the rest of the length. The first successful flight of this rocket took place on 8 June 1987. The IPP-10 propellant was also used in the first monolithic version of the SLV-3 first-stage motor produced by SPROB in 1976. This was, as earlier mentioned, static-tested with disastrous result!

Yet another propellant formulation IPP-40, containing 86 per cent solid loading with 1.5 per cent plasticiser, was developed as a candidate propellant for PSLV booster along with HTPB and indigenous PBAN resin-based propellants. The propellant was cast in 1 m dia and successfully static-tested. ISRO polyol based propellants have better aging characteristics compared to polybutadiene-based propellants like PBAN or HTPB, due to saturated backbone of ISRO polyol. The main drawback of this polyol is the non-reproducibility of mechanical properties due to the variations in the composition of castor oil, naturally occurring non-edible oil. ISRO polyol and HEF 20 binders are ISRO’s contribution to the list of propellant binders available for solid propellant researchers the world over.

BUILDING BLOCK TECHNIQUE

Building block technique can be considered as an extension of segmentation technology. The technology was demonstrated in Agni motor first, using six segments each of which consisted of two star blocks. A number of Agni motors were static-tested and two motors were flight-tested. The technique can also be used to repair big grains for defects by removing the portion having the defect and replacing a block in its place. To prove the point, a ten-year-old PBAN-based AS2 motor was selected. Propellant from defective part of the motor was removed by hand trimming. The propellant removed was replaced by forty-two pre-moulded ISRO polyol propellant blocks and bonded with propellant slurry. This motor was static-tested at STEX successfully. ISRO owns a patent for this technology and won NRDC award for technology development in 1994. Another new technology is the extrusion of composite propellants using the indigenous press made for double-base casting powder. These propellants find use in spin rockets and power cartridges.

AMMONIUM PERCHLORATE (AP): THE WORKHORSE OXIDIZER

Oxidiser accounts for 70 per cent by weight of a modern solid propellant and hence has a major bearing on the propellant. The most commonly used oxidiser is ammonium perchlorate. Till 1978, this was supplied for propellant development and production by WIMCO or by Central Electrochemical Research Institute (CECRI), Karaikudi. The WIMCO plant has an annual production capacity of 50 tonnes and CECRI had only a research cell. The space profile of India in the 1980–90 period, envisaged use of 2,500 tonnes of solid propellants. This meant there was shortage of AP in the country. Also perchlorates are materials having direct military application. Their production, distribution and export come under some kind of state control even in advanced countries. Also this class of materials is too critical an element in our rocketry to be left to the dictates of unplanned growth of profit motivation. Hence ISRO proposed a 150 tonne per year plant near Aluva with CECRI know-how in 1972. Trial runs were made with a modular cell to manufacture AP in TERLS to generate design parameters. Finally, the plant at Aluva, known as the Ammonium Perchlorate Experimental Plant (APEP), was inaugurated on 5 February 1979, by the Chief Minister of Kerala. During the first three years, the plant could produce only around 30 tonnes per year because of significant loss of anodes in every run. It took a few years of R&D to solve all the problems. Today, the plant produces 1,000 tonne per year and meets all requirements of ISRO. APEP, in addition to making AP, also meets the other requirements of perchlorates for thrust vector control and battery development.

CAST DOUBLE-BASE (CDB) AND COMPOSITE MODIFIED DOUBLE-BASE (CMDB) PROPELLANTS

In 1968, when PED started with composite propellants it also initiated work on double-base propellants to have all types of solid propellants in its R&D purview. Double-base propellants consist of nitrocellulose and nitroglycerine mainly and other additives required for processing. The cast double-base propellants are used in making large and homogenised propellants for a scout-type space vehicle or intermediate range ballistic missiles. Hence PED initiated work on CDB propellants from casting powder and plasticised nitroglycerine as ordnance factories are concentrating on extruded double-base propellants. Initially the double-base casting powder was obtained from ordnance factories. PED developed a new process to extract nitroglycerine from dynamite (which was also obtained from ordinance factories). Later composite modified double-base (CMDB) propellant was developed by incorporating ammonium perchlorate and aluminum metal powder in the double-base matrix. By 1985, CMDB propellants with good mechanical properties were processed in 20 kg grain size and static-tested at Static Test Facility, Thumba. These propellants have applications outside ISRO.

INDIGENOUS DEVELOPMENTS

PBAN PROPELLANTS

The PBAN propellant used in the first and second stages of SLV-3 flights and the first two flights of ASLV was based on an imported prepolymer. The PSLV project as well as the Solid Motor Project (a system project) wanted to continue the same propellant for the PSLV first stage as well as in the six strap-on motors. The first stage had about 140 tonnes of propellant. However, the imported stock of the resin with RPP was not enough to meet the requirements of PSLV developmental flights and there was an embargo on the resin import. Hence, it was decided to go for an indigenous resin.

The ASLV Project team felt that instead of depending on imported PBAN, we should go for indigenous PBAN or HTPB being developed for PSLV booster. The poor reproducibility, coupled with low mechanical properties of PBAN propellants and the dwindling stocks of imported PBAN with RPP, forced the ASLV Project to look for an alternative candidate propellant for the lower stages. ASLV Project was looking towards PED to bail them out of the situation and PED came up with its development on HTPB-based propellant, which was being developed for PSLV booster motor, to replace the PBAN-based solid propellants.

HTPB PROPELLANTS

The AIAA Solid Rocket Expert Committee reported in September 1977 that from 1955 to 1975, the technology of solid propellants has come a long way in specific impulse, density and versatility of mechanical properties and burning rates. They also suggested that the next twenty years were not likely to produce dramatic improvements equalling those of the past twenty years. The HTPB propellants with AP oxidiser and high solid content appeared to become the workhorse propellant. PED joined the race to develop HTPB-based propellants with imported resin from the Atlantic Rictifield Company and Phillips Petroleum Company, both from the USA. The propellant formulation work started in March 1979 at 4 kg level was scaled up to 40 kg. The formulation studies had 88 per cent solid loading with 20 per cent aluminum and cured with toluene di-isocyanate (TDI). The propellant can be cured at room temperature, but to get the desired mechanical properties it takes more than thirty days. In order to get reproducible mechanical properties the propellant was cured at elevated temperature in the range of 50–60°C for five to seven days.

Side by side, butadiene gas was successfully polymerised by solution polymerisation technique in small steel bombs using hydrogen peroxide as the free radical initiator. The resin was characterised and found to meet the specifications of imported ARCO-R-45M. The HTPB resin was scaled up in a 200 litre capacity pressure reactor and then in an 1,000 litre capacity pressure reactor at PFC, to meet all the requirements of the projects. The production technology was transferred to National Organic Chemical Industries Ltd (NOCIL), Bombay, in 1985. The NOCIL plant produced around 180 kg of HTPB resin per batch meeting the immediate requirements of the projects. When NOCIL stopped production, the technology was transferred to Andhra Sugars, Tanuku, in Andhra Pradesh. Thus the production of the resin was outsourced.

HTPB-based propellant developed with indigenous resin by PED was scaled up to 650 kg level in RPP to evaluate the mechanical and ballistic properties. The propellant was tailored to meet the specification of the project. The HTPB propellant used Ambilink which is a mixture of butanediol and trimethyol propane as chain extender and cross-linker. TDI is used as the curing agent. Between 1982 and 1987, a large number of parameters in propellant formulation, processing technology, mechanical and ballistic characterisation were studied in detail. Necessary alterations in propellant composition and processing conditions were made and their impact on final propellant properties was evaluated.

All the three propellants (i.e., based on ISRO polyol, ISRO PBAN and indigenous HTPB) were offered as candidate propellants for PSLV. In the light of the SLV-3 experience and the use of these propellants in space shuttle strap-on boosters, RPP and the project preferred PBAN. The R&D group wanted to use HTPB-based propellant in view of the ease of manufacturing and non-dependence on imported chemicals for curing, unlike the PBAN-based propellants. To decide on the choice of the propellant, these propellants had to be compared on a common scale in respect of the desired properties (burning rate at 6.9 MPa, burning rate pressure index, density, mechanical properties and unloading history) and process parameters. All propellants ware mixed in 1 tonne mixer and cast in 1m dia segment using both WIMCO and APEP perchlorates. All motors were static-tested and ballistic and mechanical properties were evaluated. A meeting was conducted at SHAR guest house in Poes Garden, Madras. The PSLV project team headed by S. Srinivasan, the propellant R&D and production teams and the SPROB team attended the meeting. All the results were presented to the Director, VSSC, towards the end of 1985. The Director, after hearing the pros and cons of the binders and propellants based on them, recommended HTPB as the choice for PSLV. This historic recommendation was a milestone in the annals of Indian launch vehicle development. Today ISRO confidently uses HTPB propellant for all its launch vehicles. It would be no exaggeration to say that the ultimate success of ASLV owes in no small measure to the use of HTPB propellant.

HTPB propellant with 86 per cent solid loading was tailored to meet the burning rate specified for PS0, PS1 and PS3 stages using copper chromite as catalyst. Though the retro and ullage motors used PBAN-based propellants for the first two flights of PSLV, HTPB propellants were used for all the rest of the flights. All pyrogen igniter propellants for SLV, ASLV and PSLV (PS0, PS1 and PS3) were made with PBAN, HEF 20 and HTPB respectively.

POST-PSLV DEVELOPMENTS

Hydroxyl Terminated Natural Rubber (HTNR) was prepared by depolymerisation of masticated natural rubber in presence of hydrogen peroxide in toluene for possible use as propellant binder. This binder was expected to be superior to polybutadiene binders in flow properties. But poor reproducible mechanical properties and poor ageing characteristics of the propellants, coupled with poor humid ageing characteristics of the resin, were the drawbacks of the binder.

Concurrently, work on fuel-rich propellants for air-breathing propulsion started in early 1986 using HTPB, HTNR, PCPD (polycyclopentadiene) and naphthalene. These propellants carry less oxygen than normal propellants and are heavily metalised. Air-breathing engines can provide about three to ten times higher effective specific impulse compared to the solid or liquid propellants at altitude below 30 km. A number of fuel-rich propellant formulations based on HTPB/magnesium have been developed and scaled up for production of dual-thrust grain with two propellant formulations at RH-200 level for ABR-200 project.

During AP-based propellant combustion, large amount of hydrogen chloride gas and other chlorine compounds are generated in the motor exhaust. These gases are highly corrosive and toxic and form clouds in humid conditions. Efforts were made for development of alternative propellants which are environment-friendly and equally or more energetic to meet the future space requirements. An eco-friendly high-performance solid propellant containing 20 per cent HMX (Her Majesty’s Explosives) was realised in sub-scale mixing. As a continuation of the development of eco-friendly propellants, propellants based on ammonium nitrate (AN) and Ammonium Dinitramide (ADN) were initiated. ADN was synthesised and scaled up to ½ kg batch size in PFC. But this activity was discontinued for safety reasons. An igniter formulation containing small quantities of aluminum, developed during 2000–2004 for the cryogenic upper stage, had low burning rate compared to solid propellant igniters. For Chandrayaan-1 mission, PED developed a state-of-the-art, plasticiser-free propellant based on HTPB-IPDI system, with 84 per cent solid loading. This tubular propellant grain was used in a motor to de-orbit the Moon impact probe. The propellant weighing 8 g was inhibited with a non-degassing inhibition, ‘chandini’, based on viton rubber. Both the de-orbit motor and two-spin motors worked as predicted to achieve the mission.

Better binders with higher energy content have always been sought after. Glycidyl Azide polymer (GAP) is one of such high-energy binders which has been synthesised by cationic polymerisation of epichlorohydrin followed by condensation with sodium azide at high temperature. This polymer has hydroxyl groups in the terminals in addition to having energetic azide groups attached to the chain making it an energetic binder. The resin was scaled up to 5 kg batch level in PFC.

In the early 1970s, PED started working on kerosene-LOX system under its cryogenic technique project. In the cryogenic laboratory, methods of handling, transfer and pumping of cryogenic propellants was attempted. The project was planned to be executed in three phases. After Sarabhai’s death, the activity was shelved and the personnel working on the project were transferred to Liquid Propulsion Group. Almost after twenty-five years, PED tried to improve the performance of liquid propellants by the addition of metal powders. During 1993–97, appropriate aluminum gel propellants were developed in an attempt to improve the performance of liquid propellants very similar to aluminised composite solid propellants.

While studying the decomposition of castor oil used in making ISRO polyol and in the end inhibitions of propellants, in presence of catalysts, it was found that the product had turned into a hydrocarbon. PED engineers extended this controlled thermolysis at relatively low temperature and pressure in presence of suitable catalysts to other non-edible oils like sal, rubber, mahua, etc., and found the oils converted into hydrocarbons. The liquid hydrocarbons on fractionation yielded petrol, kerosene, diesel and lube oils. The gaseous portion contained apart from carbon dioxide, C3, C4 and C5 hydrocarbons, which are similar to cooking gas. This ISRO achievement of converting non-edible oils into hydrocarbons using a catalyst at low pressure is an efficient process. The liquid hydrocarbon portion, called space crude, was fully characterised at Madras Refineries Ltd, Madras, and cars and scooters were run using the petrol fraction. This technology was patented both in the US and Europe. The Centre for Development Studies at Trivandrum, felt that the project, though exciting, is not economically viable because of the cost of seeds collection for getting the oils and the relatively low cost of imported crude. Here is an opportunity for converting rocket technology through space crude into a national asset. Science makes one to dream, and technology makes it possible to achieve the dream.

CONCLUSION

One of the very first technologies over which ISRO had acquired complete mastery, that too indigenously, was solid propellants for launch vehicles. This was done by the chemical group. The same chemical group has many other achievements to its credit but they are outside the scope of this brief review of solid propellant development.1
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Dr V.N. Krishnamurthy, a gold medallist from Madras University and a doctorate from Indian Institute of Science, was a close associate of Dr Gowariker in ISRO right from 1968. He became the Deputy Director of Propellants, Chemicals and Materials Entity in 1989. He was responsible for the development of a number of propellants based on CTPB (Carboxyl Terminated Polybutadiene), ISRO Polyol, ISRO PBAN and HTPB for launch vehicles and sounding rockets. He played a major role in planning and setting up of polymer complex and an analytical facility for ISRO which helped in indigenizing a number of chemicals and materials for launch vehicles. He played a major role in the establishment of ammonium perchlorate experimental plant at Alwaye. He authored two encyclopaedias with his mentor.

Dr Vasant R. Gowariker, a doctorate from Birmingham University in chemical engineering worked first for British Atomic Energy establishment at Harwell and later at Summerfield Research Station, Kidderminster. Acknowledged as the pioneer who made ISRO self-reliant in solid propellants, he became the Director of Vikram Sarabhai Space Centre (VSSC) in 1979. He is responsible for ISRO choosing Hydroxyl Terminated Polybutadiene (HTPB)–based propellant for PSLV rocket. Today, HTPB is the workhorse solid propellant for vehicles of ISRO. Dr Gowarikar was Secretary, DST, and later Scientific Adviser to Prime Minister from 1986 to 1993. He is responsible for the Government of India declaring 28 February as the National Science Day (which commemorates the discovery of Raman Effect). Dr Gowariker is a recipient of many awards including the Padma Bhushan. (Dr Gowariker passed away in January 2015.)
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1 The authors acknowledge the inputs provided by T.L. Varghese, N. Prabhakaran, P.M. Varkey, A.J. Kurien and Koshy Cherian in preparing this essay.
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Liquid Propulsion in ISRO

A.E. MUTHUNAYAGAM
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INTRODUCTION

Vikram Sarabhai, the father of Indian space programme had a vision which was translated into a series of missions by Satish Dhawan, a man of perfection who led ISRO from 1972 to 1982. These missions were executed by many dynamic leaders in various R&D centres of ISRO. A well-known example is the first successful launch of SLV-3 on 18 July 1980 which made India a spacefaring nation. Developed under the leadership of A.P.J. Abdul Kalam, who later became the President of India, SLV-3 was powered by solid propulsion in all its four stages. Tiny liquid propulsion systems were used in SLV-3 but only for controlling the attitude (orientation) of the rocket during its flight. Weighing over 17 tonnes, SLV-3 could launch a small satellite of mass of about 40 kg into a low earth orbit. The Augmented Satellite Launch Vehicle (ASLV), developed under the leadership of M.S.R. Dev, used upgraded versions of the liquid thrusters already proven in the SLV-3 flights.

Two decades later, on 18 April 2001, ISRO’s Geosynchronous Satellite Launch Vehicle (GSLV), weighing an impressive 401 tonne, successfully injected a satellite of mass 1,540 kg into a geosynchronous transfer orbit (32,141×182km). Only the core of the first stage of GSLV was powered by solid propellant. The rest – the four strap-ons of the first stage, the second stage and the third stage – were all powered by liquid propulsion. (The third stage was, of course, a cryogenic stage, but there is no great loss of generality in describing cryogenic stage also as a liquid stage.)

Though the significant role of liquid engines for the main propulsion in launch vehicles was well recognised, no major development in liquid propulsion technology was initiated in ISRO in the 1970s because of the committed SLV-3 schedule and financial constraints.

Here I intend to trace briefly the path followed by ISRO in graduating from all-solid propulsion in the SLV-3 and ASLV, to liquid propulsion systems in the PSLV and the GSLV. Liquid propulsion systems also play a vital role in the satellites of ISRO.

EARLY EFFORTS

When I joined the Space Science and Technology Centre (SSTC), Thumba, in 1966 under Vikram Sarabhai, I was in charge of both Propulsion Engineering Division and the Mechanical Engineering Division. Thus I had the good fortune of leading solid and liquid propulsion activities at that time. Some of my colleagues, working at that time on different systems for the SLV-3, joined me in initiating development of liquid systems, though we had no approved project. Our early efforts were, of course, quite primitive because all we had were some textbooks and some technical reports of The American Institute of Aeronautics and Astronautics (AIAA) and National Aeronautics and Space Administration (NASA) of the United States. When I approached Dhawan and expressed our desire to initiate liquid propulsion technology development, he said he could not divert funds from the committed SLV-3 project, though he appreciated our initiative. He suggested we could initiate activities on liquid propulsion technology with minimal expenditure. Therefore, we started by using commonly known and easily available raw materials and in-house facilities without affecting anything related to the SLV-3 project.

Initially, we decided to work on earth-storable hypergolic systems and chose aniline and RFNA (Red Fuming Nitric Acid) fuel system. We experimented with different fuel injection systems with impinging jets. We chose pressure-fed system for propellant supply and ablative cooling for thrust chambers. The control components like solenoid valves, pressure regulators, check valves, etc., were essential requirements in these developments.

The first small liquid engine of around 5 kg thrust was designed, fabricated in our workshop and tested for a very short duration at Veli Hill (SSTC) in 1969. Subsequently, we moved our operations to Thumba beach near solid motor test facilities. We designed, fabricated and tested a 10 kg engine in a horizontal test stand built in-house and established at Thumba with minimum instrumentation and control. We demonstrated the on-off capabilities of the 10 kg engine which was a standard demonstration to VIPs visiting us. They used to operate the control switch and feel the on-off mode operations. Simultaneously, they would hear the loud sound of engine firing and also see the traces of the engine chamber pressure in the recorders. It was fun! Subsequently, we developed a 200 kg thrust, ablative-cooled engine and tested it in the horizontal test stand. Following successful experiments, we developed a 600 kg thrust engine for which we established a vertical test stand. We had several successful tests. During one of his visits to Thumba in the early 1970s, Dhawan suggested that we should fly the 600 kg engine and gain experience in flying liquid engines.

Towards flying the first liquid stage, we designed a pressure-fed system with two independent propellant tanks (one for fuel and the other for oxidiser) and inter-stage structures. We fabricated all of them in-house. We also designed and established a rocket launcher for this vehicle. Since the thrust of the liquid stage is small compared to its lift-off weight, we developed a short-burning solid booster with cluster cordite propellant block to provide the required velocity at take-off. We took all hardware to SHAR (now, Satish Dhawan Space Centre-SHAR) where we assembled the liquid stage. We had problems in achieving required vehicle alignment using rigid pipes as we could not ensure leak-proof joints. We then realised the need for flexible pipes to facilitate easy assembly and leak-tight joints.

Our team carried out two launches of the two-stage vehicle with the 600 kg liquid stage as the second stage during 1973–74. In the first flight the liquid second stage was ignited in-flight. The second was a night flight with vented skirt around the thrust frame and ignition of both stages was at ground itself. We had no on-board instrumentation. The ignition of the liquid stage could not be confirmed but the flame discharge from the second flight was visible to our naked eye and we could see the flight trajectory. Following these elementary experiments, we developed a 3 tonne thrust rated liquid engine. A vertical test stand was established in Static Test and Evaluation Complex (STEX) where both the engine and stage were tested and qualified. We flight-tested it as a two-stage vehicle using a proven RH-560 solid booster to provide the initial velocity at take-off. This rocket had very minimum on-board instrumentation. We observed from telemetry data that the liquid stage did ignite but the burn time was less than what was predicted.

With these flight experiments, though not fully successful, we gained good amount of experience in assembly, integration and launch operations of rockets with liquid propulsion stages, as also in propellant filling, gas pressurisation, etc. We also learnt the need for detailed analysis and studies to understand the fluid motions in propellant tanks due to acceleration and deceleration in flight and also the vortex formation in propellant intakes to engine, leading to gas discharge through engines. This led to detailed analysis to critically examine propellant acquisition systems and anti-vortex baffles. Further, the experience contributed significantly in the liquid booster technology acquisition programme from SEP, discussed below.

ISRO–SEP AGREEMENT

The really major breakthrough in liquid propulsion systems came in 1974 when ISRO signed an agreement with the SEP of France. At that time the French were developing the Viking liquid engine for their Ariane launch vehicle programme. Without any transfer of funds, this agreement provided for technology transfer from SEP to ISRO for pressure transducers and Viking liquid engine. In return, ISRO would produce and supply 7,000 pressure transducers to SEP, and also spare the services of 100 man-years of ISRO engineers and scientists to SEP for their Ariane launch vehicle development.

To acquire the Viking engine technology, our engineers worked in all areas of development activities of the Ariane programme. They participated in design reviews, progress reviews and even had interaction with European industries. They received all detailed design drawings and documents. They participated in inspection and quality assurance of systems, subsystems and components. They also participated in assembly and integration, checkout and testing operations in SEP facilities. They had discussions with SEP specialists and received clarifications to understand the technology fully. The technology acquisition programme was successfully carried out under the leadership of my colleague S. Nambinarayanan. Around forty engineers, covering all areas, participated in the technology acquisition programme.

On behalf of ISRO, the agreement was signed by T.N. Seshan, then Additional Secretary of DOS (Department of Space) who coined the name Vikas to replace Viking. (Seshan later became the high-profile Chief Election Commissioner of India.) Vikas in Sanskrit means ‘development’ and also ‘flowering’. Vikas is also an acronym for Vikram A. Sarabhai. In any case, that was how the Vikas Project was born to the advantage of both France and India.

The ISRO team returned from SEP at different times as per the agreement. Chairman, ISRO, constituted a Liquid Propulsion Project (LPP) in 1980. We organised three teams under the leadership of three SEP-trained experts with the first team to develop the system under the responsibility of S. Nambinarayanan, the second team to realise all hardware in India in association with Indian industries under the responsibility of K. Kasiviswanathan and the third team to establish all development facilities at Mahendragiri under the responsibility of R. Karunanidhi. We associated Indian industries and academic institutions in our development efforts. Towards the demonstration of the successful acquisition of the technology, Dhawan approved the procurement of complete set of materials and bought-out items for three Vikas engines from the same suppliers who had supplied these things to SEP, and authorised the hardware realisation programme. The first Vikas engine was realised with the active contributions from MTAR Technologies, Hyderabad, Godrej and other industries. It was tested in SEP facilities successfully in 1985 demonstrating the successful acquisition of the technology. This significant achievement was the result of the collective contributions from several of my colleagues and the support from ISRO management.

I would say that the Vikas agreement between ISRO and SEP is the seedling which has grown today as a big tree called Liquid Propulsion Systems Centre (LPSC) with branches in Bangalore (Karnataka), Mahendragiri (Tamil Nadu) and Valiamala (Trivandrum, Kerala). The first branch of the tree was the establishment of Pressure Transducer Unit (PTU) as a unit of ISRO in 1975 by laying the foundation for PTU building in ISAC campus followed by the first shipment of pressure transducers to SEP by the end of 1975 (within one year of starting the programme). It is gratifying to note that ISRO completed successfully the transducer supply programme. Around 7,000 transducers of different types and different pressure ranges were supplied as per the ISRO–SEP agreement without incurring any penalty. This was possible because of my colleagues and their teams.

While producing the pressure transducers, we had improved and applied the technology for other applications and developed new types of transducers, which include differential pressure transducers, temperature transducers, etc. In addition to supplying these transducers to SEP as per the agreement, the PTU also supplied transducers to launch vehicle and satellite projects of ISRO and to other national laboratories and industries.

It must be mentioned that the technology transfer from SEP to ISRO was only for the Vikas engine. We had to develop indigenously a host of systems to use the engine as part of the stage of a launch vehicle. These include inter-stages, thrust frames, propellant tanks, pressurisation systems, fill and dry systems, gimbal control systems and several others.

LIQUID PROPULSION FOR PSLV

The ISRO–SEP agreement and the consequent acquisition of technology for Vikas engine had great impact on the very configuration of the PSLV which till today has logged over twenty-three consecutive successful launches. Liquid propulsion played a crucial role in making PSLV the workhorse of ISRO.

We recall that launch vehicle configuration studies were initiated in late 1970s with solid and liquid propulsion stages. In 1981, Chairman, ISRO, approved a four-stage PSLV configuration with three solid stages and a liquid stage as the second stage. It was initially advocated strongly that since ISRO had already established facilities and technologies for high-thrust solid stages in SLV-3 and ASLV, the PSLV should have all solid stages. It is true that ISRO had not at that time developed liquid propulsion systems with high-thrust engines and had not established large complex test facilities for their development. But the acquisition of liquid booster technology from France under the ISRO–SEP agreement influenced the decision to introduce, in the PSLV, a liquid stage similar to the Ariane second stage. Thus the first PSLV configuration, approved by ISRO in 1983, had four stages with the second stage (PS-2) powered by a Vikas liquid engine with nominal thrust of 60 tonnes and burning for a nominal 130 seconds with a nominal propellant loading of 33 tonnes. In addition, the first solid stage booster of PSLV had two identical liquid engines each with a thrust of 600 kg for roll control purpose. They had gimballing capability to provide roll control for the vehicle. They were called Roll Control Thrusters (RCTs).

While the development of various systems of PSLV were in progress, the mission studies clearly pointed out the need for capability for thrust cut-off in the final stage to achieve the targeted mission. Such a capability is absolutely essential in closed loop guidance which alone can ensure precise injection of the satellite into the prescribed orbit. The advocates of solid propulsion suggested adding a liquid propulsion package for velocity augmentation or cut-off functions. The advocates of liquid propulsion got an opportunity to establish the merits of a liquid stage as the terminal stage, instead of the patchwork solution of a solid stage with a liquid ‘package’! They proposed that the 600 kg liquid engine being developed for the roll control of the first stage of PSLV (i.e., the RCTs) could be upgraded and qualified with a larger expansion nozzle. Two such engines with gimballing capability could be configured as the fourth stage of the PSLV. After detailed analysis and discussions, the PSLV configuration was modified in 1985 with a liquid upper stage, having twin engines to replace the solid stage in the terminal (fourth) stage. I recall the serious discussions which my colleagues and I had with the late S. Srinivasan, then the Project Director of PSLV and his team at SHAR guest house in Madras. I remember the focused, forceful and logical arguments put forth by Y.S. Rajan, then Scientific Secretary of ISRO, highlighting the need for a liquid terminal stage for PSLV which could be a multipurpose stage.

It must be emphasised that while the technology for the second-stage liquid engine of PSLV (PS-2), that is Vikas, was obtained from SEP, France, the fourth stage (PS-4) was totally indigenous. And it was a huge effort. As pointed out by Rao and Radhakrishnan (2012), ‘The core of the challenge lay in developing an engine that could operate at a pressure of 8 atmospheres and deliver a specific impulse of 307s. Besides, the engine should not weigh more than 20 kg. The challenge was compounded by the fact that adequate resources could not be spared for the programme. This was mainly due to the fact that the PSLV Project approved by the Government did not envisage a liquid fourth stage. Such were the adverse conditions under which PS-4 development was undertaken. The designers of PS-4 had to face a series of problems even in developing the RCT system before upgrading it to PS-4, the largest indigenously developed high performance liquid engine.’1

LIQUID SYSTEMS FOR CONTROL OF LAUNCH VEHICLES AND SATELLITES

Simultaneously with development and production of pressure transducers, my colleagues in Bangalore initiated the development of satellite propulsion systems, starting with monopropellant Reaction Control System (RCS) for Rohini satellites and IRS satellites. They started with the development of monopropellant thrusters with thrust rating of 1 N, monopropellant flow control valves, propellant tanks, gas bottles, etc. Subsequently, they initiated development of bi-propellant control thrusters for INSAT series of satellites. These satellite control propulsion systems were developed in close coordination with ISAC teams. With the experience and expertise gained in the development of monopropellant and bi-propellant systems, now the Bangalore branch of LPSC is working on advanced state-of-the-art electric propulsion systems for satellites.

Satellite launch vehicles need control systems to steer them along the designed flight path and to correct deviations due to disturbances in flight. These include Secondary Injection Thrust Vector Control (SITVC) systems and RCS (Reaction Control Systems). They require a large number of control components such as multiport injection valves, solenoid valves, pressure regulators, check valves, etc. In addition, the liquid propulsion stages require a large number of flow control components and modules for the command and control operations of different subsystems of the stage to ensure the designed performance of the stage.

These developments, initiated in the 1970s for SLV-3, were later augmented to include all control systems both for launch vehicles and satellites. The technology was upgraded to develop high-performance Liquid Apogee Motors (LAM) for satellites and liquid upper stages for launch vehicles (as described above for the fourth stage of PSLV). These developments were possible because of the valuable contributions of my colleagues Sivaramakrishnan Nair, C.G. Balan and their associates.

With the successful completion of the supply of pressure transducer to SEP, and with the initiation of satellite propulsion systems development, the activities at PTU, Bangalore, were merged with those of the Propulsion Group at VSSC to create a new entity called the Auxiliary Propulsion System Unit (APSU) in 1981. Later, in 1987 all liquid propulsion activities were integrated to form a new ISRO centre called the Liquid Propulsion Systems Centre (LPSC).

MAHENDRAGIRI FACILITIES

When ISRO decided on the development of liquid propulsion stages for the PSLV, the need for a new site with adequate area and favourable terrain to establish large test stands and supporting facilities was recognised. Chairman, ISRO, assigned me with the task of identifying a suitable site. I contacted the officials in the Governments of Kerala, Karnataka, Orissa, Maharashtra, Andhra Pradesh and Tamil Nadu. Many of my colleagues, including R.D. John, then the Chief Engineer of the Department of Space, worked closely with me in visiting the sites, gathering maps and data about the site, discussing with local government officials and preparing the reports for Chairman, ISRO. It took three years to prepare the final report addressing several issues including environmental impact, nearness to ISRO establishment, nearby infrastructure, logistic facilities, etc. We made specific recommendations. Our report was reviewed by an expert team with R.D. John and Sudarshan from ISRO headquarters as members. Finally, ISRO zeroed in on Mahendragiri which was located partly in Kanyakumari and partly in Tirunelveli districts of Tamil Nadu. In addition to meetings with district officials, I also had meetings with the Chief Secretary who conveyed to us the approval of the Government of Tamil Nadu to transfer over 7,000 acres of government land in Mahendragiri Hills on a long-term lease. The district officials were also helpful in acquiring and transferring some private lands which were within our safety zone. This marked the entry of the Indian space programme into the state of Tamil Nadu for developing major propulsion test facilities.

I recall the day when my team and I along with R.D. John and his team, performed the bhumipooja in 1982. While clearing the site for the pooja we saw a big scorpion and a snake running away from two different spots from the cleared site. Today I see how the jungle of 1982 has been transformed into a world-class aerospace facility! Such a magnificent change is due to the untiring hard work of my colleagues in Mahendragiri.

The change in the configuration of PSLV in 1985 necessitated additional test facilities at Mahendragiri with capability to test the upper-stage engine, as well as the stage under simulated high-altitude conditions on ground. Two decades earlier, during 1973, I had piloted an agreement with DFVLR (now known as DLR) Germany for technical collaboration on high-altitude simulation test facility development. Accordingly, an ISRO team under the leadership of M.T. Nicholas was deputed to DFVLR, Germany, to design altitude simulation facilities to test and qualify all propulsion systems which operate at high altitudes. This includes the launch vehicle upper stages and satellite propulsion systems. With the technology gained from DFVLR, my colleagues first established an altitude simulation test facility at STEX (in SHAR) with supersonic diffuser and steam ejectors for qualifying the fourth stage of SLV-3, which was used as the apogee motor for the APPLE satellite (the first geosynchronous satellite built by ISRO under the leadership of R.M. Vasagam and launched by Ariane vehicle. Subsequently, my colleagues established the altitude simulation test facilities at Mahendragiri for the liquid upper stage of PSLV and the LAM engines for INSAT series. These facilities are unique because for the first time in the world, stored high-pressure air was used as driving fluid in these ejectors. The successful testing of LAM in 1997 for duration of 4,000 seconds in a single burn under simulated high-altitude conditions is worth mentioning here. This LAM was used successfully not only to raise the orbit of ISRO satellites but also in the Chandrayaan-1 mission.

Today, at Mahendragiri we have the full complement of cryogenic test facilities for which we had entered into a collaborative agreement with M/S RMF Salda, the Russian aerospace organization in 1993. My visit to the ice-covered Salda facilities in 1992 in winter and the final discussions with U.R. Rao and V.I. Dunayev (chief of Glavkosmos) are still fresh in my mind. Thus at Mahendragiri, ISRO has facilities to assemble, test and qualify Earth-storable and cryogenic liquid propulsion systems and their subsystems with a wide range of thrust levels both at sea level and at simulated altitude conditions.

THE FINAL CHALLENGE

The final challenge for ISRO in liquid propulsion is, of course, mastering the cryogenic technology. No doubt that the successful launch of GSLV on 18 April 2001, referred to in the beginning of this article, was an important milestone. But the cryogenic stage was Russian. All other propulsion modules were indigenous. In 1990 a Cryogenic Propulsion System Project was formed in LPSC. Subsequently, in 1993, we entered into a collaborative programme with DB Salyut for the cryogenic stage development and with KB Chiimash, both Russian organizations, for the cryogenic engine development. The original contract included both the supply of cryo stages for the initial flights of GSLV and technology transfer. An LPSC team, along with some nominees from Indian industries, under the leadership of V. Gnanagandhi was deputed to work with the Russian teams to acquire the technology. During the process, there was a political decision to rescind the contract. This agreement was thus renegotiated and modified, abandoning the technology transfer component.

But we were determined to continue our efforts to acquire the cryogenic technology. In 1995 the Cryogenic Upper Stage Project (CUSP) was established in LPSC with a Project Management Board under the Chairmanship of E.V.S. Namboodri and with V. Gnanagandhi as the Project Director. The hardware for CUSP was realised from Indian industries and successfully tested for the first time in early 2002 in the Mahendragiri test facilities. The development has overcome several technological hurdles. After the failure of the first indigenous cryo stage in-flight, further improvements in the hardware are being made and a successful acceptance test with a duration of 200 seconds was carried out on 12 May 2012.

I am confident that ISRO will, sooner than later, demonstrate its mastery over the cryogenic propulsion technology.

SUMMING UP

In this era of science and technology revolution, opportunities and challenges are many. We in LPSC have made good use of the opportunities and converted challenges also into opportunities.

My colleagues and I had opportunities to collaborate with nations having advanced technologies which ISRO needed. We not only understood the know-how but also the know-why. We worked further and improved upon the acquired technologies and applied them to meet our specific needs. We undertook indigenous developments in addition to technology acquisition from abroad. We shared our knowledge and associated Indian industries as partners in these developments. Our programmes were executed as multidisciplinary and multi-agency programmes. We managed them professionally to achieve the goals. One can appreciate this aspect when one examines the technologies adopted in the second stage of PSLV based on acquired technology and the technology adopted in the fourth stage of PSLV which was developed indigenously in LPSC. The Vikas engine (used in the second stage of PSLV for which we acquired technology) has radial injectors; film, ablative and radiation-cooled thrust chambers; and turbo-pump-fed system where as the liquid upper stage engine with thrust cut-off and reignition capabilities (used in the fourth stage of PSLV) has axial injectors, regenerative and radiation-cooled thrust chamber and pressure-fed system. All control system thrusters and LAM engines were indigenously developed. Technology acquisition coupled with indigenous developments contributed significantly to the growth of liquid propulsion systems for both launch vehicles and satellites of ISRO.


SPACECRAFT PROPULSION

MONOPROPELLANT SYSTEM DEVELOPMENT

The activities on monopropellant thrusters started in ISRO during the late 1960s and early 1970s with the development of molybdenum-based catalyst. The packed-bed catalytic thrusters were initially characterised as control thrusters in Centaure rocket and RH-560 in the mid-1970s and subsequently in SLV-3 third stage as pitch, roll and yaw thrusters. Later, iridium-based catalyst was used as control thruster elements in ASLV. The thrusters with ratings ranging from 1 N to 50 N were flown both in SLV and ASLV till the bi-propellant control thrusters replaced monopropellant hydrazine thrusters in PSLV.

The first monopropellant propulsion system for spacecraft was imported from Hamilton Standards, USA, in 1977–78 for the APPLE project and successfully flown and operationalised in 1981. ISRO ventured into the indigenous development of monopropellant systems for SROSS and IRS series of satellites in the early 1980s at the Auxiliary Propulsion System Unit (APSU) at Bangalore with a handful of engineers drawn from VSSC and ISAC. Facilities like clean room, HAT facility, environmental test facility, precision fabrication facility, etc., were established at APSU. The first propulsion system, comprising four diaphragm-type propellant tanks (each of 30 litre capacity) and sixteen thrusters (1 N each) with imported latch valves was supplied to IRS-1A, launched successfully from Baikonur in 1988. This was followed by the delivery of the propulsion system for IRS-1B launched in the year 1991.

With the successful operationalisation of monopropellant systems in IRS-1A, IRS-1B and SROSS, further challenges to develop high-power thrusters, viz., 11 N thrusters, latch valves, thermocouples and system filters as import substitute, were faced. A fully indigenous monopropellant system was successfully flown in IRS-1C on 29 December 1995 with sixteen 1 N thrusters and one 11 N thruster.

IRS-1D, launched on 27 September 1997, had a shortfall in achieved orbit. As an emergency measure, the orbit was successfully raised by firing the monopropellant thrusters for longer duration. IRS-1D completed twelve years of orbit life with the propulsion system delivering impulse till the last drop of propellant.

With continuous improvement, many versions of the 11 N thrusters (with wider pulse mode operation capabilities, systems configuration such as propellant tanks sized from 7.5 litre to 390 litre capacity and other major components) were qualified and flown to meet varied IRS spacecraft requirements. More than twenty-five monopropellant systems in seven diverse configurations have been flown with a cumulative orbit life of more than 120 years with five spacecraft completing ten years on orbit. Propulsion systems supplied for RESOURCESATs, OCEANSATs, CARTOSATs, Chandrayaan-1, Megha-Tropiques, RISAT-1, SARAL and many others have performed precisely and flawlessly.

BI-PROPELLANT SYSTEM DEVELOPMENT

The INSAT-2A propulsion system was configured based on the experience in INSAT-1A to INSAT-1D built by Ford Aerospace for ISRO. The very first propulsion system was configured on similar lines with a single-pressure regulator, a check valve, indigenous Liquid Apogee Motor (LAM), pyro valves propellant tanks, bi-propellant latch valves, AOCS thrusters, and imported pressurant tank. INSAT-2A was placed in orbit using the indigenous LAM on 11 July 1992. The LAM was fired 200 seconds before the planned firing at apogee based on contingency.

Subsequent to INSAT-2A experience, the propulsion system underwent a series of changes over the years to overcome anomalies and to incorporate redundancies. The bi-compartmental partial communication type propellant tanks and the two-fuel tank configuration were modified to total communication tanks with single compartment, and single separate tanks for oxidiser and fuel. This was adopted from GSAT-2 onwards. These tanks were further modified and are being used in all GEOSAT satellites.

The AOCS thrusters and LAM have become the workhorse for satellite propulsion systems of ISRO over the years. Bi-propellant latch valves with two flow paths, a single torque motor actuator, a single micro-switch and specially designed Teflon seating have become an integral part of the propulsion system since 2000 as an import substitution. Software developed in-house, for prediction of remaining propellant for satellite life estimation, is being used extensively for decision making in GEOSAT missions. Today the propulsion system has been totally indigenised and has become a reliable subsystem in the spacecraft. More than twnety subsystems in different configurations have been flown in the INSAT/GSAT including the foreign satellites – W2M and Avanti-Hylas. The performance of the propulsion has been flawless in these spacecraft and has never been a constraint in spacecraft operation or life.

Propulsion system in SRE-1 demonstrated its capability for re-entry mission. Performance of LAM in the interplanetary mission Chandrayaan-1 matched closely with the accelerometer readings over five Earth-bound burns and five lunar burns including lunar capture. The next challenge is the Mars mission wherein the LAM has to be brought into operation once again after a hiatus of nearly 300 days. The propulsion system configuration is being totally modified and necessary simulation test is being carried out.
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An alumnus of the Indian Institute of Science, Bangalore, A.E. Muthunayagam did his PhD from Purdue University, USA. He was the founder Director of Liquid Propulsion System Centre (LPSC) which supplies all liquid propulsion systems for ISRO’s launch vehicles and spacecrafts. Dr Muthunayagam held several positions at national and state level including: Secretary for the Department of Ocean Development, Government of India; Director/Founder Vice Chancellor of Karunya Institute of Technology and Sciences; Chairman, Board of Governors, Indian Institute of Technology, Madras, etc. Currently, he is the Chairman, State Environment Impact Assessment Authority, Kerala. Member of many professional bodies, Dr Muthunayagam was honoured with several awards including the National Award for Lifetime Achievement in ocean science and technology, and the Aryabhata Award for his lifetime contribution to propulsion technology.
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1 A Brief History of Rocketry in ISRO, University Press, Hyderabad.
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Inertial Systems for Launch Vehicles and Spacecraft

N. VEDACHALAM
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THE BEGINNINGS

It is a great privilege to contribute to this special issue celebrating fifty years of our space programme. I joined ISRO in July 1969. The start of the activities related to inertial sensors in ISRO was surely after 1969. The beginning was in the erstwhile Control Guidance and Instrumentation Division (CGID) of the Space Science and Technology Centre (SSTC) under the leadership of S.C. Gupta. We first started with the development of a Sun-pointing system for a Rohini sounding rocket payload. Along with K. Chandragupta, who was the leader of that activity, we developed a flight-worthy system. An integrated two-gimbal Sun-pointing system with its servo electronics was successfully demonstrated on a spin table. Once, when Vikram Sarabhai, who was also the Director, SSTC, visited the Centre, a detailed presentation was made on the activities of the CGI Division. I presented the details of development of gyroscopes in SSTC, including their manufacturing, precision machines, super clean room and associated test facilities for the sensors and systems. Later, we prepared a very detailed project report on the same. The development of an Inertial Guidance System and related on-board processors in SSTC was one of the ten points in the now famous 1970–80 decade plan of Atomic Energy and Space Technology prepared by Sarabhai and approved by the Government of India.

As a first step, Gupta, the then Head of the CGI Division, and I were deputed to Europe in 1970 to identify the sources of high-precision machinery, related inspection and measuring equipment, and the necessary gyroscopic sensors and systems test facilities available in Europe. During the visit, we could almost finalise the list of equipment we needed.

The very first sensor developed by us was a single degree of freedom rate gyroscope. One of our senior colleagues, Sridharan Das then proposed the development of a two degrees of freedom free gyroscope. Both the activities were started and the rate gyroscope was perfected with the successful development of ISRO’s first hysteresis-synchronous motor run on precision ball bearings at a speed of 24,000 revolutions per minute. That was in a way the starting point. We built single degree of freedom rate gyroscope in 1970 and demonstrated it to Vikram Sarabhai. Even the rate table was fabricated, assembled and calibrated in-house. For this, we chose a geared DC motor from the air force junk and assembled a table with necessary slip rings to facilitate taking gyro output. This rate gyroscope had a range of 10 degrees per second. Others involved in the development were R.M. Vasagam, V.P. Kulkarni and N. Sivasubramaniam.

BUILDING INFRASTRUCTURE

By 1971–72, we received almost all the precision machines and related inspection equipment from abroad. Sarabhai named this facility as Precision Instrumentation Laboratory (PIL). In this he was inspired by the Massachusetts Institute of Technology (MIT), Boston, USA, the pioneering institute in designing and building the inertial navigation and guidance system for the Apollo manned mission to the Moon. The Aeronautics and Astronautics Department of the MIT had a dedicated laboratory called Instrumentation Laboratory which was headed by Charles S. Draper and now it is named as Draper Laboratory. We completed installation of all the machines in the Main Building of VSSC by 1972. When we conceived the PIL, we also submitted, simultaneously, a proposal for the establishment of a super clean room for the assembly of gyroscopes, accelerometers and navigation systems. For the first time in India, we designed and built a 400 m2 area super clean room of Class 100 (American Federal Standard 209). Class 100 means that in one cubic foot of air the number of dust particles of the size of half micron is less than 100. Apart from the specification of the dust content, temperature and humidity were also to be controlled to make it an international-class super clean room.

The next major facility to be developed by us was the sensors and system test facility called Inertial System Test Facility (ISTF). As gyration means rotation in Latin, Sarabhai wanted the inertial system test facility to be in a circular building. Though it no longer houses the ISTF, the circular building on Veli Hill perpetuates the memory of Sarabhai.

MRG 74

Having established various facilities for manufacturing, inspection, and testing we took up development of miniature rate gyroscope (MRG) for our launch vehicle programme. By 1974 we could complete the development of a high-quality rate gyroscope and subjected it to vibration, shock, thermal cycling and acceleration tests. We designated this first gyroscope as MRG 74 with the last two numerals denoting the year of development and qualification. This development and qualification were made in-house with the help of our own precision fabrication facility, clean room and test facility in the circular building.

By 1975–76, the demand for rate gyroscopes increased. We therefore proposed a technology transfer of this to Hindustan Aeronautics Ltd (HAL), Lucknow, for production and supply. Thus the MRG 74 was the first technology transfer from ISRO to industry for production. The scope of manufacturing was 100 sets of precision components under phase I, and assembly, testing and delivery of 100 finished flight-worthy rate gyroscopes under phase II. The contract with HAL was signed in the presence of Satish Dhawan, the then Chairman, ISRO, and Brahm Prakash then the Director, VSSC. This MRG 74 rate gyro eventually found application in all the launch vehicle programmes of ISRO: SLV, ASLV, PSLV and GSLV.

RIG AND BMF (RATE INTEGRATING GYROSCOPE AND BERYLLIUM MACHINING FACILITY)

Even for SLV, we had proposed development of a strap down Inertial Navigation System (INS). It was called Design Project Guidance Package (DPGP). The proposal was based on an imported Honeywell-floated strap down grade gyroscope. As it turned out, we could not import the gyro. Thus we had to undertake development of flight inertial navigation grade gyroscope for Inertial Measurement Unit (IMU). A. Bose and I strongly advocated to Gupta that realisation of a stabilised platform IMU was in our reach. We had necessary precision fabrication technology, machine tools, measuring instruments, the clean room and the necessary test facilities along with the design capability of servomotors and synchro-resolvers, etc. What we conceived was a stabilised platform on which we mounted three gyroscopes orthogonally, each one measuring the angular disturbances. These gyro signals thus generated were amplified through servo amplifiers and fed to the corresponding servomotors of the roll, pitch and yaw gimbals to produce an equal and opposite counter rotation. Thus the reference platform retained its orientation (in inertial space) irrespective of external angular disturbances. At first we concentrated on the design and development of a single degree of freedom, floated Rate Integrating Gyroscope (RIG). To do this, we needed two special materials: (1) beryllium, an extremely light (density 1.7g/cc) but with exceptional dimensional stability and very high thermal stability, etc., and (2) a high-density fluid with high-viscosity oil to float the gyro and to create damping. Classical silicone oil can give the necessary viscosity for the damping, but its density is too low and hence the volume of the RIG would be extremely large. In fact an MRG-74 adopted a floated gyroscope design using the silicone oil for floatation but there damping was the primary consideration. But, for an RIG both floatation and damping are important.

With these two constraints, as a first phase, we started the development of RIG with dimensionally stabilised aluminium alloy as a base material. The only highly viscous and dense liquid available was the brominated fluroethylene called ‘Flurolube’ having a density of 2.4 g/cc, developed in the USA. Hence we were able to miniaturise the floated Rate Integrating Gyroscope. We could get 2 to 4 litres of flurolube from an American company. With that flurolube, we started the development of RIG using aluminium alloy. Whatever the performance we achieved, we decided to upgrade it as and when we were able to establish a beryllium machining facility. We were lucky to get beryllium rods from Kwaiky Berylico, a US company and we had stocked good number of pieces for RIG development. But beryllium was a commodity under the control of Atomic Energy Commission and it is a highly toxic material to handle. There was a statutory law that beryllium should not be handled or machined anywhere other than in those places where the safety measures are adopted in line with the atomic energy regulations. Hence after long debate, Dr Brahm Prakash decided to co-locate the Beryllium Metal Plant and Beryllium Machining facility (BMF) at Vashi, New Bombay, at the Bhabha Atomic Research Centre (BARC). So the realisation of beryllium metal was the responsibility of the Metallurgy Group of BARC and converting the beryllium metal into precision beryllium parts for the RIG was the responsibility of VSSC. It took a long time to establish this facility. Even though it came very late, it is a national asset today. We could establish a prestigious high-tech facility from ore to the finished gyroscope components in our own country.

IMPORTED IMUS FOR SLV-3

Thus the second phase development of RIG using the beryllium metal parts was initiated. Meanwhile, for the ongoing SLV-3 programme, we decided to import four IMUs from Sagem, France. I remember, SLV-3 Project purchased four identical units along with the checkout system. One system was very extensively used for the SLV-3 Equipment Bay environmental qualification and also for electrical integration check for each flight EB of SLV-3. The second and third units were used for the first and second flights of SLV-3. The first flight was unsuccessful and hence in the second flight, they did not want to change over to our indigenous IMU even though it was ready by that time. So the third unit of the IMU from Sagem was used successfully in the second flight of the SLV-3. After that SLV-3 Project decided not to use the fourth unit and to concentrate on the development and flight qualification of the indigenous IMU for use in the third and fourth flights which were also successful. Here we used the same floated French gyros and we had a plan to replace them with the indigenous aluminium version RIGs after the fourth flight for the continuation programme of SLV-3 and for the future ASLV programmes. But SLV-3 programme was terminated after the fourth flight and ISRO concentrated on the development of ASLV. During the initial development phase of the ASLV, it was decided to use an open-loop guidance scheme with indigenous IMU with indigenous aluminium version RIG. But after one year of the ASLV Project, ISRO decided to convert ASLV into a technology development vehicle for future launch vehicle missions. Hence the scope of ASLV programme was redefined to demonstrate strap-on technology, closed-loop inertial guidance technology including Inertial Navigation Systems (INS), and on-board Guidance and Control Processor (GCP).

IGSP

Accordingly in 1982, ISRO constituted an Inertial Guidance System Project (IGSP) for the closed-loop inertial guidance of both ASLV and PSLV projects and appointed me as Project Director, IGSP. Exactly a decade after initiating the inertial sensors development activity in VSSC, Chairman, ISRO, appointed a high-power committee to assess the need for development of various types of inertial sensors and related navigation systems, and I was the Chairman of the committee. The committee made three recommendations. The first recommendation was to complete the development of the indigenous beryllium version RIG and, if required, to use it as a substitute for the imported Ferranti gyroscope in the ASLV Stabilised Platform Inertial Navigation System (SPINS). The second recommendation was to design and develop a common Dynamically Tuned Gyroscope (DTG) for both launch vehicle and spacecraft of ISRO followed by a Redundant Strap down Inertial Navigation System (RESINS) using the DTG and servo accelerometer for the PSLV programme. The third recommendation was to initiate a long-term research and development in the area of laser gyroscope. With these overall directives, we concentrated on the development and qualification of SPINS for the ASLV mission. Since the development of indigenous beryllium RIG was lagging behind for want of beryllium facility, a decision was made to import floated RIG from Ferranti in UK. We also purchased high-quality servo accelerometers for the navigation system from the Ferranti Company. Replacing the IMU cluster with the Ferranti gyroscope and accelerometer, we built the navigation system based on Motorola 6800, 8-bit processor. This was the configuration we conceived for the development and qualification programme. The indigenous servo accelerometer programme was initiated in 1980 when we realised the need for the navigation system. However, the performance was not up to expectation. We primarily used the Ferranti accelerometer along with hybrid electronic chip called the Multilin, supplied by Ferranti. With these, no navigation system was imported for the ASLV programme. Only the gyroscopes and accelerometers catering to the four flight systems were imported. The first and second ASLV flights were unsuccessful. But, for the third and fourth ASLV flights, SPINS was very successfully used in the closed-loop Inertial Guidance System (IGS).

DYNAMICALLY TUNED GYROSCOPE (DTG)

Based on the recommendations of the high-power committee appointed by ISRO, the development of a DTG (also called a dry tuned gyroscope) was initiated on a war footing. Since it does not use any floatation fluid and there is no need for sophisticated beryllium metal, we could realise the first prototype DTG on a fast-track mode in 1982–83 period itself, soon after the decision was made. In 1984, Chairman, ISRO, gave a clear directive that an indigenously designed and developed DTG must fly in the first Indian Remote Sensing Satellite, IRS-1A, for attitude control; and the same gyro must be used for PSLV Redundant Strap down INS (RESINS). The development of the DTG was therefore accelerated and we met the target of flying the indigenously developed DTG in the first IRS-IA mission in March 1988. I must add here that those two gyroscopes on-board IRS-IA worked non-stop for nine years. Ever since IRS-1A, all the ISRO remote sensing and Indian National Satellites (INSAT) are equipped with three DTGs and many of them have been functioning for more than ten to fifteen years in orbit. Thus with the successful completion of the development of the DTG, we closed down the activities relating to the single-degree floated Rate Integrating Gyroscope using beryllium and flurolube. ISRO had achieved self-reliance in DTG which is a single gyro catering both for launch vehicle and spacecraft programme of ISRO.

SPINS AND RESINS

Thus we developed two types of navigation systems, namely, SPINS and RESINS. SPINS, used in ASLV, was based on three RIGs and three servo accelerometers kept in a three-axis gimbal-stabilised platform system. There are three sets of servo electronics, three sets of servo components, ball bearings and slip rings. All these electro-mechanical components are susceptible to single-point failure. For future operational launch vehicle missions, we cannot tolerate any single-point failure. Therefore, with the advent of microprocessors, the strap down navigation system was designed as fault-tolerant Redundant Strap down Inertial Navigation System called RESINS, which used three DTGs and five indigenous servo accelerometers, and based on a Motorola 68000 processor. Accordingly, from 1985 onwards, we decided to close down the SPINS and dedicated all our efforts towards RESINS for our launch vehicle programmes. An end-to-end fault-tolerant capability RESINS was realised and flown successfully in the first PSLV-D1 flight in 1994. I must add here that people like V. Krishnan, who went abroad for higher education, came back totally dedicated to the cause of DTG development. S.N. Puri also came back from higher education and B.C. Vidwani concentrated on the electronics for the strap down navigation system. A. Bose, who was the leader of SPINS for ASLV, concentrated on the strap down system realisation. K.C. Bhattacharya, who was an excellent software engineer, designed, assembled, tested and validated the entire navigation software. So we had an excellent team of people who contributed to the development of both SPINS and RESINS systems. I must add here the names like S. Selvaraju and P.M. Kumar who contributed significantly from the Quality Assurance Group and designers like M. Krishnaswami, S. Ramaratnam, H. Viswanathan and Devarajulu who contributed for the electronics development. There were many more people who had contributed to the system electronics. We had A.K. Gupta and S.K. Banerjee who contributed to the accelerometer development. With all these experts in the field of inertial sensor and system we could achieve world-class performance of the RESINS for PSLV. I can say that performance of indigenous DTG is on par with any of the DTGs, including those used in Russia and America, in terms of the drift performance.

After the ASLV programme we did not import any servo accelerometer from Ferranti. Today, the servo accelerometers are totally indigenously designed, developed and flight-qualified. The servo accelerometer performance also achieved an international level in quality, the proof of which has been demonstrated systematically in the PSLV programme in terms of the orbital accuracy. The best example was that of GSLV-F01, the third flight of the GSLV, where we could achieve the exceptional accuracy of less than 10 km in the apogee of 36,000 km for the GTO. I must say it is a great achievement that demonstrates the quality of the indigenous DTG, servo accelerometers, navigation computer, electronics and the software.

MOMENTUM WHEEL AND SOLAR ARRAY DRIVE

While our efforts towards achieving self-reliance in Launch Vehicle Inertial Navigation System was the primary goal, since 1979 we initiated the development of Inertial Systems for ISRO’s Spacecraft Programme.

a)The APPLE Project gave us the opportunity to venture into the development of Spacecraft Momentum Wheel and Solar Array Drive mechanism. A momentum wheel imparts very high angular momentum to the spacecraft which makes the whole spacecraft acts as a gyroscope. Any disturbance to the spacecraft is resisted by the angular momentum imparted to the spacecraft by the momentum wheel. The APPLE spacecraft was equipped with two momentum wheels, each having angular momentum of 30 Nms. One wheel was imported from Teldix, Germany, and the other one was VSSC-developed VC-30 momentum wheel. For the first one year the Teldix wheel controlled the APPLE spacecraft and our VC-30 wheel was used for the second year.

b)In the reaction wheel, it is the other way. That is, the net angular momentum is always zero. It is called a zero-momentum system. When there is a disturbance, the reaction wheel rotates either clockwise or counterclockwise, thus causing the reaction of the spacecraft to correct the incident angular error coming on all the three axes. In the IRS missions, where we need a very high pointing accuracy, momentum wheels cannot be used. For communication satellite missions in geostationary orbit, the pointing accuracy is of the order of ± 0.1 degree and for remote sensing satellites which take pictures from low earth orbit the pointing accuracy is of the order of ± 0.01 degree. These are very stringent specifications. Apart from that, there is a jitter specification of 10–4 degree per second. This can be achieved only with the high-precision reaction wheels with near-zero momentum in all the three axes. With the know-how available from Apple Momentum Wheel we could design, develop, qualify and supply four reaction wheels to the IRS-1A satellite. A solar array drive was developed and successfully flown in the IRS-1A programme. From APPLE, IRS Spacecraft Programme, we developed Momentum Wheels, Reaction Wheels, Solar Array Drive, and DTG-based Inertial Reference Units (IRU) for INSAT and GSAT programmes, thus giving near-total self-reliance to spacecraft inertial systems of ISRO.

c)Another important development in the spacecraft mechanism was the Very High Resolution Radiometer (VHRR) scanning mechanisms for INSAT-2A and 2B, which I consider was a great achievement. My colleagues S.K. Banerjee, M. Krishnaswami, N. Kannan and P.C. Thomas worked relentlessly along with our friends George Joseph, A.S. Kiran Kumar and Kadooskar at Space Application Centre for the realisation of the VHRR scanning mechanism and its electronics. We also developed the required Mechanisms Calibration Facility at VSSC. Today we have indigenised the VHRR instrument for all the ISRO missions and in fact the Kalpana satellite uses a similar one developed by us.


IISU TODAY

ISRO Inertial Systems Unit (IISU) consolidated the manufacture, assembly and testing of inertial sensors like Dynamically Tuned Gyroscopes (DTG), servo accelerometers and related electronic packages for launch vehicles and actuators like Momentum/Reaction Wheels, Solar Array Drive mechanisms for spacecraft programmes of ISRO. During the past decade IISU realised over twenty-five RESINS and rate gyro packages for PSLV and GSLV launch vehicle programmes along with fifty Inertial Reference Units (IRUs) for IRS/INSAT/GSAT programmes. Significant augmentation of precision fabrication and assembly capacity, sensors and systems test facilities with three-axis motion simulators contributed towards realisation and delivery of flight standard inertial systems both for launch vehicles and spacecraft programmes of ISRO.

In the area of research and development, IISU successfully designed, developed and flight-qualified in PSLV, an Advanced Inertial Navigation System (AINS) using indigenous ring laser gyroscope and quartz-based pendulous servo accelerometer named as ‘Ceramic Accelerometer’ for GSLV-Mk III mission. The ceramic accelerometer has very high resolution of less than 1 µg and zero stability less than 5 µg could successfully put the Chandrayaan-I very precisely into the Moon’s orbit. The same ceramic accelerometer with mini DTG is slated for use in ISRO’s Mars Orbiter Mission (MOM). IISU has established a dedicated state-of-the-art facility for optical components precision fabrication, metrology, assembly, integration and testing of laser gyroscope and ceramic accelerometer.

GPS-Aided Inertial Navigation System (GAINS) has been developed and it is a standard avionic package in all PSLV and GSLV flights to determine the preliminary orbit of spacecrafts immediately after their injection by the PSLV/GSLV missions for ISTRAC and MCF. GAINS is totally decoupled from the vehicle NGC system, except that it takes the RESINS telemetry data on-board. However, ISRO plans to use GAINS in closed-loop operation mode along with on-board NGC system and Air Data Computation for Reusable Launch Vehicle Demonstrator project in the near future.

IISU has perfected the Solar Array Drive Assembly for IRS/INSAT/GSAT spacecraft with a power transfer assembly capacity from 2 kw to 10 kw. These low-speed mechanisms are provided with in-house solid lubrication of lead by ion plating and MoS2 by Radio Frequency sputtering for ball bearings. The Space Tribology Laboratory has been developed as a world-class research laboratory which enabled the realisation and successful operation of the MADRAS payload in Megha-Tropiques spacecraft.

Having achieved total self-reliance in inertial systems for all ISRO programmes, IISU has set its goal in cutting-edge technologies like Atom Interferometer Precision Gyroscopes, Accelerometer and Gravity Gradiometers, Vision-aided Navigation Systems for Moon and Mars Landing and Rover Operations in the next decade. Towards enabling the above goal, research laboratories are being augmented with sophisticated equipment and test facilities in IISU, to achieve ultimately a national centre of excellence in inertial navigation.
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Dr Nagarajan Vedachalam was the leader responsible for making ISRO self-reliant in inertial components and systems. He was the founder Director of ISRO Inertial Systems Unit (IISU) which supplies inertial components and systems to all launch vehicles and satellites of ISRO. Member of several committees dealing with safety in railways, science and technology, promotion of research in universities, precision agricultural machinery, etc., Dr Vedachalam is a recipient of several awards including the Yuri Gagarin Gold Medal. As Director of Liquid Propulsion Systems Centre, he had directed the development of India’s cryogenic rocket stage for GSLV and was responsible for successful testing of the first cryogenic engine for 1,000 seconds. The Government of India honoured him with Padma Shri on the fifty-fourth Republic Day.


PART THREE

Satellites


3.1

Origins of Satellite Technology in ISRO

The Story of Aryabhata

U.R. RAO
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INTRODUCTION

In 1968 Vikram Sarabhai requested me to write a brief proposal justifying the need to build a satellite programme for India, which I submitted in about two weeks. He went through it and said, ‘It’s very fine, except for one thing.’ When I asked him what it was that he did not like, he said: ‘You have not mentioned who will lead the satellite programme.’ I told him that selection of a proper person to build the satellite programme was his problem. Then he said, ‘You are the right person who has worked on satellites and hence you should take charge of our satellite programme.’ When I refused to accept such a responsibility as I was already spending about three months every year in the USA as a visiting professor at the South West Centre at Dallas, Texas, I was reluctant to accept the new responsibility of heading our satellite programme.

After continuous prodding from Sarabhai for over one year, I finally agreed to take the responsibility for building India’s satellite programme in 1971. About twenty-five scientists and engineers (which included Prakash Rao, K. Kastutirangan, Agarwal, Sharma, Jayaraman, Batra, Jain, etc.) who were working with me at PRL, Ahmedabad, started working on the satellite programme. In Space Science and Technology Centre (SSTC), Trivandrum, some twenty people were working on satellite electronics under P.P. Kale. As Kale was sent to NASA for a training programme, Sarabhai asked me to take charge of the Satellite Electronics Unit at Trivandrum and start building a team of scientists to start a dynamic satellite programme for India. The first set of people I got were the group of people who worked with Kale, which included Tarsem Singh, M.K. Saha, R. Ashiya, D.V. Raju, K. Thyagarajan, P. Radhakrishnan, Rajalaxmi, Surendra Paul and so on. About twenty-five people in all. I renamed this Division at SSTC, Trivandrum, as Satellite Systems Division (SSD). Such a division also requires specialists in structures, thermal control, power, communication, orbital mechanics, etc., if it has to build a satellite. I went to C.L. Amba Rao (who was heading the Structures Group) and requested him to release three people from his group which included A.V. Patki, V.A. Thomas and D. Narayana Murthy. Along with the twenty-five scientists and engineers who were working with me in PRL, Ahmedabad, we started to design a 100 kg satellite meant to be launched by the Scout vehicle of America.

ORIGINS OF THE INDIAN SCIENTIFIC SATELLITE PROJECT

We decided to build a small satellite to start with, just to gain expertise for building satellites. The best way to do this in the least expensive way was to build a small satellite and to use the Scout rocket for its launch. At that time, reputation of Scout was very high. It was one of the first satellite launch vehicles to be used for extensive survey in X-ray astronomy. That survey was a milestone in the history of X-ray astronomy. In any case, it was the cheapest launch vehicle we could think of at that time.

It was sometime in 1971 that our Ambassador in the Soviet Union, D.P. Dhar wrote to Prime Minister Indira Gandhi informing her that the Soviet Academy of Sciences was ready to assist us in launching our first satellite. Naturally, this letter was passed on to Sarabhai. He called me immediately to Delhi for an urgent meeting, which was attended by Vellodi (of Department of Atomic Energy), Ambassador Pegov of the USSR and me. Sarabhai told the Ambassador that we had designed a 100 kg satellite and were looking for help in launching it into space. The next meeting took place in Moscow, at the Academy of Sciences, in August 1971. The Soviet team of about twenty was led by academician B.N. Petrov, Senior Vice-President of the Soviet Academy of Sciences. In our team we were four, including me. The others were H.G.S. Murthy, Director of the Rocket Launching Centre at Trivandrum, who was involved with the development of the recently established Rocket Launching Centre at Sriharikota; Sathya Prakash, an ionospheric scientist from PRL, Ahmedabad, and V.P. Kulkarni. Kulkarni was included because being a PhD degree holder from Patrice Lumumba University, Moscow, he knew the Russian language. We had a four-day meeting at the Academy in which the Soviets finally agreed, after considerable discussion, to provide a free launch for our first satellite. Immediately after the meeting at Moscow, I had to go to Hobart, Tasmania, in Australia, to participate in the Cosmic Ray Conference. I met Sarabhai at the Bombay airport to brief him on what had happened at the Moscow meeting and caught an Alitalia flight from Bombay to go to Sydney and then to Hobart.

Then the tragedy happened. Sarabhai died in December that year (1971). Consequently, the follow-up meeting with the Soviet team to finalise all the details was delayed. It was finally held in Trivandrum in February 1972, when M.G.K. Menon was the interim Chairman of ISRO. Before the meeting, Menon called me and asked me, ‘What is the justification for this project?’ I gave the justification. ‘If we want to go into space, this is the first real opportunity we have. As we are getting a free launch, we can start with minimum amount of money and then build upon it. You just can’t go straight to operational communication satellites or remote sensing satellites till you have successfully built at least a couple of experimental satellites and established your capability to build complex satellites.’ Menon went to Delhi to brief Indira Gandhi and joined our meeting at Trivandrum two days later. As soon as Prof. Menon came to Trivandrum, he stated that Mrs Gandhi had agreed to our proposal and wanted to know how much it would cost before providing final approval. He connected me to Mrs Gandhi. I told her, ‘Madam, give me two hours and I will come back to you.’ After all, you can’t give PM a vague idea of the cost.

So I called S.P. Kosta, Rangan (K. Kasturirangan), Ashiya, and Tarsem Singh and told them: ‘You have just an hour to estimate the total cost and report to me.’ They came back with a figure of about Rs 60 lakh. I told them, ‘It is terrible! You take an hour and a half and come back with this! You can’t get half the space-qualified components for that amount! Do you have any idea how much space qualified components cost?’ Then I sat with them and using my knowledge of the cost of the space-qualified components, arrived at a cost of Rs 3 crore, with a foreign exchange component of Rs 1 crore. At the end of about two hours, I went to Menon and said, ‘Please connect me to Mrs Gandhi.’ I told the PM, ‘Madam, it will cost us Rs 3 crore with 1 crore in foreign exchange.’ She said, ‘Go ahead and sign the agreement!’ Absolutely fantastic!

Later, when Menon asked me about the place where the satellite project would be carried out, my first reaction was Ahmedabad. He said, ‘Look, it is alright for you to say Ahmedabad because of your long association with PRL. But rationally, do you think it’s the right place?’ I said, ‘Alright, if you ask me that question I have to tell you the choice has to be either Hyderabad or Bangalore. I do not know which is better! I know a little bit more about Hyderabad because I go there for balloon flights, whereas I am practically a stranger to Bangalore.’

The discussion on this went on. Finally Menon said, 'Make a list of your requirements and see the facilities available at Bangalore and Hyderabad for taking a final decision for starting our satellite programme.' A.S. Rao (of Electronics Corporation of India Limited) was requested to find out the details at Hyderabad. I had to go to Bangalore to assess its suitability for starting our satellite programme. We met together a week later to take the final decision.

I took the Bangalore telephone directory with me to look for contacts. The first person I spoke to was Satish Chandra, the then Secretary of Industries in Karnataka and who later became the Chief Secretary. I told him that we wanted to start our national satellite technology programme and hence I wanted to see the entire infrastructure of Bangalore which would help us to decide whether it should be located at Bangalore or Hyderabad. He helped me, showed me many places. At Peenya, on the outskirts of the city, he showed me a skeleton of a few industrial sheds which were being built. I told him that I wanted the first four sheds, each with 5,000 sq. feet area. They were the so-called industrial sheds meant for new industries, coming up in Peenya. He promised to get them ready in two months (it actually took four months). That’s where we started our Indian Scientific Satellite Project (ISSP). To start with, it was known as the Indo-Soviet Satellite Project. We remodelled the sheds, built sophisticated electronic laboratories, clean room, thermovac chamber and so on.

But before we did all these, we had to face a big problem: shifting of SSD from Trivandrum to Bangalore. There was stiff opposition to it in Trivandrum. (After Sarabhai’s death, the whole complex at Thumba and Veli was named after him). We were not allowed to transport even a pin from Trivandrum! In fact, there was even a parliamentary assurance that at the end of the project, it would be brought back to Trivandrum, which would have been an absolute disaster!

Anyway, my responsibility was to get the first satellite project done in about two-and-a-half years. In the beginning, all of us were either in Trivandrum or in Ahmedabad. On top of it, not a single piece of component or equipment could be moved from Trivandrum. We had nothing in Bangalore. So I told Dhawan that we must find a new way of doing things. The normal procedure of ordering and procuring things would not do. Dhawan agreed to this. A small team of three people was formed under my chairmanship with T.N. Seshan and Y.S. Rajan as members. We went to France, the UK and a few cities in the US, staying a day or two at each place. We had the complete power to take decision on the spot and issue purchase orders for equipment and components after negotiation. This way we not only got all the equipment within six months but also at a much cheaper, at least at 25 per cent less, price than we would have paid under the normal procedure. I also used my personal contacts at MIT, Lincoln Laboratory, NASA HQ, Dallas, etc., to borrow non-space-qualified components), to enable us to start building the engineering model of the satellite. Similar procedures of forming special purchase committees and procuring components and equipment were later followed by Dr A.P.J. Abdul Kalam for SLV-3 and again by Mr R.M. Vasagam and me for the APPLE project.

ARYABHATA

In the beginning we had not named our first satellite. It was Indira Gandhi who chose the name Aryabhata. At the last meeting of the Project Management Board before the launch of the satellite, Dhawan, who was the Chairman of the Board, discussed with the Board Members (which included Brahm Prakash, T.N. Seshan and me) and decided to recommend three names: the first was Aryabhata, the second was Mitra and the third was Jawahar. Aryabhata is of course the name of our great ancient astronomer, Mitra was supposed to signify friendship between the Soviet Union and India and Jawahar meant spirit of independence. The three names were submitted to Mrs Gandhi, who chose the name Aryabhata for the first satellite of India.

Shankar Dayal Sharma who was in charge of our postal services (later he became the President of India) used to tell me, ‘You made me spend double the money for printing the commemorative stamp on satellite.’ This was because, though the launch date was fixed as 19 April 1975, I had told him that there could be a delay of one day. So he printed stamps both for 19 and 20 April 1975. But the launch did take place on 19 April itself and the stamp bearing 20 April 1975 had to be destroyed immediately.

Aryabhata became the forerunner of our space programme and provided us confidence to build state-of-the-art application satellites for communication, remote sensing of natural resources and meteorological investigations. Even as Aryabhata was getting ready, an experimental remote sensing satellite Bhaskara and an experimental communication satellite APPLE were conceived, as the first step to enable us to boldly embark on our ambitious space programme of building state-of-the-art IRS remote sensing satellites and INSAT geostationary communication satellites.

INSAT initiated a communication revolution in the country by providing nationwide connectivity, broadcasting and meteorological information even to the most remote corners of the country. Remote sensing satellites have become the backbone for nationwide monitoring of forests, wasteland, environment, water resources, agriculture, ocean, fisheries, cyclones, floods and disasters.

It is indeed gratifying to see that the younger generation, who joined ISRO later, have fully captured the spirit of Aryabhata, such as the enthusiasm, absolute dedication, hard work and ‘never say not possible’ spirit.
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Prof. U.R. Rao, an internationally renowned space scientist, was chosen by Dr Vikram Sarabhai to lead the development of satellite technology in ISRO. Acknowledged as the final authority on satellite technology in ISRO, Prof. Rao became the Chairman of ISRO and the Secretary of the Department of Space in 1984.Under his guidance, beginning with the first Indian satellite ‘Aryabhata’ in 1975, over fifteen satellites including Bhaskara, APPLE, Rohini, INSAT-1 and INSAT-2 series of multipurpose satellites and the sophisticated IRS-1A and 1B remote sensing satellites were designed, fabricated and launched. He is the recipient of innumerable national and international awards, including the Padma Bhushan of the Government of India. Prof. Rao is currently the Chairman of the Governing Council of the Physical Research Laboratory. Prof. Rao has recently published a book, India’s Rise as a Space Power (Foundation Books, New Delhi, 2014).

[image: Image]


3.2

APPLE in Retrospect

R.M. VASAGAM
 
[image: Image]

It is a momentous occasion when we are celebrating fifty years of space activities in India. As one who was fortunate to join the Indian space programme in its formative years and also had the opportunity to lead APPLE, India’s first geostationary experimental communication satellite project during 1977–83, I would like to highlight the challenges and exciting moments of the project from concept to completion. APPLE was an acronym for Ariane Passenger Payload Experiment and it was based on a free launch opportunity on the Ariane launch vehicle under development by the European Space Agency (ESA) in the 1970s. APPLE made India to master the state-of-the-art technologies in satellites for space communication missions as well as technologies for Earth observation and scientific satellite missions.

The project, conceived in 1975, chosen by ESA from among seventy-two competing proposals in 1976 and approved by the Government of India in May 1977 with thirty months’ time schedule and Rs 21 crore outlay, culminated in launch on 19 June 1981 from Kourou, French Guiana atop Ariane L03.

APPLE was designed and built as a sandwich passenger-carrying Meteosat on top and CAT (Capsule Ariane Technologique) module below. APPLE incorporated integral orbit transfer and orbit and attitude maintenance propulsion systems, three-axis attitude control system with momentum wheel and Sun and Earth sensors, driven deployable solar panels and nickel-cadmium batteries, carbon fibre face skin antenna, honeycomb deck plates, multilayer thermal blankets and optical solar reflectors for thermal control, C-band communication transponders and VHF tracking, telemetry and command system. Judicious choice was made for using space-proven and indigenously developed systems compatible with the tight time schedule of thirty months. The C-band communication payload compatible with Satellite Telecommunication Experiments (STEP) infrastructure was planned to carry out advanced satellite communication experiments beyond SITE and STEP using ATS-6 and Symphonie satellites.

Structural tests including combined stack tests, thermo-vac tests, mission and software activities and control systems simulation were all done at hectic space both in India and at Toulose, France. In all, five-and-a-half models were built for structural, thermal, engineering, proto-flight, flight and flight spare purposes. APPLE development plan spanned over six years. Many work centres were involved in the project (see figure at p. 274).

There were moments of successes and setbacks in this project. The project activities were taking place at all ISRO centres and also in all continents. Please note that this was at a time when only telephone and telex were available for domestic and overseas communication and that too you had to book and wait for your call to come through. Same was the story for mission operations. You had to hire dedicated link from OCS (Overseas Communication System). As ISRO did not have enough mainframe computers, the computing time needed for structural, thermal and mission analysis could be met only through our engineers availing the night hours at IISc, IIT Madras and TIFR! Our means of realising the hardware were centred around HAL, BEL, ITI and ECIL. Setting up the three-in-a-batch solid-motor casting facility at SHAR, enhancing Vibration Test Facility at STEX, High Altitude Test (HAT) facility for solid apogee motor tests (with steam generation capacity equivalent to 200 MW thermal power station and based on nitric acid, diesel and water rocket) and setting up APPLE Mission Control Centre at Sriharikota were posing great challenges all the time. The development of tribology laboratory for momentum wheels and solar array drives, carbon fibre antenna and honeycomb deck plates, and Vacuum Ignition Testing Facility at VSSC were taken up with exemplary speed. The facilities at Space Application Centre for building the payload and antenna tests were equally difficult to come through. Thermo-vacuum chamber of 4 m diameter at ISAC was to be ready for thermal model testing and also for tests on proto-flight and flight models. We can look back with satisfaction that everything was accomplished in time with less than 5 per cent escalation, well within the contingency provisions.

More than that, we met the demands of ESA. In case the flight model of APPLE was not ready in time, we were to launch the flight-worthy structural model stored at Toulose, after composite stack test, which would be returned to India only after the launch. What a shame it would have been if we had not delivered the flight model on the agreed date? We also had to set up an independent safety office in ISRO. We did the coupled loads analysis for the first time! Transporting of solid apogee motors on aircraft and its storage in France, moving it to Kourou later, transporting Indian-made hydrazine to Kourou by ship, etc., were things accomplished against great odds. Air India had been our carrier but at a critical moment we were facing difficulty of getting the chartered aircraft to come to Toulose to carry the spacecraft to Kourou owing to violation of Lomé Convention of 1975. Kourou being a French overseas territory, we had to engage Air France! But it turned out to be cheaper! During launch the Australian Post, Telephone and Telegraph workers went on strike severing our redundant overseas communication link from Kourou. For every one day delay in launch on our account, we would have to pay 100,000 Francs penalty! At Kourou we had the CNES staff strike jeopardising the launch schedule. But the French military personnel came to the rescue and manned the facility. The only problem was that we had to move around with passes and passwords even at the launch tower. Further, we had to pray for success of the third developmental launch as the second developmental flight ended up as a failure in the boost phase itself (on recovering the hardware from the Atlantic Ocean it was later found to be attributed to a piece of cloth in the engine assembly).

APPLE had an anomaly. One of the solar panel did not deploy and the mission team evolved the operations plan in real time and succeeded. While one panel power was sufficient for operations in geostationary orbit, problems arose in thermal management. With one half of the OSR (Optical Solar Reflector) blocked, we had temperatures rising and finally we had to do pitch rotation to even out the Sun load for four months around the winter solstice. The reacquisition of Earth was hampered by scintillation problems.

The successful functioning of the transponder was tested using a live dance programme signal sent to and received from the satellite. The time delay for nearly 80,000 km (to and fro distance of the satellite) is about 270 milliseconds. APPLE transponder also transmitted Rabindranath Tagore’s dance drama Chitrangada. While characterising the end-to-end performance of the APPLE communication link, it was our own way of blending the best of the East and the West!

APPLE was dedicated to the nation on 13 August 1981 by then Prime Minister Indira Gandhi. It was again a unique experiment and an experience to all when the APPLE development team members, assembled at the Vikram auditorium at Space Application Centre, were introduced to the Prime Minister by Satish Dhawan, then Chairman ISRO, present at the New Delhi Earth Station, through two-way videoconferencing – one half of the screen showing the New Delhi Earth Station scene and the other half showing Vikram auditorium! APPLE development story was telecast to all metros having TV stations and relayed through transportable terminals as well. But it was black-and-white TV as colour television came to the country a few years later during the Asian Games. The Prime Minister symbolically handed over the model of APPLE to the Minister for Communications and said that APPLE marked the ‘Dawn of India’s satellite communication era’. The Prime Minister’s address to the nation on 15 August from the Red Fort was carried live to the country by APPLE.

The APPLE spacecraft was utilised for more than twenty-seven months in orbit and was used by ISRO and Telecommunication Research Centre of P&T for conducting advanced satellite communication experiments like TDMA, SSMA, computer networking, telemedicine, teleconferencing, tele-education, emergency communication and disaster mitigation, hook-up for national events using mobile and transportable terminals.

A moving experience happened when APPLE was harnessed to link Gandhinagar Secretariat and Amreli District Collector’s office when the entire road and communication network collapsed due to cyclone hitting Amreli district. With emergency communication terminals at both the places and ESCES acting as a hub to achieve the link margins, more than 50,000 messages (from the birth of a child to bereavement to postponement of betrothal) passed through APPLE for ten days. The Chief Minister of Gujarat came to SAC for thanksgiving and he said, ‘When we gave our land at Jodhpur Tekra for ESCES we never knew that it is going to be extremely useful in our times of distress. You are our friend in need.’ Similar was the experience during a volcanic eruption in the Andaman Islands. Real-time interbank reconciliation performed with SBI Bombay and Calcutta branches using rooftop terminals, printing of The Hindu newspaper at Bangalore (using APPLE link and Chengalpat Earth Station acting as hub and jeep-mounted small terminals at Madras and Bangalore of The Hindu office) with much less error compared to microwave links were some of the experiments paving the way for dedicated operational systems.

Another experiment of great interest was for tracking the location of wagons of Indian Railways, the major source of earning for them. APPLE was also used to conduct satellite communication course, APPLE telling its own story to seven campuses in India with audio-video downlink and audio uplink for interaction in a sequential mode. The robotics course of the Institute of Electrical and Electronics Engineers was conducted for students at seven locations with resource persons at Ahmedabad, New Delhi and Detroit. Operational systems soon followed. The successful month-long telemedicine experiment between AIIMS, New Delhi, and Civil Hospital, Ahmedabad, extensive trials of the emergency communication and also the VIP terminals became operational services in the INSAT period.

I have to now bring out the tense moments we went through. On orbit, APPLE had an anomaly. One of the solar panels failed to deploy. The power from one panel was adequate for the on-orbit phase but we met with a formidable thermal problem. One half of the optical solar reflector surface was blocked and it led to a rise in the temperature of satellite subsystems like the Earth sensors, momentum wheel bearings and batteries operating near their qualification limits during the period around the winter solstice. A pitch rotation manoeuvre was designed to rotate the spacecraft like rotisserie manoeuvre for four hours every day in the night time and to reacquire Earth lock after four hours and continue normal operations for the rest of the day. The mission operations team at Sriharikota had nightmarish experience to regain Earth lock as the VHF TT&C link was affected by ionospheric scintillation and succeeding after a number of attempts each day. One has to remember at this juncture that 1981 was ‘UN Year of the Handicapped!’

APPLE teams had many other interesting experiences. The apogee motor of APPLE with 314 kg propellant load was capable of supporting the 616 kg spacecraft weight; but owing to increase in spacecraft weight it was able to take it to a twenty-two-and-a half-hour equatorial orbit from the initial elliptical transfer orbit for a period of ten hours and a half, inclined to the equator at 17 degrees. We loaded the hydrazine tanks full availing the final margins released by Ariane L03 mission. Attaining the final twenty-four-hour orbit was made possible by a series of burns of four of the 1 N hydrazine thrusters for hours in continuous burn mode at appropriate times in orbit. The orbit-raising strategies for INSAT and Chandrayaan-1 and planned Mars missions go back to those days of doing things out of necessity. Necessity is the mother of invention. How true it has turned out to be!

APPLE operated for over twenty-seven months in orbit exceeding its design life of two years. The last moment of APPLE occurred on 19 September 1983. Sitting at ISAC at Peenya in constant communication with the operations team at Sriharikota, we witnessed the fall of thrust from hydrazine thrusters. Slowly, the last few drops of hydrazine came out and the thrusters were no more capable of producing rotation and translation of the spacecraft. As a last-ditch effort, attempts were made to access residual quantity of hydrazine trapped in two of the tanks due to a shut latch valve. However, this did not bear fruit. With tears in our eyes, we had to send the last command to shut the spacecraft as part of the predetermined plan of shutting down all subsystems and making the beacon silent. This was the last of the more than 90,000 commands sent to the spacecraft and faithfully executed but for one, which was traced to be due to a fault in the ground system!

APPLE, though ‘handicapped’, was the most forgiving satellite and it was our test bed for learning from L (learning) board to experts! We had lost the Sun lock and the Earth lock a number of times due to anomalies in subsystems, and the operations team used to keep the spacecraft in safe mode and start recovery operations, sometimes even taking the ISAC team by bus to Sriharikota. On one such occasion we were able to get the normal operations restored back to support the Indian Air Force fire power demonstration event at the Tilpat range just in time! Setting up and locating ISTRAC at Bangalore came out of such APPLE experiences.

Many tense situations occurred during the development and testing of the APPLE spacecraft. The cage instability problem in the momentum wheel was valiantly solved by the Inertial Systems Laboratory paving the way for indigenous momentum and reaction wheels, which became our mainstay for future missions. Similarly, perfecting the vacuum ignition of solid ABM (Apogee Boost Motor) also contributed to the success of SLV-3 project one year ahead of APPLE launch. The rupturing of plumb lines of RCS on the proto-flight model was another incident. This was owing to inadvertent cooling during thermovac test causing demineralised water (used as simulated fluid) to turn to ice leading to expansion. The cause was traced to be the erratic power from the mains and the time delay in getting the backup on. It required corrective action at the supplier’s facility in a firefighting mode to be back in time to serve as flight standby. The last-minute polarity error detected in Lockheed Earth sensor flight model (traced to be due to change of wiring team at manufacturing stage), collapse of High Bay Building roof of Cast And Cure Facility of SPROB due to hovering of severe cyclonic storm over SHAR for eight hours, collapse of VHF antenna mount due to wind conditions at SHAR, collapse of the 40 m tall water tank feeding High Altitude Facility at STEX, etc., were some of the incidents causing setbacks but fortunately no casualties!

The judicious mix of make-buy options paid the dividend. For the main system we chose space-proven items from outside vendors and the redundant systems were indigenously built. After one year in orbit, we switched over to indigenous systems and acquiring performance and qualification data paving the way for self-reliance in critical subsystems like momentum wheels, sensors and RCS. The technology of orbit raising and orbital operations perfected through APPLE and thermal and power management became the core of operational satellite missions like INSAT and IRS which followed.

APPLE being transported on a bullock cart has become a symbol of our innovative approach and has been characterised as collision of centuries by Newsweek, which said that between the tail of the ox and the sophisticated APPLE spacecraft kept on a clean tent, centuries are coming together. APPLE was put on a bullock cart to provide a non-magnetic environment and to conduct the antenna test in an open field to remedy the TT&C link problem caused by impedance matching problem. The solution was found in about five hours and at a cost of Rs 150 for hiring the cart! It would have resulted in considerable expenditure and time delay to conduct this test in a facility outside India. We were close to the point of transporting the satellite to Toulose for final tests of the composite along with CAT and Meteosat to be followed by launch from Kourou.

The storage of APPLE ABM was in the French Munitions Facility. Our engineers went every day crossing the fortified barriers including guard dogs to perform rotation of the motors by 120 degrees every day like wine bottle storage to prevent grain de-bonding. This was another unique experience. Hydrazine made at Thumba was transported by ship to French Guiana in specialised small containers certified for maritime transport of explosives. It is worth noting that the Guiana Centre authorities tested and found our hydrazine to be of superior quality compared to that demanded by US Air Force specifications. While we brought the flight stand by ABMs to India, the balance quantity of hydrazine was neutralised in a special facility at Kourou at our cost as the charge of transportation was much higher. Same was the story of transporting our igniters for mating and testing with the Thiokol safe and arm device in their facility with police escort in New York and New Jersey states – of course at our cost! Our ITLU (ISRO Technical Liaison Unit) office at Washington had to do such coordination at very short notice.

Release of the flight-worthy structural model was authorised only after successful launch of APPLE. This was brought back along with the proto-flight model, ABMs and integration and checkout equipment by Air France to Delhi in pallets and subsequently transported to Bangalore by road.

The excellent performance of ECIL-made computers supporting the mission operations in the initial orbit-raising phase for forty-five days in non-stop mode, arranging tanker-loads of liquid nitrogen for twenty-one days from Indian Oxygen, Madras, with special exemption from power cut during President’s Rule there, authorisation to the Project Director for granting air travel for one-way and return by train for people accompanying the spacecraft items subject to submission to the DOS and the Member (Finance), Space Commission, are some of the things unique to this project.

A team of over 2,500 young engineers, scientists, technicians and administrative personnel ably assisted by Indian and international institutions/industries accomplished the mission. The average age of the APPLE team was twenty-seven years and I was thirty-seven at the beginning of the project. ‘We did not know that we did not know’ made us to perform in a daring manner against all odds! APPLE symbolised the romantic phase of our space programme. It touched the hearts of all Indians. Dhawan was asked by his highly concerned vegetable vendor ‘APPLE Kaisa Hai’ and he said that APPLE will not be renamed as was done for earlier missions! At Anand Bhavan, Allahabad, while delivering the Nehru Memorial Lecture I was confronted by the aunt of Indira Gandhi from amongst the audience of a few thousand people on 14 November 2001 as to why APPLE was running hot when the north was facing cold wave and also on consequential misery including loss of life. I had to explain our thermal problem in and around the winter solstice and the remedial pitch rotation operations! The state-level science competitions held next day had so many students demonstrating APPLE elements using simple components. Thus, apple had touched the citizens of India cutting across all age groups.

Today we are in the forefront of space communication and Earth observation systems for our needs. We have missions to go to Moon again and Mars as well. Our own navigation satellites and human space flight enablers are in the works.

ESA and ISRO commemorated the silver jubilee of Ariane L03 and APPLE launch at Paris on 16 June 2006. APPLE symbolises the fruitful cooperation between ESA and ISRO paving the way for strong ties between the two organisations in the years to follow.
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Dr R.M. Vasagam is a specialist in space systems including satellites and launch vehicles. He was the Project Director for APPLE, India’s first indigenous geostationary communication satellite project. Self-reliance in space systems, reusable launch vehicles and serviceable satellites are his other areas of interest. He has contributed significantly to engineering education and research in our country as Vice Chancellor of Anna University and Dr MGR University. He is the recipient of many awards including Padma Shri and the Vikram Sarabhai Award. He is Fellow of the Institution of Engineers (India) and Astronautical Society India and many other professional bodies. He serves as a member of many national-level committees. He is currently Chairman, Aerospace Division of IE(I).
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FIGURE 3.1: Work Centres
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Origins of INSAT-1

PRAMOD KALE
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INTRODUCTION

I think that the idea of having our own communication satellite was born in 1964–65 when the Bhabha Committee report on the development of electronics in India was being prepared. Sarabhai was convinced that spread of telecommunications and television in India would be faster if we were to use a communication satellite. At that time, long-distance microwave communications network in the country was poor.

In 1965 India joined the INTELSAT consortium. This was done with a view to using geostationary communication satellites for international telecommunications. And the first Experimental Satellite Communication Earth Station (ESCES) at Ahmedabad became operational at the end of 1967. NASA of the USA was going ahead with the plans for the Applications Technology Satellites (ATS). The satellites ATS-F and G were under study. These satellites were expected to carry large antennas and high-power transmitters for TV broadcasting in UHF.

By 1967–68 two studies were conducted. One was conducted by Biren Prasad at IIT Kanpur about a satellite for India and the other was a DAE-NASA study regarding a satellite for India for television broadcasting. In the DAE-NASA study B.S. Rao from the DAE and B.Y. Nerurkar from All India Radio (AIR) had participated. Sarabhai and Chitnis were in touch with NASA regarding the utilisation of the ATS-F satellite in India for the Satellite Instructional Television Experiment (SITE). An inter-ministerial study group – National Study Group for Satellite Communications (NASCOM), was formed in 1968 to finalise the configuration for the SITE experiment and to consider follow-up by our own communication satellite after SITE was over. I had started participating in this group by September–October 1968. There was also a proposal for a joint study by ISRO with Philco-Ford of USA but this did not materialise.

Later, during March–June 1969, two joint studies were made by ISRO – one with Hughes Aircraft Corporation and the other with General Electric, both of the USA – regarding a broadcasting satellite for India. I had participated in the study conducted with General Electric. These studies were followed up by a definitive joint study by ISRO with Massachusetts Institute of Technology, during April–July 1970.

In November 1969 there were discussions in the USA regarding the definitive arrangements for INTELSAT consortium. A major suggestion made by Sarabhai was that INTELSAT should undertake development and operationalisation of a communication satellite for domestic use by a member country. I was part of the Indian team when this was taken up and accepted.

In September 1969, the DAE-NASA memorandum of understanding was signed for the conduct of SITE. In the same year the first decade profile for atomic energy and space was released by Sarabhai. In 1969, Sarabhai had presented his paper ‘Television for Development’ at the Society for International Development meeting at Delhi. In the National Conference on Electronics held in 1970 in Bombay, Sarabhai had presented the paper ‘INSAT – A Strategy for Development’.

AN ELABORATE PROCESS

The preparation of the Request for Proposals (RFP) was a very elaborate exercise. We had experts from Department of Telecommunications (DOT), Ministry of Information and Broadcasting, India Meteorology Department (IMD) and the Department of Legal Affairs participating in the exercise of writing the document. Experts from INTELSAT organisation, European Space Agency (ESA) and NASA gave us the necessary advice.

When our RFP was issued by end-1977–early-1978 we received two proposals, one from Hughes Aircraft Corporation of the USA and the other from Ford Aerospace Communications Corporation (FACC). Both the proposals were very exhaustive. These proposals were evaluated by three independent entities with experts from ESA, COMSAT Corporation and INSAT-1 Space Segment Project Office. Since both the proposals were from the USA, NASA experts had not participated in the evaluation. Richard Marsten, a very senior retired official from NASA, was helping the INSAT-1 Space Segment Project Office team for the technical evaluation. The team from ESA and COMSAT were given only the technical proposals. INSAT-1 Space Segment Project Office team evaluated both the proposals in totality including financial details.

Both the proposals were very sound and found to comply with our requirements. As and when questions were raised by any team, the questions were posed to both the Hughes and Ford teams.

Once the technically compliant proposals were in hand, preliminary negotiations were held with both the Hughes and Ford teams. The negotiating team on our side included legal and financial experts in addition to technical experts from the Department of Telecommunications (DOT), Doordarshan (the national TV), AIR and India Meteorology Department (IMD). This team chose FACC.

After the preliminary negotiations were over final negotiations were held with FACC team going over the entire document word by word and the contract was finalised in Bangalore. The agreement with FACC was finally signed in Washington DC, at our embassy.

WORK CULTURE AT FACC

The experience of working with FACC was very good for me personally and for the INSAT-1 Space Segment Project Office team. We had an office inside the FACC workplace as well as a separate branch office nearby.

There was mutual respect and the ambience there was quite healthy. In the initial period there were some problems but as the pace of work picked up most of the problems were resolved.

The work culture at FACC was quite new to many of our colleagues. The work there demanded a large amount of documentation. The documentation involved the plans and procedures. The review of the documentation and the quality maintenance was very meticulous.

THE FOUR INSAT-1 MISSIONS

We had a total of four missions in the INSAT-1 series of the satellites. Different launch vehicles were used to launch them:

INSAT-1A was launched on Delta 3910 vehicle on 10 April 1982,

INSAT-1B was launched using STS Orbiter Challenger on 30 August 1983,

INSAT-1C was launched on Ariane launch vehicle on 22 July 1988, and

INSAT-1D was launched on Delta 3920 vehicle on 12 June 1990.

INSAT-1A had an initial problem on account of non-deployment of one antenna in orbit. But that was overcome. The solar sail deployment was a failure and that resulted in a series of problems. The satellite developed thermal management problems due to non-deployment of the solar sail and that curtailed the S-band transponder operation time. The VHRR instrument became non-operational in August 1982. This was traced as due to a faulty connector. The non-deployment of the solar sail resulted in yaw build-up and that eventually led to a catastrophic failure of the satellite in September 1982. The insurance companies paid compensation to the Department of Space (DOS) for total loss of the satellite.

INSAT-1B had initial problem with the deployment of the solar array but that was resolved by specific attitude manoeuvres. Over the years a large number of temperature sensors became non-operational due to electrostatic charging but the operational team was able to manage the spacecraft. The satellite mission was a total success and the satellite remained operational beyond the designed seven-year life.

The INSAT-1C satellite suffered a power bus failure in orbit within a few days after the launch. Only half of the expected power was available. The satellite command receiver had developed a temperature drift problem. The satellite was declared as a total failure but we could use it for about a year. The insurance companies paid full compensation to DOS.

INSAT-1D was a total success. Before launch the satellite suffered damage at the launch site due to failure of the crane. After repairs the satellite was successfully launched.

HOW INSAT-1 HELPED US IN DESIGNING OUR OWN INSAT-2

As per our contractual conditions there was no transfer of technology from FACC to ISRO. The exposure to the various technologies and practices certainly helped us in designing our own INSAT-2 satellites. I can safely say that the experience certainly helped us in the practice of interfaces and configuration management as well as in the area of quality assurance.

A SPECIAL ARRANGEMENT

During the INSAT-1 Space Segment Project, the outlays required were provided under a separate budget head, where the outlays were provided through the transport and communications sector. We had therefore to pay customs duty. But this arrangement helped us to keep the budget for operational satellites separate from the budget allocations for the science and technology sector. I had personally felt that this was a good arrangement.

THE STORY OF VHRR PAYLOAD

While the system studies were going on regarding the Indian National Satellite (a geostationary satellite for television broadcasting), during 1968–70, many ideas were explored regarding additional functions which could be carried out by such a satellite. The addition of the telecommunication transponders was a natural choice. This was taken up immediately as the television broadcasting for education and instruction was considered to be a ‘social service’, which was not expected to be a ‘revenue earner’ and telecommunication service was considered to be a ‘revenue earner’.

In the same time period, the spin scan cameras on the NASA satellites, ATS-1 and ATS-3, had demonstrated that it was possible to get excellent-quality images of the full disc of the Earth from geostationary orbit which could provide very valuable meteorological observations. NASA had plans to proceed with Synchronous Meteorological Satellite (SMS). This satellite was expected to provide coverage over the USA.

Around the same period Japan had started their plans to launch Geostationary Meteorological Satellite (GMS) to provide coverage over the Pacific Ocean, and the USSR had started their plans for the Geostationary Operational Meteorological Satellite (GOMS) to provide coverage over the Indian Ocean. There was, however, quite a bit of uncertainty about the plans of the USSR for such a satellite.

The ISRO system studies regarding the Indian National Satellite (INSAT) were going on at Hughes Aircraft Corporation (HAC) and General Electric (GE) in the USA. HAC had already built the ATS-1 and ATS-3, and they were going ahead with the SMS. GE and Fairchild Hiller were carrying out feasibility studies of the ATS-F and ATS-G satellites. The ATS-F satellite was to carry the UHF high-power payload for TV broadcasting and this was to be used by India for the Satellite Instructional Television Experiment (SITE). In addition, the Very High Resolution Radiometer (VHRR) payload for the meteorological Earth observations was also included. The earlier ATS-1 and ATS-3 were spin-stabilised satellites and spin scan cameras were included in them. The ATS-F and ATS-G satellites were to be body-stabilised and the VHRR payload included there would have been the first such payload yet to be demonstrated in orbit.

The ISRO-Hughes and ISRO-GE system studies were completed by June–July 1969. In the ISRO-Hughes study inclusion of the spin scan camera as the additional meteorological payload was explored. This had happened as E.V. Chitnis had visited the laboratory of Dr Sumi and he was quite convinced that inclusion of such a payload on INSAT would be very useful for our space applications efforts. These studies were followed by the ISRO-MIT satellite system study in mid-1970. This study did not include the meteorological payload.

After 1971 there was considerable interest in the usefulness of the meteorological payload in the INSAT satellite. ISRO had decided to propose to NASA that the data stream of VHRR payload be received at the ESCES at Ahmedabad during the SITE time period. The satellite was expected to be stationed over Africa from where the coverage over the Indian Ocean region would have been possible. NASA had accepted the proposal and all preparations were made for such data reception. Unfortunately, the VHRR payload had stopped functioning in the first six months after the launch of the ATS-F satellite in May 1974. Thus, we were not able to get the experience of using such data in 1975–76.

By 1975 the European Space Agency (ESA) had indicated their plans for the Meteosat and it became clear that the GOMS satellite of the USSR would be quite delayed. The SMS and the GMS satellites were providing excellent data over the Atlantic Ocean and the Pacific Ocean. The Meteosat was going to be located quite west of the Indian Ocean to get better coverage of the European land mass. Thus, it was clear that the Indian Ocean region was not going to be covered.

While inclusion of television and telecommunication payloads in INSAT was readily accepted by all concerned, the inclusion of the meteorological payload required a convincing argument. This argument was provided by P.R. Pisharoty. He had advanced two arguments, as mentioned below.

His first argument was, ‘Just as a pilot receives the detailed weather briefing before taking off, at the end point and along the route, we should be able to provide such a detailed briefing to our farmers in India about the monsoon.’ His second argument was, ‘Agriculture in India contributes about 50 per cent to our gross national product. We lose about 10 per cent of the total agricultural produce due to bad weather, unseasonal rain and wrong forecasting based on scanty data leaving the farmers in the lurch! By providing timely forecasts based on continuous observations from geostationary orbit, can’t we save 10 per cent of the agricultural produce? If we can do so, the expenditure incurred in including a Met payload (VHRR) on INSAT satellite can be justified.’ Both of his arguments were accepted by the decision makers.

Later when ISRO had invited feasibility study proposals in 1976, the meteorological payload was specifically included in the INSAT satellites. After review of these studies, we started developing the detailed system-level specifications of the payloads to be included in the INSAT satellites. In 1977, the INSAT-1 project was approved and the Request for Proposals (RFP) for the INSAT-1 satellite was issued.

The payloads to be included on the INSAT-1 satellites were:


	Two high-power transponders for television broadcasting to community TV sets, distribution of TV programmes for rebroadcasting and radio networking.

	Twelve transponders for telecommunications.

	Meteorological Earth Observation (EO) instrument (VHRR) for imaging the Earth in the visible and thermal infrared bands.

	Data relay transponder for meteorological data collection from unattended data collection platforms.



We had received two proposals from Hughes Aircraft Corporation (HAC) and Ford Aerospace Communication Corporation (FACC) of the USA. Both the proposals were evaluated and finally the contract was awarded to FACC for the INSAT-1A and INSAT-1B satellites in 1978.

METEOROLOGICAL EARTH OBSERVATIONS

The inclusion of an instrument for meteorological earth observations – (VHRR) – in a high-power, body-stabilised communication satellite imposed quite a few constraints on the overall satellite configuration. The operation of the instrument for detection of thermal radiation from the clouds and Earth’s surface in the 10.5 to 12.5 micron wavelength required the infrared detector to be cooled down to 105 K. This was to be achieved through passive cooling. The cooler had to be mounted such that no direct sunlight could reach the cooled patch on which the detectors were mounted. Radiation from any hot surface of the satellite also should not reach the cooled patch.

The required solar power was generated by the Sun-tracking solar arrays. The movement of the solar array had to be stopped during the time taken for generating the image data. For the full Earth scan, the time taken was roughly twenty-three to twenty-five minutes. The image data generated between two such consecutive scans was required to be superimposed to detect the motion of the clouds and to derive the wind vectors. Our goal was to be able to detect wind speeds down to 3 metres per second. Thus we required excellent stability of the control system and hence of the complete satellite. The resolution required was 2.5 kilometres in visible and 10 kilometres in infrared band.

The ability to obtain the full Earth disc images every thirty minutes and sector scan over the intended region every five to ten minutes provided the capability to detect any storm system developing over the Arabian Sea or the Bay of Bengal early. The wind speed and direction data can be used to predict the path of a cyclonic storm. The images generated can be looped together to make a movie of the cloud motion.

PERFORMANCE

The first of the series of INSAT-1 satellites, the INSAT-1A satellite, was launched in April 1982. It had quite a few problems and the satellite failed in September 1982. The INSAT-1B was launched in August 1983 and after solving the initial problems it was dedicated to the nation in February 1984. It provided operational life of over nine years. It met almost all the performance objectives.

The data provided by the INSAT-1B satellite gave a very good input for our satellite meteorology work. The experience gained in utilising the data at the Meteorological Data Utilisation Centre of the India Meteorology Department has resulted in the rapid development of our forecasting models for the monsoon. The early detection of the cyclonic storms on the west and east coasts of our country has resulted in saving a large number of lives.

SARABHAI’S IDEA OF KRISHI DARSHAN

In 1966–67, we had only one television studio and transmitting station in our country. This was located in Delhi and it had a limited range. It was transmitting basically some entertainment programmes and news. The industry for manufacturing the television reception sets in our country was in its infancy. The television receiver technology was developed by Central Electronics Engineering Research Institution of the CSIR at Pilani. That was for one-channel, black-and-white TV sets. Very few companies were manufacturing it.

Homi Bhabha had passed away in January 1966 and Vikram Sarabhai had become the Chairman of the Atomic Energy Commission. Sarabhai was in the process of finalising the Bhabha Committee report on the development of electronics in India. He was convinced about the potential of the television programmes for education and instruction. Since we had only one TV station in our country he was looking at the possibility of utilising the TV programmes for education and instruction for the population around Delhi. He had recognised that because of high cost of television sets, the spread of television in the rural areas around Delhi was very meagre and the rate of expansion was low.

It was the year 1966 when we had very serious drought conditions and we had to rely on very heavy import of food grains. Sarabhai was convinced that television could be used very effectively for educating and informing our farmers about the newer methods of agriculture, and he proposed that television programmes regarding agriculture, horticulture, animal husbandry and hygiene be transmitted by All India Radio (AIR) on the Delhi television station for the village communities surrounding Delhi.

He had realised that for the programmes to be effective, the television sets would have to be installed in places which were accessible to the public, such as the schools or panchayat buildings. After considerable efforts he was able to get the funding for eighty television sets, through the Department of Atomic Energy. The installation and maintenance of the television sets was taken up by AIR. The programme production was the responsibility of AIR and all the necessary expert advice regarding agriculture was provided by the Indian Agricultural Research Institute (IARI). The TV programmes were broadcast twice weekly.

Sarabhai conceived the (Krishi Darshan) programme in an end-to-end manner. All the system elements were thought out before the project was undertaken. He was fully convinced that this was the first step towards the nationwide project to be undertaken for the use of television for developmental education programmes. He had also thought about the ‘content’ of the television programmes. Besides agriculture, the programmes should impart information and instruction regarding sanitation, hygiene, animal husbandry, health, immunisation, family planning and other programmes supported by the government. That was exactly what we had done during the SITE programme, which I understand, is covered elsewhere in this book.
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Pramod Kale started his career in space technology in 1960 when he worked on satellite tracking at the Physical Research Laboratory. He was a member of the team sent to Goddard Space Flight Center, NASA, USA, in 1963 for training in launching sounding rockets. Some of the positions held by him include Project Manager, SITE (Electronics and TV Hardware); Project Director, INSAT-1 Space Segment Project; Director, Space Applications Centre and Director, Vikram Sarabhai Space Centre. Now he devotes his time as an educationist, promoting science education for children from different strata of society and also spends time with social work and community service. He authored a book titled Colours in Nature. Recipient of many awards, he was honoured with the Padma Shri by the Government of India.

[image: Image]


3.4

The INSAT-2 Story

P. RAMACHANDRAN
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BACKGROUND

INSAT-2 communication satellites were indigenous successors to the procured INSAT-1 series. The seeds for the INSAT-2 satellites were sown long before the formal government sanction to build them. The APPLE Spacecraft Project (1975–82) helped to develop and qualify the critical technologies and capabilities required for building, testing, and orbit-raising and operating a three-axis stabilised Geostationary Orbit (GEO) satellite. Even while the INSAT-1 system was being procured, plans for building the next generation of INSAT satellites in India, at ISRO, were set in motion. As APPLE was being built, a committee was set up in 1979 by U.R. Rao, then the Director of ISAC, to start the process for defining Proto-INSAT, the fore-runner for the second generation INSAT satellites. Subsequently, in 1981, this was made the INSAT-2 Study Project by Satish Dhawan, then the Chairman of ISRO.

The users of the INSAT system, namely, the Department of Telecommunications (DOT), Doordarshan (DD) and All India Radio (AIR) of the Ministry of Information and Broadcasting and the India Meteorology Department were involved in the definition phase from the beginning of the study. The Technical Advisory Group (TAG) of the INSAT Coordination Committee (ICC) went through several iterative exercises to arrive at the service requirements for the second generation. Initially two INSAT-2 test satellites would be built and launched, the first in 1989 and the second, a year later in 1990. It was expected that at least one of them would be successful and after extensive in-orbit testing could be inducted into INSAT space segment by 1992, around the middle of the life of the INSAT-1 series. Operational INSAT-2 satellites would then follow at intervals based on the health of the space segment and growth requirements.

SPACE SEGMENT REQUIREMENTS

The overall capacity requirements of INSAT-2 satellites were as follows:


	Fixed Satellite Services (FSS) which included:

	Transponders within the C band and the newly available extended C band for telecommunication and national and regional TV channels.

	Some transponders in the extended C band with higher output power for communication with Very Small Aperture Terminals (VSATs).

	Fifty-four transponders from two orbital locations with a majority from one of those locations, estimated for providing growth from the INSAT-1 system, allowing spare capacity.

	Use of spectrum in the extended C band at the higher end of the normal C bands with eighteen of the FSS transponders in this band.

	Broadcast satellite services.

	Four operating and two spare high-power transponders in the S band with at least two in each location.

	At least thirty-two low-level carriers for radio networking service, disaster warning system, time and frequency distribution, and meteorological data distribution by riding piggyback on the S-band transponders.

	Meteorological service.

	A new Very High Resolution Radiometer (VHRR) designed with improved resolution of 2 km in the visible and 8 km in the infrared channels.

	Continued providing to the 400 MHz/4GHz Data Collection System (DCS) for relaying meteorological data from unattended Data Collection Platforms (DCPs).

	A new 400 MHz/4 GHz Satellite Aided Search and Rescue (SASAR) transponder for relaying disaster alerts from beacons via the international COSPAS/SARSAT system. (NASA had installed this on their weather satellites and suggested ISRO also to do likewise. Taking advantage of the common elements in the DCS it was possible to provide this capability with minimal impact. So this was tacked on to the design at the last minute.)



SPACE SEGMENT CONFIGURATION

It takes several years to build, test and launch a GEO satellite. In the case of total failure of a satellite, all the services will be wiped out for several years until a replacement is made. Though satellites are designed to be very reliable, failures do happen. So, all operational space systems invariably have an in-orbit spare satellite kept at another location to provide additional ‘pre-emptilble’ capacity. When total loss of a satellite occurs, the spare (especially in the case of broadcast satellites) is often moved to its location as otherwise millions of user antennas will have to be reoriented towards a new location at great trouble, delay and expense. Relocation can take several weeks since fast movements would use up more fuel at the expense of satellite life. ISRO had obtained clearance for three slots in the GEO arc above India at 74°E, 83°E and 93°30'E longitudes, for the INSAT system. One of the slots, 74°E, was designated as the primary slot with the rest providing supplementary or backup capacity.

All the services required can be provided from one location by one large and powerful satellite. Large satellites provide more payload mass and enable efficient use of orbit slots with more transponders per slot, and thus one needs to build and operate fewer satellites. But, scaling ISRO’s technologies, infrastructure and resources from the 600 kg APPLE satellite level to an over 3,000 kg satellite would involve the risk of missing the target launch date of late 1989.

Another option considered was to build, as is generally the case, separate satellites for the meteorological and communication services. Even after the removal of meteorological functions, large communication satellite of over 2,500 kg and a small meteorological satellite of around 1,000 kg were needed. Accounting for spare capacity, a total of four satellites were to be launched and operated.

Next, a space segment with multifunctional satellites somewhat larger than INSAT-1 was studied. To maximise the number of transponders at the primary location, an innovative strategy of co-locating two INSAT-2 satellites in one orbital slot was proposed. The two satellites will be identical except for their antennas designed so that FSS transmissions from the satellites will have opposing (orthogonal) polarisations. This allows doubling the number of FSS transponders in the full C band and extended C band without mutual interference. When the satellites are maintained close together (in practice, a small angular separation of less than 0.05 degrees is maintained to make the chance of mutual collision negligible) they would be equivalent to a single large satellite at that location. While co-located satellites were not by themselves new, ISRO was first in using the concept of co-location to simulate a large satellite by employing polarisation diversity.

The two satellites would be small enough to be within the existing technological and planned launch capabilities (GSLV-Mk I). Only one orbit slot would be used and the satellites could co-exist with the two first-generation satellites in the other two slots. Even if one of the satellites fails, the other could still provide at least half the capacity from the same slot ensuring service continuity without pointing the ground antenna again. After the INSAT-1 satellites are phased out, all the slots can be filled in a similar fashion to meet growing demand. Instead of having idle capacity in orbit, satellites can be built and added as and when additional capacity is required. As the capacity is distributed over multiple identical smaller satellites, one such satellite provides adequate backup.

One drawback could be ending up with three sets of meteorological payloads whereas two are adequate to provide service with full backup. However, this can be avoided by designing the satellites in a way that they can be easily modified to the conventional two-sided solar array configuration providing only communications capability. Thus, this system is very flexible and can be easily scaled up in capacity and gradually built up. This option had the lowest overall total cost when, cost of launch and in-orbit spares were included. Due to these advantages this configuration was chosen.

SATELLITE SIZE AND LIFE

Configuring the INSAT-2 satellites was an iterative exercise performed concurrent with the space segment definition. The sizing of a GEO satellite involved complex trade-offs between several conflicting factors and also the choice of the launch vehicle and launch site.

More than half the mass of a GEO satellite goes towards propellants required for raising the orbit from Geosynchronous Transfer Orbit (GTO) into which the launcher injects it to GEO. A satellite in GEO experiences perturbations due to gravitational interaction with Moon, asymmetries in the Earth’s gravitational field and solar radiation pressure, causing it to appear to move in the north-south (NS) and east-west (EW) directions. Rocket thrusters need to be fired for Station Keeping (SK) to maintain it within the specified plus or minus 0.1 degree window around the orbital slot over its operational life. The propellant mass needed is typically about 20 per cent of the dry mass (i.e., mass of the satellite without any propellants). A portion of the dry mass is nearly independent of the size of the satellite. Examples are the telemetry and command, attitude control, propulsion thrusters and power control subsystems. Subsytems like the structure, solar array, tanks for propellants, batteries, etc., do depend on the overall size. Only about 10 to 25 per cent of the mass carried to GTO by the launcher is thus available for the payload, the part of direct benefit to users. The INSAT-1 series fall into the lower end of the above range. The actual payload fraction realised depends on the overall size, the launch site latitude, design life and technological maturity. Large satellites are more cost-effective as they realise more payload mass per unit mass launched. Launches from low latitudes produce a GTO with a low inclination to the equator and hence require less propellant to raise the satellite to the zero-inclination GEO, resulting in greater payload mass or longer life for a given launch mass.

While the satellites in the INSAT-2 series had to be larger than those in the INSAT-1 series, to meet the new requirements, they had to be compatible with the GSLV-Mk I. Satish Dhawan often reminded the Study Director: ‘One must cut the coat according to the cloth.’ In the near term, compatibility with multiple commercially available launchers was essential to enable competitive launch procurement and alternative launch availability (in case a launcher is grounded for several months, which is not infrequent). The NASA Space Transportation System (STS), popularly called the Space Shuttle, became operational for commercial satellite launches in 1983 and was the lowest-cost access to GEO. INSAT-1B was launched on STS (Payload Assist Module – PAM-D) in 1983. A lift-off mass of around 2,000 kg was chosen for INSAT-2 corresponding to the upper end of the lift capability of the STS with its new enhanced PAM-D II boost stage. This mass would also be cost-effective for a shared launch on the Ariane 4 being developed by the European Space Agency (ESA). It could also fly on the US Delta rocket with the PAM-D II stage and was within the capability of the GSLV-Mk I. Following the STS Challenger mishap in 1986, the STS was no longer available for commercial satellite launches. But the decision for optimal sizing ensured that INSAT-2 satellites could be cost-effectively launched with the other launchers.

The physical dimensions of the satellite are determined by the smallest out of the range of launch envelope dimensions permitted by the chosen launchers. The launch envelope is the volumetric space within launcher’s heat shield within which the satellite has to fit while it is being launched. All appendages of the satellite such as solar panels and antennas have to be stowed on the satellite body so that it fits within this envelope and will be deployed only after it has been released from the launcher.

Once the launcher(s), orbital life, launch mass and size are chosen, the available bus and payload technologies dictate the payload that can be accommodated. It was decided that the INSAT-2 satellites should have a design life of at least seven years, the actual operating life being determined by the choice of launcher. Launches from Cape Kennedy on STS or Delta would give a life of over seven years whereas and a launch from Kourou on Ariane or from SHAR on GSLV-Mk I would give a life of over nine years. These considerations resulted in a satellite with a dry mass of 900 kg to accommodate a payload mass of 230 kg with 720 W of power available for it.

The Earth’s rotational axis is tilted 23°30' degree from the perpendicular of its orbital plane. Consequently, the Sun appears to travel up and down (north and south) creating the seasons. During the autumn and spring equinox the Earth blocks the satellites from the Sun for up to seventy-two minutes centred on midnight at the satellite location and the satellite relies on its batteries to function. The batteries for the first two satellites in the INSAT-2 series were sized to support only 320 W of payload power during eclipse as a trade-off between battery and payload mass and factoring in the drop in late-night communications requirements. The payload for INSAT-2A consisted of twelve C bands, six extended C bands, two S bands, one data relay transponder, one transponder for research and rescue and a VHRR for meteorological observation with 2 km resolution in the visible and 8 km resolution in the infrared band.

SATELLITE CONFIGURATION, PLATFORM AND PAYLOADS

CONFIGURATION DRIVERS

Like APPLE and INSAT-1, a body-stabilised configuration was chosen. The advantages are that its Sun-oriented solar arrays generate power efficiently; multiple fairly large antennas can be accommodated and it provides large shaded areas to radiate the heat dissipated within the satellite. A body-stabilised VHRR is much more compact and lighter than a spinning VHRR. Learning from the several mission-critical deployment anomalies that troubled the INSAT-1 satellites, deployable elements were designed to be simple and fully testable, and deployments in transfer orbit were avoided. The total loss of any payload function due to a single deployment failure (except for the solar array) was thus avoided

The satellite body was designed as a cube with 1.7 m x 1.93 m forward (Earth-viewing or EV) and aft panels, 1.93 m x 1.64 m north and south equipment panels and 1.64 m x 1.7 m east and west frames as its six faces. C/S band transmit antenna reflectors with 1.7 m2 offset were stowed, one each on the east and west sides of the satellite so that when deployed they are latched at the proper angle facing Earth to illuminate the designated coverage area over India. This is sometimes called a ‘Mickey Mouse configuration’ for obvious reasons. The FSS channels were divided into two groups with odd channels going to one C/S reflector and even channels to the other. Similarly, the two high-power BSS channels were split with one channel going to each C/S reflector. The entire FSS-receive and low-power C transmit functions (VHRR data, DCS, SASAR) were realised through a 0.9 m aperture fixed antenna mounted on the Earth-viewing (EV) face. Thus, even if one of the two C/S reflectors failed to deploy, 50 per cent of the FSS and BSS and 100 per cent of the meteorological and SASAR functions would be operational.

GEO communication satellites have solar arrays on the north and south sides of the satellite in a balanced configuration. The arrays rotate about the NS axis (pitch axis) at one revolution per day to track the Sun and maximise power generation. The VHRR had an infrared detector that had to be maintained below 110 K (–163o C). For reliable performance, this was done passively using a radiator radiating to free space, approximately at 3 K (–270°C). To avoid direct Sun incidence on this radiator it was oriented north. Since the Sun goes north in summer up to an angle of 23°30', a specially designed reflective Sun shield was used for the radiator. If one were to have a large solar array also on the north side, the Sun shield would not be able to prevent thermal radiation from the hot array heating up the infrared detector. Thus INSAT satellites with a VHRR have a solar array only on the south side.

This creates a new problem. Electromagnetic radiation exerts pressure. The force on 1 sq. metre of a surface due to radiation from the Sun is of the order of one microgram weight. In the vacuum of space with no aerodynamic resistance, even such low forces, integrated over time, can cause changes to orbit and attitude (orientation). The solar radiation pressure on the asymmetric solar panel configuration would create unacceptable attitude disturbance. For INSAT-2, like INSAT-1, the solution was to deploy a ‘solar sail’ at the end of a long boom on the north side. The nearly 15 m long boom supports a 4.4 m long solar sail in the shape of a truncated cone with a 0.79 m diameter base over the last part of its length. This arrangement compensates for a large part of the torque from solar radiation pressure on the solar array on the south side. The base of the sail is designed to absorb very little thermal energy and since it is far away from the VHRR on the body, it subtends a very small solid angle to the radiator and puts a manageable heat load on it.

SATELLITE PLATFORM (BUS)

The satellite bus comprised subsystems that provided a stabilised platform over the satellite life time, power, and telemetry and command functions for the payloads and platform subsystems, and a benign thermal regime. The structure subsystem interfaces with the launcher and mechanically supports all the units and appendages that go on the satellite. It is designed to be light and at the same time stiff to avoid resonance with the principal mechanical and acoustic loads during launch. It has to have minimum thermal distortion to avoid pointing errors. An aluminum central cylinder connected to a conical section terminating in the attach ring that mates with the launcher adaptor constitutes the primary structure and load path. Radial struts, aluminum honeycomb shear panels, aft and forward panels and north and south equipment panels get connected into a cube providing a light but stiff housing for the other subsystems.

Mechanisms are necessary to stow and release the solar array, boom and solar sail, and the C/S band antenna reflectors. The four-panel solar array had to be deployed in two phases. The reflectors need to be deployed and latched just at the right angle to ensure that the antennas covered India. The 15 m long boom had to be coiled and stowed within a small canister and deployed slowly in a controlled fashion. The basic technologies for these were developed under technology development programmes during the study phase itself.

INSAT-1 pioneered the use of a unified bi-propellant system (use of bi-propellants for the transfer orbit apogee boost phase as well as for on-orbit station keeping). It was chosen for INSAT-2 also as it was becoming the industry norm due to its efficiency. Most of the propulsion subsystem components were located within the cubical body of the satellite. A cylindrical oxidiser tank, located inside the structural cylinder, contained the oxidiser (a variant of N2O4). Two cylindrical fuel tanks were located within the cube and attached to the outside of the cylinder using supports and loaded with Mono Methyl Hydrazine (MMH). The propellants, being hazardous, were loaded at the launch site, just before mating with the launcher. Two spherical pressurant tanks were also attached to the cylinder likewise. These were filled with helium gas at low pressure initially and fully pressurised before launch. They were connected to the tanks through a network of redundant latch valves and a regulator to force the propellants through the rocket thrusters. A Liquid Apogee Motor (LAM), a large bi-propellant rocket thruster delivering 440 N thrust, was housed inside the cylinder with its nozzle projecting in the anti-Earth direction through a cut-out in the aft panel. A titanium heat shield around the LAM nozzle protected the satellite systems from high temperatures generated during LAM firing. Eight bi-propellant Reaction Control System (RCS) thrusters, with 22 N thrust capability, were located on the corners of the cube on the east and west sides along with four more on the south side and the aft face to provide torques about the three satellite axes for attitude control and thrust for station keeping. Four additional thrusters were mounted on the aft face with their nozzles oriented along the direction of the LAM nozzle to provide a backup to the apogee-raising function, albeit at lower efficiency. In case of LAM failure the design ensured that all the functions were provided even if one thruster in each direction failed. The thrusters were connected to the propellant tanks through plumbing lines with welded interconnects. The propellant tanks were made from titanium forgings extensively machined to very small wall thickness to minimise mass. This required great care as even a minor imperfection or a deep scratch could cause the tank to burst when pressurised. The pressurant tanks were made of lightweight Kevlar filament wound on titanium liners.

The Attitude Control Subsystem (ACS) is the key for maintaining the satellite in the proper orientation during the post-launch orbit-raising and appendages deployment phases, LAM firing for orbit raising to GEO, NSSK NS and EW station keeping and recovering phase from any loss of attitude from anomalies or unit failures. For the first time ISRO used a fully processor-based control in INSAT-2. A state-of-the-art radiation-hardened CMOS microprocessor-based Attitude Control Electronics (ACE) was implemented. The ACE was fully redundant and had internal fault detection and identification logic to switch over to the redundant ACE if a fault was detected.

The ACS depended on the gyroscopic attitude stability provided by momentum wheels rotating at high speed. It used two momentum wheels with their spin axes predominantly along the pitch axis (NS direction) but slightly skewed by 3°30' in opposite directions towards the roll axis (pitch-yaw plane) in a ‘V configuration’. With wheels at constant speed this arrangement provided stability of the pitch axis and when the wheel speeds were varied differentially, a torque component was created in the orthogonal roll axis. In inertial space, the yaw and pitch get interchanged every quarter orbit (six hours) and therefore this arrangement indirectly controlled all three axes. A third small yaw reaction wheel (small momentum wheel with bidirectional rotation) was mounted with its spin axis along yaw. This was to be switched on if one of the momentum wheels failed. The resultant ‘L’ configuration of wheels would provide attitude control in the same fashion. Appropriate RCS thrusters were fired to create torques to ‘dump’ momentum whenever the wheels were driven beyond their normal operating range of speed. A sensor complement consisting of redundant Earth sensors on the EV face, redundant digital sun sensors, and other coarse Sun sensors and a gyro-based Inertial Reference Unit (IRU) provided attitude reference to the ACE, which interfaced with them. The ACE processed this data and actuated the wheels and thrusters autonomously. The ACS on INSAT-2 was designed to provide a pointing accuracy of ±0.2 degree in pitch and roll and ±0.4 degree in yaw. It also provided the required stability for the VHRR (0.00088 degree over 2.2 seconds and 0.0057 degree over thirty minutes).

INSAT-2 used a fully redundant Telemetry, Tracking and Command (TT&C) subsystem in C band. This consisted of base band telemetry units that collected temperatures, voltages and other housekeeping data and command units, which turned on and off the various bus and payload units, thruster, heaters and pyro initiators for deployments. A distributed system with a serial bus was used for interfacing the TT&C to the other units. This new design greatly simplified the wire harness and generated mass savings resulting in some saving in mass. Omnidirectional antennas were used for telemetry and command in the orbit-raising phase and telemetry was switched to a higher-gain, dedicated-horn antenna on the EV face in GEO, to save power.

The power subsystem used solar panels with Carbon Fibre Reinforced Plastics (CFRP) substrates which were introduced in INSAT-2 to reduce mass. A new, high-efficiency power regulation and distribution scheme employing sequential switching shunt regulators was implemented. DC/DC converters with efficiency greater than 80 per cent were developed for the SSPAs (Solid State Power Amplifiers). Nickel-cadmium (Ni-Cd) batteries were chosen as ISRO had not yet qualified the new, lighter Ni-H (nickel-hydrogen) batteries which anyway required more space. Like the other active bus subsystems, the power subsystem functions were also protected with redundancy against any single failure. Dual power buses, each with its own battery and bus regulation electronics were employed. The solar panels tracked the Sun and transferred power using a Solar Array Drive Assembly (SADA) driven by the ACE.

The thermal subsystem for INSAT-2 was based on passive control augmented with commandable electrical heaters. All the high-power dissipating electronics units were mounted on the north and south equipment panels since these are in shadow except for shallow-angle Sun incidence on north in summer and on the south in winter. Their outer surface was covered in selected areas with Optical Solar Reflectors (OSRs) that reject high-temperature radiant heat input from the Sun while radiating away heat in the low-temperature infrared range from the satellite. The rest of the satellite was mostly covered with low-mass super insulation, in the form of Multilayer Insulation (MLI) foil blankets that prevent radiation heat exchange. Detailed thermal modelling of the satellite was done to determine the exact area and contours of the OSR and the MLI, conductive doublers and electrical heaters to be provided. The model was validated by a thermal balance test on an electrical/thermal model in the Large Space Simulation Chamber (LSSC) in its 7 m diameter thermal vacuum chamber equipped with solar simulation.

The design and development of the satellite platform was the responsibility of the ISRO Satellite Centre (ISAC) with important contributions from all other ISRO centres. All the bus subsystems and most of the bus electronics were designed and built in ISAC. The Inertial Systems Group of VSSC provided the momentum and reaction wheels for Insat-2A. Momentum wheels from Teldix were used due to delay in qualification. The Composites Group of VSSC provided boom elements for the solar sail and their Pyro Group provided all the pyros for the mechanisms. The development and commissioning of the LSSC was done by ISAC. They were also responsible for ensuring that the design and realised hardware met reliability, quality, survivability and electromagnetic compatibility (the ‘ilities’ in space parlance) requirements of the programme. Radiation-hardened, low-power CMOS integrated circuits were procured, to avoid failures and ‘upsets’ caused by ‘ionised particles’ from the Sun.

Since the payload is only about 12 per cent of the total mass, even a 6 per cent increase in mass across all subsystems can wipe out half the payload! Mass growth review and control were a priority. A new lightweight packaging scheme for electronics units was developed at ISAC to eliminate intra-unit wiring and to improve manufacturability. The Defence Metallurgical Research Centre (Laboratory) was funded to develop extremely light magnesium-lithium (Mg-Li) alloy. This was used for the electronics boxes yielding considerable savings in mass. Hybrid Micro Circuits (HMC) was used extensively to reduce unit sizes and mass further.

COMMUNICATIONS PAYLOAD

The communications payload consists of a C band and extended C band transponder subsystem, a high power S band transponder subsystem and 400 MHz/C band transponder subsystem for DCS and SASAR. The VHRR data transmitter along with the antennas required to implement these functions were also a part of this. Solid State Power Amplifiers (SSPAs) of 4 W power rating designed and built at ISRO’s Space Applications Centre (SAC) were used for twelve C-band and four extended C-band FSS channels to provide Equivalent Isotropic Radiated Power (EIRP) of 32 dBW in the C band and 34 dBW in the extended C band over the primary coverage area and imported 8 W SSPAs from MELCO Japan for the first two extended C-band channels to provide 36 dBW EIRP. Nine SSPAs were provided for the six extended C-band channels in a three for two redundancy scheme as there were no commercial alternatives for this band at that time. As explained earlier (p. 293), the odd and even FSS channels were split between the two C/S reflectors. The S-band transponder used three 50 W Travelling Wave Tube Amplifiers (TWTAs) in a three for two redundant scheme to provide two S-band channels at 42 dBW EIRP over the primary coverage area (one through each C/S reflector). The Earth-viewing (EV) 0.9 m dia fixed antenna provided the receive function for all the C and extended C-band uplinks to the satellite.

A short backfire antenna on the EV face received the DCS signals from meteorological DCPs and the SASAR signals in opposite polarisations and routed them to their respective transponders for transmission through the 0.9 m fixed antenna to their ground receiving terminals. The VHRR data was also transmitted via this antenna. Thus these services worked independent of any deployments.

SAC was responsible for the communications payload. Apart from the SSPAs, lightweight, thin-walled Invar filter technology was developed and successfully qualified to make all the Multiplexer (MUX) and Demultiplexer (DEMUX) filters for INSAT-2. Microwave Integrated Circuit (MIC) technology was developed and MICs were extensively used in the communications payload. The Composites Group of the Vikram Sarabhai Space Centre (VSSC) developed and built the lightweight C/S band and C band reflectors using Carbon Fibre Reinforced Plastic (CFRP).

METEOROLOGICAL IMAGING PAYLOAD: VHRR

In INSAT-2, VHRR incoming radiation from the Earth is reflected on to a 20 cm (8 inch) aperture RC (Ritchey-Chrétien) telescope by a beryllium scan mirror mounted at 45° to the optical axis. The output beam from the telescope is directed on to a dichroic beam splitter. This transmits visible light energy (0.55–0.75 micron wave length) to arrays of photo diodes for the eight visible spectral bands and reflects the infrared energy (10.5–12.5 microns wave length) to redundant mercury-cadmium-tellurium (Hg-Cd-Te) detectors for sensing the thermal infrared region. The scan mirror is mounted on a biaxial gimballed scan mechanism to generate a two-dimensional image by sweeping the detectors’ instantaneous field of view across the Earth’s surface in EW (fast-scan) and NS (slow-scan) directions. The infrared detectors are maintained at their operating temperature of 105 K by a radiant cooler and heater control. The VHRR electronics unit digitises the detector output and formats it into a serial bit stream along with sync for transmission through the VHRR transmitter and C band antenna of the communications payload.

SAC was responsible for designing and delivering the VHRR payload with major components being supplied by other ISRO centres and organisations. The Sensors Group of ISAC made the telescope optics and its Thermal Group designed the radiation cooler and sun shields. The Inertial Systems Group of VSSC built the biaxial scan mechanism and machined the beryllium scan mirror at Beryllium Machining Facility in BARC, Trombay. The aluminum plates for the sun shield were precision-surface-machined by the Government Tool Room and Training Centre (GT&TC), Bangalore. A process for nickel plating of these plates to make it capable of withstanding hundreds of extreme temperature cycles was developed by the National Aeronautical Laboratory. The Indian Institute of Astrophysics polished the coating to realise optical mirror surfaces. Finally, the Sensors Group deposited a thin reflective aluminum layer on this by sputtering in vacuum. Thanks to this successful, multi-agency cooperative development efforts, the project avoided procuring these from abroad at the cost of several million dollars.

HOW IT WAS DONE

The project report based on the INSAT-2 study was approved by the Space Commission and the Government of India in April 1985. This envisaged setting up of necessary infrastructure, building a structural model, an engineering/thermal model and two flight models of the INSAT-2 test spacecraft with INSAT-2A to be delivered for launch in late 1989 on a success-based schedule and INSAT-2B, a year later in 1990. The sanctioned amount was Rs 243 crore for the satellite part alone with separate sanctions later for the actual launch costs. At least one of the two satellites was expected to become operational and replace the ageing INSAT-1B.

ISAC was made the lead centre with overall project management responsibility including satellite configuration control. ISAC was also responsible for the platform subsystems, assembly, integration and test, launch operations, mission planning and operations, overall quality assurance and budget and schedule for the programme.

Space projects schedules are often made on a ‘success’ basis. Since many of the activities are new in time estimates, based on best judgement, some schedule slack is factored in. It is assumed that all of the various developments would succeed and mesh in time. With so many complex developments involved, unexpected problems and delays are inevitable. Advance procurement of long-lead items and workarounds in the form of alternative developments or import options were therefore built into the programme with defined cut-off points as to when they were to be exercised.

RAJIV GANDHI TALKS TO PRESIDENT REAGAN

For example, knowing the difficulty in the procurement of the new high-technology processor for the Attitude Control Electronics (ACE), sanction of funds for advance procurement was obtained. Nevertheless it was the last part to arrive, more than two years late, due to export restrictions by the US government since it used technology that, until then, was not cleared even for US allies. Approval was obtained only after Prime Minister Rajiv Gandhi took it up with President Reagan. The devices were delivered in phases with the US manufacturer’s representative carrying them in hand with the container chained to his person throughout the flight and until delivery at ISAC. Apart from the processor there were other problems such as failure of the indigenous momentum wheel in the late phases of qualification testing, necessitating exercise of the import option; problems with propulsion thrusters forcing partial import; need to develop and qualify process to build multilayer PWBs in-house due to inability of local manufacturers to meet the quality standards and some delay in infrastructure commissioning. Mainly due to these issues, the delivery of the first flight model, INSAT-2A, was delayed by twenty-one months with respect to the success-based schedule in the project report. Since all the development issues were solved, INSAT-2B was delivered one year after INSAT-2A, exactly as planned originally.

The INSAT-2A completed the integrated satellite test programme successfully and was shipped in the specially designed double-walled container equipped with dry nitrogen gas purge, shock isolation and instrumentation to French Guiana for launch on the Ariane 44L on 22 April 1992. The launch pad activities, including pre-launch tests, propellant loading and battery charging, supported by the ISRO, CNES and Ariane teams, proceeded as planned. The satellite was mated to the Ariane 44L launcher and launched on 9 July 1992 (10 July in India) from Kourou. INSAT-2B was delivered as per the project plan, one year after INSAT-2A, and launched by an Ariane 44L launcher on 22 July 1993 (23 July in India) from Kourou.

MISSION AND IN-ORBIT TEST

The INSAT-2 mission planning started along with the space segment and spacecraft definition in the study phase. The ground segment augmentation and software development requirements were defined. The nominal mission profile, detailed flight operations plan with normal and contingency operation procedures and simulation exercises for rehearsing the mission operations were generated.

The mission was run from the INSAT MCF (Master Control Facility) right from initial acquisition of signal to end of life of the satellite. Stations of the INTELSAT network at Perth (Australia), Raisting (Germany) and Clarksburg (USA) were used for TT&C during the orbit-raising phase when worldwide visibility of the satellite is required. Initial phase operations through orbit raising, deployments and platform In-Orbit Test (IOT) were done with the participation of spacecraft experts.

The diagram on p. 306 shows the mission profile for the INSAT-2 launch.

INSAT-2A launch proceeded nominally except for an anomaly when the tanks were pressurised prior to the start of the first LAM (Liquid Apogee Motor) burn. Pressure in the tanks started rising beyond the operating limit due to a leak in the pressure regulator and there was serious concern over the rupturing of tanks. Thanks to the carefully planned contingency measures, the satellite was in the right attitude to start the LAM burn a few minutes earlier than planned. The LAM operated at a higher pressure than normal and delivered higher thrust. The mission team did some fast thinking and fired the LAM for 3,931 seconds, instead of the nominal 3,500 seconds, to ensure that even if the pressure regulator failed completely, the pressure in the tank would be within limits. The second LAM burn duration was adjusted down to compensate. The net result was that the satellite arrived on the station earlier than planned, albeit at great risk to the propulsion subsystem and several missed heartbeats among the mission team. The payload units were turned on and payload IOT was performed with support from payload designers and experts from the user ministries.

The INSAT space segment was in a crisis as INSAT-1C was lost and the Arabsat transponders, which were on lease to fill its place, were due to become unavailable (as that satellite was being moved by the owners to cover the loss of one of their own satellites). Thanks to the accelerated mission, it was possible to put INSAT-2A in operation just days before this happened.

The INSAT-2B mission was near-nominal. The pressure regulator leak surfaced again. Since the satellite had been modified by providing a second regulator with a bypass, the problem was solved. The rest of the operations proceeded smoothly in the textbook fashion.

CONCLUSION

Since the INSAT-1 series, built by an experienced US manufacturer, had many problems and two failures, INSAT-2A and 2B were originally slated to be test satellites to develop and validate new technologies, with at best one of them seeing some operational role. However, both INSAT-2A and INSAT-2B were successfully made operational. INSAT-2A fell marginally short of the seven-year station-keeping life due to a problem with the design of its imported propellant tank. INSAT-2B provided service for more than eight years. Considering the fact that the lease cost for twelve Arabsat transponders was $10 million a year, the thirty-six transponders on the two satellites would have saved about $210 million (Rs 630 crore in 1995), about three times the project cost of Rs 200 crore, not to mention the broadcast and meteorological payloads and the infrastructure that was created. The delay of about twenty months in the delivery of INSAT-2A did not really affect the INSAT-1 space segment replenishment plan. This is because ISRO had placed orders for INSAT-1C and 1D following the failure of INSAT-1A shortly after launch. Though INSAT-1C too failed, 1B continued to support all services and INSAT-1D was launched in 1990 assuring continuity. Thus the launch of INSAT-2A in 1992 was timely! The INSAT-2 TS project cost overrun was less than 5 per cent, very unusual for such a complex programme. This was largely due to careful planning, and savings derived by avoiding import by successful indigenous development of expensive items like radiation cooler, scan mechanism, LAM, antenna reflectors, etc.

The first two satellites were followed by communications satellites, INSAT-2C and 2D, with two-sided solar arrays. INSAT-2E, launched on 2 April 1999, was an evolution of the INSAT-2 platform with an extended central structure and stretched tanks, to handle a lift-off mass of 2,500 kg and new bus technologies such as the use of shaped beam antennas, Application Specific Integrated Circuits (ASICs) to miniaturise electronics units, extended propellant tanks capable of carrying the higher mass of fuel required to provide a life greater than twelve years, heat pipes, Ni-H batteries and high-efficiency gallium-arsenic (Ga-As) solar cells. The satellite payload was designed to meet a mix of ISRO’s and INTELSAT’s requirements. Eleven of its transponders were leased to INTELSAT, earning over $110 million over a period of twelve years, which paid back the cost for the development and launch. This was for the first time that INTELSAT committed to buy capacity on a satellite built outside the USA. It also provided additional eight transponders for meteorological services for the nation.

INSAT-2E was the forerunner for the I-3K platform of the next generation INSAT-3 series. And so the story goes on to the next generation.
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FIGURE 3.2: Mission Profile


3.5

IRS-1A: A Dream Come True

S. KALYANA RAMAN
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INTRODUCTION

The genesis of IRS-1A, the first operational satellite in the Indian Remote Sensing (IRS) Satellite system can be traced to the experimental remote sensing satellites Bhaskara-1 and 2 launched during 1979 and 1981. IRS-1A was a dream come true for those who worked on this project.

An operational remote sensing satellite was thought of to serve the needs of National Natural Resources Monitoring and Management System (NNRMS) under which the important areas of application of satellite-based remote sensing data were considered as

(i)Agriculture, where extent of crops and their yields were required to be monitored over the growing seasons,

(ii)Monitoring of the different types of land/land use,

(iii)Monitoring of water resources,

(iv) Monitoring of drought and floods,

(v)Monitoring of forestry in the country, and

(vi)Geological applications like mineral prospecting.

ISRO team had discussions with user agencies from government to understand the type of data they need for the above applications. India being an agriculture-dominated country, preference was given to the applications in agriculture. With a typical agricultural field in India of length of around 30 m, the fine spatial resolution requirement of the images was fixed at 36 m taking into account the technology available at that time. For many other applications such a fine resolution is not required and hence resolution of around 70 m was thought of. In order to do classification of features in the imagery, it is necessary to use multispectral data. Thus satellite payload consisting of a two-camera system, one providing a lower resolution of 72 m (called Linear Self-scanning Sensor LISS-1) and the other providing a higher resolution of 36 m (called LISS-2) and both working in four bands (blue, green, red and near-infrared) was considered to meet the basic requirements. Though better spatial and spectral resolutions are always welcome to get finer accuracies in classification for various applications, the technology prevailing at that time also played an important role to limit the resolutions as above.

Taking into account the above, the orbit was to be decided to provide appropriate temporal resolution in terms of coverage repetitiveness. Aiming a repetitiveness of about three weeks to see the changes during the growing season, a Sun-synchronous orbit at an altitude of 900 km was selected. This called for data coverage swath of 148 km every time the satellite passes through a region. With these the satellite covers the same area for imaging of the ground surface, repetitively once in twenty-two days.

Other elements required to support the imaging operations were the following:


	A three-axis stabilised satellite with cameras mounted appropriately to take images of the Earth’s surface with pointing accuracies of ± 0.3 degree about pitch and roll axis and ± 0.4 degree about yaw axis,

	Power system to provide the required conditioned power,

	Telemetry, Tracking and Command (TT&C) system working in S band,

	Data handling and radio frequency transmit systems for transmitting the camera data, and

	Mechanical system consisting of a structure, thermal control and solar panel deployment mechanism.



TRADE-OFF STUDIES

Detailed trade-off studies were conducted for arriving at a good configuration of the payload and satellite platforms consistent with the requirements. The minimum lifetime of the satellite was fixed as three years. Being the first in the operational series, initial thought was to call it as pre-operational. But over time, on gaining confidence, it became clear that it will be an operational satellite. Similarly, from the mission side, detailed studies were conducted on orbit selection, orbit maintenance, the requirements of the ground elements in terms of Mission Control Centre, number of TT&C stations to ensure more radio visibility over a day; and facilities for payload data reception, processing and generation of data products. The satellite was planned to be launched by an outside launcher, as our own PSLV was not operational at that time.

PROJECT REPORT

The project report, giving full details of mission requirements, specifications of satellite and ground elements, project elements (with import options for some of the new elements in case indigenous developments do not come through in time), programme elements, budget, schedule and project management aspects was thoroughly reviewed by the Space Commission and submitted to the Government of India for approval with its recommendations.

The new elements to be developed were:

(i) Payloads and payload data handling systems, (ii) gyroscopes, (iii) solar array drive mechanism, (iv) reaction wheels, (v) solar panels, their deployment mechanisms and power conditioning, (vi) S band and X band systems for both TT&C and payload data transmission, (vii) an aluminium-based honeycomb structure to house all subsystems, (viii) a thermal control system, (ix) satellite integration and checkout systems, and above all (x) a quality and reliability system to closely work with the developmental teams.

Similarly, in the ground segment, a new facility, ISRO Telemetry Tracking and Command Network (ISTRAC), along with a Satellite Control Centre was planned and realised with Bangalore as headquarters. IRS-1A, being a Low Earth Orbit (LEO) satellite, required extensive TT&C network to provide more visibility coverage particularly during the initial phase and slightly reduced visibility coverage during the routine operational phase. Additionally, the payload data reception and processing centre at NRSA, Hyderabad, had to be upgraded to receive data from IRS-1A. The project was approved by the government during 1981.

PROJECT GUIDANCE AND MANAGEMENT

The project was guided by a Project Management Council (PMC) chaired by U.R. Rao, and a Project Management Board (PMB) chaired by K. Kasturirangan, then the Project Director with representatives from all centres of ISRO and DOS. Matrix management system was followed for running the project.

Satellite and Mission Configuration Control Boards and Product Assurance Board were also constituted by the management to facilitate the developmental and day-to-day activities.

DEVELOPMENTAL RESPONSIBILITIES

The responsibilities of various ISRO/DOS centres were clearly identified which included the following:


	ISRO Satellite Centre (ISAC) was identified as the lead centre for management of the project and development of many satellite-platform-related elements; satellite integration and testing; launch- and mission-related studies and operational support during the mission life. Project Management Office (PMO) was also formed at ISAC, Bangalore, to coordinate technical and other matters between various teams. Mission studies were the prime responsibility of ISAC.

	Space Application Centre (SAC), Ahmedabad, was responsible for the realisation of the payload, data products and some of the remote sensing applications.

	ISRO Inertial Systems Unit (IISU) of Vikram Sarabhai Space Centre (VSSC) was responsible for inertial systems such as gyroscopes, reaction wheels and solar array drive mechanism used in the satellite. VSSC was also responsible for the development of pyro cutter systems for solar panel deployment mechanism.

	Bangalore unit of Liquid Propulsion Systems Centre (LPSC) was responsible for propulsion-related developments.

	ISTRAC, Bangalore, was responsible for developing the Spacecraft Control Centre and TT&C stations and also for operations throughout the mission life.

	National Remote Sensing Agency (NRSA, now NRSC) was responsible for reception of payload data, generation of data products and development of some of the applications and user interface.

	After a Preliminary Design Review (PDR) of all the elements and their developmental plans, go-ahead signal was given for all new developments. However, already some ground work and preliminary design and initial developmental work have been carried out for most of the systems at the above mentioned centres.

	Apart from these, support from industry was drawn for various elements like structure fabrication, PCB (printed circuit board) fabrications and also for development of some of the ground elements like ground station antennas. Above all, user interactions interface with all government agencies for utilising the data were done by ISRO/DOS headquarters. All the teams worked as a grand single team. Developments and qualifications took nearly four years to get final clearance for the go-ahead to fabricate the flight model through a Critical Design Review (CDR).



IMPORTED ELEMENTS

Some imported elements were identified in the project report. Major items were satellite components including CCDs (charge coupled devices) required for payload sensor, payload optics, TWTA (Travelling Wave Tube Amplifier), solar cells, Ni-Cd batteries on the satellite side and high density digital tape recorders for payload data reception station at Hyderabad. Request for proposals were prepared, reviewed and sent to the prospective suppliers. Based on the recommendations of the negotiation teams, these items were procured.

LAUNCHER IDENTIFICATION

Discussions for getting a proven launcher led to the selection of a VOSTOK launcher from the then Soviet Union. The Soviet Union had helped India in developing our first satellite Aryabhata and had launched it free of cost. It also came forward to launch IRS-1A at a reasonable price tag.

INTERACTIVE MEETINGS WITH RUSSIANS

Having finalised a Soviet launcher, many meetings were held with Russians to finalise the vehicle interfaces, relevant tests required to be done on the satellite, and schedule aspects. Mostly, Russian teams visited India for discussions and all meetings ended with technical protocols identifying the actions to be taken on either sides or their time schedules. L.A. Goroskov who was the Project Director for launch vehicle, was very proactive in solving any issue.

A.D. Dharma, Project Manager, Assembly Integration and Testing (AIT), IRS-1A, and I were taken to the cosmodrome at Baikonur a year before the launch to see whether all facilities asked for were available and also to get familiarised with the facilities. With the launch of IRS-1A, the Baikonur cosmodrome was planned to be turned commercial in future and so it was prepared very well including nice guest house arrangements for stay.

DEVELOPMENTAL ASPECTS/EXPERIENCES

MECHANICAL SYSTEMS

The structure based on aluminium honeycomb panels with a central cylinder was designed with flexibility for launch using different vehicles including our own PSLV. Thermal modularity of the payload and alignment requirements was some of the main considerations in design. Thermal design was a challenge particularly for payload as the requirements were put as 20 ± 5°C. A modular thermal design with least possible coupling with the main frame was evolved. During the qualification, there were issues of de-bonding of face sheets of the structure. This was related to fabrication and rework was done to rectify the problem. Solar panel deployment mechanism, which was a new development, underwent more than fifty tests including zero gravity simulation due to some deployment failures observed in other satellites during that time.

PAYLOAD

After a trade-off study and also taking into account our experience of problems of corona effects associated with high voltages during the Bhaskara project, it was decided to go in for payload design centred around CCD sensor and refractive optics with separate optics for each spectral band, but mounted on a common structure to ensure alignment and registration between all the focal planes. While optics was imported, other developments of the payload were carried out in-house. Since the imported optics did not qualify in the vibration test at the supplier’s site, necessary modifications were carried out to make it flight-worthy. Detailed testing using a scene simulator and geometric registration between bands and calibration exercises were carried out.

POWER

Solar panels were fabricated and silicon solar cells were mounted and connected using round cables to ensure that it will withstand the thermal shock encountered while in the orbit. Sun simulation tests were also conducted. Power conditioners were developed to convert raw power into regulated power. Issues related to the quality of components were overcome by going for a new batch.

CONTROL SYSTEM

IRS-1A had to be a three-axis stabilised satellite due to imaging requirements. Many new developments including attitude sensors (Earth and Sun sensors), inertial systems, and monopropellant-based propulsion system and control system took place in ISRO. An innovative design evolved was 3/4 redundancy for reaction wheels by employing a fourth wheel as a skewed wheel equally skewed with respect to the three main wheels. There were challenges in the development of dynamically tuned gyroscope using a cruciform flexure as also the reaction wheels. The cage instability problem in the wheels had to be overcome by appropriate caging design, and selection and quantity of the lubricant. These issues found during the life testing were solved. Being an LEO satellite, the radio visibility to the satellite is limited. So an automatic safe mode was evolved in control system design to take care of any contingency of losing the attitude on orbit. (Attitude losses occurred several times during the mission and safe mode saved the satellite.) IRS-1A being the first operational satellite, a conservative approach of hardware-based control electronics was developed. Moreover, in that time frame, the qualification status of microprocessors was not fully satisfactory. A three-axis motion simulator test was done to qualify the control system.

ELECTRONICS

Digital, analog and RF electronics were developed newly for power, TT&C data handling and data transmitters and other electronics-based systems. LISS-1 data was transmitted in S band and LISS-2 data was transmitted in X band. Antennas underwent extensive anechoic chamber tests and field tests to ensure the radiation pattern requirements. The radiation pattern for TT&C antenna had to be omnidirectional whereas that of payload data transmitting antenna must be Earth-viewing during imaging. A null filling antenna was introduced to make the radiation pattern of TT&C antenna nearly omnidirectional.

MISSION AND GROUND ELEMENTS

Mission studies for orbit selection, node of equatorial crossing, local time requirements for imaging from applications points of view, and operational flexibility to be provided from the satellite side were done exhaustively and documented. A polar Sun-synchronous orbit at an altitude of 900 km with equatorial crossing at local time of 10:30 a.m. (during ascending node) was chosen. Mission software for initial-phase and normal-phase operations was developed.

ISTRAC with Satellite Control Centre and TT&C station was newly developed at Peenya, Bangalore, for IRS-1A operations. It was also to serve as the Control Centre for all IRS satellites to be launched in the future.

NRSA, Hyderabad, developed all ground receiving systems for payload data reception and data processing facilities specific to IRS-1A and developed user interfaces. Already it was receiving data from American LANDSAT and French SPOT satellites.

PRODUCT ASSURANCE

To ensure uniform product assurance norm across various ISRO centres, a Product Assurance Board was constituted at the beginning of the project. The first exercise was to work out the achievable overall best reliability required for the life period of three years and beyond for the mission. Then the reliability apportionment between systems was evolved taking into account their pedigree, its developmental status and components used. For new elements developed, guidelines were evolved, starting with the parts selection ensuring proper design margins to work under the harsh space environment. Fully compliant fabrication procedures/processes along with its associated quality control aspects, followed by a full complement of tests including life tests particularly for moving parts and appropriate review system to review the performance and to clear the product as fit for the mission was put in place.

MODEL PHILOSOPHY

IRS-1A being the first operational satellite, no compromise was made in reducing the number of models to be fabricated and tested. Of course it adds to the schedule but we become sure of the performance. No test was compromised in IRS-1A project.

Structural model was fabricated to carry out all structural tests like sine and random vibrations, acoustic and shock tests. It was also used as a thermal model in a limited sense and thermal tests were conducted with the help of simulated heat conditions.

An engineering model/qualification model followed, which again underwent all the tests successfully to the qualification levels. (Later the same model was used as the payload for the first PSLV flight.) The flight model underwent all the acceptance-level tests followed by clean room tests. A scene simulator was used to test the payload performance. Link simulation tests were done for RF systems using cable connections. Antennas mounted on the flight model were verified by appropriate radiation tests. Mission simulation tests were also carried out when the satellite was in the clean room. The satellite was then tested for all the environmental conditions to the acceptance levels.

DESIGN REVIEWS

Major recommendations from Preliminary and Critical Design Reviews (PDR and CDR) were taken into account for realising the subsequent models. After PDR, a detailed design review was conducted for all systems. After reviewing the developmental status and the performance during various tests, the import options for inertial systems, propulsion systems and attitude sensors, kept in the project report, were dropped. Major recommendations of design reviews were in terms of taking care of all single-point failures and some specifics related to the design improvements and derating of components used. A pre-shipment review was conducted when the flight satellite was ready for shipment. Simultaneously, when the satellite was ready for shipment, a mission readiness review was conducted to ensure that all the mission elements and mission-related operations documents and contingency plans are in place. IRS-1A flight model was flown to Baikonur Cosmodrome by an Aeroflot IL-76 cargo aircraft on 24 January 1988 with two of our engineers accompanying the satellite.

COSMODROME OPERATIONS

Russians use the word cosmodrome to denote the launching centre. IRS-1A was launched by a VOSTOK rocket. The cosmodrome operations including the minor ones like unpacking of the equipment and their schedules were well documented by both Indian and Soviet teams. As soon as each operation was successfully over, both the teams were supposed to sign a logbook, which was followed meticulously.

The first problem we faced in the cosmodrome was related to ground checkout computers which refused to boot, may be due to the transportation problems. Fortunately, we carried a backup PC-based system to check out important parameters before launch. With that, all checkout was done. Solar panel deployment being a critical system, it was exercised once by a full-fledged test in their clean room. After satellite fuel loading, the satellite was integrated to the rocket and taken together in horizontal position at slow speed to the launch pad which was a few hundred metres away. The Chief from Soviet side was of the view that the mission will be successful, if both the Project Directors (vehicle and satellite) accompany them till launch pad. So, they walked along with the rocket assembly till the launch pad in that biting cold.

After launch pad operations, the satellite was launched at 12:13 hours IST on 17 March 1988. The launch was perfect and the satellite was injected into the orbit with accuracy well within the specifications. It was a red-letter day for ISRO and its cooperation with Soviet Union’s space agency (called License InTorg [LIT] at that time), achieving the successful IRS-1A mission.

INITIAL-PHASE OPERATIONS AFTER LAUNCH

To provide reasonable visibility coverage over a day during the critical initial-phase operations, support from a network of TT&C stations around the world (namely Bearslake station in Moscow, Fairbanks station in Alaska, Weilheim station in Germany, Malindi station located in Kenya, operated by ESA) was obtained. This was in addition to our own TT&C stations spread over the Indian territory. As soon as the satellite was injected into the orbit, after a small planned delay, the solar panels got deployed automatically and the activities got shifted to ISTRAC. The next operation was three-axis acquisition. After some teething troubles, the attitude acquisition was completed and the satellite was ready for taking imagery from LISS-1 camera. The LISS-1 camera was switched on 18 March itself as its transmitter used solid state devices only. We had to wait for seven days to switch on LISS-2 as it used TWTA (with its high-voltage supply) for transmission and a wait period was required for complete out-gassing to avoid corona effect. After switching on LISS-2, we found the data received and processed by NRSA were of excellent quality, comparable or better than the American LANDSAT or the French SPOT data available to the users at that time.

OPERATIONALISATION AND UTILISATION OF DATA

In a matter of three weeks, the satellite was operationalised with orbits slightly adjusted to ensure Sun-synchronism and declared fit for data use after data quality evaluation. The proof of the pudding is in eating!

U.R. Rao, who had become Chairman, ISRO/Secretary, DOS, by that time, put all his efforts to ensure that the data is utilised nationally. He took additional steps to form the Antrix Corporation, a commercial wing of ISRO, to sell the data products from all IRS satellites internationally. IRS-1A worked much more than the expected life of three years and was followed by IRS-1B, the duo working as twins on orbit.

PROJECT MANAGEMENT AND WORK CULTURE

The success of IRS-1A and future projects in this series set an example for the matrix management style of ISRO and the team spirit in these projects. Every employee was fired with inspiration that he/she must achieve the goal of success for which he/she was made responsible. To seek, to strive and to achieve was the goal of each employee. Done, and done in the best possible way, in IRS-1A. An introspection of how it was made possible is worth.

First, the management has done all that was required to be done. The most important of all was the recruitment of the right kind of people in ISRO and allotting the right kind of work and responsibilities depending on the aptitude of persons employed. The constitution of bodies at different levels to monitor the performance of the project periodically and the review system which was put into place had the desired effects. ISRO realised that success depends on proper human resources and the way in which they are inspired to contribute to the success.

Second, the employees' positive attitude in solving any issue through formal discussions which was followed by plenty of informal discussions even over lunch tables and their commitment to turn out the best-quality work helped the project achieve success. The above culture of ISRO was evident throughout and across all sections of employees. The culture of ISRO was seen embedded in every individual.

Space, being in Murphy’s domain (if something can go wrong, invariably it will), one has to be alert to predict in advance the possible failures in space and should take corrective actions well in advance during the design phase itself like avoiding the single-point failure modes. During satellite operations it is wise to avoid unnecessary operations. Such precautions were followed in full.

The other wisdom ‘Better, though difficult, the right way to go than wrong, though easy, where the end is woe’ was also kept in mind.

IRS PROGRAMME DEVELOPMENT

Having achieved the success in IRS-1A project, follow-up projects, IRS-1C/1D with advance camera systems, were proposed and cleared by the government during 1989. The realisation of IRS-1C/1D resulted in a pioneering work of providing two best satellites in the world in the civilian domain during the year 1996 and beyond. It carried (i) a panchromatic camera with 5.6 metre resolution, the best in the world at that time, (ii) a multispectral camera with 23 metre resolution providing three weeks repetitiveness, and (iii) a wide field sensor with 188 metre resolution providing a five-day repetitiveness which is useful where frequent revisits are required to study the fast changes in the theme selected (example: agriculture, flood mapping, etc.).

IRS programme was thus born with IRS-1A to result in many more satellites such as Resourcesat, Oceansat, Technology Experiment Satellite (TES), Cartosat and Minisats. These satellites were built to help various types of applications. In TES and Cartosat, spatial resolution improvement up to 1 metre was achieved. The satellites realised after 1993 were launched using our own launch vehicle PSLV. The IRS programme is a highly successful one achieving maximum with minimum budget, compared to any other country in the world.
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Prof. S. Kalyana Raman worked as communication system designer for Aryabhata, Rohini, Apple, and Bhaskara satellites of ISRO. He was the Deputy Project Director, IRS-1A, and Project Director, IRS-1C satellites. From 1996 till his retirement in 2002, he was Programme Director, IRS. During this period ISRO successfully completed the projects IRS-1D, Oceansat-1 and Technology Experiment Satellite which provided 1 metre resolution images. He was closely associated with projects such as Resourcesat-1, Cartosat-1 and Risat. Currently, he is working as a professor in a Bengaluru-based engineering college. He has published about twenty papers and written a book on satellite communication.
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INTRODUCTION

An operational system is one that does its intended function routinely. In developing a complex technology like satellite technology, an operational system is usually preceded by an experimental or developmental system. Aryabhata, India’s first satellite is an example of the technology development system. Starting from empty industrial sheds in Peenya, Bangalore, in 1972, it took ISRO only thirty-one months to design, fabricate, test and launch Aryabhata on 19 April 1975. It was launched by the Intercosmos rocket of the USSR. Aryabhata was a good learning exercise.

In ISRO, the dividing line between developmental and operational satellites has never been sharp – it was rather a continuous process. This is because in each satellite, we introduced some innovation. However, there have been certain decisions, made during this evolution, that have set the directions for the future. Some of these decisions have had long-term influence on the subsequent missions. I intend to discuss some of these decisions that have set the future course.

It was decided quite early that the successors to Aryabhata, namely, Bhaskara 1 and 2, would be remote sensing satellites. It may be recalled that Aryabhata, whose main mission was scientific, was a spinning satellite. Thus the very idea of doing remote sensing from a spinning satellite was an innovation. This demanded introduction of new technologies such as spin axis control and magnetic bias control to compensate for orbit precession, increased data for the payload, etc. Thus, in some sense, Bhaskara series can be considered as operational bus of Aryabhata. (A satellite bus is its general ‘infrastructure’ that provides locations for mounting a specific genre of payloads such as cameras on a remote sensing satellites, transponders on a communication satellite, etc.)

Subsequently, the bus concept was extended to the satellites launched by our own rockets, the Rohini series (RS-1) of 40 kg class launched by SLV-3, India’s first launch vehicle and the Stretched Rohini Satellite Series (SROSS) launched by the Augmented Satellite Launch Vehicle (ASLV). By accommodating CCD-based cameras on RSD-1, with same resolution as that of Bhaskara and still retaining the same spacecraft bus to minimise developmental efforts, ISRO demonstrated its resilience to adopt new technologies in the payload. Similarly, the SROSS bus could be utilised for both remote sensing and scientific missions.

To sum up, the decade of 1970s was essentially an era of competence building in which we could derive maximum benefit from each mission by standardising the bus for each launch vehicle like Aryabhata and Bhaskara for Intercosmos (of the USSR), RS-1 for SLV-3 and SROSS for the ASLV.

REMOTE SENSING SATELLITES

Based on our experience with Bhaskara and RS-1 satellites for remote sensing, it was decided to build an operational class of remote sensing satellite IRS-1, for which a study/configuration team was constituted in the year 1982. This was the first serious effort to build an operational class of satellites that could take different kinds of remote sensing payloads into the polar Sun-synchronous orbit. It was decided to make a three-axis stabilised bus, with high stability (less than 3×10–4 degree per second rates) and accommodating all features of a modern satellite, like precise orbit control, data rate up to 20 Mbps in S band and 40 Mbps in X band, on-board data storage, thermal isolation of payload module for finer temperature control of the optical module and shaped antenna for data transmission, compensating for path change between satellite and the ground station as the satellite moves in its orbit.

For IRS-1, the following options were debated and discussed:


	Flexibility to accommodate change in payload.

	Zero momentum vis-à-vis momentum-biased three-axis stabilisations. Zero momentum was chosen and indigenous reaction wheels were developed.

	Monopropellant propulsion system (total technology of hydrazine-based propulsion system was developed first for IRS-1).

	Gyro-based yaw reference for three-axis control and development of indigenous dynamically tuned gyros.

	Passive thermal management and thermally isolating the payload from spacecraft bus.

	Avoidance of single-point failure in the spacecraft bus.

	Standardisation of TM/TC (Telemetry/Telecommand), power interfaces for the bus elements.

	Standardisation of 28–32V raw bus for all the elements with distributed DC-DC converters.

	Standardisation of mission operations, page displays, contingency operations, etc., to even control the ground trace to within 10 km so as to provide repetitiveness of the data under varying seasons.

	Standardisation of configurations like thruster locations, skew reaction wheel configurations, monopropulsion systems layout, for creating IRS-1 as an operational satellite bus.



IRS-1 proved to be a robust and reliable spacecraft bus and was subsequently used for a series of satellites launched by PSLV development flights as well as for taking various kinds of payloads like Ocean Colour Monitor (OCM), scanning radiometer, etc. Thus, IRS-P3, launched by the developmental flight of PSLV was yet another step in providing anywhere to anywhere orientation capability for the X-ray payload for long-duration study of X-ray sources. While the remote sensing payload was useful in Earth-pointing mode, ability to look at a star for days on produced exciting science.

While the IRS satellites have evolved in terms of robustness, fault tolerance and manoeuvrability, the basic concept of remote sensing payload has remained the same even in the Resourcesat series of satellites. The payload itself has continuously evolved in terms of ground resolution (70 m, 35 m, 23 m, 10 m, 5.8 m), data rate, applications like agriculture, Ocean Colour Monitor , etc.

It was an extraordinary effort to develop the Technology Experiment Satellite (TES), launched by the PSLV on 22 October 2001. TES could provide 1 metre resolution from an electronics designed for 5.8 metre resolution panchromatic payload. It was a near-miracle to build and launch TES in two years, incorporating eleven new technologies like phased array antenna, step and stare for apparent velocity reduction by a factor of 5.8, etc. The satellite was built compactly around the optical telescope to reduce the moment of inertia. The same concept was used for Cartosat-2 series of operational satellites. Cartosat-3 series, with further improvement of resolution to 0.3 metre, is also based on a similar configuration, except for bigger optics, higher data rate and power.

Yet another recent effort to build a small remote sensing satellite with similar payload capability has exploited the developments in miniaturisation of electronics, as in SARAL (Satellite with ARGOS and ALTIKA). In terms of configuration, it is similar to the IRS-1 bus, though more compact and efficient, in tune with the technology of this decade.

The IRS series of satellites is operational in the sense that the three spacecraft buses, IRS/Resourcesat bus, Cartosat-2 bus and the SARAL/IMS (Indian Mini Satellite) bus, could take different category of payloads, viz., optical and microwave in different configurations. It is a tribute to the adaptability of the teams from the Space Applications Centre (SAC), Ahmedabad, and the ISRO Satellite Centre (ISAC), Bangalore, that IRS series looks like an operational spacecraft bus. But the reality is that not more than two identical payloads have ever flown, and every new payload in remote sensing is altogether a new configuration with new interfaces and new engineering. However, standardisation of elements in propulsion, AOCS (Attitude and Orbit Control Systems), attitude sensors, power systems, TT&C, data handling, mechanisms and structures has helped a lot in putting these together and develop a new configuration for a new payload within 42–48 months. This is much shorter than the time taken by other agencies in the world to develop similar payloads.

COMMUNICATION SATELLITES

After the spin-stabilised satellites like Bhaskara, Ariane Passenger Payload Experiment (APPLE) was a major challenge, to be realised in a time-bound schedule for the third developmental flight of the Ariane vehicle of the European Space Agency (ESA). APPLE is India’s first indigenous communication satellite. APPLE, launched in 1981, gave the opportunity and experience to build IRS-1 and later, INSAT-2 series of satellites. APPLE was a major technology jump in satellite technology for ISRO. Even though it was never meant to be repeated, APPLE gave all the necessary inputs that were required to get into the development of operational class of communication satellites.

The communications satellites of ISRO are known by the generic name INSAT (Indian National Satellite). While the INSAT-1 series was procured from the Ford Aerospace of the USA, the INSAT-2 series was developed indigenously.

Through the INSAT-1 project, ISRO procured four satellites between 1981 and 1988, namely, INSAT-1A, INSAT-1B, INSAT-1C and INSAT-1D. They were all designed and built by Ford Aerospace to our specifications. INSAT-1, particularly the INSAT-1A and its failure in the orbit after about four months of service, gave us another opportunity to build on the experience of APPLE, particularly the mission operations with a complex payload like the VHRR (Very High Resolution Radiometer). This payload was designed to take pictures of cloud formations which are useful in making weather forecasts.

The indigenous satellites, INSAT-2A and 2B, were initially called INSAT-2 TS, (TS standing for Test Satellites). They were not meant to be operational satellites. They were more for technology demonstration and were not part of any planned capacity for communication transponders (the main payloads on communication satellites). However, there was such a sudden increase in the demand for transponder capacity in the early 1990s that not only these two satellites were declared operational soon after launch, but ISRO also was compelled to plan for INSAT-2C and 2D in quick succession. To increase the number and power of the transponders on these two satellites, the VHRR payload was removed.

INSAT-2 satellites were essentially 2 tonne class, designed for dual-launch configuration of the Ariane 3 launch vehicle of ESA. They were relatively small communication satellites compared to today’s standard. However, accommodating VHRR as a meteorological payload, with a passive cooler for cooling the infrared detector made the configuration and overall design unique. The surface degradation uncertainties of the solar sail meant for radiation pressure balancing was a challenge, and so was the development of unified bi-propellant propulsion system for orbit raising and the attitude control. VHRR payload was designed to derive cloud motion vectors with an accuracy of 3 metre per second and hence, had stringent requirement of stability while scanning the scene from line to line and frame to frame. The V-configuration momentum wheels system for on-orbit control was a challenge fully met and the magnetic desaturation logic worked well. R&D in composite materials (used for solar panels) and in the inertial systems (used for Attitude and Orbit Control System [AOCS]) got a boost from INSAT-2 programme.

The indigenisation of complete communication payload, including the S and C band antenna reflector was a major accomplishment as also was the indigenisation of the complex VHRR payload. INSAT-2 was a major step forward in achieving operational capability in indigenous communication satellites.

Overjoyed by the success of INSAT-2, ISRO took yet another major step agreeing to build INSAT-2E for the major global operator INTELSAT, providing large land mass coverage in the C band, with shaped beam dual grid antenna to be procured. While meeting the stringent requirement of a major international operator was a challenge in itself, unfortunately the spacecraft in orbit suffered a major failure of thermister bolometer in both the Earth sensors. It was a freak failure that happened due to retirement of a few experienced operators at the supplier end. Many satellites in the world had suffered this kind of failure, but mostly on ground during testing. However, the ISRO team came up with very innovative ways of managing the satellite attitude without the Earth sensor, something that may sound impossible on the face of it! It is a lesson that in making satellites operational, you need more than good design, quality assurance and experience in operations. You also need a resilient attitude, teamwork, and a sense of nationalism, all of which are part of what is known as ISRO culture.

Subsequently, ISRO has gone into INSAT-3 series of satellites of 3 tonne class. Increased capacities of payload, power for payload and associated problem of thermal control have been part of natural evolution. But, perhaps, none can be as revolutionary as the INSAT-2 TS. However, migrating from S and C bands to Ku band has been a very good development and the current transition to Ka band would enhance the capability of ISRO’s operational communication satellites even further.

Encouraged by the success of PSLV, ISRO decided to have an all-meteorology satellite (Kalpana 1) and developed a 1 tonne class spacecraft bus for PSLV launches to GTO. Thus, ISRO now has three types of spacecraft bus for communication satellites: I-1K (Kalpana), I-2K (INSAT-2) and I-3K (INSAT-3). Further, it was decided to develop I-4K for GSLV-Mk III, to meet large communication needs by packing up to 48–60 transponders with 5 to 6 kW capability. This is currently under development.

It is quite appropriate to say that ISRO has mastered the technology of building and launching operational satellite buses for remote sensing and communication, as well as for some of the complex science missions. But the expertise, the knowledge base and the competence have largely remained internal to ISRO, without percolating to the Indian industry. Thus we have not been able to improve the general competence of the country. For example, the Maruti initiative between the late 1970s and early 1980s has enormously benefitted the country with the result that India today is considered as a major global player in the automobile industry. Such a transformation has not occurred with regard to operational satellites.

SOME IMPORTANT MILESTONES AND LESSONS LEARNT

EIGHT-PULSE LOGIC FOR SPIN AXIS ORIENTATION OF BHASKARA 1 AND 2

Spin stabilisation was the simplest and robust mechanism to start a satellite programme in the 1970s. But to provide spin axis orientation capability in the second satellite (Bhaskara 1) itself, and that too with spin axis perpendicular to orbital plane from any random orientation with just Sun sensors and horizon-crossing sensors, was something new, never tried elsewhere. A unique eight-pulse logic, making use of relationship between the nutation induced and its phase relationship with spin cycle was developed in such a way that the fourth thrust pulse would kill the nutation induced by the first pulse and so on, thus getting the desired net tilt without any residual nutation left after the eighth pulse. This was very useful for quick damping of transverse rates and subsequent payload operation. Further, the magnetic bias control technique to precess the spin axis by the same amount of angle (4°36'/day) as the precession of the orbit in a day, thus saving the on-board fuel and extending the mission life much beyond the designed life.

USE OF CMOS DEVICES IN ARYABHATA

The electronics industry was just evolving and CMOS device family was just introduced by the RCA (Radio Corporation of America) in the early 1970s. It was decided to use CMOS series of components from RCA in Aryabhata making it perhaps the first satellite in the world to have CMOS components, for obvious advantages of low power and higher noise immunity. However, it was a path-breaking decision that made a significant difference in ISRO’s outlook on space technology. ISRO did not have to follow any beaten path and could take bold decisions after appropriate analysis. It was this attitude that led ISRO to choose CCDs as detectors for IRS-1A optical payloads, which resulted in ISRO making a state-of-the-art satellite, thus taking a lead in this field. ISRO has flown some of the best remote sensing payloads like multispectral LISS-I, LISS-II, LISS-III, OCM and Cartosat-I and Cartosat-II payloads as it was able to adapt new technology seamlessly. Generally, new devices/components, however efficient, are not used in the operational systems because they lack heritage but we in ISRO have taken these steps consciously, so as to leapfrog.

THREE-AXIS STABILISATION OF APPLE

Dual spinner vs three-axis stabilisation for APPLE was one of the major issues discussed and debated in satellite technology development in ISRO. Though dual spinner would have been perhaps a bit simpler, particularly with the experience of Bhaskara 1 and 2, it would have delayed the development of three-axis stabilisation and in turn the development of IRS-1A or INSAT-2A. Further, dual spinner limits the scope for expanding power needed for bigger communication satellites. The problem was further aggravated by the fact that it was very difficult to import the dual spin mechanism with slip rings. The problem with three-axis stabilisation was that neither the momentum wheels nor the small monopropellant thrusters needed for it were readily available indigenously. The issue was finally resolved by development of a unique magnetic control technique for roll/yaw control error to obviate the need of a small thruster. The mono-propulsion system was however later imported.

ONE SOLAR PANEL OF APPLE NOT DEPLOYING

APPLE spacecraft was built around a solid apogee boost motor and hence raised many configuration issues among which was locating the 4p Sun sensor segments that were practically covered by the solar panels. It was also debated whether there was any risk of solar panel not deploying but this apprehension was dismissed saying that there was no mission without solar panel deployment. As it turned out, one solar panel did not deploy in orbit and this posed the problem of one side of 4p Sun sensor being covered by the solar panel. Only a 10° to 15° field of view was available, posing a problem for Sun acquisition. The mission team did not leave it to the fate and meticulously planned acquisition at a very low rate. Even starting with practically very low rates the Sun acquisition was unsuccessful in two attempts. A very quick analysis with practically no time to do any simulations, a new technique with reverse direction was tried, resulting in successful Sun acquisition. Later, APPLE served for the intended mission life, giving valuable experience on three-axis stabilisation, VHF telemetry and telecommand from geosynchronous orbit, the problems of atmospheric scintillation, etc.

One lesson that came loud and clear was that one should never assume that such a failure (as the non-deployment of a solar panel) would automatically lead to total mission failure. The operations team would never give up till the very end and that all contingencies have to be addressed in the configuration exercise itself. Managing INSAT-2E for more than ten years of successful operations, in spite of losing both the Earth sensors in the beginning itself, and managing TES (Technology Experiment Satellite) after seeing serious degradation of both batteries, again much beyond the design life, are testimony to the resilience of the ISRO team. In other words, not to give up anything till the very end and not to make assumptions that something would not fail are two major lessons learnt from the APPLE experience.

PRESSURE REGULATOR LEAK IN INSAT-2A

One of the major developments in INSAT-2A was the unified bi-propellant propulsion system. Practically all elements, namely, the propellant tanks, 22 N thruster, 440 N Liquid Apogee Motor (LAM), pressure regulator, fill and drain valves were all developed satisfactorily starting from scratch, facing lots of difficulties and failures, for which, the team from the Liquid Propulsion Systems Centre (LPSC) of ISRO deserves full credit. Soon after the attitude acquisition, as the spacecraft was being prepared for first firing of the apogee motor, the pyro valve was fired to allow the helium gas to the propellant tanks through a pressure regulator, that was set to regulate the pressure to about 17.5 bars. Soon it was noticed that the pressure regulator was not able to regulate the pressure to the set value and that the pressure was increasing inside the tank. While most other components were designed to withstand relatively higher pressure, the tank was designed with low margins to minimise weight, following the international standards. There were a few options like closing the solenoid valve in the pressure line after the regulator. However, it had its own disadvantages like the solenoid valve not opening if input pressure built up. The decision to start LAM firing was taken within a fraction of a second. However, a large number of commands were to be issued and the pressure went up to about 21 bars, far higher than rated. Luckily, the pressure regulator leak rate was less than the LAM flow and the pressure rise was arrested. Yet another decision to be made was concerned with duration of the LAM firing. The original plan was: first firing for 60 per cent of the total duration, the second for 30 per cent and the third for 10 per cent as the final trimming exercise. Under the circumstances, the first firing was extended to about 82 per cent to ensure that the tanks would have sufficient unfilled volume, so that pressure would not exceed about 19 bars. Needless to say, that the spacecraft was saved from a possible major disaster of a tank burst.

The lesson learnt from the incident is that in spite of all the contingency planning, unforeseen situations could arise, forcing real-time decision making. It is important to have an unambiguous, fully empowered decision making command chain in place so that, should any decision go wrong, there would be no hunt for scapegoats. ISRO culture has been unique in nurturing these positive attributes, and difficult decisions could be taken in time without any fear of being proven wrong with hindsight.

TECHNOLOGY EXPERIMENT SATELLITE (TES)

The genesis of TES lies in the Kargil war in mid-1999 with a sudden expression of emotion by Chairman, ISRO: ‘Can we do something for our soldiers facing difficult situations at Kargil?’ Within a week, with close interaction between teams from Space Applications Centre (SAC), Ahmedabad, and the ISRO Satellite Centre (ISAC), Bangalore, we were ready with a blueprint of a new remote sensing satellite, capable of imaging with 1 metre resolution, and that too within a short time of two years. Certainly, a satellite cannot be designed and launched during a war. Nor was it possible to achieve 1 metre resolution, from an otherwise existing 5.8 metre panchromatic camera. To develop as many as eleven new technologies; to configure an altogether new satellite; to build subsystems around the new payload; to introduce concepts like step and stare and phased array antenna to dump the data to the designated ground station – to do all these in two years seems impossible! Others have taken five to ten years for such a satellite.

But the motivation behind TES was different! We all felt that if we could save the life of even a single soldier at the border with our efforts, we would have achieved the missions of our lives! ISRO witnessed an unprecedented commitment comparable to that of Von Braun’s team that developed the first launch vehicle for the USA or the team that developed radar during World War II. Some women employees of ISRO sent their kids to their mother’s place so that they could devote more time for this mission. Some others shifted their houses closer to the lab so that they could attend to late-hour duties.

TES is an example of fine engineering, ability to develop complex technologies in a very short time, accepting challenges even at the risk of failures and, above all, a teamwork with focus on the goal. The satellite was indeed launched on 22 October 2001 within twenty-four months of the go-ahead. This would be remembered as a watershed in ISRO’s history that changed the aspirations of people and raised the bar of excellence to an unprecedented level.

It would be of some interest today, after fourteen years of TES, to assess, where we are!

SPACE CAPSULE RECOVERY EXPERIMENT (SRE-1)

Having achieved most of the goals set by the visionary, Vikram Sarabhai, in developing satellites for the people (for communications, remote sensing, space sciences, etc.) by the beginning of this century, it was natural for ISRO to extend the reach by recovering an orbiting satellite. Matching with the twenty-first-century expectations, ISRO decided to design a satellite that could survive in orbit for an extended duration, conduct experiments in zero gravity, including long-duration scientific investigations, and then bring it back to ground. It was a new type of mission demanding expertise from many centres of ISRO as well as from other R&D units in the country. It was the first mission needing core expertise of ISAC and VSSC to be merged into a single module. The mission, known as Space Capsule Recovery Experiment-1 (SRE-1), envisaged recovery from the ocean but could even be tailored to recovery on land after some experience.

SRE-1 has been a tremendous success. It is ironical that the mission has not been followed up, perhaps due to too much of work associated with communication and remote sensing missions and non-availability of launch vehicles. One hopes that this rich experience is not lost as some key players have already retired.

DECISION-MAKING PROCESSES IN ISRO

The decision-making process is highly individualistic and each leader has his or her own style and method. ISRO leadership is no exception. But there are some common features that have come from the organisational culture and these features do impact on the individual’s characteristics.

Vikram Sarabhai was a visionary and he was seized with a large number of national issues. A scientist at PRL, Chairman of ISRO, Chairman of Atomic Energy Commission, a businessman with a large business empire to manage and Chairman of a large number of governing councils, etc., he had no time to get into details. He had the great quality of patiently listening to his senior colleagues, and if they sounded convincing, the decision was instantaneous. Orders would follow later from S.R. Thakore, who was the administrative person translating decisions of Sarabhai into orders. Sarabhai’s style was not only fine, and perhaps was the one needed when you wanted to start from scratch.

Satish Dhawan, Chairman of ISRO (1972–84), was an institution in himself. He was responsible for what ISRO is today. He inherited a small set of things: SLV-3 Project, Centaure Indigenisation Project, TERLS, etc., and of course the Indian Satellite Systems Project (after the launch it was designated as Aryabhata). He would make sure that all aspects of an issue have been examined before a decision was taken. In fact, he was keen that decisions evolved through analysis and discussions, rather than imposing them from the top. More importantly, he created a decision-making mechanism, which was thorough and which was later followed by his successors.

U.R. Rao, Chairman ISRO (1984–94) had always been very quick in assessment and arriving at decisions through sharp questioning. He never hesitated from taking decisions, once logical answers were given to his questions. He also gave freedom to youngsters to make decisions, particularly on technical matters. He had as much confidence in the next generation as he had in himself. Thus when the next generation leaders took decisions, they had his implicit approval, and he defended all those second-generation leaders for doing what they thought was right.

Most of the decision-making culture regarding all aspects of satellite technology evolved during the period 1972–84 when U.R. Rao was the Director of ISAC and Satish Dhawan was the Chairman of ISRO. Major milestones crossed during this period include: converting Aryabhata to remote sensing satellites, Bhaskara 1 and 2; grabbing the ESA’s offer of launching APPLE (with Meteosat on its top) on-board the third development flight of Ariane launch vehicle; going for import option of INSAT-1 series of four satellites; and taking up development of RSD-1, SROSS, IRS-1 and INSAT-2 series. Dhawan had a larger aerospace picture in his mind. Thus he picked up a 17 acre piece of land belonging to NAL (then National Aeronautical Laboratory and now National Aerospace Laboratory) for ISAC, considering the fact that nearness to NAL/HAL (Hindustan Aeronautics Limited) would be an advantage for the future growth of the Indian space programme. Now ISAC occupies nearly 30 acres.

Subsequent leadership has, by and large, adhered to this process of decision making, in which emphasis has been on analysis of various options and encouraging difference of opinion, if any. Once the decision was taken, everyone including those who had opposed it earlier would fall in line. This was part of the ISRO culture. It was understood that no one had the monopoly over right decision making! It was also recognised that a good decision taken late in the day was less valuable than a not-so-good decision taken at the right time. All this was part of the decision-making process followed by ISRO over the decades.

A typical example of the above process was the technical issue concerning the configuration of APPLE spacecraft. While some constraints came from ESA (for example, APPLE had to carry Meteosat on top), the major decision was in regard to the choice to be made between dual spinner and the three-axis stabilisation using momentum wheels. This decision would impact on the solar panel, thermal control system and the attitude control system.

Some argued for the dual spinner, citing the fact that most INTELSAT satellites from Hughes Aerospace Company used this mode of stabilisation. This technology was also expected to be simpler. Because of large momentum involved, the bi-propellant thrusters already developed by our colleagues in LPSC for launch vehicles could be used. The payload accommodation would, however, be more difficult on de-spun platform, exactly compensating for spin rate. The number of solar panels would be more, but the thermal control would be simpler. Some others argued that dual spinner was an intermediate technology, with its limitation on power generation and that ISRO would in any case have to go for three-axis control system development later. The latter group came up with a very innovative idea of magnetic control to obviate the need for monopropellant thrusters needed for three-axis stabilisation. The study results of both the groups were first reviewed by a committee, then by the Director, ISAC, and finally by the Chairman, ISRO. It was after three to four months of long deliberations that Chairman, ISRO, decided to go for three-axis momentum biased stabilisation. Once the decision was taken, everyone worked with commitment for three-axis mode, erasing from ISRO’s memory the option for the dual spinner.

Yet another example of techno-managerial nature concerned the configuration of IRS-P3, the remote sensing satellite launched by the third development flight of PSLV. It had to be a low-risk mission for a development flight, So it was suggested to have an existing LISS camera system as the main payload. But scientists from TIFR wanted to study the X-ray spectrum from a star on a sustained basis. The basic idea was to choose a target star and stare at it for days on, to integrate energy and get a better signal-to-noise ratio and characterise the star. This was a major update for the spacecraft bus as it had been designed to either look at Earth or Sun. Even though we had earlier flown a star sensor, it was primarily for better attitude determination and for location accuracy but not for a sustained look at the designated star. The TIFR X-ray payload required an inertial reference frame in the form of an updated star sensor with a capability to orient the satellite from any direction to any other direction using reaction wheels.

The design teams were excited by this major upgradation of IRS bus capability but managerially it was a major schedule and technology risk. Even though the primary remote sensing mission was not affected, any lacunae in pointing the payload at the desired stars would be considered as a major setback.

The design team quickly did numerous simulations to convince the management that this could indeed be accomplished within the stipulated time frame. After long-drawn discussions, the management agreed to accommodate the X-ray payload, conceding to the wishes of both the scientific community and the development team.

IRS-P3 turned out to be a remarkable satellite. It was operational for about ten years, as against the designed life of just one year! Nothing could be more satisfying to a designer or a project team than this outstanding performance of the spacecraft.

A pushing design/project team, eager to do much more than what is asked for, and a conservative management, are an ideal combination for progress and success. A converse of this could be dangerous for space missions. This management and decision-making process has been typical to all the missions and has been the great strength of ISRO.
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Dr Prem Shanker Goel did his master’s from the Indian Institute of Science and doctorate from Bangalore University. An authority on Satellite Attitude Control Systems, he was closely associated with the space programme from Aryabhata times, eventually taking over as the Director of the ISRO Satellite Centre in 1997. He was a member of the Space Commission (2001–05). In 2005, he became Secretary, Department of Ocean Development, which he reorganized as the Ministry of Earth Sciences. He headed a large number of national and international committees dealing with science and technology in general and with environment in particular. He was the Chairman, Earth Commission, 2006–08. Winner of several awards, Dr Goel is currently Prof. M.G.K. Menon DRDO Chair at Research Centre Imarat, Hyderabad, and Honorary Distinguished Professor at ISRO HQ.
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Some organisations master the technology of societal work by spreading their footprints over a large tract of land and reaching out to vast populace through an army of foot soldiers and range of ground gadgets. Others excel in back-breaking work of design, fabrication, testing and delivery of sophisticated equipment. Still others specialise in policy formulations, conceptualisation and think-tank-like engagements. But to find one with an integration of all these features is rare. The Space Applications Centre (SAC) is one such rare and unique organisation which holds its head in space; engages in that back-breaking rigour and discipline of system development; and still has its foot firm on ground for meeting societal needs. So let’s embark on the journey of fifty years of SAC.

THE GENESIS

It all started with the establishment of the Experimental Satellite Communication Earth Station (ESCES), on 100 acres of land acquired on lease from the Government of Gujarat at Jodpur Tekra at the outskirts of Ahmedabad. The main objective of setting up the ESCES was to train Indian and foreign engineers in satellite communication techniques, besides conducting experiments using communication satellites. The Earth station having 14 m dish antenna with equipment from Nippon Electric Company (later renamed NEC Corporation), Japan, was established in 1967 with K.R. Rao as the Director (later N. Pant took over). This was perhaps the first major step towards the applications of space technology in our country. This historical Earth station where the foundation of satellite communication in India was laid still stands firm in the campus of SAC. The project was funded by the UNDP with the International Telecommunication Union (ITU) as the executing agency and the Department of Atomic Energy (DAE) as the counterpart agency in India.

Next major milestone was the memorandum of understanding (MoU) signed between DAE (on behalf of Government of India) and NASA (on behalf of the USA) on 18 September 1969 to conduct an instructional TV experiment utilising the experimental ATS-6 satellite, which has been independently planned and programmed by NASA for other purposes. The experiment known as Satellite Instructional Television Experiment (SITE) concerns direct broadcast to rural community receivers and limited rediffusion of instructional TV programme material, developed by India, through VHF (Very High Frequency) transmitter. The project involving telecast of educational programmes to 2,400 villages spread over six states aimed at initiation of socio-economic uplift of rural India. The satellite, in addition to C-band transponders, carried a VHRR imaging system for meteorological applications. When the satellite is positioned over the Indian Ocean, we were also to collect the VHRR data for meteorological studies. (Due to the failure of scan mechanism, VHRR was not operational when the satellite was moved over to the India Ocean region and hence meteorological data could not be collected.) These experiments could give satellite communication and remote sensing a tremendous boost to leapfrog and land within the province of high technology of space applications, generally considered as a domain of advanced nations, and that too without incurring any heavy investment.

While the space segment was provided by NASA, India had the full responsibility to design, develop and deploy the ground infrastructure required for conducting the SITE experiment. The development included electronics hardware such as television receivers, transmitter equipment, antennas, etc., and the television programme for transmission. A number of groups started work to develop and deploy these systems in the designated villages. Since there was no space available in the ESCES campus, all these activities were scattered in different hired buildings at various locations in Ahmedabad. K.R. Rao and his team were busy designing communications systems in the Satellite Communications Systems Division (SCSD) in Chitrakut Apartments. Electronics Systems Division (ESD) – set up mainly to develop the hardware requirements of the ground segment for SITE, and also to deploy, operate and maintain the direct receivers during SITE – operated from a small makeshift shed in the campus of the Government Polytechnic. ESD was headed by B.S. Rao and later by Promod Kale when it moved to SAC campus. Microwave Antenna Systems Engineering Group (MASEG) involved in the design and development of antenna systems in the country for SATCOM and other applications functioned from a small premise in the L.D. College of Engineering. Most of the personnel of MASEG except those in Microwave Instrumentation Division (MID) moved to ECIL. MID continued its activity to design and develop microwave instrumentation, under the leadership of O.P.N. Calla. Audio-Visual Instructional Division (AVID) led by Krishen Sondhi, had the overall responsibility of programme production in collaboration with other agencies in the country. AVID had a unique combination of social scientists, communicators, producers and engineers/ technologists, acting as a link between space technology and people. All SITE-related activities were carried out under the overall guidance of E.V. Chitnis, the Programme Manager for SITE. The remote sensing activities were primarily carried out by a small team at PRL under the leadership of P.R. Pisharoty.

A CENTRE IS BORN

SAC was formed integrating all the above activities spread in various locations in the city. Dhawan invited Yash Pal, who was a senior professor at the Tata Institute of Fundamental Research (TIFR), Bombay, to lead the activities at SAC. Remote sensing activities which were carried out at PRL were also brought under Remote Sensing and Meteorology Division (RSMD) at SAC under the continued leadership of Pisharoty. SAC is a unique centre responsible for realising the satellite payloads as per user-defined parameters, developing associated ground segments and building utilisation systems with user agencies that meet the national requirements. To meet these requirements, SAC started with a diverse group comprising of engineers, mathematicians, physicists, agricultural and forestry scientists, social researchers, film producers, management experts and professionals from many other disciplines. One may not find such varied expertise working together with a common goal in any other organisation.

The formal division of SAC into two areas, one focusing on communication, including satellite broadcasting, and the other on remote sensing of Earth resources and meteorology took place in 1975. Communications Area (CA) had N. Pant as Chairman and O.P.N. Calla as Co-chairman. Remote Sensing Area (RSA) had P.D. Bhavsar as Chairman and D.S. Kamath as Co-chairman. E.V. Chitnis was the Chairman and Kiran Karnik the Co-chairman for Software Systems Group (SSG), which eventually became DECU (Development and Educational Communication Unit). Each of these areas had further divisions focusing on a specific aspect. To provide technical support there were Test, Evaluation, Standards and Calibration (TESC) Facility headed by S.R. Naik and Planning and Projects Group (PPG) with E.V. Chitnis as Chairman and P.P. Kale as Co-chairman. S.R. Thakore was the first controller in charge of administration. In due course, there were metamorphic changes in the structure to meet the growing demands on the Centre (SAC) to cater to the national needs and to provide growth avenues for the upcoming bright engineers/scientists.

With this background of formation of SAC, the evolution of the technical activities, which made SAC a centre of excellence with capabilities in the respective areas comparable to the best anywhere else, is brought out below.

SATELLITE COMMUNICATION

COMMUNICATION TRANSPONDER

Satellite in the geosynchronous orbit acts as a ‘transmission tower in the sky’ redistributing the electromagnetic radiation received from the ground. Communication payload, commonly known as transponders, usually consists of receiver and transmitter subsystems. Different elements of a transponder are antennas, receivers, frequency converters, multiplexers/demultiplexers, filters and power amplifiers. An Electronic Power Conditioner (EPC) is an essential part of these subsystems.

India’s first experimental geostationary communication satellite was conceived in 1975 in response to the invitation from the European Space Agency (ESA) for flying passenger payloads free of cost on-board the developmental flights of Ariane launch vehicle. Ariane Passenger Payload Experiment (APPLE), carrying two C-band communication transponders was designed, fabricated and successfully integrated and tested with the spacecraft. This was the beginning and transition from Earth station communication subsystem in which SAC had already developed good expertise in terms of space system technology. The culture for space qualification, testing and R&QA (Reliability and Quality Assurance) aspects were initiated during the APPLE project. Though the primary objective of the APPLE programme was to develop expertise and technology in the field of spacecraft, ISRO utilised this spacecraft also for practical applications on experimental basis, which included both technological experiments and experiments of social relevance.

Since APPLE had demonstrated the capability of indigenous realisation of communication satellites, the next logical step was to realise follow-on communication satellites to INSAT-1 such as INSAT-2, INSAT-3, INSAT-4 and GSAT series of satellites. The transponder realisation was carried out at SAC under the leadership of K.N. Shankara. INSAT-2A and 2B carried twelve C-band, six extended C-band, and two S-band transponders, one data relay transponder (for meteorological data), and a transponder for search and rescue. Many advanced R&D activities and major facilities required for state-of-the-art transponders were established. The challenge was to develop transponder subsystems efficient in terms of weight, volume, power and performance.

In the time frame for finalisation of INSAT-2C configuration, INSAT-1D, 2A and 2B were in service and all of them carried VHRR payload for meteorology. Hence it was decided to add new communication services in INSAT-2C in lieu of meteorological payloads. From the user’s point of view the communication services in the Ku band was the foremost requirement. Secondly, with the emergence of private TV broadcast services in the Asian region, there was a need to provide the broadcast services covering the larger Asian subcontinent from the Indian satellite. Thirdly, mobile communication was emerging as a very important service requirement. Also, it was necessary to enhance the capability of the existing transponders in terms of RF output power to cater to the requirement of communication through small customer-owned terminals. To meet these changed communication service requirements, the INSAT-2C spacecraft launched in 1995 carried the modified payloads with corresponding modifications in the platform subsystems. These consisted of payloads in C band, Ku band and S band in both FSS (Fixed Satellite Service) and BSS (Broadcast Satellite Service). Power of four C-band transponders was increased to improve communication facilities in remote areas like the north-east and Andaman and Nicobar Islands.

Coverage of two other C-band transponders was enlarged to include parts of South-East Asia, Central Asia and West Asia.INSAT-2E, the last of the INSAT-2 series of satellites was the first attempt to prove Indian design at international level as eleven C-band transponders were to be leased to INTELSAT. The communication payload was designed to meet stringent performance and reliability requirements put forth by INTELSAT. With this, the INSAT system started generating revenue and proved that it could compete in international market. Shaped coverage and lower extended C band were introduced in INSAT system for the first time.

INSAT-3 series of satellites were conceived to add capacity to the INSAT system which can allow the growth in user segment as well as provide continuity of services. INSAT-3 was a multipurpose satellite designed to provide telecommunications, television broadcasting, meteorological, and search and rescue services.

To support the growing demand of improved EIRP (Equivalent Isotropically Radiated Power) in C band for certain services and introduction of Direct to Home (DTH) services in India, the INSAT-4 series, starting with INSAT-4A launched in 2005, is designed with high-power transponders. It had twelve Ku-band transponders to cover the Indian mainland and twelve C-band transponders to cover an extended area.

In 2001 a satellite was placed in the geosynchronous orbit for the first time using Geosynchronous Satellite Launch Vehicle (GSLV), developed by ISRO. GSAT-3 satellite, known as EDUSAT, is the first dedicated ‘educational satellite’ that provides satellite-based two-way communication to classrooms in the country for delivering educational materials. GSAT-3 payloads introduced two new technology elements, namely, Ku-band multiple-spot beam antenna and extended C-band dielectric resonator-based miniature I-MUX (Inverse-Multiplexer). Ku-band channels were using 140 W LTWTAs (Linearised Travelling Wave Tube Amplifiers) for the first time. Another important activity was the development of Ka-band regenerative transponder to gain experience in on-board processing.

GSAT-10, launched in 2012, which is a high-power satellite being inducted into the INSAT system was configured to carry a total of thirty communication transponders in normal C band, lower extended C band and Ku band as well as a GPS-Aided Geo Augmented Navigation (GAGAN) payload operating in L 1 and L 5 bands. GSAT-10 carried a Ku-band beacon as well to help in accurately pointing ground antennas towards the satellite.

Communication payloads have evolved from low-power trunk repeaters to state-of-the-art high-power transponders, and are further moving towards high-capacity multibeam repeater and on-board processing payloads. During the process, many payload technologies have been upgraded to meet the changing service requirements. Though in the initial phases, many of the technologies were not available in-house or within the country, expertise has been subsequently developed in several technologies through comprehensive development plans. These include front receivers subsystems and on-board beacons, channelisation filters, channel amplifiers and linearisers, electronic power conditioners, power amplifiers, high-power filters and multiplexers, digital processing subsystems, etc. The realisation of Mux-Demux filters, and deployable shaped and dual-gridded reflector antennas using carbon fibre technology in association with VSSC, was a challenging task. SAC has established state-of-the-art facilities and automated test procedures for realising the high-performance transponder subsystems in most of the satellite communication bands, viz., UHF, S, C, K, Ku and Ka bands. Apart from the in-house facility, services of Indian industries are also used to realise the transponders.

In conclusion, the Indian National Satellite (INSAT) system, established in 1983, is one of the largest domestic communication satellite systems in the Asia-Pacific region. It presently comprises INSAT-3A, INSAT-3C, INSAT-3E, INSAT-4A, INSAT-4B, INSAT-4CR, GSAT-8, GSAT-12, and GSAT-10, the last one being the latest member in the fleet providing around 200 transponders in S, C, extended C and Ku bands. Over the last three decades there has been a tremendous growth in SATCOM demand, especially for FSS and BSS in all the sectors in the country, leaving the orbital spectrum availability constrained. This led engineers at SAC to design new payload architecture for upcoming GSAT-11 with larger number of spot beams in a Ka-Ku hybrid system to exploit orbital spectrum in an extremely efficient manner. Keeping pace with international trends, ‘high throughput satellite (HTS)’ operating in Ka band is the next step for SAC to work on.

COMMUNICATION EARTH STATIONS

The setting up of the ESCES (renamed as Ahmedabad Earth Station [AES] in 1975) has given the necessary expertise and instilled confidence in the Indian scientists and engineers to establish other Earth stations in the country. The overseas communications service needed a ground station in India to connect to the international telephone network provided by Intelsat-3. The station was originally planned to be commissioned by foreign engineers. However, with the intervention of Sarabhai it was decided to do it indigenously. The project under the leadership of Director, ESCES, was completed in October 1969, ahead of schedule. The 97 ft. Arvi terminal, now a prominent landmark on the Pune–Nashik Road, stands as a testament to India’s first success in Earth station technology. Following this, a number of Earth stations have been built to support various experiments and services. These include the Delhi Earth station, the Earth station at Maitri, Antarctica, and the 9.3 m C/Ku-band Earth station at SAC, Bopal Campus ( in Ahmedabad), to name a few. Establishing the Master Control Facility at Hassan with two Earth stations with 14 m antenna, to control and monitor the performance of INSAT series of satellites, was a very important contribution from SAC.

In addition to the ground-based Earth stations, a number of transportable terminals have been established to provide various services. A Transportable Remote Area Communication Terminal (TRACT) with 6.1 m antenna was developed as a part of the STEP (Satellite Telecommunications Experiments) ground equipment. Emergency Communication Terminal (ECT) developed during the STEP time frame is a small transportable (either by jeep or by airlift) one, capable of providing speedy and reliable communication via satellite for supporting relief work during emergencies.

SATCOM APPLICATIONS HELPING SOCIETAL NEEDS

The satellite communication infrastructure and technological capability to build, deploy and operate transponders and Earth stations are not worth enough unless the common man derives benefits out of it. This paved way for the development of application technologies, which can deliver the services at affordable cost. Today satellite communications technology is used for business as well as for societal benefits. Business applications are market-driven, based on technologies available and used globally. Such are the case with DTH, private VSAT networks, etc. However societal needs are region-specific and are to be supported with innovative technologies which can bring down the cost and can be deployed under local conditions. The application of satellite communications such as telemedicine, tele-education, etc., is well known and discussed in detail elsewhere in this book. However, it is appropriate to list some of the less known systems, developed by SAC for various applications.

CYCLONE WARNING SYSTEM (CWS)

CWS was one of the early societal usages of INSAT channels to transmit cyclone warning messages directly to the coastal villages in their local language. The early design based on analog technology needed about 12 feet diameter receive antenna, which needed frequent replacement on account of high wind loads associated with cyclones. Later, SAC improved the design and developed the Digital Cyclone Warning Dissemination System (DCWDS) based on latest digital modulation technique and error correcting codes. With this efficient system, the diameter of the receive antenna was reduced to about 70 cm.

INSAT MSS TYPE D SYSTEM

This is a small portable satellite terminal that works with INSAT satellite for voice/data communication. The primary use was for voice communication during disaster when other communication means break down. It can be used for emergency communication anywhere in India.

DISTRESS ALERT TRANSMITTER

This can be installed in boats or other vehicles to transmit emergency conditions and position location to a central hub via UHF transponder of INSAT for rescue operation.

COMMUNICATION SYSTEM FOR TSUNAMI EARLY WARNING

This has been designed for Indian National Centre for Ocean Information Services (INCOIS) to provide suitable INSAT-based communication system from Acoustic Tide Gauge (ATG) and DART (Deep Ocean Assessment and Reporting of Tsunamis) buoy for early prediction of tsunami.

AUTOMATIC WEATHER STATIONS (AWS)

The AWSs developed at SAC are installed all over the country to take meteorological observations every hour and to transmit it to the satellite. INSAT and Kalpana series satellites carry data relay transponders, which receive data from remote platforms and retransmit it to Delhi Earth station of the India Meteorology Department (IMD), where these data are received and processed to extract meteorological data in the required format.

VESSEL MONITORING SYSTEM (VMS)

The VMS network can monitor position of seagoing vessels on near-real time. One of the applications of VMS is for the fishery regulatory organisations for monitoring position and speed of fishing vessels in the territorial waters of India.

THE INDIAN REMOTE SENSING PROGRAMME

The term remote sensing is used more commonly to denote identification of Earth features by detecting the characteristics of the electromagnetic radiation that is reflected and/or emitted by the Earth system. While Sarabhai chose ESCES and SITE to induct communication activity in the country, the establishment of remote sensing has a different story.

During the UN Conference on Peaceful Uses of Outer Space (UNCOPUOS) held in Vienna, Austria in 1968, a couple of papers on use of space including applications of remote sensing was presented and discussed. In addition to Sarabhai, P.R. Pisharoty (a meteorologist by training who joined the Physical Research Laboratory, Ahmedabad, as a senior professor in 1966) also attended the conference. At the end of the conference Sarabhai told Pisharoty that remote sensing technology has great potential in India and that he should work on this and develop some good projects of relevance to India. That was the germination for the Indian remote sensing programme.

NURTURING THE USERS

While Pisharoty was busy organising remote sensing activities, Sarabhai was conceptualising the foundation for the applications segment of the space programme, ensuring that this new technology was accepted and assimilated by the end-user. At that time, the major use of remote sensing was for monitoring natural resources and environmental monitoring. Sarabhai recognised that government would be the main user and thus the justification for the new technology had to emerge from meeting the needs of government agencies. The issue of user acceptance was important since the users need to be convinced of the benefits of this new technology over the conventional field surveys. The ‘resistance to change’ was a challenge and it would need a massive reorientation to include remote sensing technology into the work practices of the users. As a first step, Sarabhai personally invited a large number of parliamentarians and heads of departments for a presentation on remote sensing. The talk was organised in the Constitution Club, New Delhi, and about 100 participants attended (100 senior administrators and policymakers meant a large number in those times and it must be seen as a resounding success). Pisharoty made a detailed presentation, after which there were detailed discussions. This was the first major effort at user-development exercise involving administrators and policymakers. This practice has been adopted by ISRO ‘as its mantra’ and successive Chairmen made it a point to further strengthen and evolve this ‘user-development’ process in ISRO’s programmes – thereby building a strong partnering relation with the administrative and user communities.

SAC AND REMOTE SENSING

As discussed earlier, satellite communication activities progressed well during mid- and late 1970s. But remote sensing was relatively in its stage of infancy. There was just a small group at PRL working under the direction of Pisharoty. But larger projects were yet to get defined. Yash Pal envisioned that in order to build and develop strong space-based capabilities in remote sensing, it was essential to have an ‘end-to-end’ concept, i.e., to develop in-house capability on all relevant systems. Therefore, there should be a sensor development group to design and realise sensors to collect data. Data so obtained need to be converted into photographic or computer-compatible products which can be used by the end-users. Hence a data products group needs to be established. Finally, the potential of remote sensing data has to be demonstrated by conducting suitable experiments at local, regional and national level involving key user ministries for which applications group has to be established. At that time, the nation really had no expertise in these specific areas and Yash Pal started looking for people who could lead these activities. He narrowed down on three people: George Joseph, D.S. Kamath and Baldev Sahai, all from TIFR, and gave them the responsibility of building the sensor, data products and applications respectively.

Yash Pal decided that while ISRO is developing the remote sensing technology there should be an organised way to bring various end-users into the ‘loop’. For this he created ‘User Cell’ to appraise various departments about how remote sensing input can help them to tackle problems in a timely and expeditious way using specific examples. Thus the user cell acted as a link between the technologists and the end-user. It was a two-way communication: to inform the users what remote sensing can provide to them and back home to tell the technologist what their expectations were. By this Yash Pal brought in an ‘integrating element’ for user interfacing – a bridge between users and the technology groups.

BUILDING CAMERAS FOR EARTH OBSERVATION

THE LEARNING PHASE

When SAC was formed in 1973, working space was not adequate for the staff and laboratories at the ESCES campus. People, who were initially working on remote sensing related activities at PRL, were shifted to a few residential flats hired from a housing society. The sensor development activities seriously started from this place. Residential apartments were not meant for laboratories. But the team required a darkroom and a stable platform to set up optics lab to test some of the components for the sensors. Finally, they ‘discovered’ that the kitchen is the ideal place, since it could be easily converted to a dark place and the kitchen platform is reasonably stable to place an optical bench. Well, this kitchen is the ancestral home of the present state-of-the-art electro-optical sensor laboratory at SAC producing world-class electro-optical sensors which image the Earth and the Moon. Many of the new entrants now working with sophisticated instruments in the spacious electro-optical laboratories at SAC may find it hard to believe that the sensor development had such a humble beginning.

Development of remote sensors in India started with the interest of Pisharoty to measure Sea Surface Temperature (SST), to understand the dependence of monsoon on SST variation. Sarabhai had contact with a French laboratory CNRS (National Centre for Scientific Research) who were building thermal scanner for SST measurement from aircraft. They were requested to duplicate one for India. Though the instrument had been flown in the early 1970s on a few occasions, it was not continued since data on SST was available from satellite sensors like VHRR which could cover larger area on a daily basis. However, the whole exercise gave good experience in characterisation, calibration of remote sensors, and data analysis. The first indigenous sensor development activity was to develop an airborne multispectral scanner, ISRO MSS. This activity was initiated in mid-1974 and the first test flight was conducted in 1976. It was operationally used for several experiments to understand spectral characteristics of land cover and to demonstrate the application potential of remote sensing data. When the SAC team started work on the development of remote sensors, all space imaging systems other than those employing imaging tubes, worked on the principle of opto-mechanical scanning. In 1969 two researchers of the AT&T Bell Telephone Labs, Willard S. Boyle and George E. Smith, came up with the concept of Charge Coupled Device (CCD), which revolutionised imaging cameras. They shared the 2009 Nobel Prize in physics for inventing the CCD. In mid-1970s, this new imaging device, CCD, was available. The SAC payload team initiated a programme in 1975 for developing an aerial camera using CCDs. The aerial CCD camera with Aircraft Linear Imaging Self Scanning (ALISS) was successfully flight-tested by late 1970s. SAC was thus one of the first few to master the new technology.

The development of these airborne sensors gave the application scientists a very good understanding of various aspects of the design of remote sensors: fabrication, characterising, conducting flights and data products. The data from the aerial flights also helped computer processing and application scientists to develop newer methodologies and prepare themselves to take up the challenges for operational satellite data.

ODYSSEY FROM KILOMETRE TO METRE

Encouraged by the success of India’s first satellite Aryabhata, it was decided to use the available spare hardware of Aryabhata to develop an application satellite which could be a forerunner to an operational Earth observation system. The use of available hardware helped to cut short the cost and time. Since the Aryabhata was a Low Earth Orbit (LEO) satellite, developing a remote sensing satellite was the most appropriate choice. Thus the project, Satellite for Earth Observation (SEO), was initiated with K. Kasturirangan as Project Director. Aryabhata was a spin-stabilised satellite and there are limitations to choose an Earth observation camera from a spinning satellite. Based on various studies and discussions, a two-band TV camera operating in the visible and near-infrared, and a two-frequency microwave radiometer were chosen as the payloads. SAC was given the responsibility to develop the payloads and the data products. After the launch of SEO, the satellite was named Bhaskara after the twelfth-century Indian mathematician Bhaskaracharya.

The Bhaskara 1 satellite was launched on 7 June 1979, on-board a Soviet vehicle from Kapustin Yar Cosmodrome, in the erstwhile USSR. All the satellite systems and the microwave payload functioned normally. However, the TV camera could not be operated due to corona (high-voltage breakdown) in the system. Therefore it was decided to wait for about ten months to have the system undergo a few thermal cycles which might also facilitate escape of the gas. Finally, on 16 May 1980, Camera-1 was switched on and it functioned properly. Yes, on 16 May 1980, at 4:02:54 p.m. (IST) Indian space imaging was born.

After taking care of the corona issue a follow-on satellite Bhaskara 2 was launched from USSR on 20 November 1981. The cameras have provided over a thousand two-band imageries covering the entire country twice. The Bhaskara missions provided valuable experience in several interrelated disciplines of the satellite-based remote sensing system for resource survey and management. In the area of payload, the Bhaskara satellites gave a very good end-to-end experience in conceptualising an imaging system; its design, fabrication and qualification for space use; in-orbit operation; and finally, the end utilisation. The mission trained a set of competent engineers who not only could realise a complex system but also could rise to the occasion whenever a problem arose, to analyse and suggest a solution.

THE BEGINNING OF INDIAN REMOTE SENSING

In November 1980, Chairman, ISRO, set forth the IRS Project Organisation with Dr K. Kasturirangan as Project Director. The order also identified the primary payloads: ‘The first Indian Remote Sensing (IRS) satellite will carry a primary payload system consisting of MSS and Linear Imaging Self Scanning (LISS) arrays.’ Based on the assessment of the SAC payload team, followed by a review by a technical committee it was decided to have only LISS payloads for the first IRS mission.

Thus the first operational remote sensing satellite of India, IRS-1A, had two imaging systems employing LISS sensors with four spectral bands in the 0.45–0.86 µm region with geometric resolution of 72.5 m (LISS-1) and another with a geometric resolution of 36.25 m (LISS-2). IRS-1A satellite was launched on 17 March 1988 by a Russian rocket from the Baikonur Cosmodrome, Kazakhstan, into a Sun-synchronous near-polar orbit at an altitude of 904 km. IRS-1B satellite carrying similar cameras was launched on 29 August 1991.

This marked the beginning of the operational Earth observation era in India.

It may be noted that LISS-1 camera has better spatial resolution, optimally placed higher spectral resolution bands, and higher MTF (a measure of the quality of the imagery) compared to the widely used Landsat MSS. Thus IRS-1A is the first state-of-the-art indigenously realised space application satellite system provided by ISRO to the nation.

Although data available from IRS-1A and 1B and from other international remote sensing satellites were used extensively in many resources application areas, there were gaps in the available data for many thrust areas of application to generate information of required accuracy and timeliness. Observational data requirements to meet these application needs have been identified in several studies using IRS-1A and 1B and other satellites like SPOT, Landsat, TM, etc. These requirements were translated into sensor parameters to define the next generation of IRS series of satellites. These included improved spatial resolution, additional band operating in short-wave infrared, wide swath system to improve revisit capability and high-resolution panchromatic camera.

The IRS-1C satellite was launched on 28 December 1995, from Baikonur Cosmodrome, in Kazakhstan, into a polar Sun-synchronous orbit of 817 km. The panchromatic camera in IRS-1C had the highest spatial resolution in civilian Earth observation category and continued to be so till the launch of IKNOS in 1999. Another unique capability was the availability of a coarse spatial resolution (188 m) and wide swath (around 800 km) multispectral data.

Though the satellite was designed for an operational life of three years, the satellite continued giving data till 21 September 2007, that is, for nearly twelve years.

The launch of IRS-1D, a follow-on satellite to IRS-1C on 27 September 1997 was of special significance as it was the first state-of-the-art applications satellite which ISRO could place in orbit using the Indian launch vehicle PSLV.

IRS-1C and 1D satellites have some unique capabilities compared to other Earth observational systems at that time. WiFS sensor with higher temporal resolution provided multi-date observation capability and was found very useful to estimate wheat area at national level. Because of the wide swath covering large areas and synoptic view, many applications scientists found it ideal to make small-scale maps at district/state level.

The follow-on satellites Resourcesat-1 and 2, launched in 2003 and 2011 respectively, have improved spatial and radiometric resolution. A new sensor LISS-4 is added which can operate in multispectral mode in three bands with a spatial resolution of 5.6 m. The Advanced WiFS (AWiFS) on-board has 56 m spatial resolution and about 740 km swath. This unique capability is not available in any other satellite. The data from AWiFS is routinely used by United States Department of Agriculture for estimating various crop statistics.

SAC joined the sub-metre data provider group with the launch of the Technology Experiment Satellite (TES) in 2001. Subsequently, several cameras with the capability to provide stereoscopic data were developed for the cartographic satellites.

All the above systems are primarily for land application. Information on ocean including the state of the ocean plays a very important role for many applications. To cater to this need Oceansat-1 and 2 were launched in 1999 and 2009 respectively. The sensors on-board these satellites consist of an eight-band ocean colour monitor with a spatial resolution of about 330 m and two-day repeat cycle. In addition, Oceansat-1 had a microwave radiometer and Oceansat-2 had a Ku-band scatterometer to measure ocean surface winds.

The IRS imageries are available to the global community on commercial basis through Antrix Corporation. Many countries buy IRS data for various applications, which speaks for the quality of IRS data compared to data from other remote sensing satellites.

Another important area of development was the imaging system from geosynchronous orbit primarily for meteorological studies. The INSAT-2A, launched in 1992, carried a VHRR with improved capabilities compared to the VHRR of INSAT-1 series. INSAT-2E, launched in 1999, carried an advanced VHRR payload operating in three channels: visible with 2 km resolution, thermal (10.5 µ to 12.5µ) and water vapour (5.7 µ to 7.1 µ) with 8 km resolution each. Besides these, INSAT-2E also carried a CCD camera with three channels: visible, near-infrared and short-wave infrared with 1 km resolution each to map the vegetation cover. This is the first CCD-based Earth imaging multispectral camera in the geostationary orbit. A geostationary meteorological satellite system Kalpana 1, devoted totally to meteorology, was launched in 2002. An advanced version of VHRR having an imager of six spectral bands and a nineteen-channel sounder to measure vertical profile of temperature and water vapour will be flown on INSAT-3D, a dedicated meteorological spacecraft.

SAC also contributed to ISRO’s first planetary mission, Chandrayaan-1, by providing Terrain Mapping Camera (TMC) capable of providing stereo images with a spatial resolution of 5 m and hyperspectral camera operating in the visible and near-infrared spectral region. The team is getting ready with payloads meant to detect emission of methane, hyperspectral thermal imager and colour camera for the Mars mission.

The future sensors planned in the IRS series ensures continuity of data for already established information services covering land, ocean and atmosphere. In addition, the future systems will provide improved capability in spatial resolution through 0.25 m in Cartosat-3, improved temporal resolution through multispectral thematic camera with moderate resolution from geosynchronous orbit, and hyperspectral imagers. Work on the next generation of meteorological observation systems to enhance inputs for weather forecasting has been initiated.

The journey from kilometre to sub-metre was challenging at every stage to meet the improved performance requirements. In the course of these developments SAC have indigenised many critical subsystems which were imported earlier.

MICROWAVE REMOTE SENSING

Microwave remote sensing in ISRO had its beginning in mid-1970 with the development of SAtellite MIcrowave Radiometers (SAMIR) for the Bhaskara 1 and 2 satellites with two and three frequency bands respectively. The Oceansat-1 launched in 1999 carried a Multi-frequency Scanning Microwave Radiometer (MSMR) operating in four frequencies, with 40 to 120 km resolution and 1,360 km swath. The experience gained in realising these radiometers was utilised for the development of a five-frequency imaging radiometer, MADRAS (Microwave Analysis and Detection of Rain and Atmospheric Structures) payload, jointly with CNES, France, for the Megha-Tropiques mission.

Scientists developed a 2 to 18 GHz Ground-Based Scatterometer (GBS) with polarisation and look angle diversity and used it on fields with controlled parameters to understand microwave signature and generated database for various frequency, polarisation and look angle combinations.

Active microwave imaging sensor development started with an X-band Side Looking Airborne Radar (SLAR). This was followed by a C-band airborne Synthetic Aperture Radar (SAR) system, with 6 m resolution. The SAR was used for collecting data for many applications. The exercise also gave good experience in handling the complex data, and in generating user-acceptable data products. Another airborne C-band SAR for Disaster Management (DMSAR) has been developed with 1 m to 10 m resolution imaging capability with swath coverage of 6 to 75 km. The DMSAR has been extensively flown during various post-flood campaigns.

Space-borne active sensor development started with the development of Ku-band pencil-beam scanning scatterometer payload for Oceansat-2 mission launched in 2009. The major landmark in microwave remote sensing is the realisation of an active antenna-based C-band multimode, multipolarisation SAR for the Radar Imaging Satellite, RISAT-1 launched in 2012. RISAT has multiple imaging modes ranging from spotlight to wide-swath with resolution ranging from 1 m to 50 m and swath coverage from 10 km to 225 km. In the wide-swath mode it has twenty-four days repetitiveness. The RISAT is the only space-borne SAR which can provide polarimetric information in all imaging modes. Further, the very low incidence angle capability (10° to 12°) will usher several interesting applications. High-resolution radar imaging system is of strategic importance and hence several critical elements are not available in the open market. It was therefore necessary to develop all the critical components/subsystems indigenously.

Consolidating the experience and expertise realised in the microwave sensor development, several microwave remote sensing missions are planned for the future. These include sounders for measuring atmospheric temperature and humidity distribution, and scatterometer for the follow-on missions of Oceansat-2 and multi-frequency SAR. Special mention is to be made of the highly compact dual-frequency (L- and S-band) SAR payload for Chandrayaan-2 mission, currently under development with advanced design concepts, which is expected to weigh below 15 kg.

ATMOSPHERIC AND OCEANIC SCIENCES

Understanding meteorological phenomenon on a scientific basis has been of keen interest to SAC since the inception of remote sensing programme in the early 1970s. The Atmospheric and Oceanic Sciences Group (AOSG) at SAC, is currently working in a variety of application areas using satellite data. The gamut of applications covers upper-air and boundary-layer parameters, cloud dynamics, rainfall estimation, oceanographic parameters, numerical modelling, and data assimilation for weather and ocean state forecast, etc. The group has developed the capability of handling satellite data from optical, thermal and microwave regions of the electromagnetic spectrum and is in the process of developing unique algorithms for parameter retrievals and their science application. Furthermore, to meet the stated goals and objectives, the observation requirement is expected to be very high and would require a synergistic integration of data from various platforms (in-situ, international sources and other Indian sources). This therefore requires an adequate and commonly accessible data archival and dissemination system. Keeping this in mind, Meteorological and Oceanographic Satellite Data Archival Centre (MOSDAC) has been established at SAC (Bopal campus). The data centre archives the meteorological/oceanographic data products from ISRO science missions and disseminates through web-based service to support national level R&D in this area. Future effort is to make more and more observational data available through MOSDAC to the research community.

REACHING THE DATA TO THE END-USER

Due to the observing technique as well as the various perturbations of the platform and the undulations of the terrain, the data as acquired need to be corrected for radiometric and geometric errors. Therefore the data from various sensors have to be processed to realise specified radiometric and geometric accuracies for ready use by various application scientists for specific themes of their interest. This may be in the form of photographic output or in a digital format amenable for further processing by computer. The final quality of the images/data, called data products, is very much dependant on the processing done and it is an important activity enabling the proper use of the data. The data product generation strategy has also been improved to keep up with the user requirements.

Over the years, different types of products such as multi-sensor merged products like PAN-sharpened multispectral products; precision products corrected, using control points; ortho-rectified products corrected for terrain undulations; all-India mosaicked vegetation index products; Digital Elevation Model (DEM) products depicting terrain heights, etc., meeting the user needs have been developed. In addition to the standard products conveying the basic data, ready-to-use geophysical parameter products like wind, sea surface temperature, fog, snow, etc., are also provided to the users.

Another issue is reducing the processing time so that the data can be delivered faster to the user. The time needed for processing a single scene of IRS-1A was 180 minutes at that time. For processing an ERS-1 SAR scene it used to take eight hours and a half. With the help of new software techniques exploiting the new-generation processors as well as advances in processing algorithms, this time has been reduced to the order of about five minutes for Resourcesat-1 and 2, and about fifteen seconds for the RISAT-1 strip map SAR scene. The geographical location accuracy of standard products at the time of IRS-1A was 220 m. On using reference images and DEM, the location accuracy of standard products are now better than 10 m and the relative variation in location accuracy over a scene is around 1 pixel.

Software for data products generation developed, using object-oriented programming languages C++ and Java, are currently operational at NRSC, ISSDC, IMD, and INCOIS data centres. The generated products have quality and delivery time comparable to those by any other remote sensing data provider in the world. Software for data quality evaluation ensuring continuous monitoring are also put in place.

THE LAST MILE OF SPACE OBSERVATIONS

The end goal of all these technologies is to use them for public good. Towards this, SAC along with end-users has taken up various application projects at local and regional level, which finally culminated in their being carried out by user agencies independently. For example application of remote sensing in agriculture for crop production forecasting has been a flagship programme at SAC. The acceptance and success of satellite remote sensing for assessing the Indian agriculture has been exemplified in setting up of Mahalanobis National Crop Forecast Centre (MNCFC) by the Department of Agriculture and Cooperation, Government of India, which uses remote sensing data as an important input for crop production estimate.

To achieve all the tasks mentioned above requires support from various disciplines. The technical support groups of mechanical/electronics services, various facilities and R&QA have risen to the challenge of realising the complex systems described above.

SAC has mastered the complex technologies in the areas of communications and remote sensing, which account for much of the space-based societal applications in the country. It has undertaken major projects in space applications to demonstrate and include these technologies in different sectors of society. SAC today is a major hub of spacecraft payloads for terrestrial as well as planetary missions. During this journey SAC has created a very competent team that can conceptualise, design and realise hardware/software systems required to meet the application needs and demonstrate its potential for societal benefits.

Over fifty years of its evolution, SAC, emerging from the dreams of its founding fathers, was guided by a set of visionary leaders, nurtured by committed teams of hard-working men and women and rejuvenated by flux of bright-eyed entrants. The idea of diversity under a single roof, the culture of teamwork and the spirit of innovation and excellence have paid rich dividends to the nation. SAC is geared for still higher achievements as it does not rest on its past laurels. The future is fully loaded with exciting projects and new horizons of research. The head is high in the sky and the feet firm on the ground!
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Dr George Joseph started his research career in 1962 at the Tata Institute of Fundamental Research (TIFR), Bombay. He joined Space Applications Centre (SAC) in 1973. A pioneer of satellite-based imaging sensors, he was instrumental in developing a variety of electro-optical sensors for earth observations which were first of its kind in India. Dr Joseph was the Chairman, Lunar Mission Study Task Force, which prepared the study report on India’s maiden Moon mission. He was Director, SAC, during the period 1994–98, and Director, Centre for Space Science and Technology Education in Asia and the Pacific, during 2006–09. In recognition of his outstanding contributions to the Indian space programme, he has been honoured in 1999 by the Government of India’s civilian award, the Padma Bhushan.
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PART FOUR

On the Ground


4.1

The Spaceport of ISRO

K. NARAYANA
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Sriharikota, a remote inaccessible island, was acquired by the Department of Atomic Energy in the year 1969 to establish a national range for launching of multistage rockets and satellite launch vehicles. Since then the island has undergone transformation to a modern spaceport routinely launching various types of satellites for applications like remote sensing, communication, television broadcasting, meteorology, etc. Chandrayaan-I mission, satellite recovery after deorbiting are some of the technologically challenging missions undertaken successfully during the recent past. As in the case of remote sensing satellites, ISRO envisages self-reliance in launching heavy communication satellites in the near future. Mission to Mars, reusable launch vehicles, landing a probe on the surface of Moon are some of the important missions planned for the future. SDSC SHAR will play a major role in all these missions. The incredible story of development over the past four decades, the role played by many of the stalwarts, their vision and confidence in indigenous capabilities, the pioneering role of Vikram Sarabhai and Satish Dhawan and their successors who have ably led ISRO are briefly summarised in this article.

This centre was originally named SHAR (an acronym for Sriharikota Range – mistakenly referred to as Sriharikota High Altitude Range by some people) by Sarabhai. SHAR in Sanskrit also means arrow, symbolic of the nature of activity and that seems to be the significance of the acronym. It was on 5 September 2002 that the centre was renamed as Satish Dhawan Space Centre (SDSC) SHAR by Atal Behari Vajpayee, then the Prime Minister, by unveiling the name plaque through satellite link from his residence at New Delhi.

The decade 1969–79 saw rapid development of SHAR creating the entire infrastructure required for flight testing of a variety of sounding rockets, the first-generation satellite launch vehicle SLV-3, test facilities for evaluating and ground qualification of solid propellant rocket motors and other subsystems of launch vehicle, a plant for manufacturing solid propellant, and network of ground stations for satellite tracking, data reception and commanding. Basic infrastructure in terms of power, telecommunication, housing and health care to meet the basic needs of the employees and the operational needs was also created. The remoteness of the island played a crucial role in creating this infrastructure.

The Civil Engineering Division, led by R.D. John, played a stellar role by completing all the required civil works on time for commencement of other technical activities. This they did amidst great adversity and hardship to their personal lives.

Three key players took responsibility for development of SHAR under the able guidance of Satish Dhawan and Brahm Prakash. They are Y. Janardana Rao (then Head, Aerodynamics Division), A.E. Muthunayagam (then Head, Propulsion Division) and V.R. Gowariker (then Head, Propellant Engineering Division) – all from Space Science and Technology Centre (SSTC), which later became part of Vikram Sarabhai Space Centre (VSSC). Rao gave up his position at VSSC and moved over to SHAR to fully concentrate on development of SHAR. The facilities to be established at SHAR were grouped into five projects: Sriharikota Launch Complex (SLC), Rocket Sled Facility (RSF), Sriharikota Common Facilities (SCF) (all headed by Y. Janardan Rao), Static Test and Evaluation Complex (STEX) headed by A.E. Muthunayagam and Solid Propellant Space Booster (SPROB) Plant headed by V.R. Gowariker. The RSF was dropped some time during the period 1975–76.

After successful realisation of SLV-3, ISRO embarked on development of heavier launch vehicles ASLV, PSLV, GSLV-Mk II and GSLV-Mk III. Development work on ASLV and PSLV had commenced more or less simultaneously. While most of the facilities realised for SLV-3 was utilised for ASLV, a new launch pad was built in the same complex. This was because, unlike SLV-3, the ASLV had strap-ons and was vertically integrated. To facilitate vertical integration, a mobile service structure, 40 m tall and weighing nearly 500 tonnes, was constructed. In all, four flights of ASLV were conducted from this complex during the period 1987–94. The launch pads of SLV-3 and ASLV are no longer in use. VSSC team was responsible for realising SLV-3 complex in close coordination with SHAR and Civil Engineering Department (CED) teams. SHAR team strongly pitched in for taking the responsibility of realising launch complex facilities for ASLV and PSLV and the ISRO Range Complex (IREX) expansion project; and a system project of ASLV/PSLV was created. This decision had a far-reaching impact as the range team developed expertise in the design, development, operation and maintenance of various launch facilities for ISRO’s launch vehicles. There was no second thought in the minds of higher management of ISRO at any time thereafter. This gave the technical teams at SHAR an opportunity to engage themselves in challenging tasks of developing new facilities apart from carrying out operation and maintenance responsibilities. In most other ranges, these activities are generally taken care of by the launch vehicle teams. Another initiative from the range team is to take up part of the vehicle integration responsibilities during a launch campaign. Expertise gained during the preparation of solid motors for static tests has been extended for the flight motors. Technology gained while working with the Russian team in preparing the cryo stage has led to the formation of an expert team at SHAR for this activity. Another team has taken up the responsibility of preparing all the strap-on stages for PSLV and GSLV.

For PSLV, a new complex was realized by 1991 and the first flight took place from this complex in 1993. Apart from being a much heavier vehicle, liquid propellants had to be handled, for the first time, to service the second and fourth stages of PSLV.

Even before the first flight of PSLV, ISRO took up the development of GSLV-Mk II. The project got approval from the government in 1990. It was also decided to make use of PSLV launch complex for GSLV-Mk II by suitably augmenting it. The augmentation called for creating storage and transfer systems for cryogenic propellants for servicing the third stages of GSLV, apart from creating bulk storage of liquid propellants UDMH and N2O4 near the launch pad. The launch pad also was provided with a separate lightning protection system, which was earlier a part of the mobile service tower.

With multiple-launch vehicles reaching operational stage, to have minimum turnaround time between launches, a decision was taken to build another launch complex, which can be used for PSLV, GSLV-Mk II and other advanced launch vehicles to be developed by ISRO. GSLV-Mk III configuration was not finalised by that time and hence all possible configurations of advanced launch vehicles were considered while configuring the launch pad systems. This complex named as ‘Second Launch Pad’ was commissioned in 2005 while the one realised earlier for PSLV and GSLV-Mk II is named the ‘First Launch Pad’.

Range instrumentation comprises of telemetry, tracking, telecommand, communication, timing, CCTV systems, etc. Radar Development Project (RDP) with R. Aravamudan as Project Director was formed in the year 1971 to undertake development and realisation of two C-band medium-range radars for installation at SHAR. The project was successfully completed with Radar I commissioned in the year 1977 and Radar II in 1978. These radars formed the backbone of the tracking system for many years. Radar II continues to be in operation at SHAR. Institutions like Tata Institute of Fundamental Research (TIFR), Bhabha Atomic Research Centre (BARC), and Electronics Corporation of India Limited (ECIL) have participated in this project. The expertise gained in this project led to the development of (i) Mesospheric, Stratospheric and Tropospheric (MST) radar for the National Atmospheric Research Laboratory (NARL), (ii) Doppler weather radar for the India Meteorology Department (IMD) and (iii) long-range precision radars for ISRO. Indigenous development of radar technology is, of course, crucial since it is an embargoed item and other laboratories who have tried to import them didn’t succeed.

Similar is the case with Telemetry, Tracking and Command (TT&C) systems. Except for the import of some of the subsystems such as high-power amplifiers, and analog and digital recorders, the entire ground station has been realised indigenously by SHAR Central Design (SCEND) of ISRO. The team developed expertise in the design of antenna mounts, and the Servo System Division gained expertise in the drive system antenna feed coming from either SAC or ISAC or VSSC. This expertise was also utilised by SHAR in the development of infrared astronomy telescope for PRL at Mount Abu.

To support the Aryabhata mission, a TT&C station was commissioned at SHAR in the year 1974. The European Launcher Development Organisation (ELDO) was disposing of a telemetry station operated by them at Woomera Range, Australia, consequent upon a number of failures in their launch vehicle development programme. ISRO purchased this station in an auction and commissioned it at SHAR. This station along with the telecommand and ranging systems supported the early satellite missions. For launch vehicles, a separate telemetry station operating in P band (240 MHz) was in use till 1986. As per ITU guidelines it had become mandatory to change over the TT&C network to S band. A unified telemetry station meeting the requirements of both launch vehicles as well as satellites came into operation from the year 1986. For launch vehicles, the telecommand system continues to be operated in UHF (Ultra High Frequency) band (434 MHz) whereas for the satellites it has changed over to S band. With the growing number of satellite missions for Earth observations and the need for a network of stations around the globe, a separate unit named ISRO Telemetry, Tracking and Command Network (ISTRAC) was created which initially functioned from SHAR and shifted its headquarters to Bangalore in the year 1986. ISTRAC operates telemetry stations at SHAR, Trivandrum, Port Blair, Mauritius, Brunei and Biak to support Sun-synchronous and GTO missions of PSLV and GSLV.

Mission Control Centre (MCC) is an important element of the Range. The countdown phase of operations lasting for about forty-eight hours before the lift-off are coordinated and controlled from MCC. All the mission executives who are vested with decision-making responsibility are provided with real-time display systems of information. Authorisation for going ahead with the launch is given by the Mission Director after getting go-synthesis from other mission executives. Launch-hold, call-off, postponement or any other event connected with launch operations are decided from here. SHAR has today a modern state-of-the-art MCC commissioned in the year 2011.

Range safety is of paramount importance for any activity in the launch operations. This deals with safety of operating personnel handling hazardous systems like rocket motors, ordnance items used in launch vehicle/satellite, and solid and liquid propellants. It also deals with the safety of non-participants, general public, air traffic, maritime traffic, and public and property in other countries within the reach of the launch vehicle as it lifts off, till injection of the satellite into orbit and subsequent passivation of the stage injected into orbit. Range safety policies are formulated and implemented to ensure compliance to safety norms which are generally adopted by various spacefaring nations. A critical analysis of the mission at the planning stage itself is undertaken assessing all the hazards, safe flight path, safe impact zones for the jettisoned launch vehicle systems such as spent boosters, heat shield, etc. Tracking the actual flight path of the launch vehicle by radars, monitoring the performance of on-board systems in real time, timely intervention (in case of a malfunction) by terminating the flight on command from ground, etc., form a part of the range safety activities. A network of computers receiving data from radars, telemetry stations located in the range as well as down-range, processing of the data, making computations and displaying the information on terminals in front of the Range Safety Officer in a format which enables him to take decision in a few seconds, etc., are essential components of the ground system supporting range safety. SHAR has an excellent state-of-the-art real-time network.

Accurate weather forecast is an essential part of the launch activity. Wind profiles up to an altitude of about 30 km are generated using Radio sonde/Rawin sonde (balloons carrying instruments/reflector tracked by radar or carrying a GPS unit) or a wind profiler, as close to the launch time as possible. Using these wind profiles, trajectory simulation computations are made to determine primarily if the loads experienced by the vehicle are within design limits. If not, the launch is rescheduled. Cloud cover, surface winds, lightning and precipitation are other weather parameters to be considered while giving clearance for the launch. SHAR has full-fledged facilities apart from utilising the data/measurements from IMD.

It is interesting for an observer to watch the activities at SHAR during a launch campaign which generally lasts for a period of two months commencing from the movement of the first piece of flight hardware to launch pad till lift-off. Teams from different centres of ISRO converge on SHAR during the launch campaign phase. Since the sequence of events and activities are well defined, the teams have advance notice to plan their travel. The launch campaign managers ensure that all the people concerned are posted with the progress of work. Daily review meetings are held to brief all concerned about the activities planned for the day. Over the years, an effective launch campaign management system has evolved. At its peak, which happens to be the last few days of the campaign, close to 300 persons from launch vehicle and satellite teams will be stationed at SHAR. Another 200 persons who are mostly observers from the system development groups will also be present on the day of launch. A big contingent of print and electronic media are invited and escorted to the media centre. The situation gets more complex if a VVIP is witnessing the launch with close to a thousand people taking care of the security arrangements. It is a festival atmosphere with tension and anxiety building up as the launch time approaches. Residents from housing colonies reach out to rooftops. Lift-off is greeted with thunderous applause and as the vehicle ascends and disappears into the clouds or goes beyond visible range, attention turns to the announcement from Range Operations Director on the performance of the vehicle in real time. Typically, the flight duration from lift-off to injection of the satellite into orbit lasts twenty minutes. The preliminary orbit as computed by the on-board inertial navigation system is relayed to the ground through telemetry. A successful launch announcement follows and the entire community, nay, the entire nation celebrates!

Test facilities were established for the qualification of the rocket motors of SLV-3. They include test beds of 30 tonne and 100 tonne thrust capacity; high-altitude test facility to test the upper-stage motor in near-vacuum conditions; vibration; centrifuge; thermal humidity chamber; shock test facilities along with associated instrumentation, data acquisition and processing facilities. These facilities were extensively used for qualifying all the motors of the four stages of SLV-3 during the period 1975–79. Single-component and six-component test stands are designed and developed in-house to measure axial thrust and side force components. The rocket motors are extensively instrumented to measure various parameters such as chamber pressure, axial thrust, temperature on motor case and the nozzle, strain, etc. The high-altitude test facility comprising a vacuum chamber to house the test article, a diffuser, steam generator and cooling system was designed and developed for testing the apogee boost motor used for the first indigenous experimental communication satellite, APPLE, launched on-board Ariane launcher. This test programme was successfully concluded in the year 1980.

The first stage of SLV-3 is made up of three segments. A facility to assemble the three segments in vertical condition and to tilt the assembled motor to horizontal condition was established in the year 1976. This facility continues to be used even today for preparing the strap-on motors of PSLV. The same concept of vertical assembly of segments and tilting to horizontal condition for transportation to test bed has been adopted for the S125/S139 booster of PSLV/GSLV and S200 motor of GSLV-Mk III. The flight motors of PSLV and GSLV are however assembled directly on the launch pedestal to avoid handling and transportation of the motors. SHAR team has over the years gained experience in preparing the solid propellant rocket motors, be it for static test or for flight. All the fixtures needed for these operations are developed in-house.

A high-capacity test facility for static testing of the first stage motor, S125 of PSLV was realised under PSLV programme. The test bed has been designed with a 750 tonne thrust capacity. The facility has three bays: one bay catering to the vertical assembly of the motor and tilting it to horizontal; the second bay having the test stand proper; and an intermediate bay for storage of all handling and assembly fixtures. A 175 tonne capacity crane serves all the three bays to handle the segments as well as the fully assembled motor. Instrumentation and data acquisition systems were upgraded to handle up to 550 measurement channels. Qualification of the S125 motor and its upgraded version S139 were successfully completed using this facility. The S200 motor of GSLV-Mk III vehicle has also been successfully static-tested at the same facility.

Vibration test facility comprising two shakers with 16 tonne force rating (which can also be configured to provide 30 tonne force rating) is in operation since 1976 and is extensively used for environmental qualification of upper-stage motors, auxiliary motors like retro and ullage motors, base shroud, heat shield, inter-stages, etc.

Using the available infrastructure, structural tests on large hardware like core base shroud of GSLV, simulating various load conditions, are conducted. For GSLV-Mk III, proof pressure testing of C25 stage tanks, filling them with liquid nitrogen is also successfully completed. Ground resonance tests on PSLV/GSLV-Mk II/GSLV-Mk III full-scale models to determine the mode shapes and natural frequencies are conducted, making use of the available facilities at the launch complex.

SPROB plant was established in the year 1977 for the production of solid propellant for various motors of launch vehicles. It is spread over nearly 5,000 acres of land. There are over fifty buildings for different process operations, from storage of raw materials to finished product. Each facility is provided with requisite safety systems. Initially designed to handle motors up to 2 m dia and propellant loading of 10 tonnes, the plant has been substantially upgraded to 30 tonne propellant loading and 3 m dia motors. Solid propellant for the first-stage motor of SLV 3 (S 1) which has become a workhorse of ISRO was initially planned to be produced as a monolithic motor in place of the current version of three segmented motors. The propellant casting station was designed to accommodate the monolithic version of the motor. An underground pit in which 12 m deep vacuum chamber is placed is meant for this. Rocket propellant plant (RPP) at VSSC continues to produce the segments for S 1 motor. However, for ASLV, the strap-on motors were produced at the SPROB plant in pair casting mode to ensure that the two motors have minimum dispersion in their ballistic performance. Major facilities at this plant cater to hardware preparation, raw materials preparation, mixing, casting, curing, machining, inhibition, radiography and magazines. ISRO worked with Indian industries to manufacture vertical mixers used in this facility. Another critical equipment for the plant is the linear accelerator (Linac) needed for radiography of the motors. SAMEER (Society for Applied Microwave Electronics Engineering and Research), a unit of the Department of Information Technology has successfully developed a 15 MeV Linac and SHAR has two such machines. All the designs for the plant are indigenous and most of the equipment is sourced from within the country.

A second Solid Propellant Plant (SPP) has been commissioned at SHAR in the year 2007 for the production of segments of the S200 motor. The maximum propellant loading in a segment is 100 tonnes. All the experience gained during the operation of SPROB plant over a period of thirty years has gone in to the design and realisation of this new plant with many features of automation built in. This plant has successfully produced two motors which have been static-tested. Two flight motors for the first developmental flight of GSLV-Mk III are ready.

A notable feature of the development of SHAR over the last four decades has been the close interaction with other ISRO centres, especially launch vehicle development centres. All the facilities at SHAR are developed to meet specific requirements of the launch vehicles. The mechanisms established have ensured proper definition of the requirements, review by expert groups from other centres, proper documentation, and clear definition of operational responsibilities. Unlike many other launch centres elsewhere in the world, the SHAR teams have expertise in design, development, operation and maintenance. Self-reliance has been achieved to a very large extent.

SELECTION OF SRIHARIKOTA AND ITS ACQUISITION

In an interview he gave to P.V. Manoranjan Rao and J. Raja on 5 April 1995, E.V. Chitnis, a very close associate of Vikram Sarabhai, said, ‘In 1968, both U.R. Rao and I had gone to Hyderabad for our X-ray astronomy balloon experiments. One day the Tata Institute people (who ran the balloon facility) said, “Next four days the winds would not be favourable. So you will have to wait for four days. You cool your heels.” So I told Rao, “Let’s go and talk to some people at Hyderabad State Sachivalaya.” Vikram had earlier told me to look for a launch site on the east coast and I was reading in those days about all the launch sites in the world. I had read about Von Braun’s launch site (Peenemunde) in Germany when he was working under Hitler. I had seen other sites myself: American sites Wallops, Cape Canaveral with 110,000 acres with launch complex. I had visited Kagoshima in Japan. So we went to the Sachivalaya in Hyderabad. We met Abid Hussain. He was then Director of Industry, Andhra Pradesh. I said, “We want this. So, you give us a person who can help us with information.” That was in March 1968. With Abid Hussain’s help, we got all the maps prepared, information about Sriharikota and a few other sites. After the balloon experiment, we came back to Ahmedabad and showed the maps to Sarabhai and told him, “Here is Sriharikota, the most wonderful and most potential site.” He was so excited. He said, “When are you going there? You go there now.” I said, “I had already told Abid Hussain that next month I would be coming there to visit the place.” That time P.P. Kale and I went to Sriharikota. In August, Vikram Sarabhai had a survey of that. He took The Hindu newspaper’s Dakota; you know those people had a plane. So we flew over on that and in October we acquired about 40,000 acres. So fast! You know, the speed with which we could move and get things done was amazing!’

Primary considerations in the selection of Sriharikota as the launch site were:


	A launch site on the east coast that facilitates launching of the rockets in easterly direction and

	Proximity to the equator.



By launching a rocket eastwards, one can take advantage of Earth’s rotation. For a launch site close to equator the magnitude of the velocity imparted due to Earth’s rotation is about 450 m/s, which can lead to substantial increase in the payload for a given launch vehicle. Geostationary satellites must necessarily be in the equatorial plane. So, for such satellites, closer the launch site is to the equator the better it is. Sriharikota is on the east coast and is reasonably close to the equator (Latitude: 13°42&apos;).

For high-inclination orbits such as polar orbits these two considerations are not relevant. Other general considerations are:


	Down the range should be free from land masses and inhabited areas so that the flight path of the launch vehicle is entirely over sea and impact of separated rocket hardware can take place in the high seas without any constraints. The launch corridor is primarily decided based on this.

	Large extent of habitation-free land mass for locating the launch pads, tracking stations, control centre and other associated facilities.

	Availability of suitable sites down the range for locating ground stations to cover the flight phase beyond the visibility zone of launch site.

	Soil conditions suitable for construction of heavily loaded structures such as launch pads. At the time of take-off the jet loads acting on the launch pad foundations are very high.

	Climatic conditions: Weather plays an important role in the launch operations. High-altitude winds could cause unacceptable flight loads limiting the launch opportunities

	Logistics: Proximity to highway, rail, road and airport are some of the other essential requirements.



Sarabhai did an aerial survey of the Sriharikota Island in August 1968 as mentioned above by Chitnis. He was impressed by the idea of selecting it as the launch site for ISRO. Kasu Brahmananda Reddy, who was the Chief Minister of Andhra Pradesh at that time, responded favourably and handed over the entire stretch of land under the state jurisdiction to ISRO. S.R. Sankaran who was the Collector, Nellore district, took keen interest in identifying suitable places for rehabilitation of the population on the mainland in Nellore and Chittoor districts. There were eleven villages in the island with a total population of 9,000. The total extent of land identified for acquisition was 37,967 acres of which 4,253 acres were private land, the rest being government land (Anadheenam and Porombok) and forest land. The Department paid a sum of Rs 90 lakh towards the cost of acquiring private land and rehabilitation of people. The entire government land and forest land was given free to the Department.

The southern part of the island was in Tamil Nadu and it didn’t form part of the initial acquisition. It is a narrow strip of land from Pulinjerikuppam to Karimanal with a coastline of 12 km with inhabitation in a number of villages. The flight path of SLV-3/ASLV grazes past the island coastline and to take care of the safety of the people residing in this area, they are evacuated to safe zones at the time of launch. Considering the increased frequency of launches in the future this stretch of land measuring 5,400 acres was acquired in the year 1983.

SECOND LAUNCH PAD

By the year 1997, PSLV had become operational and GSLV-Mk II development was in the advanced stage. The decade profile for the new millennium and the tenth Five-Year Plan for ISRO envisaged increased frequency of launches of both PSLV and GSLV. Due to two reasons, it was foreseen as difficult to support these missions with one launch pad. A maximum of four launches with turnaround time of about three months between launches only will be possible with one launch pad serving both PSLV and GSLV. In the event of unforeseen problems, the launch campaign may get extended even up to six months, which would further curtail the number of launches in a year. One has to be prepared for a possible launch failure on the pad, which in the worst case, may take a year or two to be back on track! Thus it was decided to build a Second Launch Pad (SLP) for which the government approval came in 1997. The old launch pad is now known as the First Launch Pad (FLP).

Taking into account all relevant factors, it was decided to locate the SLP 1.5 km away from the FLP. This ensured that in the event of an explosion at one of the pads, the other would not be affected. The specifications for the SLP were determined after consultation with the all the groups concerned in the launch vehicle community of ISRO. An envelope of the advanced launch vehicle was arrived at after mutual consultation. In areas such as launch pad, jet deflector, deflector duct, assembly building, the designs took into account future needs.

A major change in the launch vehicle integration and checkout philosophy was to adopt Integrate, Transfer and Launch (ITL) concept in which the launch vehicle is integrated in a building located at a distance of about 1 km from the launch pad on a Mobile Launch Pedestal (MLP). The fully integrated vehicle with the satellite, after complete checkout, is transported on a rail track between assembly building and launch pad. The launch pad occupancy is only for a few days. Refurbishment of the launch pad following a launch can go on in parallel with vehicle preparations for the next flight. In the event of cyclone warning, the launch vehicle can be safely parked inside the assembly building. Another important feature is the multiple launch pedestals with a common transportation system. This provides some flexibility in preparing multiple vehicles for launch.

MAJOR FACILITIES


	Launch Pad (LP): jet deflector and umbilical tower with access platforms to approach the vehicle. The Umbilical Tower (UT) is placed 12 m away from the centre of the pad as compared to 5.5 m in the FLP, thus providing adequate clearance during lift-off. This helps reduce impact on the equipment housed inside the UT during lift-off due to jet impingement. Thus, practically no refurbishment is needed in between launches. The UT is also equipped with a lift for personnel to access the vehicle.

	Vehicle Assembly Building (VAB): It is an 80 m tall building with access platforms; a clean room for receiving the satellite (or an encapsulated assembly of satellite and heat shield) and its assembly with launch vehicle; sliding doors in its front face facing the pad to roll out the fully integrated vehicle and sliding doors at the rear face to a height of 30 m to receive all vehicle sub-assemblies.

	A rail track, 1 km long, from VAB to LP, over which the fully assembled vehicle mounted on launch pedestal is moved to the LP.

	Liquid propellant storage and transfer circuits for N2O4 and UDMH.

	Cryogenic propellants storage and transfer circuits for LH2 (liquid hydrogen) and LOX (liquid oxygen).

	Instrumentation and control system for automated filling operation of all the fluids.

	Launch vehicle check-out system.

	Lightning protection towers.

	Elsewhere in the world dedicated launch pads are used for each launch vehicle. In that sense the SLP stands out as unique.



FOR GSLV-MK III

By the year 2002, the configuration of the advanced launch vehicle has emerged as GSLV-Mk III, a heavy-lift launcher designed to place a 4 tonne communication satellite into a geosynchronous transfer orbit (GTO). It has two-size strap-ons, each with 200 tonne solid propellant, a core booster L110 stage using two Vikas engines and C25, a cryogenic upper stage. The lift-off mass of this vehicle is 670 tonnes. Major additions to the SLP complex are: Solid Stage Assembly Building (SSAB), a new MLP designed to support the vehicle resting on its two strap-ons, larger storage capacity for cryogenic fluids, cryo arm at UT and modifications to the fluid circuits for both earth-storable and cryo propellants.

Both the strap-on stages are prepared in SSAB. Assembly of the nozzle, vertical assembly of the segments and igniter assembly are some of the operations carried out here. Fully assembled strap-on stage can be handled in this facility. The rail track between the LP and VAB is extended to SSAB. A full-scale mock-up of GSLV-Mk III has also been integrated to validate the integration sequence and movement to the launch pad. Fluid mock-up trials on L110 stage have also been completed successfully. SSAB is also currently being used for Ground Resonance Test (GRT) to determine the natural frequencies and mode shapes of the vehicle at different flight events.

At the launch pad the fluid circuits have been modified to meet the requirements of PSLV/GSLV-Mk II/GSLV-Mk III vehicles. A new cryo arm is installed to route the fluid umbilicals to the C25 stage while retaining the cryo arm meant for GSLV-Mk II vehicle. Fluid mock-up trials on L110 stage are completed successfully. The only pending activity is fluid mock-up trials on the C25 stage.

A major addition to the complex is the water injection system for reducing acoustic levels experienced by the launch vehicle at the time of lift-off. A 600 m3 capacity, 80 m high overhead water storage tank is built at the launch pad to supply water at a flow rate of 20,000 litres per second. A 2 m dia pipeline carries the water to the launch pad to be distributed to different locations. Water is injected into the strap-on jets as well as in to the deflector duct at the time of lift-off. The water distribution system is fitted with fast-response electro-pneumatic valves, and a control system ensures that the water jets are in place at the desired time and the water hammer effect is minimal. It was a major effort to incorporate this into an already existing launch complex.
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An aeronautical engineer, K. Narayana joined SSTC in 1967. He was associated with the development of sounding rockets and in the configuration studies of the first satellite launch vehicle. From 1972 till his retirement in 2005, he served ISRO in developing the launch range in Sriharikota, now known as the Satish Dhawan Space Centre (SDSC), eventually becoming its Director in 1999. Simply put, Shri Narayana’s contributions to the growth of SDSC are seminal. His efforts have led to the unique concept of range team taking the responsibility of realizing launch vehicle integration and checkout facilities in close coordination with launch vehicle development teams. Thus, Narayana ensured the growth of human resources along with that of the range.
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4.2

ISRO Telemetry, Tracking and Command Network

S.K. SHIVAKUMAR
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INTRODUCTION

We keep in touch with rockets in flight and satellites in orbit through Telemetry, Tracking and Command (TT&C). For example, we need to monitor the health of a rocket (or satellite) by measuring various physical parameters like temperature, pressure, etc. This is done through telemetry. Similarly, we know the position and velocity of a rocket (or the orbital parameters of a satellite) through tracking. We also need to have access into the control of operations of certain systems on-board the satellite, like for example, switching on a camera. This is done through telecommand. Thus, TT&C is a vital part of any space mission.

ISRO Telemetry, Tracking and Command Network (ISTRAC) is entrusted with the primary responsibility to provide TT&C and mission control services to major spacecraft and launch vehicle missions of ISRO. The responsibilities of ISTRAC include carrying out mission operations of all operational remote sensing and scientific satellites, providing TT&C services from launch vehicle lift-off till injection of satellite into orbit, and to estimate the satellites’ preliminary orbit in space. To do these jobs efficiently using the state-of-the-art technologies, ISTRAC undertakes hardware and software developmental activities that enhance the capabilities of ISTRAC for providing flawless TT&C and mission operations services.

Over the years, ISTRAC has established a network of ground stations at Bangalore (BL1, BL2 and BL3, BL4), Lucknow (I and II), Mauritius (I and II), Sriharikota (SHAR I and II), Port Blair, Trivandrum, Brunei, Biak (I and II) (Indonesia) and the Deep Space Network Stations DSN-32 and DSN-18 at Byalalu near Bangalore. The Mission Operations Complex (MOX) located at Bangalore carries out round-the-clock mission operations for all remote sensing and science satellites. All network stations of ISTRAC are connected to the Mission Operations Complex through dedicated high-performance satellite communication links along with terrestrial communication links hired from Public Switched Telephone Network (PSTN).

ISTRAC also provides space operations support for deep space missions of ISRO; undertake development of radar systems for launch vehicle tracking and meteorological applications; builds and manages the ground segment for Indian Regional Navigational Satellite System (IRNSS); provides search and rescue and disaster management services; and a host of other socially useful space-based services like telemedicine, VRC (Village Resource Centre) and tele-education.

TT&C NETWORK

From a TT&C network with just two VHF terminals (one each at SHAR and SAC Ahmedabad) in the early 1970s, ISTRAC has grown into a global player in the area(s) of launch and early orbit phase and normal phase space operations services for polar orbiting satellites and Geosynchronous Transfer Orbit (GTO) services. In accordance with the mandate from International Telecommunication Union, ISRO switched over to S-band frequencies for spacecraft TT&C operations in the late 1980s. The initial S-band TT&C Network consisted of stations at SHAR (I and II), Port Blair, Trivandrum, Bangalore (I and II), Lucknow (I and II) and Mauritius.

ISTRAC embarked on a modernisation programme in 2000 in phases culminating in the establishment of a mammoth seventeen-terminal network including the deep space network stations in Byalalu and the unique C/S TT&C station in Biak. The TT&C team has worked closely with the Indian industries in indigenisation/productionisation of antenna servo control systems and RF feed systems for its new terminals.

Under the TT&C network modernisation, carried out in two phases at an estimated cost of Rs 78 crore, new state-of-the-art terminals were established at Brunei, Biak and Mauritius. The second station in Mauritius has the capability to acquire and process payload data in X band. ISTRAC also added a 4.6 m transportable terminal to its network for rapid deployment for meeting mission-specific requirements. This terminal can be ship-borne or deployed on land at short notice.

Considering the support requirements for recovery missions like SRE, RLV-TD, etc., ISTRAC has inducted an airborne TT&C terminal for quick deployment. Establishment of a Network Control Centre (NCC) and successful implementation of monitor and control mode of operation have brought greater level of maturity into the system. Establishment of BL4, an exclusive TT&C station for Astrosat, and other similar scientific missions of ISRO was accomplished in 2011.

The major strength of ISTRAC lies in its unique capability to provide satellite support virtually for all types of orbits from the Network Control Centre (NCC located at Bangalore). In the last decade, ISTRAC has extended TT&C and data acquisition support to a wide range of foreign customers. ISTRAC also provides tailor-made commercial services to foreign customers. In 2011, the TT&C Stations at SHAR I, Trivandrum and Port Blair have been upgraded with 11 m antennas.

New data acquisition software for multiple data streams was developed for station computers under Linux operating system. Implementation of Consultative Committee for Space Data Systems Space Link Extension (CCSDS SLE) protocol for interoperability with external space agencies was the new milestone achieved recently.

ISTRAC has a total of eighteen terminals (including one transportable) deployed at Bangalore, Lucknow, Trivandrum, Sriharikota, Port Blair, Brunei, Biak and Mauritius.

INDIAN DEEP SPACE NETWORK

For the Chandrayaan-1 project, ISTRAC established the Indian Deep Space Network (IDSN) consisting of a 32 metre S/X TT&C terminal in collaboration with ECIL, Hyderabad. An 18 metre S/X terminal with similar functionalities has also been established at the same location to provide the required redundancy. These terminals are located inside a sprawling 125 acre complex at Byalalu near Bangalore. The campus has adequate infrastructural capabilities including utility power from two express feeders and captive power plant of adequate capacity. Distributed UPS systems supply uninterrupted power to different facilities. IDSN campus is also a home to a number of facilities established under Indian Regional Navigational Satellite System.

SPACECRAFT OPERATIONS

Today, ISTRAC provides TT&C and spacecraft health monitoring and control services for fourteen satellites (this number changes) in-orbit, viz. RISAT-1, Megha-Tropiques, Resourcesat-2, Youthsat-1, Cartosat-2B, Oceansat-2, Cartosat-2A, Cartosat-2, Cartosat-1, Hamsat-1, RISAT-2, Indian Mini Satellite (IMS)-1, Resourcesat-1 and Technology Experiment Satellite (TES). The oldest satellite has completed eleven years in orbit on 22 October 2012 and the latest satellite is well stabilised and has been providing excellent data to users. All other satellites are performing normally.

Apart from providing support for Cartosat-2A and 2B spacecraft, this facility was utilised for launch and early operations support for Chandrayaan-1 mission. It also supported special operations on Chandraayan-1 including lunar orbit insertion, MIP deployment and various payload operations.

In 2010, ISTRAC established the second Mission Operations Complex (MOX-2) to facilitate initial phase operations in a multi-mission scenario. Network Control Centre (NCC), flight dynamics operations, scheduling and dedicated mission control facilities have since been shifted to this facility. Operations of MOX-1 and MOX-2 have been integrated through Digital Visual Interface(DVI) switches and the facilities are interoperable. MOX-2 houses a dedicated mission control facility to support sixteen satellites (expandable up to thirty-two satellites) in normal phase. A dedicated high-bandwidth communications link to IDSN Byalalu is also operational from this facility.

INDIAN SPACE SCIENCE DATA CENTRE (ISSDC)

Established in 2008, ISSDC facilitates data ingest, data processing, archival and dissemination of science data from the space science missions like Chandrayaan-1, space-based Automatic Identification System (AIS) of Resourcesat-2, Youthsat, Astrosat and Megha-Tropiques. The Centre is at present configured for Resourcesat-2, Megha-Tropiques and Youthsat missions. Scientists across the globe can access data from this Centre. The communications infrastructure is elaborate and caters to the needs of principal investigators, payload operations centre, researchers, scientists and public users.

GROUND SEGMENT FOR NAVIGATIONAL SATELLITE SYSTEM

Indian Regional Navigational Satellite System (IRNSS) is an initiative to build an independent satellite navigation system based on a constellation of geostationary and geosynchronous satellites. Establishment of ground segment for IRNSS is the responsibility of ISTRAC. This involves:


	Development and operationalising of IRNSS Range and Integrity Monitoring Stations (IRIMS) reference receiver

	Generation and maintenance of an independent and accurate RNSS timescale

	Establishment of two-way CDMA (Code Division Multiple Access) ranging stations

	Time synchronisation of geographically distributed locks using Two-Way Satellite Time and Frequency Transfer (TWSTFT)



The two main functions of the ground segment are:


	Satellite housekeeping performed by Master Control Facility (MCF) at Hassan and Bhopal

	Navigation function performed by ISTRAC



FEATURES OF IRNSS NAVIGATION GROUND SEGMENT

It facilitates precise orbit determination by:


	Establishment of seventeen IRIMS

	Establishment of four IRNSS CDMA Ranging Stations (IRCDR)



It also facilitates independent timekeeping by:


	Establishment of a precise timing facility called IRNSS Network Time (IRNWT) for generation, maintenance and dissemination of an independent and accurate timescale through an ensemble of caesium and hydrogen maser atomic clocks.



It facilitates necessary infrastructure for real-time navigation mission support by:


	Establishment of IRNSS Navigation Centre (INC) with state-of-the-art computer network for assimilating ranging measurements, computing corrections and establishing handshake with IRNSS Spacecraft Control Facility (IRSCF)

	Establishment of IRNSS Data Communication Network (IRDCN), a highly available communication backbone for the IRNSS ground segment having dual-communication channels (satellite and terrestrial) for data transfer



It facilitates 24x7 automatic operations by


	Development of IRNSS Monitoring and Control function for continuous monitoring and automatic operation of the IRNSS ground segment elements



RADARS FOR DIFFERENT APPLICATIONS

ISTRAC is also engaged in the design, development, installation and commissioning of state-of-the-art radar systems through the participation of industry. These radars serve a wide variety of purposes. The different radars are: precision tracking radars (both monopulse and conical scan type), Doppler weather radars, VHF wind profilers and Ka-band cloud radar. These radars are located at Sriharikota, Trivandrum, Gadanki (AP), Bhuj, Bombay and Mauritius.

TRACKING RADARS

Tracking radars based on conical scan and monopulse (precision coherent monopulse C band) were developed both in C and S bands. These include fixed and transportable radars. These radars have successfully supported all the launch vehicle missions of ISRO, viz., sounding rockets, SLV-3, ASLV, PSLV and GSLV. The typical tracking ranges are up to 500 km in skin mode and up to 4,000 km in transponder mode.

DOPPLER WEATHER RADAR (DWR)

DWR supports weather forecasting and provides quantitative estimation of rainfall intensity; areal rainfall rate and accumulation; hydrometeor classification; detection of severe weather events like cyclones, thunder storms and tornadoes; generation of early warning; detection of internal wind flow and structure of cyclones leading to estimation of severity levels of cyclones to assess damage potential; tracking and forecast of landfall of cyclones; characterisation of mesoscale weather systems and 3D visualisation of cyclone structure.

WIND PROFILER

Wind profilers support atmospheric research and modelling by providing wind profile up to a height of 20 km with high spatial and temporal resolutions on a continuous basis. The system was conceptualised and designed by Radar Development Area of ISTRAC and was developed by Indian industries. The system has been installed at SDSC, SHAR, and is currently undergoing performance tests.

ISTRAC COMMUNICATION NETWORK

ISTRAC maintains high performance redundant communication links for providing 24×7 operations support for remote sensing spacecraft missions and specific short-term links for supporting launch vehicle missions. Each supporting station is connected to the Spacecraft Control Centre or Launch Control Centre by two links of which one link is satellite based and other is hired from a PSTN.

SPACE-BASED SERVICES

Space Communication Hub Services (SCHS) facility provides sky links for launch vehicle and satellite missions; spacenet services for ISRO/DOS centres; hub services for societal applications like Village Resource Centres (VRC), telemedicine, etc.; and GEOLUT (GEO Search and Rescue Local User Terminal) signal for search and rescue operations.

Spacenet services are now being provided through satellite-based services using GSAT-12 for improved performance. ISTRAC has provided technical support, frequency plan, coordination, and maintenance works in association with ISRO headquarters. As on date, majority of the forty-four remote nodes have been made operational. Videoconferencing (VC) services are also being provided using GSAT-12. However, data services are being provided using MPLS (Multi-protocol Label Switching) cloud in order to have live backup for VC services. Encryption and decryption units have been introduced in the MPLS cloud and tested for all the active nodes in different operating modes.

MECHANICAL SYSTEMS

Mechanical Systems Group (MSG) of ISTRAC is responsible for design, analysis, fabrication, installation and commissioning of mechanical systems required for TT&C antennas and radar systems. MSG has been the nodal agency for realising the fully indigenous 32 m antenna system for IDSN.

MSG has mastered the art of developing antenna mount, reflector and feed systems in S, S/X, S/C and C/L bands. ISTRAC has worked very closely with the industry in the indigenisation and production of various sizes of antenna systems and feed components.

MSG has worked closely with major industries in realising antenna mount, reflector, feed system and radomes for different radar development activities. MSG’s involvement in radar development covers C-band and S-band tracking radars, Doppler Weather Radars (DWRs), wind profilers, X-band DWR and Ka-band cloud radar.

FACING THE CHALLENGES OF MARS ORBITER AND OTHER FUTURE MISSIONS

ISTRAC is developing strategies for the TT&C support for Mars Orbiter and Chandrayaan-2 missions. These include: (i) Realisation of ship-to-shore communication links for Mars mission, (ii) re-integration and expansion of communication terminal at MOX-1 and INTELSAT communication terminal, (iii) realisation of satellite-based communication network for TT&C stations with a global coverage by augmenting the network in C band to support future missions, and (iv) refurbishment of all antennas with programme track system.

INTERNATIONAL RECOGNITION

Equipped with a worldwide TT&C network conforming to CCSDS standards, ISTRAC is capable of providing cross support and interoperability. Some of the countries whose space missions were supported by ISTRAC include USA (NASA), Japan, Republic of China (Taiwan), ESA countries, Canada, Thailand, Italy, Norway, Malaysia, Germany and France.

INTERNATIONAL COOPERATION

ISTRAC has collaborated with international space agencies and TT&C service providers for mission-specific TT&C support. Provision for TT&C and data services for Indian remote sensing satellites from high-latitude TT&C network maintained by Kongsberg Satellite Services for a medium term has been a notable activity. Strategic dialogues have been progressing well with Angkasa (the Malaysian Space Agency), Swedish Space Corporation, United S-band Network (USN) of the USA, INPE of Brazil and JPL for future ISRO missions.

ISRO’s TT&C stations have been functioning on the campus of Indonesian National Space Agency, LAPAN, since 1998 under a MoU between India and Indonesia. Steps have been taken to work out a new intergovernmental agreement with Indonesia for cooperation in the area of satellite and launch vehicle TT&C. Efforts are on to work out the implementation of the agreement with LAPAN for long-term operation and maintenance of ISRO’s TT&C stations in Biak, Indonesia.

TT&C station at Brunei, established in 1999 under an agreement with the Government of Brunei Darussalam, has been supporting all eastward launches of ISRO.

TT&C station at Mauritius is a south mid-latitude station providing vital TT&C support for IRS missions in addition to down-range support for all southward launches of PSLV. With the active cooperation of the Government of Mauritius, ISRO has established an X-band data acquisition and processing system for dissemination of Oceansat data to Mauritius.

Under the India–ASEAN Space Cooperation Programme, ISTRAC has made a proposal for the establishment of a tracking-cum-data reception station with image processing facility in Vietnam with supplementary data acquisition from Biak-I TT&C station. The proposal costing about US $20 million is in the final stage of approval by the ASEAN Secretariat.

FORAYS INTO FARAWAY LANDS

ISTRAC has its down-range stations at Port Blair, Brunei, Biak and Mauritius. The first three stations cater to the eastward launches of PSLV and all GSLV launches in ensuring the monitoring of final stage of the launch vehicles and the spacecraft injection into orbit. The one in Mauritius is meant for monitoring the performance of PS-4 (fourth stage of PSLV) and spacecraft injection in all polar launches. Ever since its inception, ISTRAC has been providing TT&C support for ISRO’s launch vehicle and satellite missions, which demand setting up of TT&C terminals either in a remote land or ocean. For ISRO’s first Ariane Passenger Payload Experiment (APPLE), ISTRAC established a transportable terminal in Suva, Fiji Islands, in the Pacific Ocean. For Space Recovery Experiment (SRE-1), ISTRAC’s 4.6 m transportable terminal was used on-board an Indian naval ship in the Bay of Bengal for support during its descent phase. For GSLV F04, the transportable terminal was once again in the Bay of Bengal to monitor the performance of the first and second stages. For RISAT-1 launch support the transportable terminal was taken to Rodrigues Islands for monitoring the spacecraft injection and solar panel deployment. These assignments have provided unique opportunities in terms of meeting unenviable deadlines, working under harsh climatic conditions, exposure to multicultural environment, etc.

SEARCH AND RESCUE

The Satellite Aided Search and Rescue (SASAR) Programme has been providing operational services to the users in India and seven neighbouring countries for the last twenty-one years with the aid of GEO and LEO ground systems. India is a member of the international COSPAS-SARSAT programme for providing distress alert and position location service through Low Earth Orbit Search and Rescue (LEOSAR) satellite system. Under this programme, India has established two Local User Terminals (LUTs), one at Lucknow and the other at Bangalore. The Indian Mission Control Centre (INMCC) is located at ISTRAC, Bangalore.

INSAT GEOSAR Local User Terminal (GEOLUT) has been established at ISTRAC, Bangalore, and integrated with INMCC. The distress alert messages concerning the Indian service area, detected at INMCC, are passed on to the Indian Coast Guard and Rescue Coordination Centres (RCCs) at Bombay, Calcutta, Delhi and Madras. The search and rescue activities are carried out by the Indian Coast Guard, Indian Navy and Indian Air Force. INMCC is linked to the RCCs and other International Mission Control Centres through Aeronautical Fixed Telecommunication Network (AFTN).

The Satellite Aided Search and Rescue system has so far supported rescue of 1,917 lives in seventy-five incidents including eight incidents involving seventy-nine lives reported in 2013. A new INMCC system meeting international specifications has been installed and commissioned. The new facility has been approved by the COSPAS-SARSAT Joint Committee in June 2012.

DISASTER MANAGEMENT SYSTEM CHARTER ACTIVITIES

ISTRAC/ISRO, as a member of International Charter for Space and Major Disasters (a premier group of global space agencies), provides continuous support to the users by participating in the activities of disaster management. ISRO offers imaging services through its operational IRS fleet of satellites, viz., IRS-1D, IRS-P4 and IRS-P6, employing all their sensors, towards supporting the International Charter by providing timely data and inputs as required. On completion of its role as Executive Secretariat, India has handed over the responsibility to the ESA.
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Dr S.K. Shivakumar, an alumnus of Indian Institute of Science, Bangalore, is a distinguished scientist of the Indian Space Research Organisation (ISRO). Currently he is Director, ISRO Satellite Centre (ISAC), Bangalore. Prior to this, he was Director, ISRO Telemetry, Tracking and Command Network (ISTRAC). He played a key role for realizing India’s first indigenous Deep Space Network Antenna at Byalalu that measures 32 meters (100 feet) in diameter. This antenna served India’s first mission to the Moon and will also serve all deep space missions to come in future. He has represented ISRO in several national and international committees, advisory groups and conferences. Dr Shivakumar is the recipient of many national and international awards for his outstanding contributions in the field of science and technology.
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In the INSAT study carried out jointly by ISRO and the Massachusetts Institute of Technology in 1970, we had specifically identified the need for developing a dedicated control facility for the INSAT satellites. We had identified that such a facility be located near the place where the satellite development would have taken place eventually. At that time, the place identified was Trivandrum.

By 1973–74 it was clear that the satellite development activities would take place in and around Bangalore. The headquarters of ISRO and Department of Space (DOS) were also in Bangalore. The logical step then was to locate the INSAT-1 Space Segment Project Office in Bangalore. When we had gone ahead with the filing of Advance Publication of Information (API) with the International Telecommunications Union for the frequencies to be used for the INSAT satellites, it was clear that we would have to use the frequencies in the C band for the Telemetry, Tracking and Command (TT&C) System. We also had to plan for locating the INSAT-1 Master Control Facility (MCF) in the vicinity of Bangalore.

The first-cut computations indicated that if we wanted to locate our control earth stations such that no other country could object to our radiating high radio frequency power in the C band for commanding our satellite, we would have to locate the Earth station such that it was to be at least 500 kilometres away from the nearest location of the ground microwave communication system in that country. Thus, we had to locate the Earth station about 500 kilometres away from Jaffna, Sri Lanka. We also wanted the location to be reachable within a few hours from Bangalore. So, the distance from Bangalore was to be less than 200 kilometres.

The INSAT-1 Space Segment Project Office was set up in Bangalore by November 1977 and the search for the INSAT-1 MCF location started in February 1978. After a long search, we shortlisted two places: Hassan in Karnataka and Anantapur in Andhra Pradesh. Considering the free availability of government land and the scope for future expansion, we finally chose Hassan. This site was selected and the work on the planning for the building and other infrastructure was taken up immediately.

It was decided that while the equipment for the Satellite Control Centre would be imported as part of the deliverables by the spacecraft contractor, the necessary satellite control Earth stations and power systems would be provided by the Department of Space (DOS). A new project, INSAT Satellite Control Earth Stations (ISCES), was taken up by the Space Applications Centre (SAC) at Ahmedabad. I had to present the financial outlay at a meeting of the Space Commission. Many of my colleagues had advised me to be prepared for massive cut and accept them without too much of discussion. The meeting was chaired by Satish Dhawan, Secretary, Government of India (GOI), and Chairman, Space Commission, and attended by Brahm Prakash, Director, Vikram Sarabhai Space Centre, and Manmohan Singh, Secretary and Member (Finance), Space Commission. After my presentation was over, I remember Manmohan Singh asking me: ‘Is this building going to be sufficient for the next few years?’ I had said yes. There was not much discussion and my proposal was approved without any cut.

In our country we had the experience of building large antennas, but the antennas required for INSAT-1 MCF were not only large but also fast-tracking. The antennas were designed by SAC with consultancy from TATA-DSMA. The control system was designed by Bhabha Atomic Research Centre. The antennas were manufactured by the Electronics Corporation of India Limited. The mount structure was manufactured by New Standard Engineering. The Earth station equipment was developed by SAC. Initially we had two large Earth stations with 14 m diameter antennas operating in C band. One reference data collection platform was included as well as a six-point 1 metre diameter S-band antenna for TV reception.

The INSAT-1 MCF became operational early in 1982 and was ready in all respects for the launch of the first INSAT-1 spacecraft. Since then the capabilities at the MCF have been growing steadily over the last decades. Today there are a large number of additional Earth stations. Newer Earth stations have been added in the land adjacent to the original land. A totally new backup MCF has now been established at Bhopal. The INSAT MCF is so located that every launch of a satellite with its apogee over the Indian Ocean region can be tracked by the MCF. This has enabled us to support a large number of satellites for in-orbit testing. For some satellites MCF is providing TT&C support.

In the original plan there was no housing colony for the staff at Hassan. This was added on later. With our efforts, a low-power TV transmitting station was also set up in Hassan. The town benefited as we were able to get a Central School or Kendriya Vidyalaya started in Hassan. A very healthy cooperative effort has been developed with the Malnad College of Engineering. A large number of programmes for the continuing education for the teaching faculty of engineering colleges have been organised by the staff of MCF.

MCF TODAY

Master Control Facility is the prime control centre for all the geostationary communication satellites of ISRO. Today, the MCF monitors and controls these satellites from its campuses located at Hassan in Karnataka and Bhopal in Madhya Pradesh. The space-based assets call for continuous vigil in maintaining their health, thus ensuring the continuity of services.

Usually, any satellite mission consists of different phases such as (1) design and integration, (2) Launch and Early Orbit Phase (LEOP), and (3)in-orbit testing and on-orbit operational phase. Indian satellites are nowadays launched either from SDSC, SHAR or from Kourou, French Guiana. All the geostationary satellites are positioned in the orbital slots allotted by the International Telecommunication Union (ITU). India has been allotted six orbital slots. To accommodate our currently operational satellites, we are co-locating our satellites, with more than one satellite positioned in certain orbital slots.

MCF carries out the Telemetry, Tracking and Command (TT&C) operations for the geostationary satellite missions in all the phases like launch, the initial orbit raising, station acquisition, in-orbit testing of payloads and on-orbit operations till the end of the nominal spacecraft life of ten to fifteen years. MCF is also the focal point for mission analysis, operations scheduling, and special and critical operations for all the geostationary satellites of India.

LAUNCH AND EARLY ORBIT PHASE

In a typical launch operation, MCF prepares and revalidates its systems one month before launch and conducts system rehearsals. MCF acquires the first signals from the newly launched satellite, immediately after its separation from the launch vehicle. Typically, the satellites are injected into an elliptical orbit with perigee (nearest point to the Earth) in the range of 200 to 650 km and apogee (farthest point from the Earth) of about 36,000 km. During this time, the satellite is in the radio visibility of MCF, Hassan, for duration of ten to eleven hours only. Support from worldwide network of INMARSAT or INTELSAT stations is hired on a commercial basis for continuity of critical operations. The initial orbit of the satellite is raised to a circular Geostationary Orbit (GSO), at an altitude of 36,000 km above the Earth. Once in the GSO, the satellite is continuously visible from MCF, Hassan. The satellite is positioned in its designated orbital slot in the GSO circle. At this stage, deployment of antennas and solar panels are carried out in a sequential manner following a preplanned timeline. Nominal duration for the LEOP operations of a new mission is around fifteen to twenty days.

ON-ORBIT OPERATIONS

In telemetry around 800 parameters are transmitted to the ground station from which we ascertain the health of the spacecraft. These parameters convey the status of power generation, propellant usage, temperature at different locations, pressure of the fuel tanks, angular information with respect to Sun and Earth, etc., updated every second. The clusters of antennas (of diameter 14 m, 11 m, 7.5 m, etc.) at MCF point to the spacecraft and pick up the telemetry signals.

A network of computers at MCF processes the telemetry signals and presents the data in the form of text and graphics in real time. To maintain the satellites in good health, constant monitoring of all these functions is essential. A team of experts regularly reviews the satellite health data, and provides valuable feedback to designers.

‘Telecommand’ sends the instructions to control the spacecraft via high-frequency radio waves from the control centre. A number of functions like switching ON/OFF of a system; programming the spacecraft computer with a set of instructions; switching on the camera for taking Earth imageries, etc., are carried out through telecommand.

SPECIAL OPERATIONS

The satellite passes through the shadow of Earth around midnight local time, for forty-five days centred around the equinoxes. The largest eclipse is for seventy-two minutes. The on-board battery provides the necessary electrical energy during this period. Special operations during the eclipse season include preconditioning of on-board batteries; load shed management; charge/discharge cycles on a daily basis; and critical monitoring of battery parameters.

Due to gravitational attraction of the Sun and the Moon or because of the solar radiation pressure, the orbit of the spacecraft experiences disturbances. These deviations are determined using ranging and tracking data, and are corrected periodically. This process is called station-keeping manoeuvre. The orbital deviations are restricted to less than +0.1 degree to ensure that the spacecraft is within the designated orbital slot.

TECHNICAL FACILITIES AND SYSTEMS IN MCF

The MCF is an integrated facility consisting of multiple Satellite Control Earth Stations (SCES), Spacecraft Control Centre (SCC), Mission Control Centre, computer networks and powerful software that acquires and processes the data from more than ten communication satellites simultaneously. Around 100 computers are interconnected to process the real-time data, which is made available to the experts for analysis. MCF is equipped with Uninterrupted Power Supply (UPS) network so that the systems never face any break in power. The Earth stations cover the frequency bands widely used by geostationary satellites like C-band, extended C-band, S-band, and Ku-band frequencies.

Since 1982, MCF has successfully handled twenty-two geostationary satellite missions launched from the USA, French Guiana as well as from Satish Dhawan Space Centre, Sriharikota, in India. MCF has the overall radio visibility coverage extending from the Persian Gulf in the west to Australia in the east over a longitudinal span of about 150°. This excellent geographical advantage makes the MCF in Hassan and Bhopal the ideal locations for controlling the geostationary satellites positioned over the Asia-Pacific region.The control operations at MCF are carried out on round-the-clock basis by a highly skilled team of engineers and technicians.1


1 The editors gratefully acknowledge inputs from Shri R. Thiyagarajan.
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EARLY DAYS

The National Remote Sensing Agency (NRSA) came into existence on 2 September 1974, registered as an autonomous society under the Department of Science and Technology (DST), Government of India. The Indian Space Research Organisation (ISRO) provided the services of K.R. Rao, a go-getter on deputation as the first Director and Chief Executive of NRSA in January 1975. NRSA started functioning from April 1975 in a hired premise in Secunderabad. The setting up of NRSA close on the launch of India’s first satellite, Aryabhata, and within three years after the launch of the world’s first civilian remote sensing satellite, Earth Resources Technology Satellite (ERTS) by the USA, clearly indicated the importance of the Agency. This was further emphasised by the fact that the first meeting of the governing body of the society was chaired by Prime Minister Indira Gandhi.

Being autonomous, NRSA had the challenge of self-sustenance right from its inception. With only partial funding support as grant-in-aid by the government, NRSA was expected to generate its own resources to maintain and grow into an organisation providing operational services to the country. DST provided the initial grant-in-aid and a Beaver aircraft fitted with instruments for geophysical surveys. With just hired premises and modest operational budget, there were uncertainties about the future of the Agency. But the focused national purpose and unstinted support from the highest authority provided enough strength to proceed forward.

During 1975–76, the Hindustan Aeronautics Limited (HAL) transferred 25 acres of land from its campus at Balanagar, Hyderabad, to NRSA. The master plan to have the essential buildings and to recruit personnel was put in place. NRSA established its Research Flight Facility at Bangalore with the acquisition of one Dakota (DC-3) and one Canberra aircraft from the Indian Air Force for acquisition of data from low and high altitudes respectively. During 1977–78, NRSA procured one HS 748 Avro aircraft from HAL.

These early years saw the spurt of many initiatives, largely using NRSA’s initial strength of aerial surveys. The airborne magnetic and electromagnetic surveys carried out for the Atomic Minerals Division (AMD) of the Department of Atomic Energy (DAE) and the Ministry of Steel and Mines provided the initial impetus to build the needed confidence and experience, while also helping self-sustenance. On the satellite remote sensing side, NRSA procured the Landsat images from NASA and launched many applications. An example was the unique survey of natural resources conducted in an integrated manner in Karimnagar, Andhra Pradesh, during 1977–78, which became a forerunner to the Integrated Mission for Sustainable Development (IMSD) project launched in early 1990s. NRSA took up the aerial survey of the areas of Andhra Pradesh hit by the super cyclone in 1977, besides mapping the flooding patterns and river course changes of the River Kosi in Bihar and the Brahmaputra basin as well as landslide-prone areas of the Nilgiris. Another example was the participation in the international experiment to study monsoon, called MONEX-79, with extensive modifications to the aircraft, and installation of special instrumentation like Inertial Navigation System (INS) for the first time in the country. With these strides, NRSA announced its arrival in the remote sensing applications arena!

In July 1976, DST merged the Indian Photo Interpretation Institute (IPI), which was under Survey of India, with NRSA. Established in 1966 at Dehradun, IPI was renamed later as Indian Institute of Remote Sensing (IIRS) in 1984. Realising the importance of capacity building, NRSA provided two main directions: one through the technology transfer route that could assist the growth of indigenous remote sensing industries and the other to provide education and training to the user agencies and academia to institutionalise remote sensing applications.

In December 1975, the Union cabinet approved establishing Earth station to receive data from Landsat and also from the soon-to-be-established Indian Remote Sensing (IRS) satellite. In fact, the governing body in its first meeting chaired by Indira Gandhi had approved in principle, the establishment of such a station in NRSA.

On request by NRSA, the Government of Andhra Pradesh allocated 316 acres of land near Shadnagar, Hyderabad, during 1977–78. India and the USA signed an MoU on 3 January 1978 enabling NRSA to receive data from Landsat satellites. With the speedy construction of the Earth station in a record time of eighteen months, the station was declared operational on 1 January 1980 with data reception from LANDSAT-1, TIROS-N and NOAA-6 satellites. The era of satellite data reception, processing and dissemination activities in NRSA had begun!

The challenges in the initial years were a handful: addressing the larger goal of providing operational remote sensing services while navigating with a team of relatively inexperienced members; absorbing the nuances of this emerging area while developing an indigenous system; and above all, quickly engaging itself to the increasing societal demands; encouraging and spreading wider awareness about remote sensing, with the added challenge of carrying out these functions through a self-sustenance model! Thus, in those early years, NRSA moved ahead with urgency and determination to join the mainstream of national services.

THE COMING OF AGE IN THE 1980S

A momentous decision was made on 4 December 1980 to transfer NRSA from DST to Department of Space (DOS), thanks to the efforts of M.G.K. Menon and Satish Dhawan who were at the helm of affairs in these departments at that time. NRSA continued to be an autonomous registered society supported by annual grant-in-aid, but became an integral part of a larger space community and a key player in defining operational remote sensing in the country.

Around that time, ISRO was planning for the indigenous operational Indian remote sensing satellite programme on the expectation that NRSA would establish a comprehensive ground segment soon. That was the golden period for the organisation with experts in satellite systems, mission management and data processing belonging to ISRO closely working with the experts on ground system from NRSA to lay a sound foundation for remote sensing in the country. During that period, NRSA was in the forefront of developing hardware indigenously that included antenna and servo control system; BPSK/QPSK demodulators and bit synchronisers; telemetry chain, quick look and data processing system; a comprehensive Information Management System (IMS) as well as major augmentation of the Photo Products Generation Facility. The period also saw NRSA obtaining patents for many technological innovations as well as successfully interfacing with local industries to start producing satellite image processing system, photo-write and front-end hardware.

Even as hectic activities were progressing for IRS data reception, NRSA started receiving data from the French satellite, SPOT, from May 1987, setting the stage for the defining moment, the data reception from IRS-1A. With the launching of IRS-1A on 17 March 1988 and the subsequent operationalisation of the data reception and processing facilities, NRSA had come of age with a strong team of experts to support the indigenous remote sensing satellite programme, while in parallel receiving data from other foreign satellites. NRSA quickly augmented the LANDSAT/SPOT station during 1988–90 to receive and process the more complex Synthetic Aperture Radar (SAR) data with much higher data rate from the European Remote Sensing Satellite, ERS-1.

The 1980s also saw the emergence of the National Natural Resources Management System (NNRMS) under the aegis of the Planning Commission. NRSA took active part in energising the user community prior to and after the historic NNRMS Workshop conducted at Hyderabad in May 1983. With the identification of a number of end-to-end experiments by the Preparatory Committee of NNRMS and the launching of a comprehensive IRS-Utilisation Programme (IRS-UP) during the mid-1980s, NRSA was in the forefront of showcasing many operational applications such as forest mapping, flood mapping, groundwater targeting, regional geological mapping, land degradation studies, drought monitoring, meltwater run-off studies, land use mapping and soil mapping in a collaborative mode with several user agencies.

A landmark event was the forest vegetation map of India prepared by NRSA during 1985–86 by visually interpreting the LANDSAT data for two periods: 1972–75 and 1980–82. NRSA had suggested that the forest cover in the country had declined from 16.9 per cent to 14.1 per cent in that seven-year period. It triggered major discussions and commotion amongst the user community comprising Forest Survey of India (FSI) under the Ministry of Environment and Forests (MOEF) and the state forest departments. Questions on methodology, selection of appropriate season for data, etc., were raised in various fora. Though there were some gaps in the quantitative assessment which needed a relook, the utility of satellite remote sensing was firmly established through this pioneering exercise. A joint reconciliation exercise conducted with the users enabled to evolve an appropriate methodology for periodic biennial assessment of forest wealth of the country, to be carried out by the FSI using satellite remote sensing. This led NRSA to take up the responsibility for setting up the digital image processing laboratory, namely the National Forest Data Management Centre (NFDMC) in FSI, and for training the users to carry out the job on their own. This is also the first-ever example of effective institutionalisation of remote sensing in user department in the country as envisaged under NNRMS.

NRSA was also instrumental in identifying and mapping large tracts of wastelands in the country which could be judiciously developed for productive purposes. This activity, initiated as Nationwide Wasteland Mapping during mid-1984, was showcased in August 1985 to Rajiv Gandhi, then Prime Minister. A new beginning was thus made by NRSA which ultimately led to the periodic updating of wastelands information using satellite remote sensing at the behest of the Ministry of Rural Development. In fact, this led the ministry to set up a separate Department of Land Resources in the mid-1990s to speed up the wasteland reclamation efforts. There are many such examples of NRSA being instrumental in institutionalising remote sensing in the country.

Looking back, it can be surmised that these were the challenges in the 1980s, both in data segment and in the end-user handling, which added a new professional dimension to the entire NRSA community.

THE MATURITY OF THE 1990S

The 1990s saw NRSA as an institution possessing adequate infrastructure and expertise to handle complex remote sensing satellite missions and applications thereon, capturing the imagination of the users, who by that time had started demanding more. It was also the period when India entered the global competitive commercial remote sensing market with confidence, with NRSA in collaboration with the newly set up Antrix Corporation, establishing many international ground stations in countries like the USA, Germany, Japan, Australia, South Korea, UAE, and Thailand. The launching of IRS-1B, IRS-P3, IRS-1C and 1D, Oceansat-1 and Technology Experimental Satellite (TES) in quick succession saw India emerging as a major force in the global remote sensing arena with IRS-1C and 1D LISS-4 data becoming the highest-ever spatial resolution data in the civilian domain in the world. Similarly, Oceansat-1 Ocean Colour Monitor (OCM) became the best-ever ocean imaging sensor in the world.

The 1990s also saw major applications projects being launched under NNRMS with NRSA providing the lead. The most significant one was the launching of Integrated Mission for Sustainable Development (IMSD), a brain child of U.R. Rao, then Chairman, ISRO. IMSD boldly advocated remote sensing as a key element in preparing resource maps and evolving action plans at watershed level to provide grass-roots solutions, epitomising the confluence of scientific knowledge, administrative acumen, and local wisdom. NRSA also embarked on two major projects on disaster management, namely flood mapping and agricultural drought monitoring. The National Agricultural Drought Assessment and Monitoring System (NADAMS) brought out biweekly drought bulletins covering many states. NADAMS underwent constant improvements over time, consistent with advancements made in satellite imaging sensors. Likewise, the flood mapping became operational in the Indus, Ganga, and Brahmaputra basins with the combination of optical and microwave data. Yet another ambitious and socially relevant project was under the Rajiv Gandhi National Drinking Water Mission (RGNDWM) wherein remote sensing data was successfully utilised to locate groundwater sources. Besides these, NRSA also carried out many application projects such as monitoring urban sprawl, mapping mineral resources, biodiversity characterisation, forest mapping, mapping saline-affected soils, landslide hazard zonation, meltwater run-off studies, coastal wetlands mapping, land cover/land use mapping, etc., to cite only a few.

The aerial services also expanded over time with the addition of navigational aids and advanced payloads. One of the tough assignments in the 1990s was the low-altitude flying of the aircraft for aeromagnetic surveys. NRSA also carried out many aerial multispectral scanner surveys for detection and delineation of underground coal fires in Jharia and Raniganj areas. The establishment of Aerial Photogrammetry, Analysis and Cartography (APAC) facility in 1992–93 and digital photogrammetry systems in 1996–97 with the addition of GPS, facilitated taking up projects like large-scale urban mapping, infrastructure mapping and disaster response assessment applications. With these capabilities and expertise, NRSA became the only civilian agency authorised in the country to undertake aerial surveys. NRSA went on to extend its aerial services to nearby countries such as the Sultanate of Oman, Bhutan, Sri Lanka, Maldives and Dubai (UAE).

There were moments of grief too! On 15 July 1993, a Beechcraft 300 Super King Air crashed on the top of the hills in Taloja village just 20 km away from Bombay airport, as it was operating a ferry flight from Ahmedabad to Bombay, killing all the four occupants. This sad incident triggered many follow-on actions towards tightening the flight safety standards practised in NRSA.

As the single-window data delivery agency for both satellite remote sensing and aerial photography, NRSA had enormous responsibility in handling sensitive data sets. It called for evolving and executing many governmental policies, for remote sensing data acquisition, archiving and dissemination, in close association with ISRO/DOS. Well, it is another story that the very responsibility of running an operational system with the associated risks, coupled with sensitivity of data handling, did introduce difficulties and irritants at times. This issue ultimately led to NRSA becoming a full-fledged government entity from the hitherto autonomous status. More to it later!

Capacity building is always a continuing process in any high-technology application, more so if it is linked to societal development. IIRS/NRSA developed necessary expertise and programmes to disseminate the knowledge of geoinformatics in the country. So it was a matter of pride when the United Nations, through its Office of Outer Space Affairs (OOSA) chose India from many aspiring nations to host the UN-affiliated Centre for Space Science Technology Education in Asia and the Pacific (CSSTEAP) for imparting education and training to the countries in the region. CSSTEAP came into existence in November 1995 with headquarters at IIRS, Dehradun. IIRS was entrusted with the responsibility for the conduct of remote sensing programme. With such global recognition, IIRS went on to introduce, by early 2000, a comprehensive educational programme on the pattern of universities, including many newer areas such as disaster management support. It also introduced the Cross Border International Joint Education Programme, helping Indian students to become part of International Masters Programmes. Today, IIRS is recognised as one of the leaders in the region imparting education and training in remote sensing and has extensive international linkages with many reputed institutes in the Netherlands such as International Institute for Geoinformation Science and Earth Observation (ITC), Institute for Water Education (IHE), Wageningen University and Research Centre (WUR); and also with World Meteorological Organisation (WMO), United Nations Food and Agricultural Organisation (UNFAO), Asian Disaster Preparedness Centre (ADPC), Groupement pour le Developpement de la Teledetection Aerospatiale (GDTA), France; and Joint Research Centre (JRC), European Commission. With such growing clients and expectations, it is no wonder that DOS decided to make IIRS as a separate entity at a later date.

THE CONSOLIDATION FOR THE NEW MILLENNIUM

In the new millennium, NRSA stepped into a consolidating phase in tune with digital technology developments taking place around. With the data reception and operationalisation of Cartosat-1, Cartosat-2, Oceansat-2, RISAT-2, Resourcesat-2 and RISAT-1, the user demand for satellite data products made a quantum jump crossing 50,000 products per year, an order of magnitude more than what is being handled by many international ground stations. Many user data selection and visualisation tools became part of data processing with facility to track the status of the user orders, and web-based delivery of products became the norm. To enhance global data services, a high-latitude polar ground station at Svalbard, Norway, was engaged with the data acquisition and transfer process automated through high-bandwidth electronic connectivity.

With broadband networking and satellite-based communication services, NRSA considerably expanded its disaster management support activities. A Decision Support Centre (DSC) for disaster management support was established in NRSA in 2004 as the single-window delivery mechanism for aerial and space-based inputs with VSAT-based satellite communication network connectivity to state and Central government user departments. NRSA was also identified as the nodal agency responsible for designing, developing and implementing the National Database for Emergency Management (NDEM). Internationally, NRSA representing ISRO became a key player in many initiatives like International Charter on Space and Major Disasters, the Sentinel Asia and the UN Platform for Space-based Information for Disaster Management and Emergency Reduction (UNSPIDER).

NRSA aerial facility got further augmented with advanced systems such as Large Format Digital Camera (LFDC) and Aerial Laser Terrain Modeller (ALTM) and GPS systems as well as the upgradation of the avionics system itself. The number of flying hours for the two aircraft crossed more than 500 hours per annum, calling for industry involvement on wet-leasing arrangement to process the data in-house in order to ensure quick turnaround time.

CONVERSION OF NRSA TO FULL-FLEDGED GOVERNMENT ENTITY

It is very rare for an autonomous society functioning under a government department to become a full government entity, but NRSA was an exception!

NRSA was empowered by the government as the sole authority responsible for acquiring and dissemination of data from all the remote sensing satellites (including that from foreign satellites) and also for all the aerial photography/photogrammetry services in the civilian domain. It was also made as a single-window service provider for the Digital Support Centre (DSC) for disaster management. NRSA was thus expected to shoulder many responsibilities of the government, while being an autonomous society!

However, it was found that the very autonomous society status which was supposed to give flexibility to its operation turned out to be its disadvantage as some of the government entities started questioning the credibility of a ‘society’ in handling sensitive data. The responsibilities of the DSC and other strategic programmes of national importance called for NRSA being empowered to receive and handle very high-resolution data and topographic maps with terrain information (contour and height) on disaster-prone areas of the country, of which a predominant portion lies in the coastal areas and the northern boundaries. This strange attitude started adversely affecting NRSA from performing its assigned roles in an effective manner. Additionally, the increasing emphasis placed on revenue generation impacted the research and development activities. This unusual scenario convinced the Space Commission to approve on 3 November 2007 the conversion of NRSA from an ‘Autonomous Society’ to a ‘Government Entity’ and to rename NRSA as National Remote Sensing Centre (NRSC) under ISRO. After due approval by the Union cabinet, NRSC came into being on 1 September 2008 as a full-fledged government entity under ISRO/DOS. This was yet another moment to rejoice, but pregnant with additional responsibilities and expectations!

After this, NRSC was expected to develop innovative solutions and public good services in a more concerted manner without compromising on efficiency and efficacy, and to showcase to the world that it would not become lethargic, once the burden of revenue generation was off its shoulders. NRSC proved that it meant business! The launching of Bhuvan in 2009, within a few months after becoming part of ISRO, clearly demonstrated this. Bhuvan was an inspired initiative to showcase the distinctive features of Indian imaging capabilities including the thematic information derived thereon in the geospatial domain, and to provide 2D and 3D visualisation products and services through a web portal for easy access. Bhuvan became one of the most talked about web portals, competing with the contemporary services anywhere in the world.

NRSC also launched a major initiative during 2009, namely, the Integrated Multi-mission Ground Segment for Earth Observation Satellites (IMGEOS) at Shadnagar. The intention was to have a unified system, seamlessly integrating data reception, processing, archival and dissemination, addressing the increasing needs of newer payloads from IRS missions with varying data rates and formats; and to provide improved near-real-time data delivery to the users. Today, IMGEOS facility is fully operational with a state-of-the-art network-centric system with multitier storage and automated processes, enhancing the user experience significantly. NRSC has taken up earnestly the implementation of other major initiatives, namely, National Database for Emergency Management (NDEM) as well as the National Information System for Climate and Environment Studies (NICES).

To meet these targets and to build the associated infrastructure, NRSC has taken up the master plan development in Shadnagar complex with extensive use of environment-friendly technologies. A solar power station providing 200 kW power with the planned augmentation of 100 more kW, meeting around 10 per cent of the total power needed in the complex, has become a benchmark for many such projects in the future. In the first year of operation itself, this solar power system generated more than 340,000 units for the complex, a most satisfying achievement by any standard!

In yet another inspired move, NRSC established a remote-controlled data reception station at Larsemann Islands, Antarctica in 2010, in cooperation with the Ministry of Earth Sciences (MOES). This is the first-ever effort by India to set up a remote sensing satellite data reception station in Antarctica which will ensure global data collection and transfer to NRSC in near-real time. With dedicated efforts from a team of young engineers from NRSC, the station has become operational now.

Recent times also saw NRSC launching many public good services. India-Water Resources Information System (India-WRIS) is one such web-based GIS portals aiming to provide a single-window solution for a comprehensive, authoritative and consistent data and information on India’s water resources along with allied natural resources. Similarly, Bhoosampada Portal, with periodically updated Natural Resources Census (NRC) information, provides land use/land cover information to the country. The Space-based Information Support for Decentralised Planning (SIS-DP) is yet another major initiative launched at the behest of the Planning Commission in close coordination with state governments for their use at district, taluk and gram panchayat levels.

Further, with NRSC becoming part of ISRO, the Regional Remote Sensing Service Centres (RRSSCs) established during the 1980s as part of NNRMS were amalgamated with NRSC, emphasising their regional role under the overall guidance of NRSC. Similarly, IIRS, the training institute at Dehradun, which had grown over time to an institution of international reckoning, has been made a separate unit under ISRO in May 2011.

In remote sensing terminology, ‘pixel’ is actually a short for ‘picture element’, those tiny dots that ultimately make a meaningful total picture. NRSC has done the unenviable task of converting those tiny dots into meaningful information and knowledge relevant to national developmental applications. This ‘Pixel-to-People’ saga of NRSC continues, symbolising ISRO’s larger goal of societal outreach using high-technology inputs from space.
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PART FIVE

Applications


5.1

Historical Perspective of Remote Sensing

Some Reminiscences1

P.R. PISHAROTY
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Ancient India apparently had a clear concept of remote sensing. In the Mahabharata, Sanjaya had been endowed, presumably with some equipment which enabled him to report in real-time, all the events at the distant Kurukshetra battlefield, whether they were open or camouflaged and occurred by day or by night. Coming to recent times, in 1858, Tournachon, a Frenchman, took photographs for the first time from a balloon which floated over Paris. Aerial photography was extensively used thereafter, particularly during the wars.

During the 1950s zoologists found that some snakes have special infrared-sensitive spots on their heads. These spots enabled them to detect frogs, their prey, camouflaged in green herbiage, through the infrared radiation emitted by their bodies.

The term ‘remote sensing’ (RS) was first used in 1961, when a US Naval Project on the ‘Study of Aerial Photographs’ was renamed as ‘remote sensing’. There was a problem of detecting soldiers in green khaki uniforms moving inside green forests. The problem was solved with the development of special false-colour photographic films and using them in aerial photography. The green vegetation abundantly scattering infrared radiation, present in sunlight, was recorded as crimson red on the developed film, while radiation in the visible region scattered by the green khaki uniforms was registered as blue. The infrared scattering was characteristic of the type of vegetation; diseased vegetation registered as black, so also waterbodies.

The introduction of remote sensing in India can be traced back to an interesting event. It began with a very small observation when the Indian Ocean Experiment was done. We had a revelation in 1963–64 that the ocean surface temperature of the Arabian Sea off Bombay was about 30°C, sometimes higher than land temperature during the monsoon. This was subjected to a lot of doubt. There is a tendency amongst scientists to have a hypothesis and not accept anything that is not in confirmation with that hypothesis. So, we had the feeling that the monsoon had a large dependence on the Sea Surface Temperature (SST), particularly off the west coast of India. When I came to PRL in 1966 after retirement, this was uppermost in my mind. Sarabhai asked as to what could be done in monsoon studies. I said that the area surface temperature has to be measured, but it is not possible to make it using thermometers in ships. This has to be done using an aircraft, making use of infrared (IR) techniques. Sarabhai said, ‘That’s fine. Let us do it.’

The peaceful applications of remote sensing technology in agriculture and forestry were presented in a couple of papers in 1968. The occasion was the UN Conference on the Peaceful Uses of Outer Space, of which Vikram A. Sarabhai was the Scientific Chairman. At the end of the conference he told me that remote sensing was a technology of great potential for India’s development and asked me to learn the technology and introduce it in India.

A few months later, there was an International Symposium at Ann Arbor, Michigan, on the Applications of Remote Sensing. A team of half a dozen scientists from India was deputed to that symposium by the Indian Space Research Organisation. Thereafter, members of the team visited different institutions in the USA, where remote sensing technology was being applied in various disciplines like agriculture, forestry, hydrology, oceanography, geology, etc. We learnt much. Knowledge was freely imparted. At that time the USA was preparing to launch an Earth Resources Technology Satellite with sophisticated remote sensing equipment on-board. The USA was keen that various countries of the globe cooperate in the venture and become aware of the utility of satellite remote sensing technology. The first satellite in this series was launched in July 1972.

When the team returned to India, it was found that our policymakers and science administrators were sceptical about the utility of this technology in India. That was in 1969.

Remote sensing was a new technology and people had to be convinced. People said remote sensing was not something new, it was just astronomy. Dr Sarabhai decided to meet the then Prime Minister Indira Gandhi, outside office hours, after dinner at her residence. So we went with a set of colour slides on remote sensing and two projectors so that if one failed the other could be used (redundancy even there). There were four or five people for the meeting. Sarabhai, Ramanathan and I were there to make the presentation on the application of remote sensing in agriculture, oceanography, geology, etc. The Cabinet Secretary, M.S. Swaminathan and Haksar were also there.

After our presentation, we came back. The Prime Minister just heard us and said nothing. I asked Sarabhai about it. He remarked, ‘That doesn’t matter, PM didn’t object and that means she approves.’

After the presentation at the PM’s residence, Swaminathan told me about the coconut wilt disease in Kerala. He asked if remote sensing technology could be used for detecting the disease early. I replied that perhaps we could. That is how the first experiment on Coconut Wilt-Root detection employing remote sensing technology was started.

We had no equipment. We wrote to the US (NASA) requesting for the help of a scientist who would come to India with a set of cameras and false-colour films for this experiment. We required an aircraft also, besides the helicopter supplied by the USSR for use by Thumba Rocket Launching Station. For the project, the Kayamkulam Coconut Research Station was chosen as it had coconut plantations and was near Thumba. It was under IARI (Indian Agricultural Research Institute) and they were also asked to collaborate. The Chief Scientist of the Research Station also came into the project, and so we had a team of scientists and a team of people to take the photographs. My job was only to collect all these people together. For navigation, we resorted to setting up small fires in the fields. They served as control points. These ‘ground places’ were in a pattern (single, square, etc.), so as to be easily identifiable.

We had the remote sensing survey carried out, and we saw that some of the crowns looked different and the difference was because of the disease. Those crowns appeared ‘less red’ than the ones that were unaffected. The juice of the leaves of ‘less red’ trees were taken and examined under an electron microscope by IARI and the virus was seen in them. So, before the farmers could see the appearance of the disease on the tree, this methodology could be used for detecting the wilt-root disease. However, this technique could not give any cure – but that was not our job, we were only to detect it and we detected it. Our experiment was a great success; thus an ‘acceptance’ was found for remote sensing.

Sarabhai had other ideas regarding ‘acceptance’ of the technology. He invited a large number of parliamentarians and Heads of Departments in New Delhi, for a lecture on remote sensing. I was asked to give a lecture about the technology to them. He had invited them personally (about 200 invitations, but only 100 turned up). The lecture was in the Constitution Club, New Delhi. In a sense the audience was impressed. Sarabhai knew that an acceptance by those people was desirable for the success of the application of remote sensing in India.

The next was the project ‘ARISE’ in Anantapur. That was the time when there was levy on rice. So the farmers had reported less area under rice. But the photographs showed the reality. Thus, the remote sensing technique was more ‘accepted’ and people realised that they cannot ‘bluff’ as their bluff could be called off.

The technology got accepted generally and rapid developments took place thereafter. Even at the start, Sarabhai envisaged that ISRO should not be the end-user. The Secretaries of all the user departments were informed about this tool and told that they should decide how best to use this technique. The NNRMS (National Natural Resources Management System) concept is an expansion of that idea.

Around that period, the UK was putting up a satellite. They offered space for a 40 kg payload for remote sensing. They were told that Prof. U.R. Rao would use the 40 kg payload for his experiments and that a 40 kg payload for remote sensing was not sufficient. It was decided that we would wait till we get a capability to put a sufficiently large payload (about 1,000 kg). An inadequate use might act as a negative factor in getting satellite remote sensing accepted in the country. So we had to wait till 1988 for this. But the waiting was worth it.

Before concluding I wish to refer to what Homi Bhabha stated in February 1962, in his opening address to the first meeting of the Indian National Committee for Space Research. He said, ‘If India enters the field of space research and technology now, she would be on the same ground floor as USA, who has a lead of only ten years in this field. Therefore in a couple of decades we could catch up.’ His forecast has been fully validated by the Indian Remote Sensing Satellite and the operational use of its data in crop monitoring, drought monitoring, crop yield forecasting, ground water targeting, monitoring of forest cover, estimation of forest biomass, wasteland surveys, district-wise land use surveys, coastal erosion, location of fishing zones, etc., for optimum management of India’s natural resources.

The other day in Haryana, I had shown a picture from SPOT satellite of Dehradun and an IRS picture on the same film. It was difficult to distinguish between the two. We may be patting our back but it is a patting we deserve.
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A meteorologist of international repute, Prof. P.R. Pisharoty was known as the Grand Old Man of Indian Meteorology. He was also a pioneer who initiated remote sensing in the country. With Prof. E.V. Chitnis, he was responsible for choosing Thumba to launch the Indian space programme in 1963. The Indian Society of Remote Sensing renamed the Indian National Remote Sensing Award ‘P.R. Pisharoty Memorial Award’ in his memory.
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1 Reproduced (with minor editing) from Current Science, Vol. 61, Nos 3 and 4, 25 August 1991.


5.2

Genesis and Growth of Remote Sensing Applications in Indian Agriculture

M.S. SWAMINATHAN
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Following the tragic demise of Homi Bhabha in 1966, Vikram Sarabhai took over as Chairman of the Atomic Energy Commission and Secretary to the Department of Atomic Energy. Vikram Sarabhai’s scientific interests were very wide and he encapsulated his approach to harnessing modern science for the well-being of the economically and socially underprivileged sections of our society in the following words: ‘There are some who question the relevance of space activities in a developing nation. To us, there is no ambiguity of purpose … We are convinced that if we are to play a meaningful role nationally, and in the comity of nations, we must be second to none in the application of advanced technologies to the real problems of man and society.’

Vikram Sarabhai was very concerned with the food situation in the country since we were leading a ‘ship to mouth’ existence in those days. The import of PL 480 wheat touched 10 million tonnes in 1966, causing considerable worry to Indira Gandhi who had taken over as Prime Minister in early 1966. Sarabhai therefore used to visit the fields of the Indian Agriculture Research Institute (IARI), New Delhi, for observing the progress in launching a ‘yield revolution in wheat’ with the help of semi-dwarf and non-lodging varieties of wheat and rice. In fact, his concern for the rapid spread of relevant information concerning high-yielding varieties among farmers resulted in the initiation of the Krishi Darshan programme of Doordarshan in 1968.

During one of his visits to IARI, I mentioned to Sarabhai that we must harness the power of remote sensing technology to study the spread of the coconut root-wilt disease in Kerala. This disease, with still unknown etiology, was causing considerable damage to coconut plantations in the Kollam area of the old Travancore state, which was later on amalgamated with the composite state of Kerala. Coconut is an exceedingly important crop in the economy of Kerala. Concerned with this serious threat to coconut plantations, the Indian Council of Agriculture Research established a research station at Kayamkulam to study the cause and cure of the root-wilt disease. There was also an apprehension that the disease is spreading and is likely to go to the Cochin area of Kerala. No definite information was available on the movement and spread of this disease. I therefore suggested to Sarabhai that we should harness the power of remote sensing for tracing the movement of the root-wilt disease in Kerala. This would be possible since the spectral signature of the healthy and diseased palms would be different.

Sarabhai mentioned that we did not have the necessary equipment and expertise to conduct an aerial remote sensing survey to trace the movement of the coconut root-wilt disease. He said that we might have to take the help of the National Aeronautics and Space Administration (NASA) of the USA and that this would require the approval of the Prime Minister. He therefore fixed up an appointment with Indira Gandhi for Pisharoty of the Physical Research Laboratory, Ahmedabad, and me for explaining the power of remote sensing for identifying the movement of the root-wilt problem in Kerala. Pisharoty made an effective presentation before the Prime Minister at her residence. She was deeply interested and asked Sarabhai and me to go ahead with obtaining the help of NASA and launching the study.

With the approval of the then Chief Minister of Kerala, a study was undertaken in 1968 and it showed that fortunately the root-wilt disease was confined only to certain parts of the old Travancore state and had not gone to either of the Cochin or Malabar areas. This gave us a lot of relief since we were worried at that time that the spread of root wilt will ruin the coconut crop and enterprises such as the coir industry of Kerala. This was the first study of an important research problem in India with the help of the remote sensing technology. Forty-five years ago, we were not in a position to undertake remote sensing studies without external help. Today, the position is reversed and the US Department of Agriculture is using our expertise in remote sensing technology for several important studies. It can be said that we are today a world leader in this technology.

Based on the success of the coconut root-wilt studies, I organised with the help of Indian Spare Research Organisation (ISRO), studies on the assessment of crop yields in the Anantapur district of Andhra Pradesh and Patiala district of Punjab. These studies carried out in 1971–72 also gave very useful information. It was clear that the remote sensing technology could help us to assess yield, measure the acreage under forest and assess the extent of irrigated area. Also, the Rajiv Gandhi National Drinking Water Mission helped to identify aquifers which could be tapped for drinking water purpose through the remote sensing technology.

On the occasion of the fiftieth anniversary of the Indian space programme, I want to record our indebtedness to the great visionary, Vikram Sarabhai, who helped the nation to ensure that we did not lag behind in the use of frontier technologies for solving problems in the field of agriculture, food security and natural resources conservation and enhancement. What is now needed is the establishment of a Translational Research Centre for converting the remote sensing data into field applications. This is an area where we are becoming a nation which is data-rich but action-poor. This is why a Translational Research Centre will help to accelerate progress in ensuring that the knowledge gained by remote sensing technology is converted into field applications.
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Acknowledged as the father of the Green Revolution in India, Prof. M.S. Swaminathan was Director General of the Indian Council of Agricultural Research, and Minister of Agriculture from 1979 to 1980. He served as Director General of the International Rice Research Institute and became President of the International Union for the Conservation of Nature and Natural Resources in 1988. In 1999, Time magazine placed him in the ‘Time 20 list’ of most influential Asian people of the twentieth century. Prof. M.S. Swaminathan was the founder of the M.S. Swaminathan Research Foundation (MSSRF). Today he is the Emeritus Chairman and Chief Mentor of MSSRF.
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5.3

Remote Sensing Applications

RANGANATH NAVALGUND
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INTRODUCTION

The pioneering experiment carried out by Pisharoty with his colleagues in 1970 aimed at the detection of coconut root-wilt disease using colour infrared aerial photography. Success of this pioneering experiment led to the formulation and execution of a number of systematic aerial survey experiments. Agricultural Resources Inventory and Survey Experiment (ARISE) was a major project carried out at Anantapur in Andhra Pradesh (1974–75) and at Patiala in Punjab (1975–76). Results of the Anantapur survey clearly showed that the area under rice was much more than that reported by the farmers. This result was not surprising since there was levy on rice. Simultaneously, efforts were made for the indigenous development of an airborne thermal scanner to measure Sea Surface Temperature (SST), a very crucial precursor for the monsoon. Data from LANDSAT-1 and 2 (launched in 1972 and 1975) were also used in a number of demonstration studies carried out in ISRO/Department of Space (DOS) and other organisations. 

Establishment of a data reception centre at Shadnagar by the National Remote Sensing Agency in 1979 for receiving LANDSAT data acted as a catalyst for usage of satellite remote sensing in a significant way and various Central and state government departments started using the data. Around this time, Indian remote sensing programme was getting conceived. Satish Dhawan realised that it was important to involve stakeholders, right from the beginning at the planning level. Joint Experiments Programme (JEP) taken up in 1978, in association with the Department of Agriculture and Cooperation, ICAR, and the Ministry of Steel and Mines was one such effort aimed at the definition of Indian Remote Sensing (IRS) Satellite. Bhaskara 1 was the first Indian Earth Observation (EO) satellite launched on 7 June 1979 by a Soviet Intercosmos rocket. It had two types of sensor systems, viz., a television camera and a microwave radiometer. Subsequently, Bhaskara 2, launched on 20 November 1981, carried a new channel for the improved estimation of atmospheric and ocean physical parameters. With the successful completion of the Bhaskara programme, the capability to build operational satellites for remote sensing was well established and this in conjunction with the experience gained through JEP laid the foundation for the Indian Remote Sensing Satellite Programme. 

NATIONAL NATURAL RESOURCES MANAGEMENT SYSTEM (NNRMS) 

It was felt necessary to have a national system for resource management in which the conventional techniques as well as remote sensing technology can be integrated to provide timely, accurate and specific information regularly to the decision makers at various levels. In order to demonstrate the efficacy of remote sensing, it was necessary to have well-defined and demonstrated end-to-end experiments. A major step was taken in 1982, when at the instance of the Preparatory Committee of NNRMS, fifty-nine well-defined experiments were conducted to demonstrate the end utilisation of remote sensing in various application areas. Groundwater targeting, mineral exploration and fisheries were among the most striking examples of these end-to-end experiments. The results of these experiments were presented at a national seminar on NNRMS held during 10–12 May 1983 at Hyderabad. Senior Secretaries of various user ministries and officials of the Planning Commission, Government of India, participated in this seminar. As a sequel to the recommendations of the seminar, the Preparatory Committee was converted into the Planning Committee of NNRMS. A sixteen-point resolution, passed by the seminar was accepted by the Government of India for implementation, and the DOS was identified as the nodal department charged with the responsibility of establishing the NNRMS. The existing framework of NNRMS is shown in Figure 5.1. Many states established State Remote Sensing Application Centres to provide remote sensing inputs for aiding the planning process in the states under the overall umbrella of NNRMS. Today, as many as twenty-six states have set up such centres to cater to their needs. 

To provide digital image processing facilities to a larger segment of users in various regions of the country, Regional Remote Sensing Service Centres (RRSSCs) were established at Bangalore, Dehradun, Kharagpur, Jodhpur and Nagpur. NNRMS Standing Committees were also formed in 1985 at the national level under the chairmanship of Secretaries of major user ministries/departments to oversee and guide use of remote sensing data for their needs. Years later, in 2000, in order to provide thrust to space science and application activities in the north-eastern region of the country, North Eastern Space Application Centre, an autonomous institution under the Department of Space was established at Barapani, near Shillong, Meghalaya. Several universities and IITs started postgraduate courses in remote sensing and photogrammetry.
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FIGURE 5.1: The NNRMS Framework

EVOLUTION OF INDIAN EARTH OBSERVATION SYSTEMS

As pre-investment to the proposed launch of Indian Remote Sensing Satellite IRS-1A, IRS utilisation programme was conceived and executed. Under this programme, sixteen projects at various levels of maturity were undertaken in different areas of natural resources management. While in the initial stages, LANDSAT data was used for developing methodology in each case, the procedures were tested and verified with actual IRS-1A and 1B data subsequent to its successful launch on 17 March 1988 and 29 August 1991 respectively, followed by IRS-P2 on 15 October 1994. 

Although data from IRS-1A, 1B and P2 facilitated a number of applications, there were quite a few lacunae. Some of these aspects were: 

(i)While spatial resolution offered by LISS-1/LISS-2 camera systems was adequate for land use/cover classification at 1:250,000/1:50,000 scale, it was inadequate for identification of crops in multi-cropped regions. 

(ii)Inclusion of short-wave infrared band to detect and quantify moisture stress, snow-cloud discrimination.

(iii)Dynamic applications such as crop monitoring required four to five days repetitiveness; much better than twenty-two days.

(iv)Ability to discriminate smaller differences in radiance values of Earth surfaces (crops, snow, etc.) with better radiometric resolution. 

(v)Applications in urban mapping, infrastructure projects, watersheds, data at high spatial resolution of 1 to 2 m and stereo.

(vi)Recognising that more than 50 per cent of highly variable agricultural production in the country comes from the kharif season (June–September) during which period, optical remote sensing has limited use because of persistent cloud cover problem, it was necessary to embark upon a Synthetic Aperture Radar (SAR) mission. This would also help estimating soil moisture. 

(vii)Space-borne sensor, operating in specific narrow spectral bands with high radiometric sensitivity, with daily coverage for ocean colour. Simultaneous measurement of sea surface temperature along with ocean colour was a desirable option. 

(viii)Applications in physical oceanography required many instruments; scatterometer to derive ocean winds, altimeter to study sea surface height, microwave radiometer to obtain sea surface temperature and salinity, etc.

(ix)While VHRR on-board the INSAT was providing cloud motion vectors and cloud top temperature, it was necessary to have temperature and humidity profile measurements from a geosynchronous platform to improve weather forecasting. Instruments to study rainfall rate, humidity profile even during cloud cover, and aerosol optical depth were also considered essential.

Evolution of Indian Earth Observation Systems has taken place in a phased manner over the years. IRS-1C and 1D satellites were launched with newer payloads such as panchromatic camera (PAN), LISS-3 camera (23 m + SWIR) and a Wide Field Sensor (WiFS). The PAN camera had the highest spatial resolution (5.8 m) civilian system in the world at the time of launch of IRS-1C satellite in 1995. IRS-P4 (Oceansat-1) became the first satellite for operational ocean colour applications. Subsequently, Oceansat-2 was flown in 2009 carrying a modified Ocean Colour Monitor (OCM) to provide continuity and a Ku-band scatterometer to enable ocean wind vector measurements. Resourcesat-1 primarily aimed at agricultural applications and carried a unique set of three cameras LISS-4, LISS-3 and Advanced Wide Field Sensor (AWiFS). Cartosat-1 is a state-of-the-art along-track stereo mission (2.5 m) and Cartosat-2 provides panchromatic data at about 1 metre resolution. Radar Imaging Satellite-1 (RISAT-1) carrying a C-band Synthetic Aperture Radar was launched to meet the long-term need of an all-weather-capability instrument. Megha-Tropiques, a joint ISRO-CNES mission, launched in October 2011 aims at studying tropical hydrology. SARAL, a joint ISRO-CNES mission is a satellite for Argos and radio Ka-band altimeter for deriving sea surface height to facilitate coastal circulation. It was successfully launched on 25 February 2013. INSAT-3D, a geosynchronous metorological satelite carrying a six-channel sounder in Visible and Near Infrared Region (VNIR) region, was also launched in 2013. 

REMOTE SENSING APPLICATION MISSIONS

In order to upscale the studies/projects to national level, to take advantage of the improved resolution of data from the newer satellites and to make the output products/deliverables directly usable as input in the activities of user agencies, several application missions were taken up in a mission mode as per the guidelines provided by the NNRMS Standing Committees along with a host of participating organisations. The missions/projects addressed all resource disciplines like agriculture, forestry, water resources, urban planning, ocean and atmospheric sciences. While it is almost impossible to narrate each and every application carried out, a brief description of the major projects/studies carried out is described here. For details one can refer to two special issues of Current Science (1996, 2007) and two volumes brought out by NRSC and SAC (2010 and 2011 respectively).

AGRICULTURE

Since agriculture sector alone provides 70 per cent rural employment and about 18 per cent to national gross domestic product, applications in agriculture always had high priority. Although agriculture production has increased from 50 million tonnes in 1950 to 240 million tonnes in 2011–12, it faces many challenges like stagnation of productivity in some of the Green Revolution regions, low productivity in the eastern region of the country, high uncertainty in rain-fed agriculture, soil erosion, waterlogging, etc. Existing conventional agricultural statistics system fails to provide timely and reliable forecasts necessary for taking many policy decisions. Increasing agriculture production to 350 million tonnes by 2025 to meet the country’s demand requires increasing area under agriculture by identifying cultivable wastelands/marginal lands, increasing cropping intensity by cultivating in suitable kharif/post-kharif fallows, increasing productivity by soil and moisture conservation, improving soil fertility, use of high yielding varieties, ensuring use of irrigation potential created, improving rain-fed agriculture, and establishing a robust system for generating crop production statistics/forecast system. In this context, applications of remote sensing in agriculture have been very demanding and in fact, the space systems have been specifically designed to meet information needs of this sector. Some of the major application projects/programmes taken up in this context are i) crop production forecasting, ii) crop intensification, rotation and cropping system analysis, iii) mapping wastelands and salt-affected soils, and iv) horticulture.

Crop Production Forecasting

Crop production forecasting requires estimating area under a given crop and forecasting its productivity/yield per unit area. Estimating area under a given crop requires development of a method to identify and classify pixels in a given image as belonging to a crop on the basis of its spectral characteristics. Development of models using spectral reflectance data of crops along with other agro-meteorological parameters provides yield forecasts. Even before the launch of IRS-1A in 1988, efforts were made to estimate wheat acreage for single-crop-dominated districts such as Karnal (Haryana) and Patiala (Punjab), and rice area in Puri district of Odisha. The Crop Acreage and Production Estimation (CAPE) project taken up at the behest of the Department of Agriculture and Cooperation aimed at pre-harvest district-level crop area estimation and yield forecasting using stratified random sampling approach. It used remote sensing data acquired at the maximum vegetative growth stage of the crop. The CAPE procedures were continuously revised and upgraded to improve upon accuracy and timeliness of crop estimates. The wide-swath coverage and the ability to quantify distinct crop growth profiles of different crops using WiFS/AWiFS sensor has led to the national-level crop production forecasting programme. Currently, multi-temporal IRS-AWiFS data is regularly used to make national-level wheat production forecast about a month in advance of harvest. Production forecasts are also made for sorghum, mustard, sugar cane, potato, cotton, jute, etc. The United States Department of Agriculture uses AWiFS data for their crop estimates. As most of the rice crop is grown in kharif season (monsoon), coinciding with the overcast cloudy conditions of the sky most of the time, microwave SAR data available from the Canadian Radarsat-1 and 2 are being used to generate national-level rice estimates. Indigenously built C-band SAR, successfully flown on RISAT-1 (April 2012) would reduce the dependency on Radarsat data.

Realising that remote sensing data cannot provide a stand-alone system for making multiple and reliable forecasts, an innovative programme, viz., FASAL (Forecasting Agricultural output using Space, Agrometeorology and Land-based observations) was conceptualised and is being institutionalised. FASAL uses econometric models to make crop forecasts before the crop season begins, agro-meteorological models in the beginning of the crop season, high temporal and coarse resolution data at the midway of the crop growth period, and final estimates and accuracy assessment using fine resolution remote sensing data. The methodology has provision to revise estimates based on episodic events after the harvest as well.

Realising the importance of having an independent space-based agriculture-statistics system, the Ministry of Agriculture, Government of India, has set up the Mahalanobis National Crop Forecast Centre, at IARI campus, New Delhi, in April 2012.

Crop Intensification, Rotation and Cropping System Analysis

Identification of crop fallow, in particular rice fallows, has been carried out using remote sensing data for the entire country to see if some of these fallow lands can be brought under agriculture/productive use. Mapping season-wise crops grown in a particular region has helped understanding crop rotation patterns. Creation of such a database has helped in evaluating efficiencies of different cropping systems for assessing the sustainability of the agricultural practice. Multiple Cropping Index (MCI) measures the cropping intensity; Area Diversity Index represents the diversity of crops grown in an area; and Cultivation Land Utilisation Index measures how efficiently the available land area has been used over the year. IRS AWiFS data has been extensively used for capturing temporal dynamics of crop growth for the Indo-Gangetic Plain.

Wasteland Mapping

The nationwide wasteland mapping carried out by NRSA in the eighties on 1:1 million scale provided, for the first time, the baseline information on spatial distribution of wastelands. However, to ameliorate and to bring additional area under tree plantation and agriculture, it was necessary to map the wastelands on a larger scale with better categorisation. Systematic mapping of wastelands under cultivable and non-cultivable categories has been carried out for all districts of the country at four time intervals (1986–2000, 2003, 2005 and 2009) at 1:50,000 scale. Digital databases/atlases have been made available to all district functionaries. These surveys have shown that total area under wastelands which was estimated to be 63.85 Mha in the first detailed survey held during 1986–2000 stands now as 46.73 Mha indicating that about 17 Mha area has been put into productive use. 

Horticulture

Remote sensing data helps in horticulture crop inventory, site suitability analysis for expansion/introduction, infrastructure planning for post-harvest requirement, disease detection, and precision planning for horticulture. Under the Horticulture Technology Mission, detailed work has been carried out for the north-eastern states. Clusters of jhum lands are identified using satellite data. Data on elevation, slope, aspect, soil, weather are integrated to generate site suitability for different horticulture crops. 

FOREST INVENTORY AND BIODIVERSITY CHARACTERISATION

The first national-level mapping of the forest cover of the country based on remote sensing was carried out in 1983. Alarming statistics provided by this study brought home the need to monitor forest cover periodically and also to take urgent steps towards their conservation. Since then, the Forest Survey of India (FSI) is carrying out biennial forest cover mapping and presenting the results to the Indian Parliament. First assessment of forest cover of the country was made in 1987 by FSI. The advent of high-resolution multispectral data (Resourcesat-1 + Cartosat-1) has enhanced the capacity in preparing forest type, density maps and forest-working plans. Afforestation and deforestation could also be assessed using multi-temporal satellite data. High-resolution (1 m) satellite data is facilitating mapping trees outside the forests. Vegetation mapping for the South Asian and Central Asian Regions, using multi-temporal SPOT-4 vegetation, biome-level vegetation characterisation for entire India using multi-temporal IRS WiFS data and broad-level vegetation type mapping for the entire country in 1:50,000 scale using IRS-3 data have also been carried out. The information generated by the aforesaid programmes is extensively used in conjunction with related ground-based information in geospatial domain for spatial explicit quantification and process understanding related to biodiversity assessment, landscape change and simulation, carbon sequestration, hydrology, generic ecosystem patterns, Environmental Impact Assessment (EIA) studies and regional climate models. One of the important studies undertaken in this regard is the collaborative effort on landscape-level characterisation of biodiversity using remote sensing and GIS. The study has focused on identification of disturbance areas and biological richness areas for conservation. Biodiversity information system to portray this information in public domain is also in place.

INTEGRATED MISSION FOR SUSTAINABLE DEVELOPMENT

The drought conditions that prevailed in many parts of the country during 1987–88 prompted the remote sensing community to devise ways of using remote sensing data to combat drought and take up measures for sustainable development on watershed basis. This required characterisation of watersheds in terms of its land cover, drainage, geomorphology, soil, etc.; prioritisation; generation of action plans for soil and moisture conservation; siting rainwater harvesting structures; afforestation; and monitoring to see the impact of the measures taken at periodic intervals. The availability of information at large spatial scale on soil, slope, drainage, land cover, geomorphology and a host of collateral data on rainfall, demographic distribution, availability of drinking water, etc., were therefore an essential prerequisite. Remote sensing with its ability to provide thematic data in spatial format was found to be an ideal choice for this study.

Twenty-one districts spread across thirteen states were chosen for this study in the first phase. Appreciating the scientific methodology developed and on the basis of success achieved in this phase, the High-Level National Committee decided to extend these studies to additional 126 districts of drought-prone states and the project was named as Integrated Mission for Sustainable Development (IMSD) in 1992. Subsequently, ninety-two priority blocks were taken up for generating action plans at detailed level (IMSD special). In all, 175 districts of the country covering 84 Mha of geographical area were covered. Location-specific action plans indicating alternative land use practices, soil conservation, surface water harvesting and groundwater exploration/recharge were drawn up in consultation with participating watershed development associations/actual beneficiaries for many of the micro watersheds. Impact of the implementation of these measures on crop productivity, vegetation cover, groundwater level, etc., was monitored. 

WATER RESOURCES

Information needs of water resources sector are of diverse nature ranging from mere inventory and monitoring of surface waterbodies to more complex ones like irrigation performance, groundwater exploration, snowmelt run-off forecast, flood inundation mapping and forecasting, reservoir sedimentation, etc. Space data has been extensively used in many of these areas operationally. Only a few major areas are described here.

National Drinking Water Mission

Providing safe drinking water to hundreds of thousands of villages is a priority for India. Groundwater distribution is subject to wide spatio-temporal variations, depending on the underlying rock formations, their structural fabric and geometry, and surface expression. The remote sensing data in conjunction with sufficient ground truth information provides information on the geology, geomorphology, structural patterns and recharge conditions which ultimately define the groundwater regime. Groundwater prospect maps showing probable regions, where wells can be drilled after confirmatory in-situ geophysical investigations have been generated using satellite data. These maps show yield range at different depths besides indicating sites for recharging aquifers and water harvesting structures. Such work has facilitated identifying sources of drinking water for deprived villages. Following the national-level hydro-geomorphic mapping showing groundwater prospect areas on 1:250,000 scale, more detailed maps on 1:50,000 scale have been generated in GIS environment for many states in a phased manner on priority basis, under the Rajiv Gandhi National Drinking Water Mission. The feedback has shown more than 90 per cent success rate, when wells were drilled based on groundwater prospect maps generated using remote sensing data. These maps have been extensively used for locating prospective groundwater sites in and around villages facing problems. Through remote sensing, the suitable areas for recharging the aquifers can also be brought out as the better rechargeable areas, which have porous lithologies, maximum fractures, highly weathered region, flood plains, regions of null slope, etc.

Snow, Glaciers and Glacial Lakes

Snow and glaciers are important source of frozen fresh water. Himalayan snow and glaciers are unique in many ways: they make north Indian rivers perennial; influence Indian summer monsoon; and are sensitive indicators of climate change. Synoptic and repetitive data provided by Earth Observation satellite data has been extensively used to map seasonal snow cover, areas of snow accumulation and ablation, and in developing methods of snowmelt run-off forecasts. IRS-AWiFS and NOAA-AVHRR data are extensively used in the forecasts based on snow area depletion curves. These forecasts have enabled better planning of water resources by the respective reservoir management boards. Snowmelt forecasts are provided for five Himalayan river basins (Chenab, Beas, Satluj, Yamuna and Ganga). At the behest of the Ministry of Environment and Forests, seasonal snow cover mapping for all basins in the Himalayas has been carried out recently.

Inventory of the Himalayan glaciers and monitoring their retreat/advance is another important area of study related to global climate change and water security. Identification and mapping of glacier boundary and terminus are important aspects. Satellite data helps in identification of snow, ice and rock due to substantial differences in the spectral reflectance of these surface features. Glacial depth is estimated using radio-echo sounding method, or inferred using geomorphological classification. Inventory of the glaciers carried out on 1:50,000 scale has revealed that there are 32,392 glaciers in the Indus, Ganga and Brahmaputra basins with a total glaciated area of 71,182 sq. km. India alone has 16,827 glaciers covering an area of 40,563 sq. km. More than 2,000 of these have been monitored for twenty years for their retreat/advance. A recent study has shown an overall reduction in glacier area of Chenab, Parbati and Baspa basins from 2,077 sq. km in 1962 to 1,628 sq. km in 2010, with an overall deglaciation of 21 per cent. Inventory and monitoring spread of glacial lakes are equally important in view of their damage potential in causing flash floods. A recent study has shown the presence of 2,028 glacial lakes and waterbodies in the Indian Himalayas.

Wetland Inventory

Wetland is a collective term for ecosystems whose formation, processes and characteristics are dominated and governed by water. Wetlands are not only repositories but also play a crucial role in flood control, reducing sediment load, recharging aquifers and regulating water flow and quality, and removing pollutants. They are also habitat for a great variety of fish, waterfowl and other species. Many of the wetlands are encroached by urbanisation, agricultural activities, industrial development, etc. Hence, it is necessary to map and monitor these wetlands at regular intervals. Wetland inventory at the national level on 1:250,000 scale was prepared in the early 1990s. Wetlands, each of area larger than 0.56 ha, could be mapped. This inventory estimated the total area under wetlands for the country to be 8 Mha. Nationwide inventory of wetlands on 1:50,000 scale has been prepared more recently during 2005–08, wherein smaller wetlands could also be delineated. Detailed surveys have also been carried out, as per Ramsar convention, for twenty-one notified wetlands to take up conservation measures.

Performance Evaluation of Irrigation Commands

Satellite remote sensing data is being utilised for inventory of irrigated area; cropping pattern and its productivity; monitoring irrigation status through the season; staggering of sowing and transplantation of crops; evaluating system performance, etc. It is also used as a diagnostic tool for poorly performing pockets in the irrigation system. Availability of AWiFS data with five-day repetitiveness has greatly facilitated this activity. Many irrigation systems such as Bhadra and Hirakud have been investigated.

Water Resources Information System of India

Generation of database and implementation of web-enabled Water Resources Information System in the country, short-named as India-WRIS, is a joint project of the Central Water Commission and ISRO. This aims as a single-window solution for obtaining comprehensive, authoritative and consistent data and information on India’s water resources along with other collateral information in a standard GIS framework. Many tools are available for retrieving, visualising and analysis of data, for monitoring, planning and development of water resources. WRIS comprises sub-information systems on base data, surface water, groundwater, hydrometeorology, water quality, snow cover/glacier, inland navigation waterways, inter-basin transfer links, land resources, etc. 

Geology and Mineral Exploration

Vasundhara was the first detailed experiment for creating a database comprising both conventional and satellite information on geology for the southern peninsula by the Geological Survey of India and ISRO. Several studies using satellite data have been carried out by the state and Central government geology departments for preparing reconnaissance-level maps identifying geological structures and geomorphology. In some cases, more detailed studies leading to the identification of mineral deposits have been done in conjunction with field investigations. Identification of kimberlite pipes possibly containing diamonds is one such example. Identification of coalfields and thermal mapping of coal-fire-affected regions is another application. Remote sensing data is increasingly being used in many of the geo-environmental and geo-engineering applications.

Coastal Zone

The narrow strip of Earth’s surface, which forms a transition zone between land and sea, is a distinct physiographic region known as coastal zone. It includes coastal water, tidal wetlands and adjacent shore land influenced by marine water or vice versa. India has a long coastline of around 7,500 km and harbours 25 per cent of the country’s population within 60 km of the coastal zone. The Indian coast is home to highly diverse terrestrial ecosystems such as coral reefs and mangroves. Satellite data has proved to be extremely useful in extracting information on coastal wetlands, land use/land cover, vital and critical habitats (mangroves/coral reefs), high/low tide line, shoreline changes, coastal processes, etc. Satellite data has also been used as an input in selecting potential sites for brackish water aquaculture development, regulation of the coastal zone and coastal zone management. The Ministry of Environment and Forests, Government of India, has authorised the use of satellite data and Coastal Regulation Zone (CRZ) maps in providing environmental clearances and in solving related issues (to the violation of the coast) under CRZ Act. In India, coastal stretches of bays, estuaries, backwaters, seas and creeks, which are influenced by tidal action up to 500 m from High Tide Line (HTL) and the land between the Low Tide Line (LTL) and the HTL has been declared as the Coastal Regulation Zone (CRZ). Maps showing wetland features between HTL and LTL and coastal land use features up to 500 m from HTL on 1:25,000 scales for the entire Indian coast, using IRS LISS-2 and SPOT data of 1990–91 time frame were prepared. Coastal land use maps have been updated using high-resolution LISS-4 data of 2004–06 time frame. Coral reef features such as reef type (fringing, atoll, platform, patch, coral heads, sand cays, etc.), reef flat, reef vegetation, degraded reef, lagoons, live corals and coralline shelf have been mapped on 1:50,000 scale for all the Indian reefs. Apart from these, mapping was done in uncharted extensive coralline shelf, atolls, and coral heads, and live coral platforms, in Lakshadweep Islands, coral pinnacles in the Gulf of Kachchh and new coral growth in a few places in the Wandoor National Park, and Andaman and Nicobar Islands. Among all the Lakshadweep group of islands, the coralline shelf joining the two reefs, Bangaram and Agatti, is most unique. Mangroves are natural evergreen vegetation, which are unique to coastal environment and help in the production of detritus and organic matter, and recycling of nutrients, and thus enrich the coastal waters and support benthic population of sea. Total area of the country under mangrove stands at 495,620 ha as per 2005–07 inventory. 

URBAN MAPPING AND INFRASTRUCTURE DEVELOPMENT

While data from the earlier satellites was useful in mapping urban sprawl and broad-level classification of urban areas, availability of high-resolution data (1 m) facilitated generation of detailed urban maps, development planning, transport network, etc. Preparation of a perspective plan for 2012 for the Ahmedabad Urban Development Authority done in the year 1996 was the first such detailed study. This was followed by many such efforts for Bombay, Calcutta, National Capital Region, Bangalore, Hyderabad, Indore, Pimpri–Chinchwad and many other places. Geographic Information System techniques coupled with high-resolution data spurred many transport network analysis studies as well. National Urban Information System (NUIS) is a new initiative which enables creation of urban spatial information system to meet the preparation of development plans, transportation plans, urban site suitability analysis and urban environmental planning. Under the first phase of the project, detailed mapping of 142 medium-sized towns/cities at 1:10,000 scale and 130 towns at 1:2,000 scale have been taken up using aerial/satellite data.

Infrastructure development is essential to improve the quality of life for any country, more so for a developing country like India. With the integration of high spatial resolution remote sensing data with advanced image analysis techniques, GIS and GPS (Global Positioning System), the country has carried out many infrastructure development projects. Some of the physical infrastructure projects include perspective and development plans for urban areas, road alignment and rural road connectivity, ranking of micro-hydel sites for power plants and detailed facility and utility planning. 

OCEAN COLOUR AND FISHERY

The operational OCM sensor on-board Oceansat-1, provided excellent opportunity to monitor and study phytoplankton distribution in the sea around India. Aggregation of fish is influenced by many variables pertaining to environmental and biological stimuli. These in turn depend upon a number of physical, biological and environmental parameters such as sea surface temperature (SST) and ocean biology as manifested by chlorophyll concentration, currents, mixed-layer depth, internal waves, winds, oxygen, salinity, predator–prey relationship, etc. Upwelling results in bringing nutrient-rich cooler water to surface leading to enhanced biological activity. This phenomenon manifests in the form of anomalies/gradient in SST pattern. The technique developed for the Potential Fishing Zone (PFZ) forecast (up to 2–3 days in advance), which combines chlorophyll information and SST has been validated with a number of ship campaigns in Indian waters. Results have shown 70 to 90 per cent success in PFZ identification. Ocean colour data conjunctively with SST are operationally used to prepare fishery prospect charts to help fishermen. Species-specific forecasts, in particular for tuna fish, have been developed and are being tested these days. Monitoring harmful algal blooms is another important application area. Sequential images help in studying sediment dynamics. 

DISASTER MONITORING AND MITIGATION

The country is vulnerable to several types of disasters causing wide-scale human and financial losses every year. Hence disaster mitigation has been one of the prime concerns of remote sensing applications programme of the country. A Disaster Management Support Programme (DMSP) has been formulated and implemented since the year 2003. It comprises:

(i)observation system consisting of IRS series of satellites and available microwave data from the international satellite missions as well as aerial photography/Airborne Laser Terrain Mapper (ALTM)/Airborne SAR (ASAR);

(ii)multi-tier database with query/decision tools;

(iii)a secured space-based communication network connecting NRSC with the Ministry of Home Affairs and state governments to facilitate data transfer, videoconferencing, etc.; and 

(iv)Decision Support Centre, a single window for delivery of space-based services early warning at NRSC.

Using aerospace data, near-real-time flood monitoring is operationally carried out, wherein administrative (village) and current land use layers are overlaid in GIS on the satellite-data-derived inundation layers to identify affected settlements, damage assessment and for relief purposes. Agricultural drought is another important weather-related natural disaster. A National Agricultural Drought Assessment and Monitoring System (NADAMS) project gives fortnightly information during monsoon season at district level using satellite-derived Normalised Difference Vegetation Index (NDVI), spatial and temporal distribution of rainfall and soil moisture derived using satellite microwave radiometer data. 

Remote sensing data has also helped in the preparation of landslide hazard zonation maps using database on lithology, geological structures, slope, vegetation and land use. A large number of maps on 1:25,000 scale were prepared for pilgrimage routes in the Himalayas and the north-eastern region. These maps also depict conservation measures which need to be taken up. For earthquakes, seismic hazard zonation is an important step. Space data provide critical spatial inputs like geological structures, lithology, geomorphology, etc., for integrating with other database for hazard zonation. Availability of high-resolution data provides necessary inputs for microseismic hazard zonation. Studies have also been initiated on identifying possible precursors and their efficacy.

Towards meeting these national requirements, necessary National Database for Emergency Management (NDEM) is being created as a GIS-based repository of data to support disaster/emergency management in the country. The information generated in the Decision Support Centre (DSC) is operationally disseminated to various state relief commissionerates, including the Ministry of Home Affairs, Government of India, through a Virtual Private Network (VPN) using INSAT communication capability. DSC also provides IRS data to disaster-affected countries around the world through the International Charter on Space and Major Disasters and Sentinel Asia, in which many space agencies are partners.

ATMOSPHERIC AND OCEANIC SCIENCES

Pursuing high-quality research in atmospheric sciences, improving mesoscale weather forecasting and ocean state forecasting using space inputs and in-situ observations are other areas of importance. The efforts have focused on the retrieval of various geophysical parameters from satellite data and their validation and assimilation in models, numerical weather prediction, and ocean state forecasting. Towards densifying the networking on ground to provide in-situ data for appropriate integration with the weather models, development of Automatic Weather Stations (AWS), Agro-Met Towers and Doppler Weather Radars (DWR) has been taken up with the help of industry. Indian meteorological data processing system has been developed and established at IMD, New Delhi/SAC, Ahmedabad, to receive and process data from INSAT-3A, Kalpana and the INSAT-3D satellites. Successful launch of Megha-Tropiques carrying four sensors is adding to the wealth of data for studying tropical hydrology. Mesoscale forecasting at 5 km grid interval for the entire country is being done to provide seventy-two-hour forecasts of temperature, humidity, winds and rainfall. Seasonal forecast of the Indian summer monsoon is carried using genetic algorithm approach. Extensive studies on cyclone genesis, its track and landfall point prediction and intensity estimation have been carried out. The methods developed are adapted by IMD, the operational agency for regular forecasts. Mesoscale/local weather forecasting including study of thunderstorm activity and cyclone possibility during the launch window for PSLV/GSLV is an important successful effort.

In the area of oceanography, besides marine fisheries (discussed earlier), efforts have been made to derive global ocean wind vectors from OSCAT (Open Source Community for Automation Technology) and disseminate within three hours of data acquisition. Algorithms have been developed to derive sea surface heights from altimeters and waves from SAR data. Applications related to mixed-layer depth, ship-track routing, identification of sea mounts, oil spills, etc., have been demonstrated. Identification of possible sites for exploration of off-shore hydrocarbon structures using residual gravity anomalies derived using altimeter for the Arabian Sea and the Bay of Bengal has been an important contribution. Monitoring the Antarctic Sea ice using data from international mission as well as from our own OSCAT has provided interesting results. 

In the early 1990s, ISRO initiated Geosphere-Biosphere programme to demonstrate the use of satellite data in studying the Earth system as a whole and the impact of increased human activity and emission of greenhouse gases on the climate changes at regional and global scales. As part of this programme, in-situ observation networks have been established; focused field experiments have been carried out; and analysis of time series satellite data related to aerosols, glaciers, sea level rise, etc., has been undertaken. Nine projects have been identified under the ISRO Geosphere-Biosphere programme, addressing aerosols, atmospheric trace gases, boundary layer network and characterisation, energy-mass exchange in vegetative systems, land use and land cover, impact of human dimension in river basins, national carbon project, soil carbon pool assessment, vegetation carbon pool assessment, etc. 

COMMUNITY-CENTRIC APPLICATIONS: VILLAGE RESOURCE CENTRES

One of the recent initiatives towards community-centric applications harnessing the convergence of various geospatial technologies and satellite communication relates to the establishment of Village Resource Centres (VRC). To address the changing and critical needs of the rural community, a unique experiment of setting up Village Resource Centres in partnership with the reputed Non-governmental Organisations (NGOs) and others has been initiated recently. Capabilities in satellite communication and satellite-based Earth observation are aptly integrated to disseminate a variety of services emanating from the space systems and other IT tools. VRCs are envisaged as the single-window delivery mechanism for a variety of space-enabled services and deliverables such as telemedicine, tele-education, information on natural resources for planning and development at local level, interactive advisories on agriculture, fisheries, land and water resources management, livestock management, interactive vocational training towards skill improvement, alternative livelihood, e-governance services, weather information, etc. 

INTERNATIONAL INITIATIVES

India has been an active member in many international forums related to Earth observation activities. ISRO/India is an active member of the Committee on Earth Observation Satellites (CEOS). It chaired the CEOS in 2012 and organised the plenary meeting in October 2012. As part of CEOS, it has participated in many working group activities related to Virtual Constellation of Satellites, calibration and validation and capacity building. It has been a founder member of the Group on Earth Observation (GEO) and has contributed to its working group on data-sharing principles. ISRO has also contributed to the GEO-initiative on Global Agricultural Monitoring. ISRO has been a member of the International Charter on Space and Major Disasters as well as the Sentinel Asia programme. ISRO has been an active member of the International Ocean Color Coordinating Group and the Coordinating Group on Meteorological Satellites. It regularly participates in the deliberation of the Committee on Peaceful Uses of Outer Space. ISRO has been an active participant in the activities of International Society of Photogrammetry and Remote Sensing and has chaired four Technical Commissions and many working groups. It is also active in Ocean Remote Sensing and SPIE (International Society for Optics and Photonics) conferences. ISRO has bilateral understanding with many of the space agencies, and remote sensing activities have been greatly benefited. Interaction with NASA-JPL in ocean scatterometry and with CNES in joint mission of Megha-Tropiques and SARAL are two recent examples.

CONCLUDING REMARKS AND FUTURE PERSPECTIVES

Indian remote sensing applications programme has matured within a short span of about four decades and has become an important component of National Natural Resources Management System in the country as envisaged by Satish Dhawan and other pioneers in the early 1980s. Indian example is quoted as a model for many developing countries on how to harness an advanced technology like space for national development and bringing benefits to the society. Many of the state and Central government agencies and NGOs use remote sensing data and products in many governance issues. Several entrepreneurs are supporting these efforts. Academic institutions are conducting courses on advances in the areas of technology, science and applications. ISRO is committed to provide continuity of missions for sustaining and enhancing services. Remote sensing data is also being used in understanding climate variability and change.

Integrating Earth Observation products and services with multi-institutional framework and ensuring people’s participation in decision-making process relevant to the society stand as the principle for future direction of remote sensing applications programme. This would turn the direction of working from being a ‘data provider’ to ‘service provider’ by giving end-to-end solutions. As part of this, food security, water security, environmental monitoring and infrastructure development are going to be the mainstay of applications with focus on rural development. On the other hand, the ecosystem responses, disaster monitoring and mitigation, and climate change studies would also stand as important activities as they would ultimately influence the overall development. 

India plans to launch more satellites missions providing both continuity and enhancement in the near future. The new missions would fill the gaps in terms of spectral, spatial and temporal resolutions in both optical and microwave regions. The constellation of polar and geosynchronous satellites missions is also envisaged to improve detection, monitoring and assessment of disasters. The space-borne microwave and hyperspectral sensors would form the important basis in ecosystem quantification, and retrieval of geophysical and biophysical parameters. In order to realise the above missions and derive maximum benefit from their use, a number of areas, especially related to ground segment, need to be addressed simultaneously. The most important among these are generating a large number of bio-geophysical products on near-real-time basis, disseminating to users through easily accessible means, and adapting methods of assimilation into process-based models.1
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Potential Fishing Zones
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India has a very large coastline of 7,500 km and extensive exclusive economic zone of 2 million sq. km. Hence it has a large potential for marine fishery development. The abundance, distribution and productivity of organisms on various space and timescales depend on physical, chemical and biological processes. The different water masses reflect the variability of such processes. The temperature, salinity and surface wind are some of the important variables of such water masses and control fish population.

Satellite remote sensing affords monitoring of large spatial areas at very high temporal scales. The availability of food, feeding habits and environmental conditions play a key role in the distribution of fishery resources. The congregation of food on surface, water column and seabed habitats control the abundance, type and distribution of fish. The chlorophyll images from ocean colour data (Oceansat-2 OCM and Terra and Aqua MODIS, at present) provide information on productivity and on oceanographic features such as colour boundaries, fronts, eddies, rings, gyres, meanders and upwelling regions. The ocean colour images provide information up to one-attenuation depth of the water column. Hence information about production and availability of food at surface as well as subsurface levels is obtained. The sites of enhanced production are generally suited for congregation of fish in a particular habitat. The next important aspect is physiologically suitable environment for fishery resource. Satellite-derived Sea Surface Temperature (SST) partially explains the suitability of fish to a habitat. SST information is provided by NOAAAVHRR (National Oceanic and Atmospheric Administration Advanced Very High Resolution Radiometer).

Demersal fishery resources depend on food available on sea floor, detritus material, vertically migrating plankton and other living resources. It is assumed that wherever surface and subsurface production is higher, the probability of availability of food at sea floor is relatively higher. As the different fishery species in PFZ (Potential Fishing Zone) areas are primary, secondary or tertiary consumers of prey, the technique depending on food availability works quite well.

The SST images when used along with ocean colour images allows identification of various oceanographic features as well as gradient in magnitude in productivity and temperature. This coincidence of chlorophyll and SST features indicate close coupling of the physical and biological processes. Sea surface circulation influences nutrient supply in euphotic zone and thus helps in increased production. Sea surface winds (Oceansat-2 scatterometer) provide information on the movement of oceanographic features and thus on circulation. The synergistic analysis of time series measurements of chlorophyll, SST and surface wind vector allows understanding the formation of productive grounds and its dynamics. These factors influence transport of phytoplankton, zooplankton, fish eggs and juvenile fish and affect the distribution of fishery. The prediction of movement of productive ground or, in other terms, forage ground for fishery, is carried out using satellite-based sea surface winds. It also affords to identify anticyclonic eddies which are considered as very low-productive areas and not suitable for fishery resource. Ocean state is also important for fishing operations. Six-hourly forecast for waves, currents and mixed layer depth is also provided to plan efficient fishing operations.

The major limitation of the satellite remote sensing is cloud cover. Satellite sensors – visible, infrared and thermal infrared – can measure these properties only during cloud-free days.

Tuna is another fish for which the potential for development of fisheries is very high. However, due to inadequate information, its potential is not fully realised. A methodology using SST, chlorophyll, attenuation coefficient, mixed layered depth and wind information has been developed and advisories on similar manner as PFZ are provided to fishermen.

The potential fishery zone (PFZ) advisories are prepared using satellite-derived ocean colour, sea surface temperature and surface currents along with bathymetry using Geographic Information System (GIS). This technology was jointly developed by the Indian Space Research Organisation (ISRO) and Earth System Science Organisation (ESSO). The Indian National Centre for Ocean Information Services (INCOIS), a unit under ESSO, is responsible for generation and dissemination of PFZ advisories. The three-day PFZ forecast is given daily and generated on all cloud-free days. The advisories are not provided during fishing ban period lasting 45–60 days between June and August, coinciding with breeding and spawning period.

ESSO-INCOIS has satellite receiving stations for both Oceansat and NOAA satellites. The data is processed and SST and chlorophyll images are generated in near-real time and various features as mentioned above are identified and integrated. Wind information is translated into current through a hydrodynamic model. These features are mapped and their longitude, latitude, water depth as well as direction and distance from landing centres, lighthouses are given. In addition, likely displacement of the feature (the centre point of the line feature) during the next two days is also provided.

The advisories are prepared in English, Hindi, Gujarati, Marathi, Kannada, Malayalam, Tamil, Telugu, Oriya and Bengali. It is displayed through electronic display boards installed on major fishing harbours and controlled directly from ESSO-INCOIS. They are also broadcast through electronic and print media. All the information is available on web portal having facility of Web-GIS. SMS through mobile and fax services are effectively used. About 25,000 fishermen are directly registered to receive this information.

It was observed that these advisories are good indicators of availability or abundance of pelagic fish such as sardines, mackerel, anchovies, carangids, etc. Catch Per Unit Effort (CPUE) is a standard measure of efficiency of fishing operations. The CPUE improves up to a maximum of four times for 80 per cent of cases in PFZ areas. It has been reported that the advisories facilitated reduction in search time by 30–70 per cent. The success rate in potential areas vary between 85–95 per cent, while in non-PFZ areas, it is 30 per cent at the maximum. The National Council of Applied Economic Research (NCAER) has reported that the identification of potential fishing zones increases productivity significantly, improves catch size and reduces fuel consumption. Besides, ocean state information is useful in timing of the departure and sequencing of shore information and avoiding extreme weather situations. The total net benefit of this advisory is between Rs 34,000–50,000 crore annually.

This is one of the best examples of how satellite-generated information can be provided at the grass-roots level as societal service which has benefited the country immensely.
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Dr Shailesh Nayak has been providing leadership to Earth system sciences in the country since August 2008. He obtained PhD degree in Geology from the M.S. University of Baroda in 1980. He set up the state-of-the-art tsunami warning system for the Indian Ocean in 2007. He pioneered the development of algorithms and methodologies for application of remote sensing to coastal and marine environment, and generated a baseline database of the Indian coast, and developed services for fishery and ocean state forecast. He was conferred the prestigious ISC Vikram Sarabhai Memorial Award 2012 as well as Bhaskara Award for 2009, and fellowship of the International Society of Photogrammetry and Remote Sensing (ISPRS). He has published about 100 papers in peer-reviewed journals. For a short period in January 2015 Dr Nayak was in charge of the Indian space programme. 
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5.5

Satellite Images and GIS

Changing Urban Management Perspectives

MUKUND KADURSRINIVAS RAO
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In the past fifty years, with the advent of imaging from satellites and the ability to process/integrate map and image data on computers, city management and the urban development sector has been benefitted considerably with easily available city spread and land use information and also in generating and anticipating urban development needs, thereby enhancing the ability to quickly address urban development solutions. All over the world, cities acquire the latest satellite images and plan/monitor their growth and create a time profile of their development. Nowadays, most cities are also able to integrate the images/maps with social and economic data in a Geographical Information System (GIS) and they have the ability to ‘generate’ maps of social, economic, demographic, financial and many other attribute data sets which were earlier available in tabular forms. Apart from satellite images, modern data collection systems collect data of buildings in 3D, street images, city Digital Elevation Models (DEM) and accurate property maps/records, positioning and navigation data, CCTV-based real-time situational information of traffic, crowd, disasters/emergencies, etc. All of these are getting integrated and fused using sophisticated GIS tools to organise Urban Information Systems (UIS) or City GIS. Such City GIS are becoming part and parcel of urban administration and are seen as an essential social infrastructure.

India has about 8,000 cities or towns or urban areas and an urban population of about 370 million, which is likely to double in the next twenty years. The rapid growth in each of our towns/cities/metros is imposing huge pressure on housing, water, transportation, power, sanitation, education, health challenges and civic services – apart from intertwining issues of employment, poverty, industry, finance, environment, etc. – making the life of city administrators, planners and policymakers challenging. Even as projects are defined they are overtaken by time and growth – thereby widening the gap between ‘demand’ and ‘supply’ and impacting the well-being of the citizens and the quality of life in urban areas. Information is one key ingredient in addressing and solving the problem of urban development, and urban administrators need to be ‘armed’ with the right and timely information of the most current status of our cities. Also, the citizens need to be exposed with the latest information so as to be ‘participative’ in city management.

Satellite images have, in fact, triggered an ‘information revolution’ for urban administrators and with GIS technology have helped in many ways. Today, satellites easily bridge the gap of timely and accurate information for our cities – by depicting the most current status of individual buildings/layouts, roads, parks, lakes/waterbodies, trees, terrain and elevation, etc. – and thereby enabling quick maps of cities. In fact, this can now be done every month by each city, thus providing a time profile of city information for change and growth analysis. Next, these time profile images and derived information are integrated in a GIS with demographic data, industrial data, pollution data, etc., to generate a City GIS database that can predict quantified growth of cities, make customisable plans for urban areas, improve tax collection of buildings, simulate situations of emergencies and identify any violations of city plans or unauthorised urban development. 

It was in early 1980s that the earliest experiments were carried out in ISRO for using then available US Landsat satellite images at about 30 m/80 m resolution for urban land use mapping in Ahmedabad, Delhi, Jaipur and a few other cities. (Before 1980, a few cities like Delhi, Bombay, Jaipur and some others had adopted aerial photography to obtain aerial images and prepare maps.) ISRO&apos;s drive at using the images for urban applications were merely to develop technology/applications/systems that could embed into the national urban development process. Thus it was more a harbinger of ‘paving utilisation systems’ for its planned remote sensing technology systems.

When ISRO launched the first Indian Remote Sensing Satellite (IRS-1A) in 1987, the early experiments of city mapping moved onto experimental ‘urban information systems’ projects using the 36.5 m IRS images and GIS techniques. Notable examples were for Bombay Metropolitan Regional Development Authority (BMRDA), National Capital Region (NCR), Jaipur, Hyderabad, etc. In fact, with IRS data easily available in India many cities (20–30 cities in India) attempted to use the images to look at their cities and prepare ‘quick maps’ of urban land use. However, the IRS data of 36.5 m resolution was quickly determined as ‘limiting in spatial resolution’ for urban planning and administration purposes (and most cities felt that aerial photographs, which were limitedly used before satellite images, were better and essential – even though obtaining aerial photographs had its own huge logistical and defence clearance issues). However, experimentation in use of GIS for cities – whereby city maps and other data were ‘digitalised’ and organised into elementary urban information systems – enabling the fusing and integrated analysis of various types of maps and tabular data. Some notable experiments in this were carried out for Delhi, Bombay, Bangalore, Madras, Hyderabad and many other cities.

In 1995, India launched the 5.8 m resolution images – which spectacularly showed the Indian city fabric in detail and raised the ‘eyebrows’ of many urban planners as they took notice of the usefulness of the 5.8 m images. Suddenly, mid-size cities could be seen in the images in more detailed manner and thus the earlier experiments, which were more in metros/large cities, quickly spread to cities like Mysore, Indore, etc., and at the same time enabled urban development authorities (who cover large areas) of NCR, Bombay, Bangalore, Ahmedabad, Madras, etc., to cover large areas in GIS, organise the first true-scale Urban Information Systems, and ‘generate’ metropolitan and master plans using the images and the derived information.

But the rapid spread and ‘dependency’ on satellite images started when 1 m resolution images came into the market from the US commercial satellite in early 2000, and also from Indian 2.5 m/1 m images a few years later. Of course, with Google maps throwing open the 1 m images worldwide satellite images were no more a domain of urban planners but also of every citizen, who started by ‘seeing his house’ and graduated to more serious use of images for citizen and urban services. Cities could no more do without using satellite images and GIS techniques.

Even as these developments were taking place, India conceptualised a National Urban Information System (NUIS) during 2002–03 as a major technology initiative of the Ministry of Urban Development. It was also triggered by ISRO through National Natural Resources Management System (NNRMS). A NUIS workshop held in Bangalore in 2004 formulated the national programme of organising images and GIS-based ‘data sets’ and ‘GIS applications’ for master plan generation and updation in every city of India. A first-stage NUIS was initiated in India for about 150 cities in 2006. This became a game changer for the major gap that existed as the cities had not even got a master plan and, even if they had any these were not updated for many years. 

The proliferation of 1 m resolution images from commercial US satellites and also the IRS images with 1 m and 2.5 m resolution revolutionised the urban development scene – especially when the Jawaharlal Nehru National Urban Renewal Mission (JNNURM) programme was initiated by the Government of India in 2009. With funding available to cities for urban renewal/development, the use of images/GIS became essential to make the funding plans. Thus, over 1,000 cities in India have now used images and GIS to generate City GIS and are using them for planning and development and in support of JNNURM. Now, the cycle of updating the 2009–10 City GIS is becoming necessary and thus cities are starting to use fresh 2012–13 images for updating the maps and City GIS to latest date. Many more cities under state funding have also taken up such City GIS programmes and NUIS is also expanding its spread to many more cities. Hopefully, in the coming years, all the nearly 8,000 cities would be having a City GIS or Town GIS and many would be updating and keeping it current.

Thus, in the past 30–40 years, what started as small experiments of using coarse 36.5 m resolution images has now become an enterprise that most cities cannot do without. This has been possible not just due to technology of images and GIS but also because of government ‘institutionalising’ necessary programmes and industrial involvement by which industries have spurred large-scale spread of images and GIS for cities in India. 

In the past few years, newer technologies have emerged by which 3D GIS are being tried out and organised for cities(Delhi is an example) by which buildings and city objects are seen in 3D and allow realistic rendition applications for emergencies, security, taxation and such other applications. Utilities underground are detected and mapped using ground profiling radar, and water pipelines, sewage lines, other utility lines underground are organised as Utility GIS and for the first time maps have been created for many Indian cities. Positioning devices are used to map various city assets (like banks, ATMs, petrol pumps, hotels, restaurants, schools, traffic stops, signboards, government buildings, fire stations, etc.) and are being used in GIS for revenue management and other citizen service applications. 

How have all these been really useful? The sheer growth in use in almost a quarter of our 8,000 cities is itself an illustration of its use and demand. Some cities have reported clear benefits – like the city of Kanpur has reported that because of use of images and GIS in 2009, the number of properties that were identified/recorded and assessed have almost doubled in the city (meaning, earlier many properties were not even recorded and assessed even though they were existent and thus they were not paying taxes) and the property tax collected in the city grew by almost three times. Such a benefit is plausible in every city – and when one adds the benefits accrued due to better services in transport, better infrastructure, etc., the usage of images and GIS gets justified many times over.

What lies ahead now?

Images and GIS have come to stay for every city. Hopefully, each of our nearly 8,000 cities, and even rural areas, must use such images and GIS and empower better decision making, local planning and problem solving. In 2013, India embarked on a National GIS that would have images, forty-one map layers and linked tabular data for every inch of the country in a seamless manner. Thereby, every city or town could ‘craft out’ its own City or Town GIS based on the National GIS by adding specially customised data to make a comprehensive image and GIS database. This should enable each of our cities to plan better, monitor annually, and manage our cities better.

In larger cities and metros, usage of 3D, utility mapping and asset survey would increase and most of our 500-plus Class-1 cities will depend upon images, GIS and newer technologies. Their city planning and management would improve manifold. They would look way beyond their city area to address issues of water, people’s movement, resources access etc. Thus they would require larger area of image coverage.

Need for updated information from images would increase – today one looks at updating around 3–5 years but this will reduce to almost every year – thereby creating a ‘yearly demand’ for images. Thus, India&apos;s satellite capability at 1 m resolution images and better will have to meet this national near-annual demand and maintain ‘regular supply’ – though the commercial foreign satellites have a much better track in supplying user-specified data. 

Citizens will be more vigilant and demanding – especially in cities, considering free-ware image and GIS tools easily available on the Internet. Thus, citizen participation and engagement in urban development would increase in almost all cities.

In just thirty years, what started in India in the 1980s as experiments at using 30 m/36.5 m images in ‘closed laboratories’ for a few cities and had ‘serious user-acceptance problems’ is now a well-embedded technology tool in the ‘hands of the urban planner and administrator’. While the technology systems of ISRO for imaging came about in mid-1985, the utilisation systems have firmly embedded now – over a period of 20–30 years. Looking ahead, ISRO has to mainly cater to the large national demand for high-quality satellite images by building/launching high-quality remote sensing satellites and ensure continuous and uninterrupted supply of images (and maybe technology) in a timely manner. It is now the urban planner/administrator as user who must use the images and GIS tools and manipulate/analyse, as per his need and visualisation, and make decisions/solutions for the cities&apos; growth and development.
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Dr Mukund Kadursrinivas Rao started his career in Indian Space Research Organisation (ISRO) and for twenty-four years he worked in the early experimentation in remote sensing and GIS, shaping the Indian Remote Sensing Satellite (IRS) programme and its applications and the establishment of India’s National Natural Resources Management System (NNRMS). In ISRO, he has intensely worked for many Earth Observation/GIS projects. After 2005, for six years, he had been with the GIS industry, where he was CEO/President of GIS business initiatives and had acquired/delivered many large-value and innovatively enterprising remote sensing/GIS solutions for many clients. Dr Rao was the founder President of the international Global Spatial Data Infrastructure (GSDI) Association.
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5.6

Genesis of SITE1

ARNOLD W. FRUTKIN
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WRIGHT: In that case you mentioned that the State Department became involved because of those circumstances. In normal procedures, were you involved with the State Department in your role?

FRUTKIN: Yes.

WRIGHT: How did that process work?

FRUTKIN: Well, we would keep them informed of these things. In this case, [I believe State questioned us and that we explained why no project materialized and why we wouldn’t authorize transport of the rockets.] … I’ll mention a man by the name of Robert Packard, Bob Packard, who was in the appropriate office of … State. [He] dealt with us over the years very well; [he] was just a superb collaborator. He … understood what we were trying to do and was [a] wonderful, very fine [colleague].

But we had to deal with other offices in State which did not always understand. If you want [to] detour to SITE or take SITE later, I can—

WRIGHT: We can do it now, if it’s on your mind.

FRUTKIN: Because it’s sort of relevant. You see, each time you dealt with a new country, you had to do with a new desk at State. It’s no reflection on State, but anytime you deal with a new office anywhere, there’s always the chance that there’s going to be a difficult initial period. People don’t know each other, don’t trust each other, are somewhat suspicious of each other, and there’s that human tendency to say no rather than yes. So you often ran into problems, and the SITE case is an illustration.

Leonard Jaffe was in charge of the applications programs [at NASA] and worked very effectively with us. He was very alert to the opportunities for international participation and understood the guidelines. He was very good about it. He came to me at one point and said, ‘We are working on the first satellite which will be able to broadcast TV programs directly into receivers on the ground, and it seems to me that you’d be interested in it for international applications.’

Well, that was SITE, the Satellite Instructional Television Experiment. I think that’s what the letters meant. I’m very bad about things like that. So, okay. I talked with them about what the satellite could do. It [would be able to] broadcast into … ‘home receivers’ but with a sort of front-end adapter and a simple dish, a small dish similar to what we have now on DirecTV [Inc.], but not as [capable as today’s version].

So I sat down and began trying to think of where in the world [SITE would most constructively be used], where [it would best] fit. You wanted big countries, and [there] seemed [to be] two big countries that would be worth considering … Brazil and India. Well, we looked into Brazil and discovered that there [already] was a lot of television in being along the coast of Brazil and that the population back of the coast was almost non-existent. So it was unsuited.

India was the reverse, just perfect, had virtually no television in existence and [had a] huge population spread throughout the subcontinent. So India looked like a good place to go. I should make clear that the whole point of SITE was that it could broadcast directly into home receivers, [obviating the need for an extensive] ground network of … stations to receive television from a satellite and rebroadcast it through a diffusion [system]. You could skip that whole step, go right to home receivers. So [the] infrastructure was unnecessary.

Well, we were already dealing with a space committee in India under a man named Vikram Sarabhai [on] sounding rocket programs. I called Vikram Sarabhai and said, ‘Would you be interested in … Indian participation in this?’ Well, I knew the man very well. He was a very superior person, came of one of the two wealthiest families in India and had been educated as a physicist at [University of] Cambridge [England]. [He was], I think, a very fine person, [now dead]. He was very much interested. …He was the sort of person … dedicated to doing [things like this] for his country.

Before I called him, I went through our State contact to the India desk. [There I] met somebody I’d never known. [I] explained … what we wanted to propose to the Indians. … And he said, ‘No, you can’t do that.’

I said, ‘Why?’

‘Well, we have for some years been trying to establish a Voice of America program in India with Voice of America broadcasting [stations] in India, and the Indians won’t let us do that.’

So I said, ‘Oh, well, that’s completely distinguishable from this, because we don’t want to build anything on Indian soil, in the first place. Secondly, the Voice of America wants to broadcast American programs, [which they probably view as] propaganda, good or bad, in India. We don’t want to broadcast any American programs. According to our concept of this thing, all we would do, … after we have used the satellite for American purposes for a year, [is] nudge it along the equator till it looks at India. Then India can use a ground station which it will build with its own money, broadcast its own programs, which must be educational programs, up to the satellite, and the satellite will diffuse [them] down to the receivers.’

‘The Indians won’t let you do that.’

I said, ‘I think they will let us do it.’

‘No, you can’t go to them.’

I said, ‘Why don’t we let them say no?’

This guy just didn’t want to do it. He was the prisoner of his vest, which was buttoned all the way up. I felt that was just an ignorant, obstructionist viewpoint.

… I called Vikram Sarabhai and said, ‘Vikram, this is something we think you’d be interested in. Would you be interested in it?’

‘Of course. Yes.’

So I said, ‘Write me a letter proposing Indian participation in the SITE programme which is being prepared.’

He said, ‘Sure.’ So he wrote me a letter and said, ‘In accordance with your suggestion, we would like—.’

I called him up and said, ‘No, Vikram. Write another letter that doesn’t refer to my phone call.’

So he wrote another letter. Now India had proposed [participation]. There could be no further objection from the State Department. We went right ahead with it. It was enormously successful.

[Actually this] was a remarkable instance of how much in the U.S. interests such a programme [can be], because India had one year, under our agreement, one year that they could use that satellite. They built their ground station. They broadcast their own programs, which they designed and which we watched very carefully when they were being developed, because we wanted to be sure that they weren’t going to do anything that would upset America for any reason. No political criticisms, no political news programs. There were wonderful [educational] programs which I could tell you about sometime, not [to] take the tape [now] for that, but [there] were some wonderful things.

When they finished the year, they said, ‘Could you please extend the availability of the satellite [to] us for another year?’

Well, [we] knew they were going to ask that. … And we were all prepared. We … said, ‘No. The agreement said one year. That was a year out of the life expectancy of a U.S. satellite. We’re going to move that satellite back and use it for more U.S. programs. That’s it.’

They were very upset. They tried political pressure and so on. We refused. We said, ‘It was an agreement for one year and just don’t lean on us to do this.’ Okay, we took the satellite back. [What was the consequence? India] contracted with Ford Aerospace for a commercial satellite to continue their programs, and they contracted for a number of Ford Aerospace satellites over the years to do that…. I think they’re still doing that, but I’m not sure. … The point is: this program not only was an educational lift to India and demonstrated what such a satellite could do, but it brought money back into the Unites States, commercial contracts for satellites for a number of years.

I think it was an extraordinary program, and that’s how [such] a program was handled. Each program was … different, but here was one where we invited participation because we thought people would be interested and it would work well, and we knew that they would have to continue commercially once they got started…

There are some other very good examples like that, but you go ahead with any questions you have.
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Arnold W. Frutkin was Deputy Director of the US National Committee for the International Geophysical Year in the National Academy of Sciences when NASA hired him in 1959 as Director of International Programs, a title that changed in 1963 to Assistant Administrator for International Affairs. In 1970, he and Thomas Paine, the NASA Administrator at the time, held discussions with Soviet officials in regards to US–Soviet docking in space for the purpose of rescue. In 1978, he became Associate Administrator for External Relations, a post he relinquished in 1979 when he retired from federal service. During his career, he had been NASA’s senior negotiator for almost all of the important international space agreements.
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1 Satellite Instructional Television Experiment (SITE) is a celebrated example for the utilisation of space technology for the common man. Much has been written about SITE. Here we reproduce a portion of the oral history transcripts in which Arnold Frutkin was interviewed by Rebecca Wright on 11 January 2002 at NASA Headquarters History Office. The interviewer was assisted by Carol Butler. Full transcript can be accessed at http://www.jsc.nasa.gov/history/oral_histories/NASA_HQ/Administrators/FrutkinAW/FrutkinAW_1-11-02.pdf
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SATCOM for Development Education

The Indian Experience

B.S. BHATIA
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INTRODUCTION

Developing nations are faced with the enormous task of carrying development-oriented education to the masses at the lower strata of the society. These sections of society are characterised by low literacy, low income, low life expectancy, high birth rate, high infant mortality, very low access to media, etc. The task of providing development education to these sections involve providing access to sources/media of information and presenting the information in an understandable, acceptable and credible manner. The task poses both a hardware challenge to create systems configurations to reach out to these segments and a software challenge to present the information in a manner that will be credible, understandable and acceptable. Above all, it is a managerial challenge to see that these systems run efficiently and effectively. One important feature of these populations is that they are large in numbers and are spread out in remote areas of these nations where reaching out to them becomes even more difficult.

Satellite communications technology offers the unique capability of being able to simultaneously reach out to very large numbers spread over long distances even in the most remote corners of the country. It is a very strong tool to support development education.

India was the first amongst the countries to explore the use of Satcom to support development. It started its efforts in the mid-1960s and undertook the first major experiment to use Satcom for development communication, namely, the Satellite Instructional Television Experiment (SITE) during 1975–76. It continued its efforts in gaining experience in hardware, software and managerial aspects. A major effort to develop understanding in development communication was the Kheda Communications Project (KCP)(initiated as part of SITE) in which substantial work was done over two decades in understanding the approach to programme content development. Today the INSAT system provides satellite development communication. Besides, efforts like the Jhabua Development Communications Project (JDCP) and the Training and Development Communication Channel (TDCC) have now given experiences that should lead to the evolution of Gramsat, a satellite-based rural communication system to support development.

The following paragraphs highlight the major projects undertaken, and lessons learnt, in these continuous and evolutionary efforts.

SATELLITE INSTRUCTIONAL TELEVISION EXPERIMENT (SITE) 

Described as ‘the greatest communication experiment ever’, the Satellite Instructional Television Experiment (SITE) was carried out for a year, in 1975–76, in India. This project used the ATS-6 satellite of the United States which was the first-ever direct-broadcasting spacecraft, with the ability to broadcast directly to TV sets augmented with a small (3 metre diameter) parabolic wire-mesh antenna and appropriate electronics. The general objectives of SITE included the demonstration of the potential value of satellite technology in the rapid development of effective mass communications in developing countries, the acquisition of experience in the development and management of a satellite based instructional TV system in rural areas, and the stimulation of national development in India. The specific instructional objectives were in the fields of family planning, agriculture, national integration, school education and teacher’s training.

Direct Reception Systems (DRS), for community viewing of the TV programmes, were installed in six states of the country in ‘clusters’ of about 400 villages each. The instructional programmes were broadcast for four hours every day – 1½ hours in the morning (for school children) and 2½ hours in the evening – from Earth stations in Ahmedabad and Delhi. The programmes were made in four languages and were produced in four studios set specially for SITE. Villagers in each ‘cluster’ received programmes made specially for them in their own language plus a thirty-minute ‘common programme’ aimed at promoting national integration meant for all viewers. 

In addition to the DRS, the satellite programmes were also rebroadcast by some conventional transmitters. TV receive only terminals at these places received the satellite signal and fed it to the transmitter.

The DRS community TV sets were all installed in public buildings in the villages, mostly in schools. Selection of the villages itself was a major task since it required physically ascertaining availability of necessary facilities (a public building, electricity, clear look angle to the satellite, etc.). While most of the sets were deployed in electrified villages, about 150 battery-operated sets were deployed in villages which were not electrified, as part of the experiment. Even in ‘electrified’ villages, the school buildings were generally not electrified (school being a day-use facility), and getting a power connection was a major job in itself. The significance of the battery-operated sets becomes clear when one recalls that over half the villages in India were not electrified, and that even in electrified villages load shedding and power outages were frequent.

An elaborate system was set up to deploy, maintain and operate the community sets. The maintenance of the system was found to be extremely successful and ensured very high availability.

While many organisations played important roles in SITE, the overall ‘system management’ was done by the Indian Space Research Organisation (ISRO), which also had the specific responsibility for all the hardware elements and for the production of science education programmes for children. The major responsibility for programme production was with Doordarshan, the national TV broadcast organisation. The Ministry of Education took specific responsibility for the follow-up or utilisation of the school programmes and for the organisation of a teacher’s training programme (in which almost 50,000 teachers were trained in two two-week sessions). The state government concerned of course played a major role, as did various extension agencies.

Apart from its hardware and ‘overall’ responsibilities, ISRO also took up the responsibility for the evaluation of the experiment, in terms of both technical performance and social effects. For this, a large team of social scientists was created in ISRO. They not only did a summative evaluation of SITE, but also provided valuable inputs to the programme producers through pretesting of programmes, generation of audience profiles, need assessments and feedback after transmission.

The impact of SITE on various facets of village life was brought out through a large number of studies conducted by ISRO and also by others. On evaluating the experiment as a whole, one could summarise some of the major findings as follows:


	It is possible to deploy, operate and maintain community TV sets and DRS even in remote areas of a country, and that too with an availability of 80–90 per cent.

	Community viewing is possible, and average audience size of 80 to 100 can be expected.

	Instructional programmes are preferred, in comparison to pure entertainment programmes.

	Substantial gains were possible in the areas of health, hygiene and nutrition. The most dramatic gains were registered by female viewers, particularly the illiterates. Despite case studies of innovations adopted in agriculture as a result of TV programmes, a large-scale survey did not show statistically significant gains.

	Community access to TV tends to narrow the gap between communications and effects.

	Overall, SITE established that extension of communications infrastructure to remote areas was feasible and could contribute concretely to promote national development.



THE KHEDA COMMUNICATIONS PROJECT

SITE and direct broadcasting made it possible to take TV programmes to remote and inaccessible villages, with the most exciting consequence of development. However, the centralisation inherent in the technology of direct broadcasting was a limitation. Looking for technological options that could not only reduce but also meaningfully complement this centralisation, the idea of ‘limited rebroadcast’ was conceived, giving birth to the Kheda system. This involved the setting up of a low-power TV transmitter in Pij village of the Kheda district (about 50 km south of Ahmedabad) in the state of Gujarat in western India, and linking it to a studio and Earth station complex, so that it could relay local programmes (originated from the studio) or the ‘central’ satellite programmes received at the Earth station.

As part of SITE, under this project about 600 community TV sets were installed in villages. The responsibility of producing development-oriented programmes was that of ISRO. This transmission of the local programmes was started in 1975 and continued till 1989.

Programmes on core areas like agriculture, health, animal husbandry, etc., as well as on social issues like untouchability, poor social status of women, etc., were produced in addition to children’s programmes. Most of them were produced in a series mode using the team mode of production with the participation of the audience, after extensively studying their needs. The medium was extensively used in finding solution to various problems, either by recording the problems and taking these to the decision makers for a solution or by bringing the villagers and the decision makers together to discuss the problem.

In a large part of the world, television is being geared to churn out fairly inane programmes of little use or relevance to the audience, but with a ‘lowest common denominator’ kind of appeal. Kheda TV, on the other hand, had a definite purpose, viz., to promote rural development and social change. It was therefore decided to lay down a credo, an elaborate statement that would guide the work and would form the basis for all productions. Due to constraints on space, we are unable to reproduce the credo. But the following one sentence captures the essence of the credo.

‘The prime target audience will invariably be the lower classes/castes who are the most oppressed and who need the catalytic input that will help them to help themselves. Accordingly, programmes content, presentation, etc., will be designed keeping this audience in mind.’

In keeping with the overall philosophy of the project, the focus was on the objective of development and not on programme production per se. The total process was designed with this perspective. Thus, programme ideas emerged from the needs of the rural audience, generally on the basis of studies by social scientists (formative research), or on the basis of assessment of the field agencies concerned. Every script was scrutinised to ensure that it conforms to the credo.

Feedback from the village audience was given to all the producers to enable them to tune their programmes according to the needs, tastes and reactions of the audience.

Studies conducted to evaluate the Kheda project indicate the following:

A study on the health programmes indicated very significant differences between the level of knowledge (on specific aspects like cholera symptoms, cholera prevention, spread of malaria, concept of immunisation and vaccines for diseases) of people in villages having TV and those not having it.

Another study on agriculture indicated much higher level of knowledge on places for soil testing, measures for soil improvement, advantages of hybrid seeds, precautions in buying hybrid seeds, proper use of fertiliser, measures for plant protection and sources for agricultural credit.

While 43 per cent of the respondents in villages not having TV were aware of the minimum wage, the percentage in the case of villages having TV was 67.

While only 7 per cent of respondents in the villages not having TV suggested that the ‘poor should unite’ to get the minimum wage, this figure in the case of villages having TV was 52 per cent.

While only 7 per cent of respondents in the villages not having TV thought of cooperative farming as a way of improving their economic condition, the figure in villages having TV was 25 per cent.

But can one go merely by statistics? What about the increased confidence of the ‘lower’ caste/class people? What about the improved status of women? How to record the change in the outlook of children who have grown with the use of TV? Social science methodology cannot cope with these issues. However, the answers often have to be qualitative only, based on long periods of observation especially with regard to changes in processes and interactions.

According to an observer (in a seminar at New Delhi in December 1978), ‘The experience of Pij … comes with a message to the Indian scene … the attempt to use TV in a vigilante role, guarding the rights of the totally helpless sections, giving them strength whenever needed, has at last proved that it is possible for TV to fulfil its role in our conditions.’ According to another observer from the US (John Reily, Executive Director, Global Village), ‘… the US has a great deal to learn about effective use of the local programming. The amazing clarity of purpose of the Kheda experiment should be instructive. Perhaps the Kheda experiment is unique and not easily transferable. But we feel an exchange of views on this project could prove mutually beneficial …’

This project clearly indicated the following:

Media can act as an effective channel of two-way communication by taking the problems and concerns of the people to the decision makers.

The involvement of the people with the media and the credibility of the media greatly increase when the media deal with issues of immediate concern to the audience.

Communication research can help in building a system sensitive to people’s needs. It also helps in taking a systematic approach to programming, thereby increasing effectiveness.

The intensive research-based team mode cannot be undertaken for all the programmes but can be effectively undertaken for a selected series. It should, therefore, be used in important areas of programming.

Organising the community viewing situation is not easy. A number of problems including maintenance and social issues disrupt community viewing. However, community viewing appears to work with homogeneous groups. It is advisable to organise community viewing around homogeneous groups in the villages. This may necessitate providing more than one TV set in a village.

The Kheda Communications Project received the UNESCO’s IPDC (Internation Programme for the Development of Communication) prize for rural communication in 1985.

TRAINING AND DEVELOPMENT COMMUNICATION CHANNEL (TDCC) 

The broadcast systems have several limitations when used for educational and development purposes. These include wastage, and difficulty of coordinating ground support efforts with the broadcast. Besides, broadcasting systems do not provide for any interaction between the resource person and the learner, which is so essential in an educational and training programme. To overcome these limitations, India has been experimenting with the use of one-way video with two-way audio teleconferencing interactive networks for education and training. These networks could also be audio only networks or two-way video networks. Such networks cater to special audience and provide for interaction, and are therefore being termed as interactive narrowcasting networks.

Experiments conducted in interactive narrowcasting systems have led to identification of three major areas: distance education, training/continuing education, and training for rural development.

In distance education, several experiments have been conducted with the Indira Gandhi National Open University (IGNOU), Consortium for Educational Communication (CEC) and Centre for Management Education (CME) of All India Management Association. The user organisations have established their receive networks while a common uplink is being shared. The use of this network is expected to grow rapidly. 

In training, this network is finding application in large national organisations like banks and other institutions. The State Bank of India which has now established its own receive network is planning for a full-fledged captive network of its own. Similarly, the National Thermal Power Corporation also has plans for a captive network for training. 

Another crucial area is training of field-level development functionaries. All the state and Central government departments concerned with development and education have field-level functionaries in thousands spread all over the rural hinterland. Regular training and communication with the field staff are difficult but essential. Interactive narrowcasting networks are a means to achieve this. 

Training programmes have been organised for functionaries of Gujarat, Madhya Pradesh and Karnataka governments. Discussions are on with the Ministry of Rural Development for support and operational use of such networks.

Some of the major advantages of the system are


	Simultaneous training of geographically dispersed people

	Multiplier effect by training of trainers

	Uniformity of the training content

	Access to the best available learning resources

	Repeatability of training courses/educational packages, easy updating and dissemination

	Enhanced involvement of the trainers/learners due to interaction capability 

	Sharing of the same network by different user groups

	Significant savings in expenditure due to economies in travel, logistics and replication of teaching infrastructure

	More frequent training



The system can effectively supplement the conventional system of training and in some cases can itself become the major component of the training system.

The TDCC was declared operational in February 1995 and one transponder on INSAT is dedicated for this purpose. Several user agencies have set up their own receive networks and now are in the process of acquiring their own uplinks. More and more user agencies are coming forward. One hopes that in the next five years almost all state governments and several open universities would have these satellite-based teleconferencing facilities for distance education and development training in the country.

JHABUA DEVELOPMENT COMMUNICATIONS PROJECT (JDCP)

This project was undertaken to demonstrate the efficacy of a satellite-based broadcasting and interactive networks in a very backward tribal area. 

Jhabua is one of the most backward districts in the country and has the highest tribal population (of 85 per cent) who depend more on agriculture than on forest produce. As the level of literacy is low (14 per cent), audio-visual medium is the most suitable means of communication. Local dialect is used in the district but people understand simple Hindi. As it is predominantly a tribal area, it is accorded high priority in the state development plans.

In this project 150 receive terminals at the village level and one talkback terminal in each of the twelve block headquarters were installed. This network was used to conduct training programmes for the field staff and for communicating specific development-oriented messages to the audience at the receive terminals.

Studio facilities and the Earth station of ISRO in Ahmedabad were used as the teaching end. The content of the training programme and general messages were determined jointly with the field officials. Latest inputs were taken from national-level resource persons and institutions. Detailed feedback and evaluation was conducted for continuous improvement and overall assessment of the impact.

The priority areas included watershed management, health, education and panchayati raj. Watershed development includes agriculture, animal husbandry, forestry, fisheries, etc. 

The experience gained during the Kheda project was fully exploited in conducting the Jhabua project. Some of the hardware elements and maintenance, though similar to SITE, have been modified taking into account the changed TV scenario in the country.

A study conducted in April 1998 as a mid-term evaluation of the project indicated the following:


	50 per cent of males and 37 per cent of females had viewed JDCP programmes

	Average attendance was forty persons per day per DRS

	Younger people view JDCP programmes more than the elders

	Nearly 75 per cent of viewers discuss JDCP programmes with others

	About 75 per cent viewers described JDCP programmes as interesting and 45 per cent reported gaining new information

	About 25 per cent mentioned positive impact of JDCP programmes in all areas

	20 per cent mentioned less ‘drinking’ due to JDCP 

	Participatory and drama formats were liked the most



While the effectiveness of the technology is beyond doubt, the major challenge lies in creating appropriate and compatible managerial systems. All the above experiences, viz., SITE, KCP, TDCC and JDCP, were inputs to Gramsat pilot projects in several parts of the country, which, one hopes, would grow into a space based development support communications system for the entire country.

CONCLUSION

The Indian Space Research Organisation has always exploited space for national development. As part of this effort it has demonstrated the efficacy of Satcom systems to support education and development. It has undertaken several large-scale projects jointly with user agencies to evolve appropriate hardware systems configurations and approaches to software aspects of communication including programme production and social science research. The operational INSAT system is being utilised to carry development messages to the hinterland. In the next phase, interactive systems to support development should become operational. Constant working with user agencies and evolving configurations, and managerial systems are an ongoing pursuit.

This effort has relevance to several other developing countries and needs to be shared on a wider basis.
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An alumnus of IIM, Ahmedabad, B.S. Bhatia was closely associated with almost all the SATCOM projects of ISRO during this thirty-six years of service. Besides being the Director of the Development and Educational Communications Unit he was Project Director for Edusat. Under this project satellite-based educational ICT (Information and Communication Technology) networks were set up in a large number of schools, colleges, universities and states. He has been associated with several educational and research institutions like Indira Gandhi National Open University (IGNOU), National Council of Educational Research and Training (NCERT), etc. Currently, he is Project Director of Gandhi Heritage Portal at the Sabarmati Ashram with support from the Ministry of Culture. He is a fellow of the East West Centre, Honolulu, and briefly was visiting faculty at The International Space University, France.
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Applications of Communication Satellites

N. PRAHLAD RAO
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INTRODUCTION

Communication satellites have become integral part of India’s communication infrastructure in broadcasting, meteorology, disaster management, etc. With nine operational communication satellites, several services are being provided under INSAT/GSAT systems. As part of the twelfth Five-Year Plan, fourteen most modern geostationary communication satellites are planned in order to provide continuity and to expand the satellite-based services. The primary area of satellite communication continues to be broadcasting with the interactive telecom services dominating in a few sectors like island connectivity, north-eastern region connectivity, etc. 

TV BROADCASTING AND TELECOM SECTOR

Satellite capabilities have improved over the years since the inception of INSAT-1 series of communication satellites of ISRO in the 1980s. In TV broadcasting, compared to the early 1980s when only a very few TV channels were transmitted by the national broadcaster, today we have in the country 821 registered TV channels. The number of Direct To Home (DTH) operators with an estimated 50 million users in India, is the highest in the world in the area of consumer broadcast application.

Very Small Aperture Terminal (VSAT) networks are another important legacy of Comsat that continues to grow. The country has now nearly 170,000 VSATs for business communications in the areas like bank ATMs, stock exchange access, telecom backhauls, etc. VSAT communications continue to expand in the country every year. In remote regions and the islands, the VSAT technologies continue to be the prime option of connectivity. 

All over the world, VSATs have improved with the adoption of higher satellite frequency bands like Ka band, multiple spot beams enabling reuse of spectrum, etc., leading to reduction in consumer costs. ISRO is also planning a satellite in the form of GSAT-11 wherein higher-frequency bands are envisaged with suitable ground infrastructure that further reduce the cost. There are also plans to provide additional high-power satellites in higher frequency bands during the twelfth Five-Year Plan, resulting in high bandwidth applications. 

Mobile Satellite Service (MSS) is an important component of satellite communication. Here the communication is established with the help of portable and hand-held terminals. MSS payload in S band is flown on INSAT-3C. Two types of services, type-D and type-C, are provided using MSS. Type-D is for voice and data communication at about 8 kbps using a portable terminal (3 kg) of the size of a briefcase. Communication from a type-D terminal can be established to another type-D terminal or to any other telephone/cellular phone. It can be used from any location in India for emergency communication. Type-C service is a low-bit-rate one-way communication using a hand-held terminal (400 g) for reporting services. Short messages of forty characters, from these terminals, are relayed through the satellite to a central hub and then automatically forwarded to the respective user agencies. Using position information from GPS, the reporting terminals can be used for fleet monitoring applications. The type-D and type-C services are used mainly by government agencies.

Considering the importance of mobile satellite services in the country, ISRO is planning to build a most modern satellite (with S band) to meet the demands of the country in the twelfth Five-Year Plan period.

SOCIETAL APPLICATIONS

India has a rich heritage of culture with awesome diversity: linguistic, religious and even climatological, compounded by vast geographical distances. Over 1.25 billion people live in India of which 70 per cent, living in 600,000 villages, depend predominantly on agriculture or its allied works for their livelihood. Despite decades of efforts in poverty alleviation, the absolute number of poor has doubled since Independence in 1947. Still about 300 million people are illiterate.

In spite of significant growth in the area of telecommunication in the recent past, the spread of the terrestrial technologies is not uniform but concentrated in and around the urban regions leading to digital divide between rural and urban, in addition to health, wealth and economic divides. Communications could bring about changes in this situation. Indeed this was demonstrated by ISRO through SITE (Satellite Instructional Television Experiment) in the 1970s and JDCP (Jabua Development Communication Project) in the 1990s. The use of community radio in rural areas, screening of socially relevant short films during village festivals, deployment of analog televisions at social gatherings, etc., did bring transformation in the villages and tribal areas of India in a subtle way. 

ISRO is continuing its efforts for further catalysing the transformation of rural India by transcending the digital divide, and providing the Information and Communication Technology (ICT)-based facilities through modern satellite technology. Satellite communication has proved to be most effective due to its advantages like ubiquitous coverage, faster rollout, ease of installation, and mobility. 

Most recent societal programmes taken up by ISRO include tele-education, telemedicine and Village Resource Centres (VRC).

TELE-EDUCATION PROGRAMME

Education sector in the country has been facing of both quantitative and qualitative challenges. Several efforts made by the governments over time have not proved adequate to bridge the gaps or divides between urban and rural, and haves and have-nots. Due to continued growth of population and increased demands of globalisation, the pressure persists on the delivery of quality education at all levels. The tele-education programme initiated by ISRO aims at solving this problem by using satellite-based technology at all levels of education in the country. Tele-education programme focuses on providing communication capabilities to meet the requirements of education at primary, secondary and higher secondary levels, and also of distance education, technical education, professional education, non-formal education, etc. The launch of EDUSAT in 2004 was to strengthen educational infrastructure in the country by augmenting curriculum-based teaching, providing effective teacher’s training through community participation, increasing access to education and to new technologies through an effective ground segment configuration.

This programme enables real-time delivery of high-quality lectures by an experienced lecturer from a central location to students in different classrooms that are geographically dispersed in various cities and villages. Thus, paucity of qualified teachers/lecturers and good-quality contents for teaching is at least partially overcome. Satellite broadcasting also covers a large number of classrooms geographically dispersed. While the Receive Only Terminals (ROTs) are ideally suited for primary and secondary schools, the Satellite Interactive Terminals (SITs) enable students from a distant location to interact with the teacher at the central studio, through a live virtual classroom. SITs are ideal for teacher’s training, higher education, professional education, etc. 

Advantages of tele-education programme can be summarised as (a) simultaneous delivery of lecture sessions to a large number of geographically dispersed people in the shortest time, (b) live lecture sessions with interactivity, (c) capability to share the same network by different user groups, and (d) significant savings in expenditure due to economies in travel, logistics and replication of teaching infrastructure. 

Under tele-education initiative, about eighty-two networks have been established so far across the country connecting 56,164 classrooms with 4,943 Satellite Interactive Terminals (SITs) and 51,221 Receive Only Terminals (ROTs) catering to various levels from primary to higher and professional education. There are now fifteen national networks and sixty-seven regional networks. 

TELEMEDICINE PROGRAMME

Telemedicine programme is an innovative process of synergising the benefits of communication technology and information technology with biomedical engineering and medical sciences to deliver health care services to the remote and underserved regions of the country.

ISRO’s telemedicine pilot project, started in the year 2001, aims at introducing the telemedicine facility at the grass-roots level as part of the proof-of-concept technology demonstration. The telemedicine facility connects the remote district hospitals/health centres with super speciality hospitals in cities for providing expert consultation to the needy and underserved population. 

Technology of telemedicine consists of customised medical software integrated with computer hardware, along with medical diagnostic instruments connected to the commercial Very Small Aperture Terminal (VSAT) at each location. Generally, a medical record/history of the patient is sent to the specialist doctors, who in turn study and provide diagnosis and suggest treatment through videoconferencing facility. The videoconferencing system is the mainstay of tele-consultation between the remote hospital and the specialist hospital that creates a virtual environment for emotionally connecting the patient and the doctor.

ISRO’s telemedicine initiatives broadly cover the following aspects: 


	Providing telemedicine technology and connectivity between remote/rural hospital and super speciality hospital for tele-consultation, treatment and follow-up 

	Providing the technology and connectivity for Continuing Medical Education (CME) and training of doctors and paramedics

	Providing technology and connectivity for mobile telemedicine units for rural health camps especially in the areas of ophthalmology and community health 



ISRO provides telemedicine services through INSAT/GSAT satellites to the remote, rural district hospitals in different parts of the country including Jammu and Kashmir, north-eastern states, Lakshadweep, and Andaman and Nicobar Islands. The programme has now grown into a nationwide satellite-based telemedicine network consisting of 384 hospitals including 306 rural/district/medical college hospitals in remote areas, eighty mobile telemedicine units and sixty speciality hospitals (these numbers are increasing). 

VILLAGE RESOURCE CENTRE (VRC) PROGRAMME

VRC programme was initiated in the year 2005 to provide multiple services to rural population through satellite-based communication and Earth observation products. VRC services include (a) non-formal education, vocational training/skill development/supplementary teaching, adult education, etc., (b) access to space-based information on land, water, soil, etc., (c) advisories on agriculture, land and water management, (d) weather information, (e) telemedicine/health care services, and (f) providing information on markets, pests, diseases, livestock, government schemes, job opportunities and e-governance-related issues.

The VRC services also include expert advice on agriculture, fishery, microfinance, women empowerment, vocational training in carpentry, electrical works, nursing, etc., and providing access to the natural resources information like watershed development, land use, cadastral maps, limited GIS information, etc. VRC also offers medical consultation to a limited extent through telemedicine with nearby hospitals. These services are offered through interactive video sessions, group discussions, point-to-point consultation, and data access from centrally located servers at hubs. While providing these services, bandwidth planning ensures that the activity of one VRC group does not interfere with that of other groups. The interactive sessions are given priority so that committed bandwidth is available for the session to proceed smoothly without any break.

VRC network of ISRO connects 473 different locations across the country. 

SATELLITE-AIDED SEARCH AND RESCUE (SASAR)

The COSPAS-SARSAT is an international satellite system for Search and Rescue (SAR) consisting of a constellation of satellites (both in polar and geostationary orbits) and a network of ground stations. This system provides distress alert and location information to respective SAR authorities for maritime, aviation and land users. The global coverage of polar orbiting satellites and the universal need to improve SAR services have led to an active international interest in participation in space-based SAR operations. The USA, Canada and France jointly developed a system, called SARSAT in the 1970s, using NOAA (National Oceanic and Atmospheric Administration) satellites. The Russians also developed a similar system, known as COSPAS.

COSPAS-SARSAT beacon is a powerful means of signalling to SAR forces that someone is in distress and needs immediate assistance. These emergency beacons are considered as a last-mile reach for the people in distress for saving their lives, when all other modes of emergency communications fail. There are three types of beacons, viz., ELT (Emergency Locator Transmitter) for aviation use, EPIRB (Emergency Position Indicating Radio Beacon) for maritime use, and PLB (Personal Locator Beacon) for general outdoor use by individuals. The new generation 406 MHz units are highly sophisticated beacons because of the inclusion of digitally coded unique identification information in the beacon message, including location of the distress site based on Global Positioning System (GPS).

The COSPAS-SARSAT satellite system of different but complementary satellite constellations are in orbit around the Earth. These include both LEO (Low Earth Orbit) (SARSAT and COSPAS) and geostationary satellites. Because of the comprehensive coverage, distress signals can be picked up by the system from anywhere on the Earth. 

The ground system tracks, receives and processes distress signals from the COSPAS-SARSAT beacons. The processed data containing distress location and identification of user/object in distress is sent to SAR agencies, Rescue Coordination Centres (RCCs) or Maritime Rescue Coordination Centres (MRCCs) for further action.

India is a member of the international COSPAS-SARSAT programme for providing distress alert and position locating service through Low Earth Orbit Search and Rescue (LEOSAR) satellite system. Under this programme, India has established two Local User Terminals (LUTs), one at Lucknow and the other at Bangalore. The Indian Mission Control Centre (INMCC) is located at ISTRAC, Bangalore. The system has been in operation for more than twenty-two years.

An important contribution by India has been the inclusion of the 406 MHz payload on-board INSAT-2A and 2B, and INSAT-3A (currently operational) providing an instantaneous coverage over a substantial region. This geostationary component compensates for the delay in detection of the emergency signals from the beacons due to the time gap between the passes in the LEOSAR system. The system does not require Doppler processing. It provides immediate alerts with location protocol beacons.

INSAT-3A located at 93°30&apos;E is equipped with 406 MHz SAR payload that picks up and relays alert signals originating from the distress beacons of maritime, aviation and land users.

Indian LUTs provide coverage to a large part of the Indian Ocean region rendering distress alert services to Bangladesh, Bhutan, Maldives, Nepal, Seychelles, Sri Lanka and Tanzania.

The distress alert messages concerning the Indian service area, detected at INMCC, are passed on to Maritime Rescue Coordination Centres (MRCCs) of the Indian Coast Guard (at Bombay, Madras and Port Blair), and Rescue Coordination Centres (RCCs) of Airports Authority of India (at Bombay, Calcutta, Delhi and Madras). The SAR activities are carried out by the Indian Coast Guard, Indian Navy and Indian Air Force. The INMCC is linked to the RCCs, MRCCs, SPOCs (Search and Rescue Points of Contact) in seven neighbouring countries and other International MCCs (Mission Control Centres) through Aeronautical Fixed Telecommunication Network (AFTN). The Indian LUTs and MCC provide service round the clock and maintain the database of all 406 MHz registered beacons carried on-board Indian ships and aircraft. 

Development of indigenous SAR beacons has been completed by VSSC, and is now under qualification phase. During 2012 alone, INMCC has provided SAR support to six distress incidents and contributed in saving sixty human lives. From 1990 till March 2013, 1,931 lives were saved by the system in seventy-eight distress incidents in Indian service area. 

Till March 2013, there are about 700 registered user agencies (maritime and aviation) in India with Indian beacon population of more than 13,300 in INMCC database.

METEOROLOGICAL APPLICATIONS

INSAT satellites continue to provide imaging services for weather forecast, automatic weather stations, cyclone warning system, etc.

IMAGING AND WEATHER PREDICTION

Indian meteorological satellites continue to provide satellite imagery for weather prediction by India Meteorology Department (IMD). Currently, Kalpana 1 and INSAT-3A and 3D satellites are supporting meteorological applications. Kalpana 1 is the main operational satellite taking forty-eight scans every half an hour. The products derived from the satellite data include cloud images in visible, infrared and water vapour bands and information about cloud motion vectors, water vapour winds, sea surface temperature, outgoing long-wave radiation, quantitative precipitation estimates, upper tropospheric humidity and normalised difference vegetation index. The satellite images and products are now a vital component of weather forecasting. The monitoring of cyclone intensity, its location, and various other weather systems such as fog, thunderstorms, western disturbances and norwesters, etc., is done through satellite images. A satellite bulletin is prepared every three hours describing the images and products generated by the data. In case of a cyclone, special satellite bulletins are issued every hour. All images and products generated by satellite data are displayed on IMD website satellite page for users in real time.

INSAT-VHRR imageries are used by Doordarshan and newspapers as part of the weather reporting. INSAT-VHRR images and data are made available in near-real time at forty Digital Meteorological Data Dissemination (DMDD) stations in various parts of the country as well as in neighbouring countries such as Nepal, Maldives and Sri Lanka through the C×S (C- and S-band frequencies) which refers to the low-frequency transponder on INSAT-3C. 

AUTOMATIC WEATHER STATIONS (AWS) 

Data Relay Transponders (DRTs) on-board communication satellites are being used for collection of meteorological, hydrological and oceanographic data from remote and inhabited locations. Data collecting platforms like AWS, Agro Met Stations (AMS), etc., are effectively using DRTs.

AWS is an indigenous system that is capable of recording weather data such as temperature, atmospheric pressure, wind speed and direction, rainfall, relative humidity, solar radiation, etc., on a continuous basis and transmitting the same to a central receiving station through INSAT/METSAT. A GPS, integrated to the AWS, provides accurate time setting for transmission of data. AWS data collected at a central location is used to fill critical gaps in weather observation system. Apart from current weather prediction, the data could be put to substantial use by integrating with the models for improving weather forecasts. Such information is useful to the agriculture sector. The AWS systems functioning in the coastal areas could provide valuable data on the landfall of tropical cyclones and their impact in terms of heavy rainfall and high winds.

 ISRO in association with other agencies has installed about 1,000 AWS all over the country. IMD has installed 679 AWS and 969 Automatic Rain Gauge (ARG) stations across the country. Meteorological, hydrological, agro-meteorological and oceanographic data from unattended land- and ocean-based AWS are serviced through the satellite. 

CYCLONE WARNING SYSTEM

For quick dissemination of warnings about impending disaster from approaching cyclones, specially designed receivers have been installed at the vulnerable coastal areas in Andhra Pradesh, Tamil Nadu, Odisha, West Bengal and Gujarat. Direct transmission of warnings is made to the officials and general public through INSAT. IMD’s Area Cyclone Warning Centres generate special warning bulletins and transmit them every hour in local languages. IMD has installed 350 receiving stations to disseminate the warning messages. ISRO is working with IMD to replace the earlier warning receivers by latest DTH-based Disaster Warning Dissemination System (DWDS) receivers, developed in-house.

NAVIGATION

Applications of satellite-based navigation service are becoming increasingly important in both commercial and strategic domains. To meet the national requirements, ISRO is implementing two programmes, GPS-Aided Geo-Augmented Navigation (GAGAN) and Indian Regional Navigation Satellite System (IRNSS). 

GPS-AIDED GEO-AUGMENTED NAVIGATION (GAGAN)

GAGAN programme aims at meeting the civil aviation requirements for which ISRO is working jointly with Airports Authority of India (AAI). This is a Satellite-Based Augmentation System (SBAS). SBAS acts as the overlay system to the already operational GPS to improve the accuracy and integrity using the differential corrections and residual errors through the operation of reference Earth stations at multiple locations whose coordinates are precisely known. It also takes into account ionospheric parameters. SBAS payload operates at the same frequencies used by GPS but with specific codes assigned by the GPS office. The main objectives of GAGAN are to provide navigational services with accuracy and integrity required for civil aviation applications over the Indian air space and to provide better air traffic management. The system will be interoperable with other international SBAS systems like US-WAAS, European EGNOS and Japanese MSAS, thus providing seamless navigation across regional boundaries. 

The GAGAN project is implemented in two phases: (i) Technology Demonstration Phase (TDP) and (ii) Fully Operational Phase (FOP). Currently GAGAN-FOP is under progress. The GAGAN Signal-In-Space (SIS) is available through GAGAN payload in GSAT-8 from December 2011. The second GAGAN payload was carried on-board GSAT-10 satellite, for which the software integration at the ground segment is in progress. The redundant ground segment for GSAT-8 at New Delhi is in progress.

Any SBAS receiver capable of configuring to PRN (Psuedo-Random Noise) codes assigned by GPS to GSAT-8 and GSAT-10 will be able to receive these signals and to provide the position information. Usage of GAGAN signals will be in accordance with the Directorate General of Civil Aviation (DGCA) norms and consistent with the International Civil Aviation Organisation (ICAO)’s Standards and Recommended Practices (SARPs) in civil aviation.

With the launch of GSAT-8 and GSAT-10 satellites, the project had completed extensive experimentation. With the launch of another geostationary satellite with GAGAN payload, the system will be operational.

INDIAN REGIONAL NAVIGATION SATELLITE SYSTEM

IRNSS is an indigenously developed independent navigation satellite system for national applications. The main objective is to provide reliable position, navigation and timing services over India and its neighbourhood, with fairly good accuracy and to provide integrity and ionospheric correction messages to users. The IRNSS will provide basically two types of services: (i) Standard Positioning Service (SPS) and (ii) Restricted Service (RS). 

Space segment consists of a constellation of seven satellites, three in Geostationary Orbit (GEO) and four in Geosynchronous Orbit (GSO) with an inclination of 29° to the equatorial plane. The three GEO satellites will be located at 83° E, 32°30&apos;E and a suitable location in the geostationary orbital arc 120°–130° E. Two of the GSO satellites will have their equatorial crossings at 55° E and the other two at 110°45&apos;E. All the satellites will be visible at all times in the Indian region. The first satellite was launched in July 2013. The seven-satellite constellation is scheduled to be in place by 2016. There is a plan to increase the number of satellites from seven to eleven to extend coverage and to improve accuracy. 

Ground segment of IRNSS required for the maintenance and operation of the IRNSS constellation consists of the following:


	IRNSS Navigation Control Centres (INC) which will monitor the constellation status, compute the orbital and clock parameters and upload navigation data. 

	TT&C and Uplinking Stations, Spacecraft Control Centre, IRNSS Timing Centre, CDMA (Code Division Multiple Access) Ranging Stations, and data communication links. 

	User segment consisting mainly of a single-frequency receiver for Standard Positioning Service (SPS, dual-frequency IRNSS receiver for both SPS and RS services and a multimode receiver compatible with other Global Navigation Satellite Systems (GNSS) providers.



NAVIGATION APPLICATIONS

Both the navigation systems (GAGAN and IRNSS) will provide Position, Velocity and Time (PVT) to the users with the specified accuracies and will be compatible with other GNSS.

Both the systems will be able to support the national/societal applications such as precision agriculture, Location-Based Services (LBS), Intelligent Transport Systems (ITS) for railways, disaster management, fishery, etc.

CONCLUSION

Initiating satellite-based societal programmes with latest technologies is the main focus of Indian space programme. ISRO continues to work towards bringing fruits of innovative concepts to the common man. Delivery of satellite-based services into compact handsets and introduction of newer communication services that are compact and cost-effective have been initiated in ISRO. During the twelfth Five-Year Plan period a few more such cost-effective satellite-based services will be available with the launch of high-power satellites like GSAT-11. 
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N. Prahlad Rao started his career as Electrical System Engineer with the India’s first communication satellite APPLE (Ariane Passenger Payload Experiment) and contributed significantly to several communication satellites projects of ISRO. He was the Project Director for GSAT-5, GSAT-6, GSAT-7 and GSAT-11 Spacecraft Projects and successfully operationalised INSAT-4CR satellite which is providing excellent performance in orbit. He led the GEOSAT team as its Programme Director and was instrumental in making HYLAS, GSAT-8 and GSAT-12 satellites operational. He was the Director of Satellite Communication and Navigation Programme office at ISRO headquarters. 
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5.9

Satellite Navigation in India

SURESH V. KIBE
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INTRODUCTION

Satellite navigation has emerged as one of the most important applications of space technology. The ability to determine the position of a small user receiver anywhere in the world was demonstrated by the US Global Positioning System (GPS) when it was declared operational with twenty-four satellites in the 20,000 km Medium Earth Orbit (MEO) in 1995. Not to be outdone, the GLObal NAvigation Satellite System (GLONASS) was launched by the then USSR with twenty-four satellites in the 19,000 km MEO orbit. Europe is building its own Global Navigation Satellite System (GNSS) called GALILEO, which is expected to be operational with thirty satellites in the 24,000 km orbit soon. The commercial success of the Position, Navigation and Time (PNT) service through satellites has surpassed all expectations with the GPS receiver sales crossing the US $30 billion figure per year, next only to the telecommunications market in the world. These systems operate mostly in L band. The frequency filing for GPS and GLONASS was done in the 1970s and that for GALILEO in 1993. As a result the L-band spectrum was all but used up by these three systems. L1 band GNSS chipsets are being used in mobile phones, cars, mobility, engineering surveying, aviation, precision farming, Location-Based Services (LBS) and even in Intelligent Transport Systems (ITS) and International Communications Technology (ICT). No spacefaring nation can afford to ignore the need to master the GNSS technology. Quest for newer spectral bands and advanced modulation techniques to accommodate more signals in the same spectral bands was the inevitable outcome.

WORLD SCENARIO

The Indian Space Research Organisation (ISRO) did extensive studies of orbits, constellations, spectrum and modulation techniques in the twenty years from 1975 to 1995. ISRO embarked on the definition of its own Indian Regional Navigation Satellite System (IRNSS) and a Space-Based Augmentation System (SBAS), now called GAGAN (GPS-Aided Geo-Augmented Navigation) system for civil aviation, similar to the US Wide Area Augmentation System (WAAS), the European EGNOS (European Geostationary Navigation Overlay System) and the Japanese MSAT Satellite Augmentation System (MSAS). The Chinese Bei Dou and Japanese QZSS (Quasi-Zenith Satellite System) are also planned to overcome the overdependence on the US GPS, planned essentially as a military system by the US Department of Defense. The total number of satellites in the various navigation system constellations has exceeded 130 (thirty-one for GPS, twenty-four for GLONASS, thirty planned satellites in GALILEO, fourteen in Bei Dou, six in QZSS, seven in IRNSS and twelve geostationary satellites for four GPS augmentations). Korea, Canada, the Middle East, South-East Asia and many other regions in the world are defining their own version of PNT technology adding more satellites to an overcrowded MEO and GEO space.

BASICS OF POSITIONING, NAVIGATION AND TIME (PNT) 

A constellation of more than twenty-four satellites in the 19,000 to 24,000 km orbit is required so that about eight satellites can be seen by a user receiver anywhere on Earth or space up to 10,000 km above the Earth. Ranges from four satellites – three for X, Y and Z axes and the fourth for time – are required to determine the XYZ coordinates of the user receiver. The position determination accuracy improves if the geometry of the satellites chosen is such that the volume of the tetrahedron with the user at the zenith and the four satellites as the base of the tetrahedron is large. Once the geometry is right, the accuracy is further enhanced if the ranges are calculated accurately. The range calculation is a function of the frequency and bandwidth of the signal used for one-way transmission from the satellites to the user. The satellites transmit their own position (ephemeris), clock and atmospheric attenuation data to triangulate the user position in a system where all positions are declared in an Earth Centre Earth Fixed (ECEF) World Geodetic System (WGS)-84 for ease of position determination. An ECEF coordinate system clutches the Earth so that the position of the user receiver is synchronised to the movements of the Earth in the planetary system. GPS, GALILEO, GAGAN, IRNSS and QZSS use WGS-84 system. Russian GLONASS uses PZ-90, a system similar to WGS-84 for which the user receiver must have a coordinate transformation software to ensure compatibility of systems and to avoid map jumping.

GPS receivers are capable of providing position accuracy of about 10 m anywhere. So also are GLONASS and GALILEO systems providing similar accuracies. 

USER RECEIVERS AND MULTI-GNSS CAPABILITY

The user receiver size has shrunk due to the increase in computing capability of the central processor and the size going down. Receivers which could process signals from one constellation alone are now capable of processing all the satellites in view from any GNSS system in multiple frequency bands. The front-end antenna and low-noise receiver technology use the most advanced MMIC (Monolithic Microwave Integrated Circuit) technology to keep pace with advanced silicon processors. Today, GNSS receivers with GPS + GLONASS + SBAS capability are readily available in the market for as low a price as US $5.

THE IRNSS

IRNSS project was approved by the Union cabinet on 9 May 2006. The frequency filing for IRNSS in L5 and S bands was initiated in 2002. The IRNSS space segment consists of seven satellites – three in geostationary orbit and four in geosynchronous orbit with an inclination of 29° to the equatorial plane. IRNSS orbital slots are 32°, 83° and 132° E and two GSO satellites each in 55° and 111° equatorial crossings. All satellites are visible all the time throughout the year from the ground control stations at Hassan and Bhopal. IRNSS satellites carry three rubidium atomic clocks each – two active and the third in hot redundancy. The clocks are calibrated periodically from the IRNSS timing centre located at Bylalu near Bangalore. The satellites carry retro reflectors for accurate ranging. Five widely separated CDMA ranging stations provide yet another ranging capability in addition to normal ranging carried out from control stations.

IRNSS is an indigenous satellite constellation controlled from within India and provides position accuracy of about 10 to 20 metres over India and an area extending up to about 1,500 km from any point on the Indian border. The first IRNSS satellite was launched on PSLV from Satish Dhawan Space Centre on 1 July 2013. Four satellites of the constellation have so far been launched. IRNSS will provide PNT service to Indian security agencies and is vital to reduce Indian dependence on other GNSS.

The Indian industry has the capability to produce IRNSS receivers indigenously. IRNSS constellation simulators are also available for system simulations and receiver design.

GAGAN

The Indian SBAS GAGAN is the fourth augmentation system commissioned in the world to provide seamless navigation service to civil aviation aircrafts flying across international boundaries from east to west and west to east. GAGAN is built as per International Civil Aviation Organisation (ICAO) Standards and Recommended Practices (SARPs). It is a joint venture between ISRO and Airports Authority of India (AAI). GAGAN will have three GEO overlay satellites, fifteen Indian Reference Stations (INRESs), three Master Control Centres (MCCs) and a host of about twenty-three TEC stations to monitor the Total Electron Content over the Indian subcontinent. (TEC is a descriptive quantity for the ionosphere of the Earth which denotes the total number of electrons present along a path between two points, with units of electrons per square metre, where 1,016 electrons/m² equals one TEC unit.) The INRESs are located at the airports at Ahmedabad, Bangalore, Bhubaneswar, Calcutta, Delhi, Dibrugarh, Gaya, Goa, Guwahati, Jaisalmer, Jammu, Nagpur, Porbandar, Port Blair and Trivandrum. MCCs are located at Bangalore and Nangloi near Delhi. 

Two GSAT satellites (GSAT-8 and GSAT-10 located at 55° and 82° E respectively) carry GAGAN payload built by Space Application Centre (SAC), Ahmedabad. Augmentation system downlink in the L1 and L5 frequency bands is approved for civil aviation. The transmission data rate is 250 bits/second with r=½ convolutional encoding as FEC unlike in GPS where the data rate is 50 bits/seccond. GNSS receivers capable of receiving SBAS signals are called WAAS (Wide Area Augmentation System)-enabled receivers. 

GAGAN certification for civil aviation is expected soon through the sustained efforts of ISRO and AAI engineers. However, GAGAN is ready for use by others, besides civil aviation users, for a variety of applications in the downstream sector. Like INSAT, it is yet another successful collaboration between ISRO/DOS and user departments which benefits the country in modernising its air space.

IRNSS AND GAGAN CONCEPTS

IRNSS is the first stand-alone regional satellite navigation system built by India with GSO and GEO satellites. It provides good positioning accuracy at low cost. The fact that all the satellites are visible from within India allows the on-board clocks and ephemerides to be updated periodically for good navigation and positioning performance. Global systems like GPS, GALILEO and GLONASS require worldwide control and clock correction capability to maintain required navigation performance. The IRNSS signal structure is indigenous and hence low-cost receivers can be built by Indian manufacturers without dependence on foreign vendors. The satellites, the launcher and the control segment are built indigenously.

The Indian SBAS GAGAN is required over the Indian air space as position accuracies provided by stand-alone GPS are not adequate for approach and landing accuracies required by aircraft. GAGAN PNT service has integrity, availability, continuity and accuracy as per ICAO (International Civil Aviation Organization) standards which are not provided by GPS alone. The three major sources of error in a range measurement are ionosphere (3D), clock, and ephemeris (3D). At the SBAS MCC, the data from INRESs is analysed and the errors are separated into their constituent parts. A corrected, three-dimensional error model is then transmitted to the overlay GEO satellite which relays this information to the user receiver appropriately. With SBAS, the position accuracy is better than 6 m together with the assurances required for aircraft precision approach and landing.

INTERNATIONAL COMMITTEE ON GNSS (ICG)

Approved by the UN General Assembly, ICG was formed in 2005 under the auspices of the UN Office for Outer Space Affairs (OOSA), Vienna, to oversee harmonious growth of GNSS in the world. A Provider’s Forum (PF) under the ICG was formed in the second meeting of ICG held in Bangalore in September 2007 in which the system providers agreed to exchange evolving GNSS details and address compatibility and interoperability between systems. ICG meetings are held once in a year in which technical papers are presented by GNSS experts in the world on topics of relevance to GNSS and its application in different spheres of engineering disciplines. 

The IRNSS and GAGAN frequency coordination is done to ensure compatibility and interoperability with other evolving systems. 

GNSS APPLICATIONS IN DISCIPLINES OTHER THAN CIVIL AVIATION

GPS is the de facto standard for satellite-derived PNT services in the world. Other constellations, augmentation systems and regional systems are fast catching up to support regional and countrywide requirements of GNSS services in the world. GNSS chipsets are being used in mobile phones, cars, railways, LBS, land surveying, Intelligent Transport Systems (ITS), precision farming, telecommunications, geodesy, weather prediction, and also in the construction of dams and harbours. Satellite navigation finds applications in many disciplines of engineering and science. It is limited only by human imagination.

USE OF GAGAN FOR CIVIL AVIATION

The Future Air Navigation System (FANS) committee of ICAO recommended the use of GNSS for civil aviation in the future for Communications Navigation and Surveillance (CNS) and Air Traffic Management (ATM). Concepts such as Open Sky by US and Single Sky by Europe recommend a harmony between Air Traffic Control (ATC) and the pilot for modern CNS/ATM. SBAS systems help in optimising flight routes, saving aviation fuel, increasing air space capacity, enabling upper space management, and reducing air congestion worldwide. 

INTERNATIONAL AIR TRAFFIC ASSOCIATION (IATA) VISION 2050

Giovanni Bisignani, IATA’s Director General and CEO said in his presentation on ‘Vision for 2050’ in Singapore in 2011 that this vision rests on four cornerstones of change.

PROFITABILITY

‘Efficiency gains never make it to the bottom line because airlines are deprived of the commercial freedom to operate their business like a normal one. Our poor profitability makes every shock a fight for survival,’ said Bisignani. He laid the blame on the industry’s hyper fragmentation with 1,061 airlines as a result of the bilateral system which regulates the global aviation industry. The restrictions on international capital prevent consolidation across borders. ‘The restrictions of the bilateral system are a dam that holds us back. It is time for that dam to burst. Governments must act responsibly to ensure safety, security, and a level playing field. Airlines need the freedom to build efficiencies across borders, better serve their customers, and achieve sustainable profits to fund growth and innovation,’ said Bisignani.

INFRASTRUCTURE

‘Infrastructure must be reshaped around the needs of airlines, the core of the industry’s value chain. Airports should compete for airline business based on efficiency. Commercial revenues will drive their business. I can see airports paying airlines to bring shoppers and airport revenues funding the ATM system,’ said Bisignani. 

ATM must also change. ‘I can see ten global Air Navigation Service Providers (ANSPs) replacing the current 180 at half the cost,’ said Bisignani. The Single European Sky (SES) would be the first of the ten global ANSPs. ‘But we need real leadership to replace the uncoordinated bureaucratic mess that Europe is today,’ said Bisignani, pleading for a date to achieve the $6.5 billion (€5 billion) cost savings that the SES promises. ‘After twenty years of waiting, we are fed up. Heads of governments must set a date and deliver,’ said Bisignani.

POWERING THE INDUSTRY

‘Today’s jet fuel cannot sustain air transport in the long term. We must find a sustainable alternative and our most promising opportunity is biofuels, which have the potential to reduce our carbon footprint by up to 80 per cent,’ said Bisignani. After successful testing by airlines, certification is expected within a year. Bisignani urged greater support from governments. ‘Too often governments are only committed to environment when it means grabbing cash. Governments should be investing in biofuels and green technologies. Local production with jatropha, camelina, algae or even urban waste will open up economic opportunities virtually in any location. This will not only secure a future power source for our industry, but also will break the tyranny of oil and drive economic development in all parts of the world. 

THE CUSTOMER

‘The customer is at the centre of our future vision. By 2050, we will have 16 billion travellers and 400 million tonnes of cargo to handle. In just a couple of decades, we will see the middle class nearly triple from the 1.3 billion today to 3.5 billion, a quarter of which will be in India and China. Accommodating that growth efficiently will be a challenge for all parts of the value chain – airports, air navigation service providers, manufacturers and governments. The solution must be strategic and aligned,’ said Bisignani.

IMPORTANCE OF AIRPORTS AND MODERN CNS/ATM

Airports are engines of economic growth anywhere in the world. A modern CNS/ATM system is the most basic requirement on which massive growth in air traffic in Asia-Pacific region and indeed the whole world can be sustained. Greater emphasis on airports, their growth and technology is being laid by Asian economies. National Council of Applied Economic Research (NCAER) in its report on a recent survey ‘Economic Impact Study of Delhi International Airport’, carried out in April 2012 states that ‘Delhi airport’s operations contributed Rs 294.7 billion (0.45 per cent) in (2009–10) to the national GDP and its contribution relative to Delhi’s GSDP is 13.53 per cent. The total comprises:


	Rs 42.9 billion directly contributed through value added (air transport and airport services).

	Rs 77.2 billion indirectly contributed through supply chain (multiplier’s impact).

	Rs 174.6 billion in induced impact through tourism and investment.

	By 2020, the overall economic impact of Delhi Airport is expected to be approximately Rs 909.5 billion, which will be 0.7 per cent of the national GDP and relative to Delhi’s GSDP would be 22.2 per cent.’



CONCLUSION

The Indian GNSS programme is well suited to the Indian requirements in various applications in upstream and downstream sectors. It represents a unique opportunity to engineers and scientists of ISRO/DOS as well as other scientific organisations in the government and the public sector to engage in cutting-edge technology and science for the benefit of the common man.
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A doctorate from BITS, Pilani, Dr S.V. Kibe joined ISRO headquarers, Bangalore, in December 1977 and retired as Programme Director, Satellite Navigation and Associate Director, INSAT in 2009. He was responsible for getting all necessary approvals from the Union cabinet and frequency clearances from ITU (Geneva) for GAGAN and IRNSS. He was also responsible for (i) directing the Indian Global Navigation Satellite System (GNSS) programme from 2000 to 2009 and (ii) obtaining two Psuedo-Random Noise (PRN) codes for GAGAN payloads from the US Department of Defense. Member of several professional bodies, he has several publications to his credit. He was a reviewer for Part F of the journal of the UK Institution of Electrical Engineers. He has filed a patent for ‘Low Density Parity Check Convolutional Code (LDPC CC) for GNSS Data transmission scheme’. Currently, he is a consultant for SATCOM and GNSS disciplines.
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PART SIX

ISRO and Industry


6.1

Space and Industry Interface

K.R. SRIDHARA MURTHI AND M.N. SATHYANARAYAN
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SIGNIFICANCE OF SPACE INDUSTRY

The history of Space activities across the world has shown a common trend, namely that such activities begin and grow with a strong role of and significant investments from government. As these activities evolve into many applications, the role of industry grows bigger and broader to a level that the annual revenues earned by industry through supply of products and services surpass the expenditures of the government. In other words, viable and sustainable industry begins to emerge. The industry then becomes an engine for accelerating economic impacts from the space activities. Rapid growth of space industry in many countries was also a consequence of spurt in demand for military uses of space. In modern space endeavours, the part being played by industry has been seminal. 

Space industry also distinguishes itself from other traditional branches of industry by the multiplier effect which it can create. Space technology is essentially multidisciplinary. The technological and managerial demands of space projects such as miniaturisation; fault tolerance; mass, volume and power optimisation; use of new materials; quality and reliability of engineering practices, etc.  provide a unique standard with associated spin-offs to innumerable industries and markets. Space, through its wide outreach, reliability, global coverage as well as technological convergence capabilities, can enable a large value chain to serve expansive markets with millions of consumers, thus multiplying the impact of investment made in the space system.

A mature space industry with capability for system-level developments in launch vehicles and spacecraft is still a dream for India, even though the global space industry has already marched forward in a very strong way in the global markets. Nevertheless, in India, the services industry that make use of space systems, like in telecommunications and television services and value-adding companies using remote sensing data has been commanding a multi-billion-dollar market nationally and it comprises the some of enterprises from the most reputed and the largest industry groups of the country. There is considerable potential still to be tapped as India’s economy grows and societal needs continue to beckon innovative applications and solutions that only space technology can provide. Many of ISRO’s own products which were developed in conjunction with Indian industry had been accepted in the international market. Since space industry, to be viable in the long run, has to consolidate and look beyond the domestic markets, the future shape of the space industry in India will have to be based on a unique model of creating effective public–private partnerships on one hand and developing industries’ own outlook to be globally competitive and meeting global standards on the other. A passionate vision for space industry developments in India had found its finest expressions in the words and exhortations of Prof. Satish Dhawan even in the early years of consolidation of India’s space programme. 

SEEDS FOR INDUSTRIAL INVOLVEMENT IN SPACE

The seeds of industrial involvement date back to the very origins of India’s initial Space efforts. Kindled by the scientific interests for in-situ studies of upper atmosphere in the region of the magnetic equator, the Thumba Equatorial Rocket Launching Station (TERLS) originated in 1963 as a UN-sponsored facility near Trivandrum. This enabled scientists from different countries to bring and launch their sounding rockets. There was also a parallel ongoing programme here for licensed manufacture of the Centaure sounding rockets in agreement with the Sud Aviation Company of France (the predecessor of the later well-known Aero Spatiale Company). Thereupon came into existence in TERLS two important facilities, namely, the Rocket Propellant Plant (RPP) and Rocket Fabrication Facility (RFF).

A few more far-reaching decisions came in succession in 1966. These pertained to establishment near TERLS of the Space Science and Technology Centre (SSTC), which was tasked to develop expertise in aerospace engineering, sounding rockets of superior performance and a modest satellite launcher. The SSTC was also to deal with construction of scientific payloads and ground-based equipment supporting space research. The foregoing initiatives facilitated development of a series of indigenous sounding rockets called the Rohini sounding rockets symbolically designated as RH-75, RH-100, RH-125 and so on. The maiden flight of indigenous RH-75 rocket in 1967 was a notable milestone. These early years of pioneering space efforts had also included another programme at a faraway place like Ahmedabad for establishing an Experimental Satellite Communications Earth Station (ESCES). All these early efforts placed the seeds for learning the industrial culture in the newly emerging interdisciplinary field of aerospace.

Many historical landmarks adorned the rapidly changing landscape of Indian space activities towards the end of the 1960s and early 1970s. Significant among them were the formation of Indian Space Research Organisation (ISRO) in 1969; unveiling in 1970 of an ambitious Decade Profile for 1970–80; approval of the historic Satellite Instructional Television Experiment (SITE) in 1971; and a series of events in the following year (1972). These included approval for development of Aryabhata satellite; a major organisational consolidation through formation of the Vikram Sarabhai Space Centre and the Space Applications Centre out of the many disparate units existing then at Trivandrum and at Ahmedabad; and setting up of the Space Commission. Amidst this bright landscape there was the dark patch of untimely demise in 1971 of Dr Vikram Sarabhai, the gifted architect of Indian space programme and the first chairman of ISRO. But he left a rich legacy of vision and culture that inspired several decades of progress in space activities. Several of his ideas and concepts have been the guiding beacons for the growing facets of space activities including the industrial interface. For example, his emphasis on (i) self-reliant development, (ii) long-term perspective, (iii) solutions based on interdependence among diverse institutions, disciplines and cooperation and recognition of ecological principles, (iv) innovative approaches towards solution of problems, (iv) cutting down hierarchical levels in decision making to the bare minimum, and (v) continuing development of skills and education are highly relevant even to the present day for a healthy relationship between space programme and industries.

BEGINNINGS OF A QUEST FOR INDUSTRIAL PARTNERS

The project for India’s maiden satellite launch vehicle SLV-3 was approved in 1973. This was a watershed in development and quest for industrial partners by ISRO. For the fabrication of even this relatively modest-sized rocket, which was similar to the SCOUT vehicle of the USA, large expensive facilities were required. There were many considerations that favoured involvement of the Indian industry progressively in the fabrication and developmental activities. Some of these comprised the following: 


	the very nascent stage of space technology in the country in the early 1970s, 

	the associated high uncertainties and risks involved, 

	the heavy investments required for the establishment of the fabrication facilities, 

	the advantages of combining the expertise in ISRO and the expertise in the Indian Industry (with regard to tooling and fabrication techniques) as well as 

	the need to develop the systems as quickly as possible. 



It was in the early 1970s that a survey of the Indian industry was taken up following an initial study of the configuration of the first developmental SLV. The broad specifications/needs for the hardware as well as the first round of requirements for the participation of the Indian industry for the space activity were drawn up. A high-level team led by Dr A.P.J. Abdul Kalam went in search of prospective industrial support to assess the track record and capabilities of these industries and to shortlist them according to their suitability. Not realizing a great forethought in this exercise, a few people within the organisation had even commented that the team had gone on a ‘Bharat Darshan’. However, the team members were made of different mettle and they seriously went ahead with their task of exploration and assessment, holding detailed discussions with their industrial counterparts, ascertaining their interests and future plans as well as motivating them to take up the challenging tasks for ISRO and contribute to the Indian space programme. It is noteworthy that many long-term industrial partners for India’s space programme like Hindustan Aeronautics Limited, Larson & Toubro and Walchandnagar Industries were the result of these initial exploration processes. Finally, fifty-seven industries participated in SLV-3 development. 

The contributions of these industrial associates were diverse. They developed the complex tooling necessary for the manufacture of rocket hardware; they adapted processes such as rolling, welding, heat treatment and precision machining techniques to meet the stringent performance specifications. The most important aspect in this exercise has been the professional approach displayed by teams from both sides and the cooperative spirit which pervaded. The teams could arrive at feasible and mutually acceptable sets of requirements and practices which balanced the performance needs and limitations on resources. The documentations needed were very clearly laid out. The acceptance and rejection criteria for the hardware, which is very critical for both teams from various angles like performance assurance, impact on project schedules and cost of production were very carefully debated and evolved. This type of helpful approach had become more or less a standard pattern in subsequent ISRO–Industry relationship – and a hallmark of its success. Even when this relationship was often moulded in contractor–contractee framework, the cooperative spirit had always reinforced and laced it. 

In tandem with these developments in the launch vehicle area, equally exciting advances were taking place in the nascent satellite development activities in the industrial suburbs of Bangalore. The satellite development activity originally resident at Vikram Sarabhai Space Centre was shifted to Bangalore mainly from consideration of proximity of industrial and other institutional infrastructure that could support environment testing, fabrication of high-reliability electronic equipment and light alloy components required for the pioneering satellite development project. Industrial support was critical for building basic facilities such as thermo-vacuum chambers which were used for testing systems under simulated space conditions or for building clean rooms that provided environment for assembly of space-borne equipment. Public sector enterprises like HAL, BEL, Government Tool room and Training Centre, the Central Machine Tool Institute (CMTI) and a few private enterprises came forward to support in fabrication and test activities. 

There was need for several thousand low-cost direct reception systems for the historic Satellite Instructional Television Experiment Project, undertaken around this time by the Space Applications Centre in Ahmedabad and this was successfully met through industrial collaboration. On another front, development of facilities at the newly developing launch range at Sriharikota was another major challenge that demanded specialised civil engineering as well as safety engineering skills and this centre set a new trend for promoting consortia approach by industry to meet these requirements.

TOWARDS A HOLISTIC POLICY

In the year 1975, ISRO formally became part of the Government of India under the Department of Space. In order to give a firm footing for satellite and launch services activities, two new centres were named in the year 1976. These are the now well-renowned ISRO Satellite Centre and SHAR (more recently renamed as the Satish Dhawan Space Centre SHAR). As the initial forays of industrial involvement into the space activities were progressing, the demands started to increase with initiatives in the latter half of the 1970s for experimental satellites like Bhaskara 1 and 2, Rohini satellites and India’s first experimental communications satellite APPLE. Following successful developmental flights of SLV-3, developments of more powerful launch vehicles like ASLV and the Polar Satellite Launch Vehicle (PSLV) were approved in 1982. Of these, PSLV is a more advanced rocket incorporating a new propulsion system based on liquid propellants and also more sophisticated control and guidance systems. By this time, Indian space activities have also began to be seriously oriented to user needs (through space applications such as improving agriculture, weather forecasts or developmental communications). Industry interface tasks became more complex in view of the diversities involved such as engagement of both private and public sectors, industry of various sizes, difficulties in precisely defining industrial tasks in view of developmental components in the projects, meeting special needs of industry for know-how transfers, policy towards spin-off applications, variety in user needs, questions of economic viability and a difficult import/trade environment. In view of multifarious policy interfaces, a more holistic approach was necessary and a progressive policy definition was the need of the hour.

TECHNOLOGY TRANSFER POLICY

Around the mid-1970s ISRO took major initiatives to define organisational mechanisms to promote technology transfer from its centres to industry with the aim of encouraging industry to produce and deliver items needed for the space projects as well as users outside. Drawing experts from different centres, ISRO Technology Transfer Group was formed to help implementing the policy. The group facilitated a highly successful decentralised system for know-how transfer that met diverse needs of ISRO from industry. Directly involving developmental teams to interface with industry was one of the success factors in the know-how transfer and in overcoming the problems of absorption of technology. Multi-pronged initiatives resulted out of the group’s work for awareness building, quality assurance, selection criteria for industries, pricing principles, contact systems and so on. ISRO provided buyback commitments, in cases where such technologies catered to the needs of ISRO’s projects. One could witness very high level of motivation, dedication and orientation to success in the efforts of numerous personnel engaged in this activity across various centres.

In order to make it attractive for industry, ISRO tried to consolidate its electronic/avionic equipment requirement from time to time, provided know-how and promoted a dedicated division in Bharat Electronics Ltd under a cooperative agreement for gaining advantage of better delivery schedules. In view of large diversity in needs of projects and cost issues this model however could not be sustained in that very early phase of Indian space endeavours.

The technology transfer items were numerous and covered a diverse range of technologies and uses such as rocket propellants, chemical powders that extinguished metal and oil fires, adhesives, precision optical processes, a variety of satellite communication equipment, weather radars and other user-oriented terminals, to mention a few. For example, for both solid and liquid propellants for which ISRO’s record in development had been exceptionally good, the know-how developed was successfully transferred to industry for production and supply to ISRO. In this case, synergy of existing capacity/capability in industry with ISRO’s needs was one of the major factors for choice of industry such as Andhra Sugars or Hindustan Organic Chemicals or the then NOCIL. 

When PSLV launch vehicle manufacture was taken up and to be realised, there were considerable new needs such as development of much bigger rocket motor cases for the solid rockets; liquid engines/motors for the second and fourth stages; specialised tanks for carrying liquid fuels; development of fuel pumps; bigger heat shields and structures for equipment bay and so on. The demand on the total propellant requirements and the chemicals also increased manifold. The need to increase the efficiency of the launch vehicle in terms of maximising payload mass vis-à-vis the lift-off mass had to be carefully addressed and this created the need to develop new and special materials. 

In addition, there were needs at the launch range for development of the large ground handling systems and facility for integration of stages as well as the whole launch vehicle; processing equipment for the preparation and casting of the solid propellant; storage, handling and filling of the liquid propellants; the associated test stands; the launch pad; the complex launch control, command and communication facilities and safety systems.

These tasks called for a major jump in capacity and there was a proposal to expand in-house rocket fabrication facility in a substantive way. The PSLV project in the VSSC however took a stand to explore the external industry’s capacity to accept this challenge. This paid dividends as many proven industries invested in expansion of capacity. For light alloy fabrication, HAL was a natural choice and ISRO was successful in persuading HAL to provide its capacity and also partly funded for assembly-level facility. This arrangement led to the birth of a dedicated division, HAL Aerospace Division, a milestone in ISRO–industry collaboration. The secret of success was the efficient decision-making process by project authorities who were given necessary delegation, freedom and support and at the same time, they were accountable. The industrial support for the expanded needs was a well-knit network, thanks to the long-term approach and a competent nurturing provided by different high-calibre people in the centre in the past. The list of industrial partners included many illustrious names like Mishra Dhatu Nigam Limited (MIDHANI), Rourkela Steel Plant, BHEL, Echjay, Jindal, HAL Foundry and Forge, Vishnu Forge (for materials), Ramakrishna Engineering (RKE), Walchandnagar Industries (WIL) and L&T (for motor cases), Godrej, Keltec, RKE and WIL (for nozzle hardware), and a number of other industries who supported light alloy fabrication, control system and stage auxiliary systems manufacture including MTAR Technologies Pvt. Ltd, Taneja Aerospace, Venkateswara Industries, Keltec, Kobashi Machine Tools, PYN Precision Components, Art Industrial School, Kannan Industries, JoJo Industries and so on.

One of the major industrial interface developed for the first time for PSLV was the productionisation of liquid-propelled Vikas engine. Two industries were chosen by ISRO after an evaluation process: the Godrej & Boyce at Bombay and MTAR at Hyderabad. This industrial partnership served the critical need of ISRO to realise required quantity of engines for ISRO’s growing launch vehicle programme and also to free ISRO from large coordination load in following with numerous subcontractors in the absence of an integrated contract. It was in this context that a senior expert in VSSC made a proposal to start a new enterprise for manufacturing the aforementioned hardware. This triggered the Kerala state government to come forward with an investment in a high-technology fabrication facility to cater to needs of space and defence programmes. This enterprise, then known as KELTEC, provided fabrication support to ISRO and later, it became the main anchor for production of BrahMos missiles. Industry had become a partner for production of control systems of the rockets, the intricate fuel tanks and associated components, realising liquid engines and stages, and productionising a host of cryogenic materials. Several key leaders and managers in the Liquid Propulsion Systems Centre played an excellent role.

ISRO spearheaded numerous innovations in the field of materials and special chemicals and successfully productionising them in industry. This involved collaborative efforts among ISRO, research laboratories like the Defence Metallurgical Research Laboratory (DMRL) and process innovators like MIDHANI. The development and use of Indian Maraging Steel for PSLV booster case, titanium alloys for tanks and gas bottles and a variety of other light alloys, special magnetic materials, and materials compatible for cryogenic engine and stage are some examples of such indigenous developments. Carbon cloth and high-silica cloth are shining examples of ISRO’s persistence to develop industrial production capability. The collaborative environment brought about by ISRO in the development, scale-up and ultimate realisation of the processes in industry for application is by itself a saga in indigenisation efforts. 

THE CHALLENGE OF EMBARGO

Even while the PSLV was under development and India’s operational satellite programme was in the initial stages of operations, a major challenge was posed by the US government by imposing sanctions and forcing the Russians to renege their agreement on transfer of technology for cryogenic engines intended for India’s geosynchronous launch vehicle GSLV. These sanctions also affected export of even common parts and equipment from the USA or from other countries which were party to the Missile Technology Control Regime (MTCR). Due to the strong self-reliant accent of India’s space programne, the sanctions did not substantially affect or stall the programme. On the contrary, ISRO emerged stronger. The indigenization programme became invigorated. There had been an interesting episode in this connection. When the sanctions were effective on ISRO, an industry which was providing fabrication support to ISRO’s launch vehicles had to face an embargo that affected its market for other product lines too, yet this company, in spite of its losses, did not withdraw its support to the space programme based on its conviction that what it did was right. This industry is none other than the Godrej, which is familiar to all.

Many of the ISRO centres and establishments were put into entities list by the US again in the aftermath of India’s nuclear tests. However, this could hardly affect ISRO’s spirit and abilities to carry on. But sanctions made ISRO reinvent the wheel in many cases. Many electronics components such as passive components digital and linear integrated circuits (ICs) were successfully qualified and used in the ongoing programmes such as INSAT-2, the IRS series, PSLV and GSLV. Development of critical components such as Charge Coupled Devices (CCDs), Gallium Arsenide (GaAs) Field Effect Transistors, high-efficiency GaAs solar cells, and Travelling Wave Tubes amplifiers were taken up. These were followed up by development of many other electronic devices including memory devices, Application-Specific Integrated Circuits (ASICs) and Field Programmable Gate Arrays (FPGAs).

PREPARING FOR OPERATIONAL ERA

Following the experimental Space missions in the early 1980s, ISRO’s eyes were already fixed on positioning operational services through satellites for telecommunications, television distribution, weather observations and natural resource information generation through remote sensing. Development of a variety of ground equipment needed by users of space systems for these services and applications such as disaster communications and educational broadcasts were spearheaded by the Space Applications Centre (SAC) at Ahmedabad. SAC also undertook innovative approaches to the development of payloads for satellites, by using new solid-state detectors in remote sensing cameras and innovating optics, etc., that led ISRO to gain in time a leadership position globally. Simultaneously, indigenous INSAT multipurpose satellites and communication satellites were ushering in a revolution in television services in the country and the demand on communication and weather observation payloads was mounting day by day. There were also technologically highly challenging developments in space-borne microwave instrumentation that could provide all-weather, day and night observation capability. This entire backdrop propelled SAC to evolve a new model of industrial interface which was characterised by joint development approach and thereby reducing know-how transfer time. Many industries such as BEL (Ghaziabad Unit), HAL, ECIL, Gujarat Communications and Electronics Ltd (GCEL), Avantel, Astra Microwave, Semiconductors Limited, VXL Technologies, Weiler International Electronics, General Optics (Asia) Limited, etc., contributed and many were involved from the very initial stages of development. Know-how transfers from SAC played a key role for energising space application markets.

Advent of operational services from satellites had also thrown up new challenges for industry interface in the satellite platform area. To meet the application needs, ISRO’s satellites had to grow in size, mass and power capabilities as well as in their efficiencies. Their stabilization and attitude control requirements, data transmission capabilities, demand for new mechanisms for on-orbit deployments, thermal design complexities, orbital operational life expectations, operational demands as well as reliability needs have been continuously growing in pace with global developments. These were the challenges grappled by the ISRO Satellite Centre (ISAC) in shaping industrial support strategies. For structures and thermal control aspects, excellent support was developed through HAL and home-grown small and medium enterprises (SMEs) in the field of engineering, like Avasarala Automation. While very early attempts by ISRO to start producing space-quality photovoltaic solar power generating cells did not fructify, ISRO Satellite Centre, through its persistent efforts and cooperation, had industrialised the solar panel assembly and manufacture through BHEL in Bangalore. Manufacture of Satellite propulsion systems often dictate the time schedule of overall satellite development, and in this regard, ISRO’s Liquid Propulsion Systems Centre (LPSC) successfully developed industrial collaboration with BHEL’s unit at Ranipet for delicate machining of satellite propellant tank parts made of titanium alloys. ISRO provided some special purpose machines to this industry as a support to supplement its capacity. LPSC also made extensive efforts to create industrial support for the manufacture of satellite propulsion system components, the technology for which was a preserve of a few companies in the world. Industries which were involved include KCP at Madras, the Central Tool Room and Training Centre, Lakshmi Technology and Engineering, Veekay Industries, MTAR and BrahMos Aerospace at Trivandrum, among others. Over the years, ISAC had been meeting nearly 70 per cent of its electronic fabrication through the vendors it had developed, that include companies like BHEL, Astra Microwave, Centrum Electronics, Andhra Electronics, Akon, Accord Software, SAMEER (Society for Applied Microwave Electronic Engineering and Research) and Karnataka Hybrid Microcircuits Development Corporation.

A symbol of operational capacity acquired by the Indian space programme is reflected through the modern infrastructure built at the launch centre at Sriharikota for launch vehicle preparation and the two launch pads, the latest of which comprises a vertical assembly building having a mobile launch pedestal. Extensive launch service facilities including launch and mission control centres, modern communications and computation infrastructure and reliable safety systems is a reflection of high-calibre industrial support and technical management capability of the personnel of SHAR that was tested through many highly successful domestic and foreign launches. Extensive industrial interface was also developed for ground facilities such as tracking network and satellite control facilities of ISRO Telemetry, Tracking and Command Network (ISRTAC) and the Master Control Facility (MCF) and data reception and processing facility for the National Remote Sensing Agency which came into the fold of the Department of Space in 1980. (Now, NRSA is a centre of ISRO and is called the National Remote Sensing Centre [NRSC].) The main point to note in this context is that ISRO’s specialists played an integrating role with industry specialists in realising these specialised systems and all these were offered for international services too, meeting the highest standards of the industry.

Another model that ISRO implemented in the context of operational phase of its activities is to entrust responsibility on industry to operate the facilities set up by ISRO in its premises. Operation of plants set up by Liquid Propulsion System Centre of ISRO for production of liquid hydrogen was thus entrusted to industry on turnkey basis. This model is likely to be attractive for many a routine activity of the expanding space programme.

SUPPORT FROM ADMINISTRATORS

We noted that an important epoch in the evolution of space–industry relations was a deliberate policy spelt out by ISRO to involve industry in its diverse activities. It stipulated that, for meeting ISRO’s needs, whatever could be done in industry should be farmed out to industry. In the very early years of ISRO, a pioneering study was done on contract systems that can facilitate industry contributions for even risky developmental activities – contracts that could accommodate long-term commitment to industry, and contracts that could be compatible for collaborative mode of working between ISRO and industry. For that time, this was a very unique feature for a government organisation, and this was evolved through the involvement of top-level leaders, managers and bureaucrats in the organisation.

The funding schemes adopted with the industries, mentioned earlier, were all obviously alien to typical government set-ups and institutions, and required a careful understanding and handling for proper implementation. Here, the very positive and important roles played by the Department of Space and bureaucrats like the Joint Secretaries and Additional Secretaries require a very special mention since these were and probably still are unknown in the typical governmental set-up.

The understanding and appreciation shown by the Joint Secretaries and Additional Secretaries of the technical and programmatic requirements of the various major contracts were with the best of intentions and in the best of spirits. It may not be an exaggeration if one says that they were as much passionate of ISRO’s programmes and their successes as the engineers themselves! They shared the pleasure of success as much as the engineers themselves did. The support and advice given by them during the discussions and finalization of all the major contracts went a long way in the successful and timely completion of all the major contracts. They did their job in perfect coordination with ISRO and it appeared like ‘the two Generals and teams being kind to and appreciative of each other across an international border’. It will be appropriate to present here certain extracts of the article ‘The rocket signs of Governance’ from the Bangalore edition of the magazine India Today dated 8 April 2004.

Red tape has drained us of the capacity to think of even small, innovative solutions. To change all these would require reforms which are massive, across the board, simultaneous on all fronts, and which are sustained. None of these four things is allowed by the system as a whole. We must look around. You have islands like the ISRO which have worked in a completely different culture. 

FOUNDATIONS FOR GLOBAL OUTLOOK FOR INDUSTRY: FORMATION OF ANTRIX

With the multi-pronged initiatives for industry interface, the funds flow to industry had seen a steady growth. With the foundations laid for user linkages during the late 1980s and early 1990s, ISRO rapidly and energetically spearheaded in expanding space applications. At the same time the global interdependence of space activities have been foreseen by the leaders of the programme. In order to help evolve the fragmented space industry to the next level of integration, and to position Indian space capabilities on a global platform and also to manage the expanding industry interface tasks of ISRO, a corporate front was proposed to be formed. After much debate, the Government approved in 1992 the formation of Antrix Corporation as a commercial arm under the Department of Space. Antrix set a new model by adopting a very lean and efficient structure in terms of human resources strength and relying maximally on the infrastructure facilities and expertise created in ISRO centres and Indian industry, thus minimising risks of start-up with highly diverse space activities. The Antrix board included some of the most reputed and successful doyens of industry apart from the leaders of space programme.

Leveraging on ISRO’s leadership in satellite remote sensing, Antrix made entry into global markets. In view of the lack of infrastructure for worldwide marketing, it decided to collaborate with an existing market leader to find synergies in an arena where entry barriers were high. Over the years, a network of twenty international ground stations were developed across the globe and an extensive reseller network was developed, aiming at 15 to 20 per cent share of the global market. However, in view of exclusive relationship with its collaborator, Antrix faced limitations to grow and reinforce its brand image, and restructured its relationship. Another important area of business it developed was the commercial lease of capacity from ISRO’s communications satellite fleet in line with the government policy to VSAT service providers, and DTH as well as cable and satellite TV service providers. A long-term aim of Antrix was to promote an Indian satellite system owned by industry. Towards this, it explored possibilities for joint ventures. A successful foray into the international satellite market was made through an alliance established between Antrix and the leading European satellite manufacturer EADS Astrium to jointly manufacture and market commercial communication satellites (of payload power capacity up to 4.5 kilowatt) in global markets. Under this arrangement, two sophisticated commercial communication satellites were exported to prestigious satellite operators in Europe. Globally, the launch services market is competitive, risky and is characterised by two or three dominant players. The user-friendly, reliable and cost-effective launch proposals from PSLV attracted customers worldwide and forty-five foreign satellites from twenty countries across the globe have so far been launched successfully.

EXPANDING NATIONAL MARKET AND POLICY DEVELOPMENT FOR SPACE SERVICES

Initiatives of Antrix basically derived rationale and strength from an important step taken by ISRO towards the turn of the last century. As the twentieth century was close to draw its curtains, there was already a sea change in the environment with the cold war coming to close and economic and strategic roles of space and a thrust for renewed international cooperation reviving. There were also many new and emerging actors, and space technology was perceived as an effective tool for diplomatic initiatives. ISRO’s leadership, intensely aware of the opportunities created by the changing environment and also cognisant of the multidimensional role that space has to play in the nation’s development, gave special emphasis for adoption of policies by the government. In the new environment of economic reforms, the Government of India liberalised the entry of private industry in services related to telecommunications, television broadcasting and the like. Based on the overall framework for the satellite communication policy approved by the Union cabinet in June 1997, the Department of Space worked out detailed procedures for implementation with the involvement of other ministries/departments concerned. The norms, guidelines and procedures essentially enabled (i) provision of capacity from INSAT satellites to non-governmental users by the Department of Space (DOS) on a commercial basis and (ii) provisions for establishment and operation of Indian satellites by private sector, wherein Indian registered companies with a foreign investment not exceeding 74 per cent were allowed to establish and operate satellite systems.

In 2001, the government also approved and adopted a comprehensive Remote Sensing Data Policy (RSDP) for the acquisition and distribution of satellite remote sensing data, from Indian and foreign satellites, for civilian users in India. The policy comprehensively covered guidelines for satellite data acquisition and distribution in the country and also for licensing the IRS capacities to other countries. This policy has since been updated in 2011, again taking account of the tremendous changes in the environment brought about by web revolution and easy access to high-resolution data on a global scale.

While mentioning the above visionary steps of the Department of Space long ago, it is pertinent to note that policymaking needs to be dynamic, and it is highly essential to fill the gaps that exist in policy, as well as shape regulatory environment in pace with changing environment, lest it undermine all the progress.

GROWING AND SURVIVING IN A GLOBALISED WORLD

The Indian space programme has come a long way. It has come to stay. It has also gone international through its launch services and facilities. It has to be strengthened to meet the complete national requirements in the most beneficial manner and also to give the Indian industry an international entry and participation. For this, the industrial base needs further expansion and consolidation. This would require synergetic efforts between government and industry. 

India’s space activities have further avenues for growth in meeting strategic and commercial demands for services, and there are also new opportunities for international collaboration. Fulfilment of these needs and opportunities depends on availability of resources, both technical and financial. And also it crucially hinges on the policy. The strains in ISRO’s ability to meet even contemporary demands and opportunities, with a predominant internal orientation, are too obvious. Hence it is necessary to address the issue of private sector participation not only in the provision of space-based services but also in owning and operating satellite systems and providing launch vehicle services. Any paralysis in policy can diminish the value of investments made over decades in the programme and in human resources. Moreover, creation of industrial strengths and generating the motivation on the part of industries for intensive participation cannot be accomplished all of a sudden. It demands pooling of strengths through public–private risk-sharing partnerships and through consortia of industries coming together to produce state-of-the-art, cost-competitive satellites on one side and manufacturing of launch vehicle and providing launch services on the other. A number of policy issues need to be resolved and these include but are not limited to technology safeguards, protection of intellectual property right (IPR), support policy from ISRO, technical audit, risk management, international obligations and collaboration, national security, use of specialized facilities like launch pads to provide launch services, and financing options. Initiatives are also needed from the private sector even as the government creates the necessary enabling environment including its assuming an anchor–tenant role as practised in advanced economies to maximise value addition and job potentials within the country. Further, the increased role of space systems for defence and national security is yet to be fully tapped. This also requires further policy initiatives. In summary, there is immense possibility for space industry growth and its evolution, but there are equally formidable challenges. Only time can tell whether ISRO as a national space agency has shown requisite courage and vision to face this challenge squarely.
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Prof. K.R. Sridhara Murthi, currently Director, International Institute of Aerospace Engineering and Management in Jain University, had superannuated from ISRO as Distinguished Scientist and as Managing Director of Antrix Corporation. In a career spanning thirty-five years in ISRO, he held positions of Scientific Secretary, ISRO, and Director, Technology Transfer and Industry Cooperation at ISRO headquarters. Prof. Murthi holds a degree in mechanical engineering and a postgraduate degree in management from IIM, Ahmedabad. He had been active in International forums and held positions of Vice-President of the International Astronautical Federation and a Trustee of International Academy of Astronautics. He is currently Vice-President of the International Institute of Space Law. He specialises in space policy, commercialisation and space law. He has over sixty publications and won awards for his notable contributions.

M.N. Sathyanarayan, soon after completing his master’s degree at IIT, Madras, in the year 1969, joined the Rocket Engineering Division (at the then Space Science and Technology Centre, Trivandrum) headed at that time by Dr A.P.J. Abdul Kalam. With a steady growth in his career, he held many portfolios, significant among them being Director, Spacecraft Mechanisms Group; Associate Director, INSAT 2A and 2B and Deputy Director (Reliability and Components Area) of ISRO Satellite Centre. He also held the position at ISRO headquarters as Executive Director, Space Industry Development. He authored a book titled Management Paradigm, ISRO: The Success Story, published by Prism Books Private Limited, Bangalore. Apart from his seminal contributions to spacecraft technologies, M.N. Sathyanarayan is known for his service activities and deep devotion to music. (Unfortunately, before this article appeared in print he met with his sudden and untimely demise.)
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ISRO and International Cooperation
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INTRODUCTION

The space activities in India started in the very early phase of development of space research in the world. While the Earth’s first artificial satellite was launched by the former USSR in 1957, India began its space-science-related activity in 1963 by establishing the Thumba Equatorial Rocket Launching Station (TERLS). It was a very bold step for a developing country like India with weak infrastructural base to jump so early into ‘Space Research’, the latest frontier of science and technology. In fact, India was one of the founder members of the Committee on Peaceful Uses of Outer Space (COPUOS) set up by the United Nations (UN) in 1959.

This early entry into the space activity had set the essential context for international cooperation. From the establishment of TERLS onwards the international cooperation in the field of space has become an integral part of India’s space saga. The establishment of TERLS was the result of the very fruitful cooperation between India and the former USSR, the United States of America, and France. The former USSR contributed a computer and a helicopter; France contributed COTAL radar and launcher; and the USA contributed the first rocket to be launched. Subsequently, the USA, the former USSR and France launched several of their sounding rockets from TERLS, as its location was ideally suitable for carrying out intensive investigations on equatorial electrojet phenomenon and the behaviour of equatorial ionosphere.

Looking back, today we see how significant was the cooperation with these countries in the formative years of India’s space programme. Starting from there, various levels of international cooperation developed corresponding to the development of various aspects of activity within the Indian Space Research Organisation (ISRO). The shining example of ‘ISRO: International Cooperation’ during the first decade of the current century is ISRO’s Chandrayaan-1 mission. Seven payloads from various countries were integrated into the Chandrayaan spacecraft which was built and orbited around the Moon, by ISRO. The detection of hydroxyl molecules by Chandrayaan-1 (with the observations from the payloads of Jet Propulsion Laboratory [JPL] and ISRO) also demonstrated the cost effective and fruitful nature of international cooperation. 

It is worthwhile to have a quick run through the international cooperation activities in which ISRO was actively engaged during the past five decades; to examine the contexts in which the cooperation took place; and to look at the ebbs and tides of relations with other countries. 

COOPERATION WITH THE FORMER USSR

The cooperation between the former USSR and India started with the informal contacts between scientists, which led to an agreement between Hydro Meteorological Services (HMS) of Russia and Department of Atomic Energy (DAE) of India (which dealt with space research at that time). This agreement, signed in 1963–64, led to the support from USSR for establishing TERLS. The scientists and the academicians played a key role in the initial stages of the implementation of the agreement. By 1970, over 400 M100 meteorology sounding rockets were launched on a regular basis from TERLS. Subsequently in 1972, a cooperation agreement was signed between ISRO and the USSR Academy of Sciences for cooperation. This agreement resulted in the USSR and East European countries establishing a Photographic and Laser Ranging Station at Kavalur in Tamil Nadu. This tracking station was set up to track the Low Earth Orbit (LEO) satellites and to feed into the satellite orbit database of the USSR. 

The most significant development that helped ISRO to jump to a qualitative higher level was the launch of Aryabhata on 19 April 1975 in collaboration with the former Soviet Union. This launch was carried out free of cost. In addition the Soviet Union had also provided solar panels, special batteries and other equipment required for the satellites. Similarly, the Bhaskara 1 and Bhaskara 2 satellites were launched in 1979 and 1981 respectively, using the Soviet launchers. This was followed by the launch of Indian Remote Sensing (IRS) satellites on commercial basis at a highly favourable launch price.

An agreement between ISRO and the USSR Foreign Trade Agency was signed in May 1982 for launching IRS satellite (IRS-1A) on semi-commercial basis, at a cost of Rs 7.50 crore, which was comparatively much lower than that charged by any other country for launching satellites. The other satellites in IRS-1 series viz., IRS-1B and IRS-1C were also launched using Soviet rockets, though at a higher launch price than that of IRS-1A. Still the launch cost with the Soviet rockets was definitely to the advantage of India, compared to the commercial market. The cooperation in the remote sensing area also included the establishment of ground segment and facilities for remote sensing applications; and provision of support from the Bears Lake Station for receiving the data from IRS satellites. 

One of the less-known facts of the international cooperation with the former USSR was the lunar samples. The USSR Academy of Sciences provided a few samples of lunar soil collected by Luna-16 and Luna-20 to the Indian scientists for analysis.

The cooperative endeavours between the USSR and India resulted in substantial benefits to both the countries; we can even say more benefit to ISRO and India. The Soviet assistance enhanced the progress of Indian efforts towards use of space for practical benefits. At the same time, launching sounding rockets from Thumba; conducting balloon experiments from Hyderabad; and data from Kavalur station substantially benefited the working scientists of both the countries. 

There was an initiative from the USSR since 1980 to launch an Indian astronaut to the Salyut-7 space station. In fact the USSR was expanding its areas of influence by launching astronauts of various other countries to Salyut space station, free of cost. Their offer was formally accepted by India in August 1981. Joint working plans followed. As a result of this agreement, Rakesh Sharma from India joined the team consisting of two other Soviet cosmonauts, launched into orbit on 3 April 1984, which docked with the Salyut Space Station on 4 April 1984. The Indian astronaut safely returned to Earth on 11 April 1984.

Another major step in the international cooperation between the USSR and India took place when ISRO and Glovkosmos (GK), an Aerospace Company of the USSR, signed an agreement on transfer of total technology of appropriate cryogenic engine and stages for use in GSLV, and also to enable ISRO to manufacture the engine and stage in India. This contract at a firm fixed price of Rs 235.00 crore included supply of two cryogenic engines and stages manufactured in the USSR, and the transfer of technology. The agreement envisaged to supply of the first cryogenic stage within 4½ years, and to facilitate indigenous manufacture of the first cryo engine and stage within a period of 5½ years from the signing of the contract. This agreement was signed in 1991. However, because of political pressures, this contract was revised in 1994 to include only sale of cryo stages.

The modified version of the contract with GK was for the supply of seven cryogenic rocket stages for the GSLV. The original contract was curtailed as the USA placed sanctions on ISRO and GK as a consequence of an alleged violation of MTCR. 

We could see certain specific features from the above details of international cooperation with USSR: 



	The role of scientists in advancing the cooperation between the former USSR and India in the early period.

	The unhesitating support from the former USSR in developing the initial technical capabilities of ISRO.

	The creation of critical mass of knowledge and experience in India in space technologies mainly due to cooperation with the USSR.

	The gradual shifting of the agreements from among scientists, to between the scientific organisations, to between the governments, and finally with the commercial contracts. This evolution is a result of the change in the context and background of cooperation between both the countries, and growth of ISRO.

	The convergence of mutual interest at different phases between the USSR and India, be it in exploring new scientific area, or in leveraging indirectly the area of influence, or in enhancing the marketing capabilities.



The important events in the Indo-Soviet Cooperation are as below:









	1962–63
	:
	Assistance in establishing TERLS



	1964
	:
	Cooperation Agreement with the USSR 
Hydrometeorological Services



	1971 August
	:
	First Meeting at Moscow on Aryabhata



	1975 April
	:
	Launch of Aryabhata 
Protocol on Bhaskara 1 signed 
Initiation of Joint Balloon Gamma Ray 
Astronomy Programme



	1977
	:
	Examination of Lunar Rock Samples



	1977
	:
	Establishment of Kavalur Optical Tracking Facility



	1979 June
	:
	Launch of Bhaskara 1



	1981 November
	:
	Launch of Bhaskara 2



	1982 May
	:
	IRS Protocol signed



	1982 September
	:
	Manned Flight Protocol Signed



	1984
	:
	Joint Manned Space Flight 



	1988, 1991, 1995
	:
	Launches of IRS-1A, 1B, 1C respectively 



	1994
	:
	Agreement for sale of Cryogenic stages





COOPERATION WITH FRANCE

The cooperation between India and France in the field of space research and applications of space technology had its beginning in November 1963, when a sodium vapour payload provided by the Centre Nationale d’Etudes Spatiales (CNES) was flown on a Nike Apache rocket from the Thumba Equatorial Rocket Launching Station (TERLS). The Indo-French collaboration in space research was put on a formal footing through a Memorandum of Understanding (MoU) signed in May 1964 between the CNES and the Department of Atomic Energy (DAE). Subsequently, CNES gifted a variety of equipment including COTAL radar to TERLS. CNES also helped in concluding agreements with the French aerospace industry to manufacture rocket propellant and also to manufacture Centaure rockets in India under licence. The CNES has also provided specialised training to a number of ISRO engineers and scientists every year.

In April 1972, an agreement was reached between the Indian Space Research Organisation ISRO and CNES to establish a joint commission to initiate and follow up cooperative programmes. Beginning in 1973, the ISRO-CNES Joint Commission met regularly every year and had acted on the recommendations of the joint working groups in various specialised areas such as launchers, telecommunications, remote sensing, etc.

Under an agreement with a French company, Société Européenne de Propulsion (SEP), ISRO acquired some important aspects of liquid engine know-how. In return ISRO supplied expert manpower for specified man-years and also produced pressure transducers for SEP for use in Ariane launch vehicle.

In May 1975, CNES expressed the desirability of widening the scope of the Indo-French collaboration by concluding an intergovernmental agreement in place of the existing inter-agency (ISRO and CNES) agreement. The Indo-French agreement on cultural, scientific and technical cooperation signed in June 1966 and that signed in April 1972 for setting up the ISRO-CNES Joint Commission were the basis for the intergovernmental agreement. It laid the groundwork for pursuing joint programmes, exchange of information and personnel, etc., for space research and application of space technology for peaceful purposes.

SOME IMPORTANT TECHNICAL COOPERATIVE ACTIVITIES

One major cooperative experiment with French space agency was the conduct of joint experiments utilising the Franco-German satellite, SYMPHONIE. Under this, ISRO and the Post and Telegraphs Department of the Ministry of Communications jointly worked on ground experiments. Besides, there were exchanges of scientists between the two countries for training, discussions, workshops and related items. 

The Indian Space Research Organisation had also procured substantial equipment for the space programme from French companies. Examples are guidance-system-related equipment for the launch vehicle project, television camera for Bhaskara and components and equipment for the SYMPHONIE experiment. Those contracts more or less were on a commercial basis though the good offices of CNES were also utilised. Similarly, some of the test facilities existing in France were utilised by ISRO for conducting special tests.

Valuable commercial contracts were signed later with the companies like Thomson, SAFT, Matra, Deutsch, SAGEM, etc. 

CNES and the fledgling Arianespace offered a payload opportunity for the third flight of Ariane 1 (V-3) to be launched in 1981. ISRO proposed a small communication satellite called Ariane Passenger Payload Experiment (APPLE) against this announcement. APPLE, the first three-axis stabilised communication satellite, was designed and realised in India. APPLE was successfully launched by Ariane 1 (on its third flight) in 1981. Subsequently, India decided on the INSAT system of multipurpose geostationary satellites. Ford Aerospace, a US company was selected through search on an international basis for fabrication and supply of INSAT-1 series of satellites to ISRO’s specifications. ISRO team worked as the project management team at the satellite fabrication facilities. INSAT-1A, 1B and 1C were launched using launch vehicles of the USA. This chilled the relations between ISRO and CNES/Arianespace in the 1970s. However, with the launch of INSAT-1D in 1988–89 using Ariane launch vehicle, the differences were ironed out. Subsequently, Arianespace had long successful commercial contracts with ISRO for launch of many INSAT series of satellites.

The most important features which glaringly come out of the cooperation between ISRO and CNES are the following:



	Acquisition of Vikas engine technology by ISRO through the agreement with SEP of France. This engine had become the backbone for the launch vehicles of ISRO.

	The telecommunication application project with SYMPHONIE satellite laid the foundations for using satellite-based communications in India. This along with educational TV experiments using Application Technology Satellite (ATS) of the USA was the foundation on which the applications of INSAT series of satellites had grown in India.

	The initial seeds of cooperation were laid by scientists from both sides, which gradually led to the agreement between ISRO and CNES, and finally resulted in a governmental agreement between India and France for the cooperation in space activities.

	The cooperation between ISRO and CNES also led to very valuable aerospace trade between French companies and the centres of ISRO. 

	The initial cooperation in the launch of APPLE on Ariane launch vehicle, free of cost, led to a very good commercial relationship between ISRO and Arianespace for launch of INSAT series of satellites starting with INSAT-1D. 

	The essential feature of the cooperation between India and France was to gradually mature the assistance into cooperative actions and then to commercial contracts.



COOPERATION WITH THE UNITED STATES OF AMERICA

The first rocket launched from TERLS on 21 November 1963 was the US rocket, Nike Apache, which was contributed by the USA for establishing TERLS. As mentioned earlier, the establishment of TERLS was the result of cooperation in space activities between India, the USA, the former USSR and France. TERLS was declared as a UN-sponsored facility, open to all countries to carry out space research. Launches were carried out weekly for meteorological measurements.

Two other important results of cooperation between ISRO and NASA were the Satellite Instructional Television Experiment (SITE) and the remote sensing applications using Landsat imagery. 

NASA provided its communication satellite, ATS-6, in the geostationary orbit over the Indian Ocean for the SITE experiment. Using this satellite, direct broadcast of TV signals was carried out. Using these broadcasts, educational programmes in agriculture and other rural developmental subjects were brought to 2,400 villages across six states in India. The SITE was in planning from 1969, and was conducted for one year during 1975–76. The SITE programmes generated excellent response from the people in the backward rural areas. The TV sets, chicken mesh antenna and generation of the programmes for transmission were the real seeds for the INSAT applications programme of ISRO. 

The Earth Resources Technology Satellite of NASA, which was later renamed as Landsat, was one of the earliest remote sensing satellites in the world which provided a wealth of imageries to many countries. India entered into a partnership with the USA in the early 1970s to receive and use Landsat data in India. Accordingly, the data received and the applications thereof laid the foundations for our IRS series of satellites and applications. In fact the USA, NASA and NOAA (National Oceanic and Atmospheric Administration) are to be credited with free distribution of Landsat imageries to many countries in the world to encourage the remote sensing applications. India is one of the beneficiaries of this project. 

The direct result of the post-SITE developments in India was the INSAT programme, which was developed as a multifunctional satellite system with communications, TV broadcasting, and weather monitoring from GSO. The INSAT-1 series of satellites, four in all, were realised by Ford Aerospace in its plant in the USA to the requirements and design specifications of ISRO. This was another great jump qualitatively for ISRO in taking its capabilities to own the communication satellite constellations.

NASA offered to train Indian astronauts as payload scientists for space shuttle missions. Accordingly, two engineers from ISRO, P. Radhakrishnan and N.C. Bhatt, were trained in 1985 for the planned launch of INSAT-1C and 1D as payload specialists of the space shuttle. However, all the commercial launches using the space shuttle were cancelled by NASA subsequent to the failure of Challenger mission on 28 January 1986. Hence the training was closed. The training provided by NASA helped ISRO to get more exposure to the human space flight preparations and astronaut training. 

The Indo-US space cooperation had cooled off a bit in the 1980s and and the &apos;90s on account of the following:



	The difference in technology level between NASA and ISRO was too large for any mutual benefit. 

	The sensitivity of USA for the dual-use technologies and insistence on control regimes like MTCR.

	The US space programmes were under pressure with its space shuttle developments and challenges.

	The cooperation between ISRO and NASA also faced a number of restrictions due to fear of knowledge transfer by the US government. However, the cooperation in the space applications started warming up in the first decade of this century. We have seen the benefits of such change in attitude in the cooperation in Chandrayaan-1 programme.



COOPERATION WITH GERMANY

The active cooperation between space scientists of India and the Federal Republic of Germany (then West Germany) existed since late 1960s. The cooperation was formalised in 1971 with an umbrella agreement between the Government of India and the Government of the Federal Republic of Germany. Subsequently, a special arrangement between ISRO and DFVLR (Space Agency of West Germany) was arrived at to progress the objectives of the governmental agreement.

The cooperation activities included the following:



	Training of ISRO staff members at DFVLR for high-altitude tests of rocket motors.

	Training of ISRO staff in the fields of satellite systems and operations.

	Supply of electronics and equipment from German companies.




The training activity was quite useful to ISRO and an average of eighty man-months of training was provided for a period of roughly eight years from 1973 to 1981. The subjects of training included materials and structures, specifically composites of carbon fibre reinforced plastics. The training on the design of rocket propulsion test facilities resulted in commissioning of High Altitude Test Facility at SHAR in 1980. The training in the areas of mission planning and mission operations resulted in ISRO experts gaining additional knowledge in the area of orbit determination and satellite operations.

The interest of German scientists was to design and flight-test Autonomous Payload Control (APC) package and testing it using sounding rockets. An on-board RF interferometer and CCD camera were designed and developed by DFVLR and flight-tested using sounding rockets from TERLS. These experiments were popularly called at that time as APC Rocket Experiments (REX). In the field of space sciences, scientists in the Max Plank Institute and Physical Research Laboratory (PRL) studied Spread-F phenomena of the ionosphere which is also important for the satellite communications.

The cooperation with Germany is an example of ISRO’s international cooperation with a country which is nearest to it in the technical level and competence, and also in the initial phase of development of space activities. The exposure and the training received by ISRO scientists from DFVLR have helped in developing critical mass in different fields within ISRO Centres. 

COMMITTEE ON PEACEFUL USES OF OUTER SPACE (UNCOPUOS)

The United Nations has created a special committee to foster international cooperation in space activities amongst its member states in 1959, immediately after the space exploration was initiated by both the USA and the former USSR. India was one of the founding members of this specialist organisation of the UN to deal with the outer space affairs. The creation of this forum was basically due to the suspicion of both the USSR and the USA that their space activities might be curtailed or controlled by other countries. The fear that space might be ‘owned’ by the first country which goes into space, prompted both of them to seek freedom of space exploration through the UN. In this context the UNCOPUOS created its Committee, Scientific and Technical Subcommittee, and Legal Subcommittee with leadership resulting from the compromises of the cold war.

However, this forum was fully utilised by India to project its views of using space for national development. India played a key role in the UNCOPUOS throughout its history.

Vikram A. Sarabhai was the Vice-President and Scientific Chairman of the first UN Conference on Peaceful Uses of Outer Space held in Vienna in August 1968. Yash Pal was the Secretary General for the second UN Space Conference held in August 1982 called UNISPACE-82. The UNISPACE-III was held in July 1999, for which U.R. Rao of India was the Chairman. At that time he was also Chairman of the UNCOUPOS for a three-year term after the first restructuring of the bureaus of the committee and its subcommittees in 1997 since its inception. 

In fact many countries worked to change the old and almost permanent leadership of the committee and its subcommittees, and a new formula of equitable distribution of positions was worked out in 1996 and 1997. India played a crucial role in raising the subject in the context of changing world order and in carefully creating a new structure without disturbing the useful activities of the committee. All countries have unanimously agreed on the first chairmanship, after restructuring of the Committee, for India. Recognising the key role played by India, U.R. Rao was unanimously elected as Chairman of the UNCOPUOS for a three-year term from 1997. The UNISPACE-III, also organised in Vienna, was a grand success with a large participation of the delegations from all countries.

The first UN Conference created the UN programme on space applications with an expert in the UN assisting all the interested countries in shaping their space application programmes. The second UN Space Conference (UNISPACE-82) called for ‘Capacity Building’ in the developing countries for absorbing space technology and its applications. Several Centres for Space Science and Technology Education (CSSTE) were established under the sponsorship of the UN, one each for each region, to train the experts from developing countries. India was chosen as the Centre for Space Science and Technology Education for the Asia-Pacific (CSSTEAP). This Centre was established in the campus of Indian Institute of Remote Sensing, Dehradun. The Centre regularly runs training courses in the field of space communications, remote sensing applications, space-based meteorology and space sciences. Participation is open for all the countries in the Asia-Pacific region. Thus, India got an opportunity to repay to the other developing countries the benefits that it derived through international cooperation.

The UNCOPUOS had been active in many other fields. The first two decades saw development of five international treaties and adoption of six principles. These international treaties and the principles laid the foundation for the international law and practices in carrying out national space programmes without curtailing anybody to reap the benefits of space. India has been proactive in this most important multinational forum for international cooperation in space.

One of the subjects which require wider acceptance, cooperation and adherence today is the subject of space debris. This subject had been on active agenda of UNCOPUOS for a long time since the mid-1990s. India played a very important role in representing India’s interest as well as the interests of developing countries in the matters of space debris. The principled approach taken by India in UNCOPUOS was finally accepted by all the countries. ‘The Space Debris Mitigation Guidelines’ were worked out by UNCOPUOS, and was adopted by the UN General Assembly in 2007. The efforts of K. Kasturirangan, then Chairman, ISRO, and his international stature helped ISRO to get into and make significant contribution in the multilateral forum of both the UN and the Inter-Agency Space Debris Coordination Committee (IADC) in the subject of space debris. 

It is indeed a great credential to India that the Secretary General of United Nations, Kurt Waldheim, once wrote about the initial efforts of Vikram A. Sarabhai in the UN. He wrote: ‘In his country he established an important example of international cooperation in the field of outer space. Through his efforts India requested and received UN sponsorship for the Sounding Rocket Launching Facility at Thumba. Thanks to his vision and efforts, great attention is focused by many developed and developing countries upon the Indian experimental programme to utilise communication satellites in the service of national education and integration.’

MULTILATERAL TECHNICAL FORUMS

There are a number of technical and professional organisations with multinational participation to enhance the cooperation among the countries and space professionals. The oldest of them are the International Academy of Astronautics (IAA), the Committee for Space Research (COSPAR), and the International Astronautical Federation (IAF). These organisations with individual experts as well as national professional organisations as members meet regularly and create the atmosphere for interaction among the experts. The very international nature of the space field is truly represented by the professionals involved in these forums.

A number of technical committees, study groups, and task teams are formed in these organisations with voluntary representation of experts. These committees and the study groups are the crucibles in which many future activities of space take shape. A few examples are the studies carried out in the space nuclear propulsion, space solar power, search for extraterrestrial intelligence, planetary exploration, etc. 

One relatively new multinational forum of experts created for dealing with the subject of space debris is the Inter-Agency Space Debris Coordination Committee (IADC). This committee meets regularly to study the various technical aspects of space debris mitigation and related subjects.

Today ISRO is an active member in all the above multinational forums which are non-governmental, professional expert organisations. In fact this can be considered a recognition to ISRO and India for reaching a matured level in the field of space science and technology where it can contribute to the international cooperation in space activities on equal footing with other space agencies. 

SUMMARISING THOUGHTS

I would prefer to call this section ‘Summarising Thoughts’ rather than ‘concluding remarks’ because the international cooperation for ISRO and India will be a continuous feature for all time to come. Hence this section is only an intermediate summarising of our experience in international cooperation.

A careful study of bilateral and multilateral cooperation in space activities by ISRO brings out the following highlights:


	The initial supporting hands extended by the former USSR, the USA and France were crucial in complementing our national efforts to start the space field in India. The great leadership of Vikram A. Sarabhai and his international stature was the anchor for this phase. 

	The cooperation with the former USSR in launching the first satellite of India, and also in launching remote sensing satellites, has taken ISRO to a qualitatively higher level.

	Apart from the initial support from France, the most critical result of cooperation with France and CNES had been in acquiring the technology and developing the expertise in liquid engines for our launch vehicles. This was the most crucial step which had stabilised ISRO in the field of launch vehicles and access to space, leading to another qualitative jump.

	Another quantum jump in ISRO’s capabilities was achieved with the successful programme of INSAT-1 series of satellites, which were designed by ISRO and fabricated and realised by Ford Aerospace of the USA. This phase of activity taught ISRO professionals with hands-on experience with the latest communication satellite technologies and led to ISRO’s own planning of INSAT and GSAT series of satellites for domestic applications. 

	The visionary approaches of Satish Dhawan, his dynamic interactions with international experts, and his command on the development of technological infrastructure were the main factors in shaping the second phase of our international cooperation with Russia and France. This phase gave us the most valuable uplift and created critical mass of experts and technologies for further progress.

	The role of individual experts was very important for the entire period of our international cooperation. People to be mentioned in this category are many academicians from the USSR, France and the USA. The policies of any organisation are formulated by experts, whose knowledge and maturity shape the policies and their implementation. The good results of international cooperation accrued to India has to be definitely credited to these individuals who were thorough experts in the space, very forward-looking without any national narrow-mindedness in their outlook, and magnanimous in their approach. It is the great luck of India to have got such an opportunity of working with such experts at the critical phase of its development in the space field.

	The most important aspect brought out in the review of the activities for cooperation between ISRO and the space agencies of other countries is that international cooperation is possible only when both the parties involved have some common or complementary interests. No cooperation will be possible without such mutual common interest. Also this experience brought out that any cooperation will start with problems and certain conflicts, which need to be resolved with a spirit of mutual understanding by the concerned agencies. This was demonstrated by ISRO in all the activities so far undertaken through international cooperation. 



It is appropriate to summarise our journey in the international cooperation by quoting what was foreseen by Vikram A. Sarabhai. In his speech to the opening ceremony of the first UN Conference Sarabhai said, ‘The full benefits of the outer space can be utilised only when nationally and internationally an appropriate culture can be created. It is important to note a fundamental establishment of human development that knowledge cannot for long be contained within artificial boundaries and one has to learn; to share and to control rather than control harmful effects through withholding transfer of technology or knowledge. Those systems that do not provide full participation by all nations in all aspects of technology in which they are competent to partake in, are in my humble opinion not saleable, much less sustainable in the long run.’

Hence, the international cooperation practised by ISRO yielded excellent results so far in the last more than fifty years. The level, the quantum, and the quality of our international cooperation in the next fifty years should take us to at least a few more quantum jumps. We should strive to realise what Sarabhai envisaged to create systems which provide for full participation of all nations.1
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Dr M.Y.S. Prasad worked in many centres of ISRO in various capacities, and is presently Director of the Satish Dhawan Space Centre SHAR. He worked for four years as Counsellor (Space) in the Indian Embassy in Paris, and coordinated with all the space agencies and organizations of Europe for ISRO’s activities. He represented India and ISRO in the United Nations Committee on Peaceful Uses of Outer Space from 1995 to 2006 and actively contributed for the development of UN Space Debris Mitigation Guidelines. He has vast experience in international cooperation and space law fields, in addition to his core technical competence.
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1 The author sincerely thanks D. Gowrisankar of ISRO HQ, V. Veera Raghavaiah and C. Ravindranath for their inputs and assistance.


PART EIGHT

In the New Millennium: Beyond Sarabhai’s Road Map


8.1

Chandrayaan-1

How ISRO Got the Backing of the Nation: A Compilation
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All missions during the first four decades of the Indian space programme were justified in terms of direct benefits accruing to the nation. And with the successful launch of Geosynchronous Launch Vehicle GSLV-D1 on 18 April 2001, ISRO could justifiably claim to have achieved all the goals set for it by Vikram Sarabhai. It was perhaps time to seek new avenues and look beyond our planet Earth. One such mission which apparently had no ‘practical benefits’ was Chandrayaan-1, India’s maiden Moon shot.

It took ISRO over four years to convince the government and the nation of the desirability of undertaking the mission. In an informal talk delivered at Vikram Sarabhai Space Centre (VSSC), Trivandrum,1 the former Chairman of ISRO and currently a Member of the Planning Commission, Dr K. Kasturirangan said: ‘… we tried to marry the capability of the PSLV with the satellite technology of geo synchronous satellite configuration to put instruments on the nearest celestial object to the Earth, the Moon; to demonstrate India’s capability in terms of reaching the Moon; conducting experiments in its vicinity and contributing to the overall understanding of the evolution of Moon. It began with a presentation, at the first anniversary of Pokhran, when we introduced a couple of slides on the trajectories. Dr Adimurthy had worked out on how to reach Moon, Mars, Venus and so on, using the capability of PSLV and GSLV. The two or three of these slides, shown at the presentation on India’s Space programme, really indicated that we have reached a level of maturity in Space programme. 

It really caught the attention of nearly 400-500 people who were there, which included ministers, politicians, intellectuals and the glitterati of Delhi. We had also people from the media. The next day, the media carried lot of information about this (saying) that India is now aiming for the Moon.… They trusted the ability of the organisation. It immediately (created a lot of) inquisitiveness in all walks of society, right from children. We went through the whole process for the next four years. Unlike the justification that you make for a remote sensing satellite or a communication satellite, the entire nation has to be taken into confidence before going ahead with the very first programme to go to Moon, in a country like India. We had to justify step by step, to various types of groups, like the academicians, intellectuals, organisations which are professionally competent (like the Indian National Academy of Engineering) etc. We gave public lectures at schools, and most importantly to the Parliament, where every year you have the process of evaluation of the progress of the Department by the Parliamentary Standing Committee (PSC). When we presented it to this committee with about forty or forty-five MPs representing all colours and shades of political ideology, it (created lot of interest).

Notwithstanding their political ideology, all of them came in support and what is also important is that a couple of MPs at the end of the presentation said, “ISRO is not that ambitious, it looks to us. They are just talking of one mission to Moon. Is that all that we should do as a country?” In the final report of the PSC, there were four pages devoted to the India’s ambition to reach Moon. They added many other things including the mission to Mars and so on. They said that India should pick up and have a major programme on the planetary exploration. These representatives of the people, with all shades of political opinion embedded in them, gave total support to a concept of this kind. With all these exercises we were quite clear that we can announce it. We went through the Space Commission and the Cabinet. The Prime Minister (PM) said that “… now I think there is a political interest in this; there is a general societal interest in this. I would certainly make an announcement.” From the ramparts of Red Fort, the then PM made the announcement on 15 August 2003 about the Chandrayaan. Actually we sent a note to the PM saying that we will undertake this under the name Somayaan. However the PM announced it as Chandrayaan. He also called it as Chandrayaan-1. When I went to greet him for making this announcement, on the next day, he was so happy. When asked about the change in the name, he said that he had consulted some more Sanskrit scholars and they suggested Chandrayaan as a better name. Another change was naming it as Chandrayaan-1. The country is so big with so much of resources and so much of capability. If it cannot have a long term programme on planetary exploration, after having done one mission to Moon, what does it mean? What kind of vision do we have? That is why he put it as Chandrayaan-1, so that we will have more number of missions to Moon and other planetary systems. I only emphasise this to tell you that this kind of attitude among the political leaders is the one that sustain(s) the programme. He mentioned that we do it right because we are bringing the benefits (of space) to the society by doing science…’

In his ‘2006 Narayanan Oration’ lecture delivered at the Australia South Asia Research Centre of the Australian National University, Dr Kasturirangan said: ‘We had to go through an elaborate process of consultation and justification with the scientific community, academics, the political system and the public media before this mission was given the go-ahead. The steps that were taken are shown in the figure (see next page). This process, spread out over four years, culminated in the announcement by the Prime Minister of India on 15 August 2003 (India’s Independence Day) on the nation’s decision to enter the new era of planetary exploration. This is also a good example of a practice of ethics of decision making in science involving consultation of a large cross section of society and ensuring transparency.’
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FIGURE 8.1: Decision making process of Chandrayaan-1

Dr George Joseph, Chairman of the Lunar Mission Study Task Force, noted in his Preface to the Study Report on Indian Mission to the Moon, SOMAYANA-1, submitted to the Chairman of ISRO in July 2002, thus: ‘The study has established beyond doubt that it is feasible to have a mission to the moon with the present capabilities of ISRO and the sensor development competence available in the country. The scientific objectives of high-resolution topographic mapping of the moon and imaging in hard X-rays identified for the present mission are unique experiments in many ways and would provide insight into the chemical composition of the Moon and frequency of small impactors. A comprehensive high-resolution image database of the topography of the moon has not been generated before. Such a topographic database would be valuable for onward research, by both Indian and the world scientific community, and in understanding of the lunar surface features for a more systematic planning of future missions.

The Indian mission to the Moon should be seen beyond the scientific result it produces. Studies have shown that the Moon could serve as a source of economic benefit to mankind and could be of strategic importance. The moon can be both a beacon and a focus for the next generation of space exploration, which will accrue new and important benefits to the people of all nations on the earth.’ 

The Government of India approved the Chandrayaan-1 mission in November 2003.


1 Reproduced from Countdown, the House Journal of VSSC, No. 389, September 2012.


8.2

The Chandrayaan-1 Spacecraft

M. ANNADURAI
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After the approval of the Chandrayaan-1 project by the government and allotment of budget, a project team was formally identified in February 2004. The project was headed by a Project Director and supported by a team of Deputy Project Directors and Instrument Scientists. A Science Advisory Board (SAB) and a science working group were constituted with the overall responsibility of monitoring the realisation of payloads and deriving science.

The project team has taken the Study Report (prepared under the Chairmanship of George Joseph) as the starting point to arrive at the spacecraft configuration. There were five payloads: (1)Terrain Mapping Camera(TMC) meant for three-dimensional image of lunar terrain, (2) Hyper-spectral Imager (HySI) for the mineral mapping of the moon in the wavelength region 0.4µ to 0.96 µ, (3) Low-Energy X-ray (LEX) for the chemical mapping of the moon in the energy range 1.0 keV–10 keV (4) High-Energy X-ray (HEX) instrument in the energy range 10 keV to 300 keV for the characterisation of plausible volatile transportation from low latitudes to the lunar poles and (5) Lunar Laser Ranging Instrument (LLRI) to measure instantaneous altitude of the orbiting Chandrayaan-1 to derive digital elevation model (DEM) and to make an attempt to update the lunar gravity model. 

As a first iteration, to arrive at the spacecraft configuration, a judicious mix of heritage systems of IRS and GEOSAT bus systems of ISRO was identified that would fit into the lunar mission requirements. The newer developmental efforts required were also identified either for mass optimisation or to meet the mission-specific requirements. Along with the 3D models of the identified subsystems and the payloads, the ‘zeroeth’ version of the spacecraft configuration was arrived at. The spacecraft configuration so arrived at indicated margins in terms of mass, power and real estate. After due deliberations it was decided to cut some parts of the margins to accommodate one more payload of not more than 10 kg mass and not more than 10 W power consumption. This enabled the Science Advisory Board (SAB) to come out with what was called Announcement of Opportunity (AO), through which any laboratory outside ISRO could compete for an opportunity to fly its instrument that could complement or supplement the mission objective of Chandrayaan-1. 

To the surprise of everyone, there were as many as twenty-six requests from various laboratories across the continents, seeking opportunity to fly their science instruments on board Chandrayaan-1. The project team went through the technical details of each instrument and the projected science objectives. Two instruments from NASA, namely, MMM (Moon Mineral Mapper) and Mini-SAR (Miniaturised Synthetic Aperture Radar), looked impressive in terms of science and technology. But considering the competition from other international agencies, accommodating both the instruments from the same agency was not considered prudent. Besides, both of these instruments put together exceeded the 10 kg mass limit. But the project team was determined to accommodate both the instruments. So, with some more iterations of system optimisation, we could make a provision for 25 kg for the AO instruments in place of the original 10 kg. Additionally, technical discussions were initiated with both MMM and Mini-SAR teams to explore the possibility of reducing the projected mass of their instruments. It was agreed to dispense with deployment mechanism for the Mini-SAR antenna and the shutter for the MMM. Sharing of spacecraft resources like solid state recorder, use of common interfaces for telemetry and telecommand systems and data, and operating the instruments in time-shared mode were also agreed upon. All these measures resulted in weight saving, giving room for as many as five or six science instruments within the revised 25 kg limit for AO instruments.

Detailed follow-up deliberations in the SAB resulted in the selection of six science instruments, namely, (1) MMM from JPL/NASA, (2) Mini-SAR from Applied Physics Laboratory (APL)/NASA, (3) Near-Infrared Spectrometer (SIR-2) from Max Plank Institute/ESA, (4) Radiation Dose Monitor (RADOM) from the Bulgarian Space Science Institute, (5) Sub-keV Atom Reflecting Analyser (SARA), a collaborative instrument wherein IRF (Institute för Rymdfysik [Swedish Institute of Space Physics])/ESA, JAXA (Japan Aerospace Exploration Agency) and SPL/ISRO were identified as the contributors and (6) Chandrayaan-1 X-ray Spectrometer (C1XS), a collaborative instrument designed by ISRO and Rutherford Appleton Laboratory, UK. Thus was paved the way for an elaborate international participation in Chandrayaan-1 mission.

The spacecraft was reconfigured to accommodate all the above eleven science instruments and the configuration review was conducted in September 2004. At this point of time President Dr A.P.J. Abdul Kalam asked the project team to explore the possibility of including a Moon Impact Probe (MIP) that could detach from the orbiter and make a crash impact on the moon. This suggestion was reviewed by the SAB and it was decided to accommodate MIP, which carried three payloads: a mass spectrometer, an altimeter and a camera. This necessitated an inter-satellite communication link between the orbiter and the MIP. The mass of the MIP system was estimated to be 35 kg. This additional mass called for another round of system optimisation like reduction of star sensors from four to two, reduction of RCS thrusters from twelve to eight, two pressurant tanks of 35 litre capacity each were replaced by one tank of 67 litre capacity, avoiding a boom for data transmitting antenna, plumbing and harness optimisation, etc. All these changes were, of course, supported by suitable analysis, simulations and reviews to ensure the required reliability.

Diligent configuration control of electrical and mechanical interfaces, mass, power, mission and science plans, schedule, budget and anomaly resolution, etc., called for a quantum jump in the system engineering practices. The fact that this was ISRO’s maiden lunar mission with wide international participation added to the already onerous responsibility of the project team. Normally, such a project calls for three models: concept of verification model, engineering model and the flight model. But considering the constraints on budget and schedules, we went for a well-thought-out move of a single flight model. Sceptical eyebrows were up among the international partners! But after the MIP impacted on the lunar surface on 14 November 2008 and after first signatures of water presence in the tenuous atmosphere of Moon were received and when the data from all the science instruments started flowing, all the scepticism vanished. And the international partners echoed, saying: ‘This is the Indian way of doing!’ 

The credit for the success of Chandrayaan-1 mission should, of course, go to the entire ISRO community. The design and development of PSLV-XL and of the Deep Space Network (with its 32 m steerable antenna) are two of the several firsts of ISRO which deserve special mention. 

Space missions are known for surprises – in Chandrayaan-1 they came in the form of failures of tiny DC/DC converters. These failures made the spacecraft operation to be carried out even without star sensors that are normally required for attitude referencing of the satellite. The mission team came out with an innovative scheme of maintaining the spacecraft which provided data from all the science instruments that enabled many original discoveries, including that of water molecules on lunar surface. It was almost a 24×7 work for Chandrayaan-1 team until 29 August 2009, when the communication with the spacecraft permanently stopped, subsequent to the failure of the DC/DC converter in the redundant chain.

Chandrayaan-1 attracted unprecedented media coverage and public attention. The project has won many national and international awards for its innovative project management and international cooperation. Chandrayaan-1 has found a place in the textbooks of Indian schools, making it a part of the history of modern India.
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Joining ISRO in 1982, Dr M. Annadurai held various positions including that of Mission Director for eight INSAT missions and was the Project Director for Chandrayaan-1. After the success of Chandrayaan-1 mission he was elevated as Programme Director, IRS and SSS (Small Satellite Systems). In this capacity he led the successful launch of six missions including Mars Orbiter Mission. On 1 April 2015 he was further elevated as Director, ISRO Satellite Centre, Bangalore. The Centre is currently building about twenty satellites in the areas of communication, remote sensing, navigation and science. He has also written three books.
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8.3

Our Journey to Moon and Missions Beyond

V. ADIMURTHY
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INTRODUCTION

Indian aerospace technology has come a long way during the past five decades. We have achieved a respectable degree of self-reliance in developing space systems to serve our own societal and technological needs. We have learnt from our endeavours, successes and more so from our failures and, we continue to do so. 

At this juncture, the spacefaring world is looking ahead towards new frontiers of space science and technology. One of the main objectives is to reach interplanetary space for scientific exploration, resource utilisation, and also possibly for human habitat and for protecting the planet Earth in case of any impending disastrous impact from near-Earth asteroids. 

The Moon, our closest celestial body, has aroused curiosity in our mind much more than any other object in the sky. The Moon, with the history of the early solar system etched on it, has been beckoning mankind from time immemorial to admire its marvels and to discover its secrets. Understanding the Moon provides a pathway to unravel the early evolution of the solar system and that of the planet Earth.

Well before any concrete idea of our mission to Moon was conceived, the advanced mission teams in ISRO had been actively pursuing, studying and playing with such possibilities as ‘Direct Trajectories to Earth–Mercury Mission’, ‘Launch Opportunities for Direct Transfer from Earth to Venus’, ‘Geocentric Parking Orbit Escape Conditions for Planetary Missions’ and many others during 1987–89. 

MISSION DESIGN

The design of the Indian lunar mission is based on the progress in space dynamics and system optimisation methods during the last fifty years and our own efforts in expanding this knowledge base. It is true that the foundations for these developments really lie in the contributions of mathematical giants like Cauchy, Euler, Gauss, Lagrange, Lambert, Newton, Pontryagin and other masters of such calibre. But many new and innovative ideas have been introduced in recent times. The strides made in the use of random search and related methods have brought in many possibilities in the realm of global optimisation and also in cases where derivatives are difficult to calculate, or even do not exist. The studies made by a number of colleagues across various centres of ISRO in developing such basic technical strength must be acknowledged. Their contributions helped us achieve precise targeting of our successful lunar mission.

TARGETING THE MOON

Trajectory design and carrying out manoeuvres to achieve the desired lunar trajectory minimising the fuel requirement is an important aspect of mission planning. During its travel, lunar spacecraft is essentially subjected to the gravity fields of the Earth and the Moon. Achieving a specified lunar parking orbit altitude and inclination accurately is the key to the success of a lunar mission. The translunar injection conditions and the Earth Parking Orbit characteristics are to be chosen such that the resulting trajectory will end up with specified target conditions. Mainly, the asphericity of the Earth causes deviations of trajectory in the neighbourhood of the Earth. 

The important original research done by our colleague R.V. Ramanan has contributed significantly in achieving precise injection to Moon. I think, Ramanan is the first Indian PhD recipient in the field of lunar orbital mission design (and perhaps the only one so far). Several years prior to our Chandrayaan mission, when a number of seminal papers based on this work were published in many established international journals like the Journal of Guidance, Control, and Dynamics (JGCD) of the American Institute of Aeronautics and Astronautics (AIAA), several eyebrows were raised. For example, in the year 2001, one of the JGCD reviewers, while accepting our research paper for publication because of its excellent technical contribution and improvement in the state-of-the-art technologies (‘anyone needing a lunar transfer trajectory might well consider this one’), also remarked: ‘I’m impressed to find that India has a Space Centre and that they are interested in missions to the Moon. Good luck to them.’ An element of disbelief, laced with a pinch of acerbity, is implicit in this statement, which is typical of several ill-informed reactions across the globe when Chandrayaan-1 was first announced by India. 

THREE METHODS OF REACHING THE LUNAR ORBIT

The strategy to reach Moon can be broadly divided as direct and indirect transfers. A traditional transfer to Moon essentially puts the spacecraft into a lunar transfer trajectory from a near-circular Low Earth Orbit (LEO). Non-traditional methods employ either (a) highly elliptic initial orbit or (b) transfer via Lagrangian points to reach Moon. All the lunar missions from the 1960s to the 1980s used the traditional approach. Because of lower energy and faster developmental considerations, the non-traditional methods are being increasingly considered for lunar mission design. The three approaches to reach Moon are depicted in Figure 8.2. All these approaches were considered before finalising the Indian lunar mission.

For traditional transfer missions, the velocity requirement for going from the circular parking Earth orbit to lunar transfer trajectory is of the order of 3.1 km/s. This normally requires separate propulsive stages in the launch vehicle. Detailed mission studies in respect of these approaches were made and it was concluded that a launch strategy using EPO (Elliptic Parking Orbit) with PSLV was recommended for the first Indian lunar mission.
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FIGURE 8.2: Three Approaches to Moon

The long travel from the Earth parking orbit to the lunar insertion point is very critical as the final point reached can be very sensitive to the initial departure conditions. For example, a mere 5 m/s less velocity at departure (in the total nominal departure velocity of 10,840 m/s) can lead to a lunar arrival height of 10,100 and inclination of 148°48&apos;, instead of the planned arrival at Moon with a height of 500 km and an inclination of 90°. This requires a precise orbit determination en route and also fine mid-course corrections. 

DEVELOPMENTAL CHALLENGES

One of the most important developmental segments is the mission software, which has two major components, namely, flight dynamic software and data processing software. Flight dynamic software required major developmental efforts in the areas of launch window analysis, manoeuvre planning, orbit determination, and orbital events generation. Star sensors, along with gyro data will enable attitude determination and holding throughout the two-year period of operation in the 100 km lunar polar orbit. Software for on-board gyro calibration and gyro drift rate estimation using star sensor data had to be developed and validated. Data processing software development needed for lunar mission was similar to an Earth imaging mission.

The ground segment for Chandrayaan-1 had three major constituents; the Ground Station Network including the Indian Deep Space Network (IDSN), Mission Operations Complex (MOX) and Indian Space Science Data Centre (ISSDC). These ground facilities ensured the success of the mission by providing to and fro communication, ensuring the good health of the spacecraft, performing the required orbit maintenance and attitude manoeuvres and conducting payload operations. The IDSN consisted of an 18 m and a 32 m antenna that were established at Byalalu, Bangalore. The wheel and track 32 m antenna was a state-of-the-art system that was designed to support the Chandrayaan-1 mission and also the interplanetary missions beyond. The nerve centre for the Moon mission was the MOX in Bangalore. The MOX was responsible for all spacecraft operations during every phase of the mission.

When Chandrayaan-1 was launched, it was the fourteenth PSLV flight, and the thirteenth success in a row. The upgraded version of PSLV, PSLV-XL, was used to launch the Chandrayaan-1 into 255×22,900 km elliptic orbit. This version of PSLV has extended strap-ons with more propellant loading than the normal one. Its development in itself was a major challenge.


Udaipur Conference on Exploration and Utilisation of the Moon

As the Chandrayaan-1 Project was progressing, a very interesting International Conference on Exploration and Utilisation of the Moon (ICEUM-6) took place in Udaipur under the auspices of International Lunar Working Group with active support from ISRO and European Space Agency (ESA). In organising this timely conference in India, our renowned Moon scientist, N. Bhandari, played a pivotal role.

There were very interesting sessions in the Udaipur conference on the science of, on and from Moon and the results of SMART-1, Lunar-A, SELENE, Chang’E missions, etc. Most important and relevant for us was the special session on Chandrayaan-1, when the entire gamut of Chandrayaan developmental aspects were discussed by N. Bhandari, M. Annadurai, V. Adimurthy, A.S. Kiran Kumar, J. Kamalakar, J.N. Goswami, N.S. Gopinath and S.K. Shivakumar. There were also specific technical presentations, discussions and lead talks on various aspects of Chandrayaan by a number of Indian scientists including T.K. Alex, D. Banerjee, Anil Bhardwaj, S.C. Chakrabarty, P.S. Goel, B. Gopala Krishna, R.V. Ramanan, U.R. Rao, M. Shanmugam, N. Srivastava and A. Tiyagarajan. A highlight of this international conference is the excellent Bharata Natyam programme by the great Malavika Sarukkai, who gave a poignant interpretation of Moon as the motivator of sublime human love and boundless scientific effort. Our dear friend N. Bhandari made it a point to organise this inspiring dance programme as an open-air event with a magnificent full Moon rising behind and blessing us. 



CHANDRAYAAN-1 LAUNCH FROM SDSC, SRIHARIKOTA

Chandrayaan-1 spacecraft was launched from the Satish Dhawan Space Centre (SDSC), Sriharikota by PSLV-C11 (using PSLV-XL) on 22 October 2008 at 06:22 hours IST in a highly elliptical initial orbit with perigee of 255 km and an apogee of 22,900 km, inclined at an angle of 17°54&apos; deg to the equator. A series of precise phasing orbits were achieved in the subsequent days placing the Chandrayaan in the Lunar Transfer Trajectory on 4 November with an apogee of 380,000 km. In the most critical operation that followed, on 8 November at 16:51 hours IST, the liquid engine of the spacecraft was fired to reduce its velocity to insert the spacecraft in the lunar orbit and to enable lunar gravity to capture it. As a result, the spacecraft went into an elliptical orbit with periselene (nearest point to the Moon) of 504 km and aposelene (farthest point from the Moon) of 7,502 km. Subsequently, after a series of manoeuvres, the final 100 km circular orbit of Chandrayaan was achieved by 12 November. The accuracy with which the final orbit was achieved can be a great pride by any standard for any spacefaring nation. Equally precise were the operations of the Moon Impact Probe (MIP) which was separated on 14 November from the main orbiting craft to precisely reach its impact location on Moon’s South Pole at the designated place near the Schakleton crater, and this place of impact is now named as the Jawahar Sthal. The Chandrayaan-1 mission in summary is depicted in Figure 8.3.
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FIGURE 8.3 Mission Summary of Chandrayaan-1

The MIP landing was a momentous occasion. The nail-biting process of the complex series of events was closely watched by a bevy of dignitaries from the Mission Operations Complex in Bangalore, led by none other than Dr A.P.J. Abdul Kalam. Cherishing this moment of success, Dr Kalam remarked: ‘I saw the Moon Impact Probe separating and descending and impacting at the correct place. I would like to congratulate (the team).’

MARS ORBITER MISSION

‘Space Vision India 2025’ emphasised the need for science missions for planetary explorations and better understanding of the solar system and the universe. In the long run, the investments made now in deriving basic understanding of interplanetary energetics and life processes would pave the way for new domains of material resources, energy, better environmental systems and habitats, with a great potential to make substantial improvements in the quality of human life.

We are particularly interested in our neighbour, the Mars, because it is the most Earth-like planet in our solar system and it holds the secrets of our past and the possibilities of our future.

The Mars fascinates humans. After the invention of telescope, observations of some of the surface features were wrongly attributed to intelligent design. However, these faulty interpretations gave rise to widespread public interest in the Mars. A typical alien was imagined by public to be a Martian. 

In the quest for planetary exploration, Mars holds a very special position in view of the many similarities it has with Earth. Mars was formed around the same time, yet with only half the diameter of Earth. The levels of mean surface temperature that exist on Mars are also present on Earth in some extreme places where man has successfully ventured into. The corresponding lengths of a day for these two planets are also almost the same. Much like on Earth, the Mars environment is governed by interactions of atmosphere, hydrosphere, cyrosphere and lithosphere. The red planet has captured the imagination and attention of scientists for this reason and many unmanned missions to Mars have taken place. Several of the initial missions to Mars met with many difficulties in view of the innate complexity and length of the missions. Recent success rates have been much better. Studies about Mars are pursued with renewed vigour worldwide. In ISRO, the Advisory Committee for Space Science (ADCOS) has taken up the formulation of the vision document for planetary exploration programme of ISRO. The ADCOS had identified missions to Mars as one important component of this vision. 

In order to concretise these concepts into an integrated and viable blueprint for undertaking systematic and planned missions to Mars, a Mars Mission Study Team had been constituted by the Chairman, ISRO/Secretary, DOS, in August 2010, with experts from all major centres of ISRO and DOS units like PRL, SAC, SPL, ISAC, VSSC, LPSC, ISTRAC, LEOS, IIST and ISRO headquarters.

During the intense deliberations of the study team, we have discussed various kinds of Mars missions, like fly-by, orbiter, lander-rover, and even balloons, airplanes, sub-surface explorers, sample return missions, etc. It turned out that a fly-by, which gives only a short time for scientific study is not really attractive. On the other hand, an orbiter or a lander would require larger transportation capability that may not be met by the established and reliable launch systems we have now. Then we discovered that we can have a highly elliptic orbital mission around Mars using our proven PSLV launch system. This is an exciting opportunity and we are delighted that very meaningful scientific payloads can be conceived for such a mission.

The perspectives of Mars science, important discoveries of the past programmes, outstanding problem areas in Martian science, scenarios and capabilities for Mars mission, mission options for the future launch opportunities to Mars, design and configuration challenges, possible scientific experiments to augment the current understanding, deep space network challenges were all addressed by the study team. 

The study team submitted its Study Report on Mission to Mars in June 2011. This was followed by a series of phased reviews of the mission at various levels, finally resulting in the announcement on Mars Orbiter Mission on 15 August 2012. With barely one year to go for the launch, which was scheduled in October 2013, this mission posed one of the tightest challenges that ISRO had ever embarked on. 

Minimum energy orbit placement around Mars and optimal utilisation of the existing launch vehicle systems were the main driving factors for the Mars Orbiter Mission design. The dates for Mars expedition were chosen through assessment of the variability of mission opportunities across the Earth–Mars synodic cycles. Mission opportunities occur approximately every 2.1 years in a cycle that repeats every 15–17 years (the synodic cycle). Within the span of this 15–17-year cycle, mission opportunity characteristics are similar but not the same. These orbits have essentially three components, viz., (i) Earth orbital phase including phasing orbits, (ii) trans-Mars phase and (iii) Mars orbit capture phase. The trans-Mars phase has to be precisely designed to capture the minimum-energy opportunity. Among the next two minimum-energy Earth departure opportunities, Mars missions in November 2013 and January 2016, the first opportunity of 2013 was found to be the better one requiring about 380 m/s less velocity. This is very significant with respect to the utilisation of PSLV as the launch system. We could do a reasonably good Mars Orbiter Mission with PSLV in 2013 but not in 2016. 

The travel from Earth to Mars takes about 300 days. Mission planning; executing various manoeuvres and operations; and controlling any small deviations in its course through mid-course corrections are the challenges that were expected to be encountered for the first time. Specific challenges in reaching the Mars orbit relate to power, communication and propulsion systems. Because of lower solar irradiance due to large distances from the Sun, one has to provide much larger solar panel area. When on the far side from Earth, the Mars orbiter can be typically 400 million km away; and it will take around twenty minutes for a signal to travel from the ground station to the orbiter. Hence, on-board autonomy had to be provided for all critical operations, as the Earth to Mars distance does not allow real-time interventions. Restart of the propulsion system, after nearly a year of travel in space, for Mars orbit capture manoeuvre was a major technical challenge.1 

BEYOND MARS ORBITER MISSIONS

Serious thinkers contemplate that life on Earth is likely to become impossible because of various man-made and natural catastrophes. Humans, as a species, need to start thinking towards freeing themselves from the constraint of a singularity called the Earth.

At the other end of the spectrum of possible future missions to Mars is a human expedition to the red planet. During the last few years, this theme had attracted enormous interest of a large number of spacefaring nations, astrobiologists, economists, explorers and innovators.

The expedition to Mars for human settlement is a complex undertaking. It is an enterprise to confirm the potential for humans to leave the Earth and to make way deep outward into the cosmos. In the context of human settlement on Mars, it is estimated that a population of 150 to 180 would allow normal reproduction for sixty to eighty generations, which is equivalent to 2,000 years. To promote the diversity in gene pool, it is advantageous to choose the crew from diverse ethnic backgrounds and with different skill sets. 

At the same time, a typical study shows that an expedition to Mars for human settlement involves at least nine launch vehicles with Low Earth Orbit payload capacity of 150 tonnes and hence it is conceivable that demands on logistics for this kind of operation can only be met with multinational cooperative effort. At this juncture, the initial journeys for Mars settlement are conceived by some spacefaring nations in another 20–25 years into the future, i.e., around 2035–40. 

While scientific exploration and resource utilisation are the main reasons for reaching planetary and asteroid bodies, there is yet another dimension in dealing with near-Earth asteroids, which is that of planetary defence. It is widely recognised that there is a small but definite probability of large near-Earth asteroids (NEAs) impacting on our planet. Unlike many other natural calamities, it is possible to predict an asteroid strike well in advance using databases presently being generated and updated by the world scientific community. Today’s technology is mature enough for formulating suitable mitigation measures to avert an NEA impact catastrophe, should such a need arise. 

A modest beginning of deep space exploration was made with the exemplary international cooperation and scientific success of Chandrayaan-1. There are several possible options, which may well become the theme of many space missions of the future. It is for the younger generation to carry the torch forward.
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Dr Adimurthy contributed to the Indian space programme for four decades, from the time he joined SSTC, Trivandrum, in 1973, immediately after receiving his PhD degree from IIT-Kanpur for his work on hypersonic low-density flows over re-entry bodies. He is presently Senior Advisor (Interplanetary Missions) and Prof. Satish Dhawan Professor at Vikram Sarabhai Space Centre. He is also an Editor of the journal Acta Astronautica. Dr Adimurthy is a Fellow of the Indian National Academy of Engineering, the Aeronautical Society of India (presently its Vice-President), Alexander von Humboldt Foundation, and International Academy of Astronautics. Twice Chairman of Inter-Agency Space Debris Coordination Committee, he is a recipient of the National Aeronautical Prize, the DOS Performance Excellence Award and the Padma Shri.
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1 See Chapter 8.7 (Mars Orbiter Mission) by S. Arunan for up-to-date information.


8.4

Chandrayaan-1 Mission

The New Face of the Moon

J.N. GOSWAMI
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INTRODUCTION

On 22 October 2008 at 6 a.m., the Mission Control Room in the Satish Dhawan Space Centre at Sriharikota was packed with ISRO personnel sitting in front of the computer consoles and conducting the countdown and operations for the launch of India’s first planetary science mission, Chandrayaan-1. The visitor’s gallery was jam-packed with senior personnel of the Indian Space Research Organisation (ISRO), and scientists and engineers from India and abroad associated with the Chandrayaan-1 mission. All eyes were glued on the large screens showing the flawless progress of mission operation and everybody was waiting with baited breath for the lift-off. The countdown continued smoothly and exactly at 6.30 a.m., the indigenous launch vehicle, PSLV-XL, carrying the Chandrayaan-1 spacecraft roared and majestically climbed into the sky through light patches of cloud. The first Indian planetary mission started its journey to explore our closest neighbour, the Moon.

The Chandrayaan-1 spacecraft was placed first in an elliptical orbit around the Earth. Thereafter the spacecraft was taken to a series of Earth orbits with increasing perigee, before it embarked on its journey to Moon. As it reached closer to Moon, a set of orbit manoeuvres placed Chandrayaan-1 in a 100 km circular orbit around the Moon on 8 November 2008, with which India joined the USA, Russia, Europe, Japan and China in placing a spacecraft in the lunar orbit for exploring the Moon.

Chandrayaan-1 mission had two major goals, viz., (i) to demonstrate the capabilities of ISRO for undertaking planetary exploration, and (ii) to conduct world-class scientific investigations aiming enhancement of our understanding of the origin and evolution of the Moon. All space missions span a long time from concept study to realisation and then to provide return to science. Chandrayaan-1 was no exception. It was in 1998 that ISRO proposed a lunar orbiting mission within a time frame of ten years. The formal approval came in August 2003 and the mission took off for Moon in late 2008. An outline of the scientific objectives, experiments conducted, and major scientific outcome from this mission is presented here.

MOON: THE SCENARIO IN 2003

Several hypotheses on the origin and evolution of the Moon were made based on lunar exploration during the last century. It was postulated that Moon is a product of a giant collision on early Earth by an object of size as that of Mars. Another major hypothesis was the concept of an early ‘Global Magma Ocean’ on the Moon. The third one is ‘Moon is bone dry’. The basic reasons for postulating these hypotheses are briefly outlined here before presenting the results obtained by Chandrayaan-1 mission that revealed a new face of the Moon.

THE IMPACT HYPOTHESIS

One very interesting feature that was identified after return of lunar samples by Apollo and Luna missions is that the isotopic composition of oxygen in lunar samples is similar to that of Earth. Oxygen has three isotopes (of mass number 16, 17 and 18). Similar to fingerprints, planetary scientists use the correlation of oxygen isotope abundance ratios (17O/16O vs 18O/16O) to distinguish various solar system objects such as the Earth, Moon, Mars and different types of meteorites that are fragments of asteroids. Solar system objects having similar oxygen isotope ratio are considered to have a common origin. We do have a smaller number of meteorites that are now confirmed to be fragments of Moon (lunar meteorites) or of Mars (Martian meteorites). Analysis of lunar and terrestrial rocks showed a common heritage with same oxygen isotope ratio. The average composition of the Moon inferred from studies of lunar sample is also found to be similar to that of samples obtained from Earth’s mantle (a layer below the Earth’s crust). These observations suggested a genetic relation between the Earth and the Moon and led to the proposal of a giant impact on the early Earth, by a Mars-sized body that ejected a large volume of Earth’s mantle that aggregated quickly leading to the formation of the Moon. Or otherwise Moon is a part of our Earth! Computer simulation studies including two very recent reports support the impact origin hypothesis. However, more work is still needed for delineating the finer detail of the processes involved.

A GLOBAL MAGMA OCEAN ON MOON

Images of the sunlit front and the back surfaces of the Moon clearly show that most of the lunar surface is highly reflecting and appears bright with the exception of several large, near-circular, darker regions on the front side and one such region on the rear side. What makes the lunar surface appear bright on sunlight? The ‘Global Magma Ocean’ hypothesis provides a clue for this. If the Moon was formed by a process of rapid accretion of smaller objects, enough heat would have been generated during accretion leading to melting of the lunar surface up to a significant depth (several hundred kilometres). The term ‘Global Magma Ocean’ was coined to represent this very early stage of formation of the Moon. As this magma cools, silicate minerals will form and the lighter minerals (rich in aluminium) will float while heavier minerals (rich in iron) will sink downward. Minerals rich in aluminium reflects more sunlight and makes the lunar surface appear bright. Regions that are deep depression created by large impacts reveal deeper darker layers of the Moon, rich in iron. 

THE MOON IS BONE DRY

The third hypothesis, ‘Moon is bone dry’, is based on studies of lunar samples returned in various missions. There were suggestions that Moon may host water that may not be intrinsic, but brought in by comets and primitive asteroids impacting on the Moon over billions of years. In fact estimates of water in the frozen state near the lunar poles were made more than fifty years back. However, analysis of samples returned by Apollo and Luna did not reveal any trace of water. 

CHANDRAYAAN-1: THE INDIAN MOON MISSION

The scientific planning for the Chandrayaan-1 mission started in 2003, soon after the approval of the mission. Taking into consideration several Moon missions, Smart-1 of European Space Agency (ESA), Kaguya of Japan and Chang’e-1 of China planned within a few years, the baseline payloads for Chandrayaan-1 mission was planned. 

The draft plan included a high-resolution camera and a laser ranging instrument for providing three-dimensional images and a topographical map of the lunar surface; two payloads, viz., a reflection spectrometer and an X-ray fluorescence spectrometer for gathering data on mineralogy and elemental (chemical) composition of the lunar surface; and a high-energy X-ray spectrometer for studying possible volatile transport from the hot equatorial region of the Moon to its cold polar region.

ISRO constituted the Chandrayaan-1 Science Advisory Board (SAB) to finalise the payloads and to decide on an integrated science plan for the mission. The SAB suggested including additional payloads to enhance the scope of scientific investigations and to probe some new aspects of the Moon. This led to inclusion of a Moon Impact Probe (MIP) carrying three instruments (camera, radar and a mass spectrometer). SAB also suggested an ‘Announcement of Opportunity’ for the global community of planetary scientists to participate in the Chandrayaan-1 mission. ISRO accepted the proposal and the response was overwhelming. Proposals were received from Indian scientists, Indo-foreign collaborations as well as from Europe, the USA and Russia. It was a difficult task for SAB to select a few of these proposals based on their science goals, novelty and complementarity with the basic science objectives of the mission and also taking into account the resources (mass and power) available for payload operation. Finally, in addition to the baseline payloads, six payloads were selected for inclusion in the mission. Thus Chandrayaan-1 carried twelve scientific payloads, including the MIP, with some of them carrying multiple instruments.

CHANDRAYAAN-1: PAYLOADS AND SCIENCE OBJECTIVES

The instruments (payloads flown on Chandrayaan-1 mission were designed to address specific aspects of lunar science and some of them were complimentary in nature leading to enhanced scientific return.

The primary objective of the mission was to obtain high-resolution three-dimensional map of lunar surface with finer details of lunar topography, for which the two Indian payloads, viz., the Terrain Mapping Camera (TMC) and Lunar Laser Ranging Instrument (LLRI) were included. TMC was intended to provide three-dimensional map of lunar surface with resolution of up to 5 m whereas LLRI was to provide accurate topographical map of the Moon.

A major emphasis of the mission was to obtain high-resolution mineralogical and chemical composition of the lunar surface. Three reflection spectrometers viz., Hyper Spectral Imager (HySI) by India, Moon Mineral Mapper (MMM) by the USA, and Near-Infrared Spectrometer (SIR-2) by Germany covering different wavelength range at different resolutions were included in the mission for this purpose. Lunar minerals absorb sunlight at different wavelengths and the spectrometers that collect reflected sunlight could detect such absorption specific to different minerals on the lunar surface.

The Chandrayaan-1 X-ray Spectrometer (C1XS), an experiment in collaboration with the UK, had the capability of providing elemental composition of the lunar surface, averaged over its field of view of (30 km × 30 km). Sun emits energetic particles and X-rays during certain explosive events near the solar surface called solar flare. Interactions of solar flare X-rays with the lunar surface lead to the emission of characteristic X-rays specific to different elements present on lunar surface. C1XS can detect such X-rays that facilitate an estimate of the elemental (chemical) composition of the Moon. 

Chandrayaan-1 is the first lunar mission that carried payloads capable of searching for possible presence of surface/subsurface water/ice and also to investigate transport of volatiles on Moon. Even though Moon is considered bone dry, the range of spectral coverage in the MMM payload was up to 3 micron that offered the possibility to look for surface water (H2O) molecules and hydroxyl (OH) in exposed lunar soil/dust/rocks, particularly in the polar region. A spectrometer for detection of High-Energy X-ray (HEX) was specifically included to study plausible transport of volatile from high temperature lunar equatorial region (> 100°C) to much colder (< 0°C) polar region.

The scientific objective of the Miniaturised Synthetic Aperture Radar (Mini SAR), a US payload, was to probe the lunar polar region for possible presence of subsurface water/ice. Polarised radio waves are directed from Mini SAR on Moon and the polarisation of the outgoing (reflected) radio waves are sensed to derive clues for possible presence or absence of subsurface ice. The US lunar mission Clementine, in 1994, suggested such a possibility based on an exploratory experiment.

Even though Moon is considered to be devoid of an atmosphere, presence of trace amount of gases released from it due to radioactive decay of uranium, thorium, potassium, etc., or by impact of comets/asteroids on its surface, cannot be completely ruled out. The Moon Impact Probe (MIP) carried a mass spectrometer, Chandrayaan-1 Altitude Compositional Experiment (ChACE), capable of detecting trace amount of neutral gaseous constituents, if present, in the lunar environment.

Study of radiation environment in space and its interactions with a planetary body is an important aspect of any planetary exploration. The Indo-Swedish payload Sub-keV Atom Reflecting Analyser (SARA) carried a low-energy neutral atom sensor and an ion mass spectrometer to study solar wind–lunar surface interactions. The radiation environment experienced by the Chandrayaan-1 in the interplanetary space during its journey to Moon and while orbiting the moon was monitored by the Bulgarian payload Radiation Dose Monitor (RADOM). 

THE NEW FACE OF THE MOON

The first experiment performed from the lunar orbit was the release of the MIP on 14 November 2008. This was done in a predetermined way, when the spacecraft was on the northern half of the Moon, so as to achieve MIP landing near the South Pole of the Moon. At the ISRO Telemetry Tracking and Command Centre (ISTRAC), Bangalore, it was an anxious moment for all the ISRO personnel associated with the mission who, along with Dr A.P.J. Abdul Kalam, former President of India, were looking at a large screen displaying the signals received from the MIP of Chandrayaan-1 via the 32 m antenna established for communication during planetary missions to Moon and Mars. An ISRO team was analysing the signals received from the camera on the MIP almost in real time. The first picture from the MIP was the one taken from nearly 100 km above the lunar surface. More picture frames started revealing different views of lunar surface, as the MIP was moving down. It was a great moment of joy for all. A quick analysis of the images suggested that the MIP indeed landed near the South Pole of the Moon. This was confirmed later by detailed analysis of photographs taken by the MIP camera. The landing site of the MIP was named ‘Jawahar Sthal’ to commemorate the birthday of India’s first Prime Minister, Jawaharlal Nehru, which also falls on 14 November coinciding with the date of the MIP impact.

The commissioning of various other payloads in Chandrayaan-1 started from 16 November and continued for several weeks. Data was flowing in from all the payloads. Even though the mission was slated for two years, some problems related to the maintenance of the thermal environment led ISRO to raise the spacecraft’s orbit from 100 km to 200 km above lunar surface after several months. Chandrayaan-1 continued to collect data again. Problems related to communication and control led to the unfortunate termination of the Chandrayaan-1 mission on 30 August 2009 after nearly ten months of operation.

In spite of the reduced lifetime, the Chandrayaan-1 mission made a major discovery and yielded several new results that enriched our knowledge about the origin and evolution of the Moon and interactions of the Moon with radiation and particles in its surrounding environment. It also revealed a new face of the Moon that calls for further exploration. The important findings of Chandrayaan-1 are briefly presented below.

CHANDRAYAAN-1: DISCOVERIES, NEW FINDINGS AND NEW QUESTIONS

A major discovery by the Moon mission was the presence of water (H2O) molecule and hydroxyl (OH) on the surface layers of exposed lunar surface (rocks and soils) that is prominent near the cooler polar region of the Moon.

Several other new and unexpected results obtained in this mission are the following:


	Possible presence of water and carbon dioxide molecules in the tenuous lunar atmosphere, 

	Subsurface ice in the permanently shadowed crater in the polar region confirmed the previous indication provided by Clementine mission in 1994,

	Detection of reflected solar wind component – a new unexpected result,

	Presence of mini-magnetosphere, confirmation of earlier result using a new improved approach,

	Presence of refractory rocks not identified earlier (also reported from analysis of data obtained by the Japanese lunar mission Kaguya),

	Elemental (magnesium, aluminium, silicon, cadmium and iron) composition of several areas of lunar surface by X-ray fluorescence technique,

	Three-dimensional, high-resolution map of the lunar surface,

	Radiation environment in the Earth–Moon and lunar space,

	Lunar X-ray background due to emission from radioactive species on Moon and produced by interaction of cosmic ray with Moon, a new result.



Data on lunar surface mineralogy obtained in the Chandrayaan-1 and Japanese Kaguya missions have also strengthened the proposal of the ‘Global Magma Ocean’ for the early Moon based on the results obtained from Apollo and Luna missions. Chandrayaan-1 also captured a beautiful view of the Earth from lunar orbit with the Terrain Mapping Camera on 21 March 2009

WATER ON MOON: MOON IS NOT BONE DRY!

Moon was considered a bone dry object since the Apollo era. Signature of traces of water in the deep interior of the Moon in the past was first revealed by a laboratory study conducted in 2008. Trace amount of water at parts per million (ppm) level was found in the sample of nearly 3.5-billion-year-old lunar volcanic glasses collected by astronauts from the Apollo 15 landing site. Even though presence of water on lunar surface material is not generally expected, the spectral range covered by the reflection spectrometer, Moon Mineral Mapper (MMM), on Chandrayaan-1 had the capability of detecting presence of water (H2O) molecule and hydroxyl (OH)on lunar surface material by looking for absorption of sunlight by them in the 2.7 to 3 micron region.

When the first hint for the presence of these two molecular species in the sunlit polar region of the Moon was seen in the data, it was both a surprise and suppressed delight. As MMM collects reflected sunlight, it could probe only the lunar surface that received sunlight and not the shaded (dark) areas. It was conjectured earlier that lunar polar region, in particular the base of deep craters or other areas that are permanently shadowed, will be in perpetual darkness due to the low angle of solar incidence, and at very low (< 0°C) temperature that will be conducive for hosting water/ice. This conjecture is on the premise that any volatile (including water) brought to the lunar surface by impact of comet or asteroidal fragments (meteorites) will migrate to the cooler polar region of the Moon and accumulate in the permanently shadowed region. 

Moon Mineral Mapper collected data for a couple of months under various conditions of sunlight in different polar areas and also made repeated observation of some areas at different times. In all these data and observations, the signal of absorption due to ‘water’ and ‘hydroxyl’ persisted. We knew that it was for real and Chandrayaan-1 made a major breakthrough in lunar science.

In view of the highly significant nature of our result, we also looked for the possibility of any other spacecraft, already in space and carrying reflection spectrometer with similar or better coverage in wavelength than the Moon Mineral Mapper, having a look at the Moon to reconfirm our observations. We found one such mission, the ‘Deep Impact’ launched by NASA in January 2005 to explore a comet. The spacecraft has already probed the comet (9P/Tempel) and was coming back towards Earth for a swing-by to go to its next destination. Discussion with the Deep Impact mission team led to the scheduling of an observing session. But we had to wait for a couple of months. Finally, the observations were conducted and the data clearly revealed the signatures of water and hydroxyl in lunar polar region. The Moon is not bone dry after all! However, some surprise was in store. The Deep Impact mission did look at the Moon in 2007 on its way to the comet and had obtained reflectance spectra of the lunar surface for calibration of the spectrometer. However, it did not look at the data beyond 2.6 micron, the upper end of absorption, from common lunar minerals. A relook at the data beyond 2.6 micron did reveal presence of signal from water molecule and hydroxyl! Another scientist of the MMM team remembered that in 1999, the Cassini spacecraft that was launched to probe Saturn also collected lunar data for calibrating the reflectance spectrometer on-board. On verifying the data archive it was found that the signals of water molecule and OH were also present in that data set. With solid independent confirmation of data by other missions, the Chandrayaan-1 results were published together with those from Deep Impact and Cassini missions in the prestigious journal Science, online, on 23 September 2009. Discovery of water on the Moon hit the headlines in global news media. Chandrayaan-1 broke the myth ‘Moon is bone dry’ and revealed a new face of the moon.

MORE ON WATER ON MOON

The Chandrayaan-1 Altitude Compositional Experiment (ChACE), a part of the Moon Impact Probe (MIP), that was released from the 100 km lunar orbit and crashed on to lunar surface near the South Pole after a flight of around twenty minutes, provided a very intriguing result. Analysis of data obtained by ChACE revealed signals of waster (H2O) and carbon dioxide (CO2) molecules and also trace amount of other molecules as it descended through the extremely tenuous lunar environment. 

These unexpected results were deliberated extensively by the Chandraayaan-1 science team to rule out the possibility that the signals were due to any terrestrial contamination present in the instrument. The results are published in the journal Planetary and Space Sciences in May 2010. It is important to confirm the results obtained from this one-shot experiment and a more sensitive mass spectrometer will be flown in ISRO’s next mission to Moon, Chandrayaan-2, for in-depth probing of the lunar environment. The NASA lunar mission ‘LADEE’ (Lunar Atmosphere and Dust Detector Explorer), to be launched in 2014, will also investigate possible presence of trace atmospheric constituent in the lunar environment. Moon is considered as a planetary body devoid of an atmosphere and embedded in a near-perfect vacuum. Results obtained by ChACE may have revealed another hidden aspect of the Moon that awaits confirmation.

The possibility of the presence of water/ice, particularly in the permanently shadowed polar region of the Moon has been proposed several decades back. It is based on the study of the fate of a water molecule (and in principle any volatile) that may reach or be brought into the lunar surface during impact of a comet or any water-bearing carbon-rich asteroids. Any water molecule reaching the equatorial and low-latitude regions of the Moon will experience high temperature during the lunar day and get thermally energized and may hop around and escape the moon or get destroyed (dissociated) by solar ultraviolet rays or drift towards the cooler polar region and settle down or get trapped when it reaches a permanently shadowed region, where temperature could be less than –100°C. Over timescales of millions of years, such accumulation can lead to the formation of ice, which will be covered up by lunar rock fragments and soil blanket generated by continuous impact of small and large solar system objects (primarily meteorites representing fragments of asteroid) on the lunar surface.

During NASA’s Clementine mission, an experiment was carried out in which the Moon’s polar region was made shining using high-frequency (2.27 GHz) polarised radio wave and the reflected waves were collected with a receiver on Earth. Certain polarisation characteristics of the reflected wave revealed in this experiment suggested possible presence of subsurface ice. However, very few such observations could be conducted as it needed proper Earth–Moon alignment to receive the reflected signal. The miniaturized Synthetic Aperture Radar (Mini SAR) on Chandrayaan-1 probed the lunar polar region and looked for presence of subsurface ice. A circularly polarised high-frequency (a few GHz) wave of certain handedness (e.g., right circular) was directed on to the Moon which reversed its sign (to left circular) when it was scattered or reflected. As the possibility of multiple reflections increases during scattering from ice-hosting rock fragments/dirt, the probability of the reflected wave having the same sense of polarisation as the incident one increases and the ratio of polarisation of the reflected radiation having the same sense (CPR [Circular Polarisation Ratio]) will be high. Results obtained by the Mini SAR on board Chandrayaan-1 indeed found such signatures in several prominent craters near the Moon’s polar region that are in permanent shadow. One such observation was made for a small crater (of about 8 km diameter) on the floor of the large crater Rozhdestvensky (diameter 177 km). The interior of the small crater is in permanent shadow. The same-sense and opposite-sense images were found to be very different for the interior of the crater, while they were similar for the exterior. This was evident from the CPR values for the interior and the exterior of the crater. This provided evidence for the pressure of ice below the permanently shadowed crater. Observations in Chandrayaan-1 mission have been further substantiated by data obtained by a more improved version of this instrument flown in the Lunar Reconnaissance Orbiter (LRO) mission of NASA in 2009. This is an important finding as water/ice can serve as a very useful resource in future human exploration of the Moon. The results from Mini SAR got a further boost when NASA’s Lunar Crater Observation and Sensing Satellite (LCROSS) mission made an impact on one of the permanently shadowed crater and the impact plume was photographed and spectroscopic data of the plume were also obtained. Both water molecule and traces of ice have been identified in the impact plume! The presence of water/ice in permanently shadowed polar region of the Moon make human exploration of such a region an exciting proposition for the future.

MORE SCIENCE HIGHLIGHTS FROM CHANDRAYAAN-1

GLOBAL MAPPING OF MINERAL COMPOSITION OF THE LUNAR SURFACE

Three spectrometers on-board Chandrayaan-1, the Moon Mineral Mapper (MMM: USA), Hyper Spectral Imager (HySI: India) and Near-Infrared Spectrometer (SIR-2: Germany) provided information on lunar surface composition on a global scale and also very high-resolution data from specific lunar regions. Chandrayaan-1 and the Japanese mission ‘Kaguya’ have mapped the entire lunar surface and identified huge blocks of aluminium-rich rocks (anorthosite) over a large portion of the lunar surface and confirmed the ‘Global Magma Ocean’ hypothesis that the surface of the early Moon was molten up to a certain depth in the initial stage of formation of the Moon. As noted earlier, the cooling of this magma led to stratification with the lighter aluminium-rich ‘anorthosites’, floating to the surface and covering the whole Moon and the heavier minerals residing at greater depth. The surface was later modified by large impacts bringing deep-seated lava rich in iron that covered many areas of the Moon, particularly the circular depressions or basins, the so-called lunar mare, that appear darker. Another important result obtained from studies of mineral composition, both by Chandrayaan-1 and Kaguya missions, is the identification of refractory minerals (having very high melting point) in a good number of locations on the Moon. A comprehensive understanding of the formation and distribution of such refractory minerals in the lunar surface will bolster our knowledge of evolution of the Moon.

CHEMICAL COMPOSITION OF THE LUNAR SURFACE

An important objective of the Chandrayaan-1 mission was to obtain quantitative elemental composition of the lunar surface. This was also attempted during the Apollo era and was restricted to the equatorial regions, and later by the NASA mission, Lunar Prospector in 1998, that had a global lunar coverage but with very low spatial resolution. Even though the data on lunar surface mineralogy provided by the reflectance spectrometers (HySI, MMM, SIR-2) can be used to infer chemical (elemental) composition of the lunar surface, a direct measurement of elemental composition with high spatial resolution is essential and X-ray fluorescence technique is best suited for this purpose. The basic approach is to use the Sun as a source, which release energetic X-rays during solar flares. The solar X-rays incident on the lunar surface interact with lunar rocks and soils and generate element-specific fluorescence X-rays having different energies that can be detected from the lunar orbit with high spatial resolution to infer chemical composition of the lunar surface.

The Chandrayaan-1 X-ray Spectrometer (C1XS), an Indo-UK collaborative experiment, provided the first direct estimation of chemical (elemental) composition of specific regions of the lunar surface for elements up to iron. Such data in conjunction with data on mineral composition from the reflectance spectrometers (MMM, SIR-2 and HySI), for the same region, provide important insight on lunar evolution. Even though the eleven-year solar activity cycle was expected to peak during the period of Chandrayaan-1 mission and hence a large number of solar flares were expected, it did not happen and very limited data on elemental composition at high spatial resolution could be obtained. The Chandrayaan-2 mission will carry indigenous instruments to study both lunar mineralogy (by reflectance spectrometers) and elemental composition (by X-ray spectrometer) to gather further information on mineralogy and chemical composition of the lunar surface at high resolution.

INTERACTION OF MOON WITH RADIATION AND PARTICLES

Devoid of an atmosphere and magnetic field, the Moon receives radiation and energetic particles from the Sun and other stellar sources all the time. It is generally believed that the low-energy (keV) solar wind particles, mostly protons (ionized hydrogen), released from the outermost layer of the Sun (the corona), get implanted on the very surface layer of lunar soil and dust. Lunar surface samples collected by Apollo astronauts were highly enriched in solar wind particles. A surprising result obtained by the Indo-Swedish collaborative payload SARA (Sub-keV Atom Reflecting Analyser) showed that a few to a maximum of about 20 per cent of solar wind particles (primarily ionized hydrogen) get reflected back to space as neutral hydrogen. Even though several hypotheses have already been proposed to explain this unexpected phenomenon, the exact mechanism responsible is yet to be ascertained.

The Terrain Mapping Camera (TMC) imaged a major part of the Moon at high resolution that revealed many new interesting features on the Moon. These include well-sculptured lunar landforms, close-up images of the central peak of the impact crater Tycho and identification of a well-preserved lunar rille or lava tube. The images of the central peak of Tycho have features that are suggestive of the existence of lava pond and lava flow that are proposed to be associated with late-stage (younger) lunar volcanism. If confirmed, this will be an important new feature as the Moon is generally considered as an inactive planetary body for the last few billion years. However, at present one cannot completely rule out the possibility that the observed features may be associated with the Tycho impact event itself and the identified features may represent the melt produced during the impact that led to the formation of the Tycho crater.

Another TMC image revealed a partially preserved lunar lava tube (lunar rille). The feature was named as ‘Cobra’ rille. Even though a major portion of this (nearly 7 km long) lunar rille is either eroded or broken open (the brighter region) by impact over time, it does have a well-preserved portion. A detailed study of the TMC images of the lava tube, its topography and mineral composition (based on Hyper Spectral Imager data) show that the well-preserved portion of the rille has a length of more than a km, with an end-to-end elevation difference of about 50 m. This lava tube can serve as an effective radiation shield and provide sufficient space that could be an excellent habitat for future lunar astronauts exploring the Moon for a long duration.

RADIATION ENVIRONMENT IN THE EARTH–MOON SPACE

In any space mission it is important to monitor the intensity of radiation and energetic particle environment around the spacecraft, as any significant changes in this environment may require certain precautionary measures for the safeguard of the spacecraft, its subsystems and also the scientific payload. The Radiation Dose Monitor (RADOM), a Bulgarian payload, has monitored the radiation environment experienced by Chandrayaan-1 throughout its mission life. The slow increase in particle (proton) flux is due to small increase in the intensity of the galactic cosmic ray (energetic particle entering the solar system from our galaxy) during this period. That is also reflected in the Earth-based neutron monitor data at Oulu, Finland, a proxy monitor for galactic cosmic ray intensity. A short-term increase in flux was caused by variations in Earth’s magnetic activity. RADOM also provided data on radiation environment around the Earth, particularly for the Earth’s inner and outer radiation belts, while Chandrayaan-1 was orbiting the Earth before heading for Moon. 

VOLATILE TRANSPORT ON MOON

The High-Energy X-ray (HEX) spectrometer on Chandrayaan-1 was designed to study 30–270 keV gamma rays (termed here as high-energy X-rays) emitted from the lunar surface due to radioactive decay of uranium and thorium present on Moon. The primary science objective of HEX was to study the transport of volatiles on the lunar surface through the detection of the 46.5 keV emission line from radioactive 210Pb (a lead isotope), a decay product of volatile 222Rn (a radon isotope), both belonging to the 238U (uranium) decay series. Any 222Rn (half-life around four days) produced from uranium decay in the high-temperature equatorial region of the Moon will drift towards the cooler polar region, where its successive decay will lead to 210Pb having a long half-life of around twenty-two years. HEX will detect the 46.5 keV emission line from 210Pb when Chandrayaan-1 moves over the polar region of the Moon. Unfortunately, the stringent thermal environment needed for the payload could not be realised routinely during the mission and the total observational time was not sufficient to get the signal above the nominal lunar background. Even though the main objective of HEX payload could not be realised, it provided the first data set for high-energy X-ray background from the Moon, averaged over a significant portion of the lunar surface. The results obtained can serve as an important input in future studies of emission of high-energy X-rays from radioactive species on the lunar surface. 

LOOKING AHEAD

The Chandrayaan-1 mission demonstrated India’s capability for planetary exploration with the Moon as its first target and yielded extremely significant scientific results. The opportunity provided to the global scientific community to participate in the very first planetary mission of India is also hailed as an important benchmark in international cooperation in planetary exploration. In 2014, ISRO again created history in interplanetary exploration by successfully conducting the Mars Orbiter Mission (MOM) (see Chapter 8.7 for details). Major activities for all-round development in technology for planetary mission are being planned and concerted efforts are made to nurture human resources needed for both scientific and technological advancement related to planetary science and exploration. With Chandrayaan-1 and MOM India has made its mark on the global scene in the field of planetary exploration. Thus ISRO is headed for a bright future in interplanetary exploration. 

[image: Image]

Jitendra Nath Goswami, currently Director, Physical Research Laboratory (PRL), did his doctorate from Tata Institute of Fundamental Research, Bombay, and his postdoctoral research at the University of California, Berkeley. His research interests include planetary science, origin and evolution of the solar system, solar–stellar relations and geochronology. He was the Principal Scientist of the Chandrayaan-1 mission and is now deeply involved in the upcoming Mars and Chandrayaan-2 missions. He received several awards including NASA Group Achievement, Shanti Swarup Bhatnagar, etc. He is a Fellow of all the three Science Academies in India and several other international professional bodies. He is an Honorary Fellow of the Royal Astronomical Society, London. He has more than 150 publications and a dozen invited reviews and monographs.

[image: Image]


8.5

The Space Capsule Recovery Experiment (SRE)

B.N. SURESH
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INTRODUCTION

By the mid-1990s, ISRO had matured in technologies required for both expendable launch vehicles and spacecraft catering to different applications. It had successfully launched ASLV and PSLV. Various modules of GSLV were at different stages of development. A number of spacecraft for scientific, remote sensing, communications and other applications were built and made operational to provide several essential services to the country. Around this time there was serious thinking about the development of re-entry technology in ISRO. To enhance the technology development even further, it was decided to design a satellite that can remain in orbit for as much a duration as required by scientific objectives like zero gravity experiment and be de-orbited on completion of the experiment and recovered after re-entry. It would be a precursor to master various technologies needed for reusable launch vehicles, orbital microgravity experiments, and ultimately for human space missions. Successful development of re-entry technologies is one of the prerequisites for all these missions. Considering these factors Space Capsule Recovery Experiment (SRE) was conceived as a forerunner for these applications, which would help in developing and proving new technologies needed for the re-entry missions. For a spacecraft which has to be recovered safely at a predetermined location, the technologies needed are closely linked with both launch vehicles and spacecraft technologies. The various technology development activities were progressing both at launch vehicle and spacecraft centres. In order to harness the efforts from all centres of ISRO very efficiently and effectively, some of us from Vikram Sarabhai Space Centre had an occasion to discuss the matter with the then Director of ISRO Satellite Centre(ISAC), Bangalore. We came to the conclusion that this is truly an ISRO project, in which participation of all ISRO centres is needed for the successful realisation of the project. We also agreed to organise a combined meeting of all Directors of ISRO centres to discuss the overall modalities for organising such a programme and to finalise the sharing of tasks based on core competence of each of the centres. Accordingly, the meeting was held within a short time at ISAC and all Centre Directors participated. Detailed presentations were made on various development tasks carried out by each centre. The partitioning of tasks was finalised very objectively, to the satisfaction of all concerned. It was also decided that the broad objective of the programme would be not only to develop a recoverable capsule which could be launched using PSLV, but also to conduct orbital microgravity experiments using the module while it is in orbit for about ten to twelve days. For any future mission, the satellite could remain in orbit even for a year. Subsequent to this, an attempt would be made to recover the module safely back to Earth at an identified precise location in the Bay of Bengal, east of SHAR. That is how the birth of SRE took place in 2001. 

ASSESSMENT OF NEW TECHNOLOGIES FOR SRE

The realistic assessment of new technologies needed for the successful realisation of SRE was carried out. The new technologies where ISRO did not have much experience were reusable thermal protection system which could withstand very high temperatures of re-entry, aerothermodynamics during hypersonic regimes of flight, accurate navigation guidance and control during re-entry phase, bank of parachute systems to reduce the touchdown velocity of the module, and foolproof floatation system at touchdown point. There were many other technologies which needed modifications and improvements like in avionics, sensors, etc., but enough expertise were available at the ISRO centres. The broad partitioning of tasks based on technology maturities was identified as follows. Vikram Sarabhai Space Centre (VSSC), the lead centre for launch vehicles, was assigned with the development of atmospheric phase trajectory design, a whole range of thermal protection systems, parachute and floatation systems and guidance during re-entry phase. ISRO Satellite Centre (ISAC), the lead centre for spacecraft, undertook the responsibility for avionics development, module assembly and integration, control during re-entry phase, orbital management and overall simulation. ISRO Inertial Systems Unit (IISU) for inertial systems, Laboratory for Electro-Optics Systems (LEOS) for special sensors, Liquid Propulsion Systems Centre (LPSC) for development of propulsion systems during orbital operations and re-entry, ISRO Tracking Centre (ISTRAC) for all tracking support, and Satish Dhawan Space Centre (SDSC-SHAR) for recovery operations management were identified. In addition, this project demanded the utilisation of various national laboratories, facilities for the realization of parachutes and floats, testing of various subsystems and carrying out final recovery operations. Accordingly, an inter-centre project team with members drawn from all centres of ISRO was formed to realise the new technologies, to meet the managerial challenges and to accomplish the mission. 

It was indeed the first-ever mission for ISRO where expertise of launch vehicle and satellite technologies were seamlessly merged. We were fully aware of the technical and managerial challenges, particularly in realising the new complex technologies. In order to provide the needed technical guidance, an inter-centre technical review committee with members drawn from all centres and other national laboratories was also constituted. This committee met on a regular periodic basis. The development of SRE spread over six years was indeed a very good experience for ISRO; it helped to bring together not only the strengths of several centres/units of ISRO but many other national organisations. The SRE mission was successfully accomplished on 22 January 2007. While conceiving the project it was also decided to launch it as a co-passenger in PSLV along with a remote sensing satellite, and hence the overall weight was plugged to be less than 600 kg. 

BROAD MISSION SCENARIO

It was decided that the first mission of SRE weighing around 600 kg would accommodate microgravity payloads of 50 kg and it will be launched in PSLV along with Cartosat-2 satellite. The launch orbit was dictated by Cartosat and hence SRE would be positioned into a 635 km polar Sun-synchronous orbit. The broad features of mission sequence are given in Figure 8.4. The space recovery module would be pointing towards Sun in the orbit to generate its own solar power. During the twelve-day orbital period, it was decided to accommodate two microgravity experiments. Since the present orbit did not have everyday visibility it was achieved by shifting the present orbit to Repeating Elliptical Orbit (REO), 635×490 km, just two days before recovery. This facilitated the everyday recovery opportunity to the ground track near Madras. At the initiation by a ground command, the module would be de-boosted for re-entry under closed loop guidance. Navigation Guidance and Control (NGC) during de-boost phase would bring the module from orbit to 100 km altitude so that it enters the atmosphere at desired position, speed, flight path angle and orientation which would ensure splashdown in sea 140 km east of Madras by undergoing a ballistic flight in the atmosphere. During re-entry, the entry module experiences severe aerodynamic heating and also would experience communication blackout. Thermal protection system around the module is expected to protect the internal systems from severe heating. During blackout phase the module data would be collected, stored on board and will be transmitted down to Earth stations. It was known that the drag of the SRE geometry is not sufficient to bring the speed to safe impact velocity and hence a bank of parachute systems was necessary to be deployed from 5 km downwards to reduce the velocity to 12 m/s. On touchdown at sea, the floatation system would be activated to keep the space capsule afloat and the locating aids such as colouring dyes, UHF beacon and GPS transmitters would be automatically switched on. The propellant remaining in the tanks has to be vented to sea for safe approach of crew. Locating ships and helicopters, which were positioned in the safe zone, would be allowed to approach the module only after ensuring that the propellant trace near the module is well within the safe limit. The divers would then approach the module for towing it to the mother ship and then transport it to the nearby port. The module would be shifted to SHAR, for thorough examination of all on-board packages, experimental payloads and other systems.
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FIGURE 8.4: SRE Mission Sequence

GENERAL CONFIGURATION ASPECTS

SRE was conceived with an external shape of Sphere-Cone-Flare with base as shown in Figure 8.5 to perform ballistic flight in the atmosphere. The external shape and the location of centre of gravity have been chosen to ensure stability of the capsule during the atmospheric flight regime. All subsystems housed inside are protected from re-entry heating by the external thermal protection system. The base is deliberately kept flat to provide the solar panels and also to accommodate the parachute system. It had systems for mission management unit (MMU), power system with lithium-ion battery, telemetry and telecommand systems, de-boost propulsion system with eight 22 N pressure-fed thrusters and triggering unit to sequence parachute and float opening commands. Like any other spacecraft, it had other functional subsystems for managing the overall requirements of the mission.
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FIGURE 8.5: Aerothermal Structure Layout

DEVELOPMENT CHALLENGES

The development of SRE posed many challenges. It would not be possible to detail all such developmental problems here. Though some of the developments were quite challenging and gave us many frustrating moments, we were successful in the end. An attempt has been made here to highlight some of the trials and tribulations we faced during the realisation of some of the complex technologies. 

THERMAL PROTECTION SYSTEMS

The flight from 100 km down to about 30 km is very critical. The module enters 100 km at a speed of 29,000 km/hr (Mach 30). Due to aerodynamic braking caused by the drag of its geometry, the speed of the module gets reduced to 360 km/hr (Mach 0.27) at 5 km. This would cause enormous amount of heating on the surface and the module has to survive this high heating without damage to its structure and internal packages. Considerable amount of efforts was needed to develop the basic silica tiles which can withstand the heat and loads and qualifying the same using a combination of tests in different test beds. 

The thermal protection system (TPS) should limit the back wall temperatures within limit during severe re-entry heating period. The major portion of the module is covered by reusable silica tiles. Nose cap is made of ablative and the flare end is covered with medium-density ablatives (MDA). The base area has specially designed solar panels and low-density ablatives (LDA). 

The aero-thermal structure consisting of thermal protection system laid over a composite base structure is illustrated in Figure 8.5.

The nose cap, which has to withstand 2,000°C, is made of carbon phenolic ablative. The reusable ceramic silica tile system demanded the development of a number of materials like silica tiles, strain isolation pad, gap fillers, special emissivity coatings and high-temperature adhesives. We faced a number of problems during the silica tile development and all of them were solved by systematic approach. The thermal protection system was integrated on the composite base structure by skilled assembly team. A team of instrumentation and integration experts carefully did the mounting of the sensors in TPS. Different teams did the thermo-structural design, high-temperature characterisation, processing and machining, qualification for space and re-entry environment, etc.

No doubt, a large number of tests were carried out for SRE in kinetic heat simulation facility for TPS performance evaluation, plasma arc jet facility for TPS characterisation, high-enthalpy wind tunnel (1MW facility) for integrated heat load and shear simulation and shock tunnel tests for heat flux assessment. In addition, tests were done in rocket exhaust, thermo-vacuum cycling, thermal shock, acoustics, etc., at facilities located in ISRO and other national laboratories. But it was impossible to test the same for the combined effect and hence we knew that the actual flight is the only real test bed for the combinations of conditions it would face in-flight. 

 For the development of the TPS a number of industries from private sector were drafted in. While basic laboratory-level processes were developed in Vikram Sarabhai Space Centre, several Indian industries were enabled to set up the facilities for large-scale production. These tasks went concurrently resulting in saving of time for flight system realisation. 

NAVIGATION GUIDANCE AND CONTROL SYSTEMS

In SRE the orbital re-entry vehicle has to start from a fast moving reference frame, demanding extreme accuracies in initialization of inertial measurement unit (IMU) required for guidance. For orbit phase sensing and initialization of IMU, optical sensors such as 4Π sensor, Sun sensor and magnetometers were used. 

Another challenge was to guide the capsule to enter the Earth’s sensible atmosphere around 100 km at required position with a desired speed, flight path angle (FPA) and orientation. If FPA is large, the module in its atmospheric flight would experience large deceleration and heating which could even lead to disintegration and burning up of the capsule. If FPA is small, dispersions in landing site location, created by aerodynamic uncertainties, could be large. Further if FPA is too small, the capsule would move to another lower orbit, reaching the Earth at a much later time. Since SRE has to perform ballistically stable flight, a wrong orientation of capsule can destabilize the capsule, causing tumbling and burning up. This needed a lot of ingenuity in design of NGC systems and also enormous amount of efforts in design and simulation.

For re-entry vehicles moving with very small decelerations over long period, forces caused by Coriolis effect, magnetic effect, etc., become significant demanding complex guidance algorithms. The decelerations during de-boost are small because velocity reduction is small, of the order of 160 m/s, compared to the body speed of 7,800 m/s and occurs over a long time under closed-loop guidance. This demanded several iterations in guidance design and exhaustive simulation during development.

DECELERATION AND FLOATATION SYSTEM

Once re-entry heating phase is over, a bank of parachute systems must be deployed sequentially at 5 km altitude after ensuring that dynamic pressure would not damage parachutes during the opening shock. For satisfactory deployment of parachute system it was required to design a suitable altitude sensor and a proper definition of timings to ensure smooth operation. Further, the deployment mechanism and ejection system should overcome the resistance forces generated in the wake of the flow of the module.

Since the ultra high frequency (UHF) beacon antennas meant for identifying the impact location of the module cannot be exposed outside during the re-entry period, they have to be fixed to float which would come out as the float balloon expands. There has to be a reliable method for sensing the splashdown and activation of the float.

Deceleration system consisted of three-stage parachute systems with pilot chute, drogue chute and a main chute. Proper sequencing commands were needed for the smooth operation of these systems. The drogue gun was provided to impart sufficient ejection velocity to the pilot chute pack to ensure proper deployment. The floatation system had a floatation bag, nitrogen gas bottles and pyro valve. The floatation was initiated based on impact sensing or salt-water sensing on splashdown. The parachutes and floats were developed and qualified for launch and space environment. 

The development and testing of these systems at several laboratories were a great challenge. The parachutes and floats were developed by ADRDE, Agra. A large number of teams within and outside ISRO joined in the qualification tests of parachute and floatation systems. Tests were done at different locations:

Rocket sled facility tests in TBRL, Chandigarh


	Wind tunnel tests at IIT, Kanpur 

	Air drop tests using a big aircraft for main chutes at Agra 

	Capsule drop tests using helicopter in SHAR 

	Safety norms for these tests from Air Safety and Testing Establishment (ASTE) 

	Air force for the helicopters for drop tests

	Floatation tests in NSTL, Visakhapatnam 



DESIGN OF AVIONICS TO WITHSTAND THE RE-ENTRY ENVIRONMENT

High heating of air results in plasma, consisting of charged ions and electrons, causing the RF signals from the module getting reflected, resulting in full blackout of communication. The valuable data of re-entry must be stored safely and transmitted to ground stations during periods of visibility at a later time. Further, the effect of plasma on electronic packages like the accumulation, arcing and shorting of static charge caused by ionized gases was a concern, in spite of adequate grounding and gas sealing. All these needed suitable design in avionics.

IT IS A NATIONAL EFFORT

This project is indeed a national effort with close interaction between various ISRO centres and several other national laboratories. Mammoth effort has gone into realizing the system with the participation of all ISRO centres and several national laboratories. A brief glimpse of the agencies who have participated in various tasks of SRE is given below. The details provided below are not intended to be the complete list of tasks but to highlight the national effort which has gone in the execution of this project. 

VIKRAM SARABHAI SPACE CENTRE (VSSC)


	Overall project coordination

	Thermal protection systems for the module

	Deceleration and floatation systems

	A new guidance algorithm for re-entry

	Trajectory studies and Monte Carlo analysis from re-entry to touchdown

	SRE thermal-related instrumentation

	Pyros for the module, etc.



ISRO SATELLITE CENTRE (ISAC)


	The NGC processor embedded in the Mission Management Unit (MMU)

	Avionics systems

	Entire power systems

	Assembly and integration

	Control algorithm

	Overall simulation including hardware in loop simulation (HILS)

	The magnetic torquers for orbital sun-pointing control, etc.



LIQUID PROPULSION CONTROL CENTRE (LPSC)


	Propulsion system for the module



ISRO INERTIAL SYSTEMS UNIT (IISU)


	Inertial systems for the module

	Navigation algorithm



SATISH DHAWAN SPACE CENTRE, (SDSC-SHAR) 


	Launch operations

	All operations of re-entry

	Coordination with agencies for recovery 



ISRO TELEMETRY, TRACKING AND COMMAND NETWORK (ISTRAC)


	All tracking support 

	Mission operations



LABORATORY FOR ELECTRO-OPTICS SYSTEM (LEOS)


	Optical sensors such as 4Π sensor and sun sensors



Besides the contribution of various ISRO centres listed above, some other organisations also contributed towards some other tests and operation related to SRE. These are:

Wind Tunnel Tests


	NAL, IISc, Bangalore

	IIT, Kanpur and Madras

	VSSC, Trivandrum



Evaluation Tests


	ADRDE, Agra

	TBRL, Chandigarh,

	NSTL Visakhapatnam

	ISRO Centres



Recovery Operations


	SHAR/ISRO Centres

	Indian Navy

	Indian Coast Guard

	Indian Air Force



LAUNCH OF SRE 1

Continuing the saga of successful missions, PSLV-C7 majestically took off at 09.23 hours IST on 10 January 2007 from the first launch pad of Satish Dhawan Space Centre (SHAR). It was the ninth consecutive successful mission of Polar Satellite Launch Vehicle, the workhorse of ISRO. This tenth mission of PSLV, injected four satellites, two Indian and two foreign, into the precise orbits. Exactly at 981.3 seconds into flight and at an altitude of 638.7 km, the 684 kg Cartosat-2 was injected followed by Nano-Pehuensat-1 (6 kg), SRE-1 (555 kg) and Lapan-Tubsat (56 kg).

A highlight of the mission was that one of the four satellites, SRE, was a recoverable spacecraft. It was precisely positioned in an orbit of 635 km and the module was in orbit for twelve days. During this period two microgravity experiments were conducted: one was on quasi-crystal growth experiment to study the improvements in thermo-electric performance of materials by Indian Institute of Science and Banaras Hindu University and the other was a biomimetic material synthesis to study the enhancement in the nano-structure of the mineral hydroxyapatite by the National Material Laboratory. Magnetic torquers were used to control the module during microgravity experiments to reduce disturbances. The module was brought back safely to Earth and recovered from the Bay of Bengal, where it splashed down at the predetermined zone, on 22 January 2007. 

We also had a couple of anxious moments when SRE-1 was in orbit. We observed a sudden change in IMU accelerometer bias and it took some time to identify the cause. This was never anticipated and after studies the change was attributed to the variation in Earth’s magnetic field. This called for an update in the bias to take care of the variations and the modified bias numbers were uplinked. On 20 January, it was decided to transfer the SRE module to a repeating elliptical orbit 635×490 km (REO) for getting ground track near Madras every day. This operation was also utilized to validate the entire NGC chain by initializing the IMU with magnetometer and Sun sensor data and 22 N thrusters for de-boost propulsion. After REO operation, we became very confident of bringing SRE to re-entry point through de-boost guidance during actual re-entry since all NGC elements functioned satisfactorily. De-boost for re-entry was performed on 22 January 2007 starting from 9:00 hours and the performance of NGC was flawless. The re-entry state vector achieved at 100 km was excellent. 

ANXIOUS MOMENTS DURING DE-BOOST AND RECOVERY OF SRE

It was decided to implement re-entry and recovery operations on 22 January 2007 after keeping the module in orbit for about twelve days. The de-boost phase started at 9:00 hours on that day. The closed-loop guidance system placed SRE at re-entry point with correct position, velocity, flight path angle and attitude. At 09:17 hours, the capsule was reoriented for re-entry. It was speeding at 7.9 km/s at Mach 30 when its re-entry into the Earth’s atmosphere took place over the Indian subcontinent at an altitude of 100 km, at 09:37 hours. We were all anxious about the re-entry and recovery operations. It was thrilling too for all scientists and engineers watching the re-entry parameters displayed in monitors using telemetry data. Although we had done a large number of ground tests and computational fluid dynamics simulations to assess the re-entry heating and associated environment, we knew that there could be some anxious moments during the actual re-entry flight. Some such thrilling moments during the actual re-entry are highlighted below. 

9:18 hours: Loss of signal from Saskatoon station. This caused a long wait of non-visibility till we acquired signals at Lucknow after passing above North Pole in the north–south pass. The important question in our minds was whether SRE was moving as predicted. In order to capture the module, hectic trajectory computations were done at ISTRAC.

9:25 hours: Announcement was made from ISTRAC that the guidance system performance was excellent in putting the SRE to correct coast ellipse and the trajectory was very close to the predicted. This resulted in applause and jubilation! With this we became confident that the module would surely reach the 100 km pillbox with desired speed, flight path angle and attitude.

9:35 hours: We were thrilled to see on the monitor the acquisition of signals at Lucknow. Everybody was jumping with joy to see that the SRE was on the right trajectory. Navigation data provided through attitude manoeuvre confirmed zero angle of attack at re-entry. Guidance cut-off flag corresponding to 100 km altitude demonstrated excellent performance of NGC. Triggering unit was now enabled to carry the parachute sequencing functions. We were happy to see the re-entry measurements, and the temperature of thermal protection showed gradual rise as expected due to interaction with the atmosphere. SRE was now re-entering through the atmosphere and the most crucial phase started. 

9:38 hours: Lucknow lost signal because of radio frequency blackout caused by thermally induced plasma surrounding the capsule. SHAR could get signals from 76 km; but no signals were acquired because of plasma. Absolute blackout! These 120 seconds from 90 km to 40 km was the real testing time for SRE. Anxiety and tension mounted in the Mission Control Centre. Would it survive the fierce fury of re-entry heating? Were our models and the margins we used adequate? Would it be stable in the hypersonic regime where we didn’t have any experimental results of aerodynamic characterisation? Would the gap in the nose cap shell open to permit hot air entry? What would happen to the thermal tiles? Could the solar panels and the thermal boot survive base heating which was predicted to be large? What would happen to the electronic packages when surrounded by plasma? Would we succeed in the first attempt where even advanced space powers failed many times? Questions like these bothered everyone over these 120 seconds – the pain of the first re-entry mission! And at the end…

9:40 hours: SHAR acquired signals from SRE! Thunderous applause from all in the mission room. SRE had survived the re-entry heating! Most crucial phase of the mission was now successfully completed. Cheers in ISTRAC and SHAR! Health of all the packages was fine. We were now very confident of the success of the mission, because the only things now left were the well-tested parachutes and float system.

RECOVERY OPERATIONS

Locating and recovering from sea were a totally new activity for ISRO and we did not have any previous experience. This required coordination of expert teams from the Indian Coast Guard, the Indian Air force, the Indian Navy and the project. New locating aids had to be developed. The module was designed such that the float with UHF antenna would unfurl once SRE splashed down. Similarly, provision was made to vent out the left out propellant for ensuring safety during recovery operations. The UHF and GPS signals received by the satellite would be transmitted to recovery ships and helicopters through ISTRAC. Aircraft with homing beacons were deployed to locate the module in sea. Once located, divers were to reach the module for additional float attachment. Pollution testing around the module was also necessary to detect traces of propellant, if any, so that divers could safely approach the capsule.

The recovery operations to locate and safely bring back the capsule involved a number of teams, coordinated by SDSC and the core project team. Indian Coast Guard (ICG) with its diving team was the primary agency responsible for recovery from sea. ISTRAC, the Indian Navy and other national agencies provided the communication and telemetry support. The pollution-testing chemicals and devices were developed by VSSC. The divers were given elaborate training in recovery operations.

For the recovery operation on 22 January, ships and helicopters from the Indian Navy left Madras on 20 January and were positioned in the safe zone around the predicted impact location well before the actual splashdown. ICG deployed ‘Sarang’ ship with ‘Gemini’ boats, two Dornier aircraft with UHF homing beacons and one Chetak helicopter. The national defence agencies provided two ships, Savitri and Brahmaputra, and a Seaking helicopter for ship-borne and airborne telemetry. 

The final moments of landing and recovery were full of excitement and suspense. Some of the interesting moments are as follows:

9:42 hours: SHAR lost signals below 6 km. Data from ship-borne telemetry and airborne telemetry started coming. Altitude dropped. Below 5 km, the event flags from drogue chute and main chute openings showed up in the monitor. Parachutes opened!

9:47 hours: Splashdown! Mission successful! SRE had landed near the desired location surviving the uncertain re-entry environment.

Now we were waiting for UHF beacon signals to be picked up by satellites or the Dornier aircraft, to confirm the opening of float and to get impact location so that recovery operations could start. 

Alas! No signals for ten minutes. The agony started. We all knew from the telemetry data that the mission was successful. But, unless we located and demonstrated it, the world would not believe us. The faces of all at the mission centres were gloomy, as signals were not coming. A message from ISTRAC confirmed that there was no signal from the beacon. Now, there was a doubt about the proper functioning of the float or the beacon. We were convinced that the well-tested float would surely work and the problem could be with the beacon. So, we had to wait till the Dornier aircraft made a number of search sorties and finally located the capsule. For nearly one hour, the long agony of waiting continued till…

10:50 hours: Message came that the Dornier aircraft had located the capsule floating in the sea. ISRO personnel on the ship confirmed it. Immediately, the gloom transformed into celebration, applause and jubilation. It took some time to sink into all our heads the kind of achievement in the first-ever mission of SRE. It was certainly a great moment in ISRO’s history – successful re-entry mission in the first attempt itself! No doubt, a humble step towards successful re-entry and recovery and a great promise for the future reusable launch vehicles, microgravity processing and human space missions!

RETURN OF SRE AT ENNORE PORT

Once the SRE was located, the recovery ships zeroed in on the module. The pollution testing was done by personnel in the Chetak helicopter and clearance was given to divers, who attached auxiliary floats and, using Gemini boat, towed the capsule to Sarang ship. It was lifted by crane and was placed inside a container. We all had reached from SHAR to Ennore and were waiting for the module to arrive. The ship reached Ennore port at 18:00 hours and the capsule was lifted from the container for viewing. It was a thrilling experience for all of us to see the returned module. We had seen the module just a few days back before it was mated to the launch vehicle. The capsule was found as good as it was when we had assembled the same with the vehicle. It was intact with all TPS (Thermal Protection System) elements in good shape. A few tiles got dislodged probably during impact. At the base, no charring was seen and the white low emmissivity coating had no colour change. The capsule along with the container was moved in a truck to SDSC for final inspection. The instruments were sent to laboratories for detailed studies. 

A BRIEF ASSESSMENT OF FLIGHT PERFORMANCE

From the enormous amount of data collected, several teams analysed the performance of the module. The accuracy with which the module touched down at the identified location although it has travelled more than 28,000 km after it was de-boosted is indeed unbelievable. It was well within a radius of 7 km. This demonstrates that the entire chain of de-boost motor and NGC system have performed to the perfection. Regarding the performance of tiles, the result indicated that silica tile temperature touched 1,400°C. The back wall temperatures even at touchdown were less than the limit temperatures. Tiles and flexible insulation were intact confirming their reusability. Performance of ablative TPS was very good. The communication blackout was close to prediction. However, the base heating encountered was somewhat less than predicted and some of the solar cells were still functional. When Dornier sorties located the SRE, it was floating by its own buoyancy and the float was above, which was not expected. The UHF beacon was not working. Since the float did not touch water, the sea marker dye could not spread in the sea. 

CLOSING REMARKS

The entire experience of launching the SRE module on 10 January 2007, placing the module in its precise orbit, carrying out the zero gravity experiments in orbit, shifting the orbit to repeating elliptical orbit, de-boost and recovery operations and final touchdown in the Bay of Bengal at the precise location on 22 January 2007 spread out over twelve days was indeed very thrilling. The performance of all the subsystems was excellent. Both the microgravity experiments gave reasonably good results. This mission has helped in laying a firm foundation for the technology of re-entry, which can be used for reusable launch vehicles, microgravity experiments and human space missions. Thus it indeed opens up a new era for the utilisation of space in future for India. The historic SRE mission was the result of years of work put together by a large number of teams across the country and it clearly demonstrated once again the successful teamwork philosophy followed by ISRO. This was one mission that integrated a large number of organisations working for a common goal: ISRO, DRDO, the Indian Navy, Indian Air Force, Indian Coast Guard and many other coordinating agencies. This was truly a Team India success.1
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1 The author has used many articles and reports generated from project teams and several papers presented on SRE by different authors. He wishes to acknowledge the support from all these sources and express his sincere thanks to useful inputs provided particularly by Mr N.P. Giri and Mr M. Mohan of the GSLV project.


8.6

Indian Regional Navigation Satellite System (IRNSS)

A.S. KIRAN KUMAR
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Navigation is the method of determining one’s position, location, distance travelled, and course to a known destination making use of various techniques. 

Early explorers used movements of stars and celestial bodies as well as changing pattern of weather to determine their position and the path to reach their chosen destination. Over the centuries, many navigation methods have evolved such as, celestial observation, terrestrial ranging, radar ranging, echo sounding, satellite-based systems, etc. Each new method has enhanced the explorer’s ability to complete his voyage. Among these, satellite-based navigation system has proven to be more dependable and accurate for a wide array of applications (except in submerged or subterranean conditions) for it gives room for minimal error compared to other methods.

Satellite navigation is a system that uses signals from a number of orbiting satellites and ground data to determine a user’s position (longitude, latitude, altitude and time information) and subsequent course of movement with high degree of accuracy. In other words, the system with a constellation of orbiting satellites provides autonomous geospatial positioning information for a specific location on or above the earth in three dimensions. The system broadcasts signals that contain orbital position data and time of the transmission. Since it uses a highly stable atomic clock it is able to maintain accuracy of time. The user receiver is designed to compare the time of transmission with the time of reception measured by an internal clock to arrive at the time of flight to the satellite.

The system, in general, is beneficial to anyone who needs to keep track of his location, path of intended destination, direction of the course and the required speed to reach the place.

The first satellite navigation system – TRANSIT – was realised by the US military in the 1960s for military applications like precision in the delivery of weapons to targets, greatly increasing their lethality yet reducing inadvertent casualties from misdirected weapons. The technology was based on Doppler effect. Satellite navigation, in wartime, allowed forces to be directed and to locate themselves more easily. 

Though there are operational global satellite navigation systems in place such as NAVSTAR GPS of the USA and GLONASS of Russia, regional systems are in existence and under realisation by various countries to augment a global system to improve accuracy of measurements. Some of such systems are also designed to be stand-alone systems. 

Taking into account the vast area of applications a satellite navigation system helps to develop and sustain – both in civilian and strategic domains – India has conceptualised establishment of its own regional space-based navigation system, namely, Indian Regional Navigation Satellite System (IRNSS) to be developed by the Indian Space Research Organisation (ISRO) using a constellation of seven geosynchronous satellites and related ground/user systems. 

Four satellites of the IRNSS constellation, IRNSS-1A, IRNSS-1B, IRNSS-1C and IRNSS-1D are already in orbit transmitting navigation signals while the rest, viz., IRNSS-1E, IRNSS-1F and IRNSS-1G will be in orbit by mid-2016. This meets the minimum requirement of four navigation satellites – three used to ‘trilateralise’ (the three-dimensional equivalent of triangulation) the user’s longitude, latitude and altitude and a fourth to determine the time offset between the satellite clock and the clock embedded within the receiver – required to establish an operational satellite navigation system. Thus, an independent operational regional navigation satellite system over India is ready to be established. 

Primarily, IRNSS will be aimed at providing service to terrestrial, aerial and marine navigation; disaster management; vehicle tracking and fleet management; integration with mobile phones; precise timing, mapping and geodetic data capture; terrestrial navigation aid for hikers and travellers; as well as visual and voice navigation for drivers. Stakeholders of IRNSS will include, surveyors, fishing boats, commercial vessels, passenger ships, mountaineers, road and rail transportation, agriculture, aviation as well as defence sectors.

This system will provide all-time navigation solution with position accuracy better than 20 m during all weather conditions, anywhere within India and a region extending about 1,500 km around India. It will provide two types of services, namely, Standard Positioning Service (SPS), which is provided to all the users and Restricted Service (RS), which is an encrypted service provided only to the authorised users. 

IRNSS ground segment is responsible for generation and transmission of navigation parameter, satellite control, ranging and integrity monitoring as well as timekeeping. Currently, IRNSS ground segment is operational on 24×7 basis with twelve Indian Range and Integrity Monitoring Stations (IRIMS), one IRNSS Network Timing (IRNWT) Centre, one IRNSS Navigation Centre (INC) and one Spacecraft Control Facility (SCF) with its data communication network. Along with the deployment of a seven-satellite constellation, the entire ground segment with three more IRIMS and one each of IRNWT, INC and SCF will have been established. 

Satellites of the IRNSS system are designed around I-1K bus with a dry mass of 600 kg and a lift-off mass of 1,425 kg. It has a power generation capability of 1,600 W. Three-axis control of the satellite with yaw steering capability helps it to optimize the use of solar panels as well as to support the thermal control system of the satellite. 

IRNSS satellites will transmit navigation signals at two frequencies (L 5 and S bands) to allow for appropriate ionospheric corrections. The navigation signals broadcast by the satellites will consist of IRNSS satellite ephemeris, IRNSS time, satellite clock behaviour data, status messages and other secondary information. This data will be transmitted at the rate of 25 bits per second with half-rate FEC (Forward Error Correction) giving fifty symbols/second. The data structure utilizes a basic format of 1,200-bit-long master frame made up of four subframes, each subframe being 300 bits long. 

The single frequency IRNSS receiver is capable of receiving SPS/RS signal at L 5 or S band frequency while dual frequency IRNSS receiver is capable of receiving SPS/RS signal in both L 5 and S band frequencies. Signals are based on random number codes that identify each satellite in a constellation. The receiver will have records of each of these complex codes, so that a replica is generated within the receiver from even the faintest signal received and used for the calculations deriving the final navigational data displayed to the user. Each distance measurement places the receiver on a spherical shell at the measured distance from the broadcaster. By taking several such measurements and then looking for a point where they meet, a fix is generated. However, in the case of fast-moving receivers, the position of the signal moves as signals are received from several satellites. The basic computation thus attempts to find the shortest directed line tangent to four oblate spherical shells centred on four satellites. 

Operational IRNSS is capable of aiding a wide range of applications on land, at sea and in the air. It will be usable almost everywhere except where the signals don’t reach the user receiver such as inside buildings, underwater and other subterranean locations. The IRNSS signals are compatible with other existing as well as upcoming satellite navigation systems (GPS, GLONASS, GALILEO, etc.) and a multi-constellation receiver will process the IRNSS signals with signals from other constellations. 
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Shri Alur Seelin Kiran Kumar, Chairman, ISRO, is an alumnus of the Indian Institute of Science, Bangalore. He has contributed significantly to the design and development of more than fifty electro-optical imaging sensors for airborne and satellite platforms. They range from frame imagers of Bhaskara 1 and 2 missions to sophisticated imaging systems for IRS-1C to Resourcesat-1, ocean colour monitoring instruments, high-resolution along-track stereo imaging system of Cartosat-1, sub-metre-resolution optical imaging capability with TES to Cartosat-2 series, meteorological payloads of VHRR, third-generation imager and sounder from GEO platform as well as for Chandrayaan/Mars Orbiter Missions. He has steered the design and development of advanced communication payloads, navigation payloads for IRNSS and microwave payloads for Earth observation. He has co-authored more than seventy-five technical papers. 
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8.7

Mars Orbiter Mission1

S. ARUNAN

[image: Image]

PART A

INTRODUCTION

Of all the planets in the solar system, Mars has sparked the greatest human interest. The conditions in Mars are believed to be hospitable since the planet is similar to Earth in many ways. Mars and Earth have almost equal period of rotation around their axes. Mars takes one day, five hours and five minutes to complete a rotation around its axis compared to one day for Earth. While Earth takes approximately 365 days to orbit round the Sun, Mars takes 687 days for a revolution around the Sun. The gravity of Mars is roughly one-third of Earth’s gravity and it has a thin atmosphere with a pressure of 1 per cent of that of Earth. The atmosphere, water, ice and geology interact with each other to produce a dynamic Martian environment as in Earth. Mars has surface features reminiscent of both the impact craters of the Moon and volcanoes, deserts and polar ice of Earth. For ages humans have been speculating about life on Mars. But, the question that is to be still answered is whether Mars has a biosphere or ever had an environment in which life could have evolved and been sustained. 

Mars Orbiter Mission is ISRO’s first interplanetary mission to the planet Mars with an orbiter craft designed to orbit Mars in an elliptical orbit. The mission is primarily a technological mission on considering the critical mission operations and stringent requirements of propulsion and other bus systems of the spacecraft. It has been configured to carry out observation of physical features of the planet and also limited study of its atmosphere with five payloads finalised by the Advisory Committee for Space Sciences (ADCOS).

MISSION OBJECTIVES

TECHNOLOGICAL OBJECTIVES

Design and realisation of Mars orbiter with a capability to survive and perform Earth-bound manoeuvres; a cruise phase of 300 days of travel; Mars orbit insertion/capture and on-orbit phase around Mars. 

Deep space communication, navigation, mission planning and management.

SCIENTIFIC OBJECTIVES

Exploration of Mar’s surface features, morphology, topography, mineralogy and its atmosphere by indigenously developed scientific instruments.

MISSION PLAN

The Mars mission can be envisaged as a rendezvous mission, which consists of the following three phases:

Phase 1: The spacecraft is injected into an elliptical parking orbit around the Earth by the launcher. With six main engine burns, the spacecraft is gradually manoeuvred into a hyperbolic departure trajectory with which it escapes from the Earth’s Sphere of Influence (SOI) with Earth’s orbital velocity + ΔV boost. The SOI of Earth ends at about 918,350 km from the surface of the Earth beyond which the perturbing force on the orbiter is due to the Sun only. 

One primary concern is how to get the spacecraft to Mars, with the least amount of fuel. The well-known Hohmann Transfer Orbit (or a minimum-energy transfer orbit) is chosen for this purpose.

Phase 2: The spacecraft leaves Earth in a direction tangential to Earth’s orbit and encounters Mars tangentially to its orbit. The flight path is roughly one half of an ellipse around Sun. Eventually, it will intersect the orbit of Mars at the exact moment that Mars is there too. This route becomes possible with certain allowances when the relative position of Earth, Mars and Sun form an angle of approximately 44°. Such an arrangement recurs periodically at intervals of about 780 days. Minimum-energy opportunities for Earth–Mars occur in November 2013, January 2016, May 2018, etc.

Phase 3: The spacecraft arrives at the Sphere of Influence of Mars (around 573,470 km from the surface of Mars) in a hyperbolic trajectory. At the time the spacecraft reaches the closest approach to Mars (periapsis), it can be manipulated to be captured into a planned orbit around Mars by imparting it a ΔV retro (i.e., by decreasing its speed), which is called the Mars Orbit Insertion (MOI) manoeuvre. The Earth–Mars trajectory is shown in Figure 8.6.

ISRO plans to launch the Mars Orbiter Mission during the November 2013 window for the earliest minimum-energy transfer opportunity.

OVERVIEW OF MARS ORBITER

The spacecraft configuration is derived from Chandrayaan-1, which is a balanced mix of design from flight-proven IRS/INSAT bus. Because of redundant features, the Mars orbiter bus is more reliable than that of Chandrayaan. Modifications required for Mars mission are in the areas of communication and power, propulsion system (mainly related to liquid engine [LE] restart after nearly a year), and mechanisms.
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FIGURE 8.6: The Earth–Mars Trajectory Design

(Note: The actual date of Mars Orbit Insertion was 24 September 2014)

All the primary structure, equipment panels and special brackets are fabricated as per ISRO design in the dedicated facilities established for ISRO at Hindustan Aeronautics Ltd, Bangalore. The 390 litre capacity propellant tanks used for Chandrayaan-1 can accommodate a maximum of 850 kg of propellant which is adequate for the proposed Mars mission. A liquid engine of 440 N thrust is planned to be used for orbit raising and Martian Orbit Insertion (MOI). Additional flow lines and valves have been incorporated to ensure the engine’s restart after 300 days of Martian Transfer Trajectory (MTT) cruise and to take care of fuel migration issues. Eight 22 N thrusters are used for reaction wheel desaturation and attitude control during manoeuvres. Accelerometers are used for measuring the precise incremental velocity and for precise burn termination. Star sensors and gyros provide the attitude control signals in all phases of the mission.

Chandrayaan-1 required a single solar panel of size 1,800×2,150 mm. However, to compensate for the lower solar irradiance (50 per cent compared to that of Earth), the Mars orbiter would require three solar panels of size 1,400×1,800 mm. Single 36 Ampere Hour (AH) lithium-ion battery (similar to those in Chandrayaan-1) is sufficient to take care of eclipses encountered during the Earth-bound phase and in Mars orbit.

The communication dish antenna is fixed to the spacecraft body. The antenna diameter is 2.2 m, which is arrived after the trade-off study between antenna diameter and accommodation within the PSLV-XL envelope. On-board autonomy functions are planned as the large Earth–Mars distance does not permit real-time interventions. This will also take care of on-board contingencies. The spacecraft bus system weighs about 500 kg.

MAJOR CHALLENGES

POWER SYSTEMS

The power system is required to support the mission during its various phases like transfer-orbit and on-orbit phase. The power system consists of power generation, energy storage and power conditioning elements.

One of the major challenges in the design of the power system is due to the large distance from Sun. Mars is the last planet in the solar system where solar power generation can be used effectively. 

The power generation in Mars orbit is reduced to nearly 50 per cent compared to Earth’s orbit. Due to the eccentricity of Mars orbit around Sun, the power generation variation is nearly 15 per cent. If 1 W is the power generation when Earth is at perihelion, 0.35 W will be the power generation when Mars is at aphelion. (Here we are comparing the power generated when Earth is closest to Sun with that generated when Mars is farthest from Sun!) 

The power bus configuration with a single solar array specially optimised for Martian orbit generates around 750 W during normal Sun incidence in Mars orbit and has battery-clamped single bus of 28 to 42 V capacity. Storage system consists of 36 AH Li-ion battery for powering the spacecraft during eclipse phase and payload data download phases. Power electronics controls the solar array power to supply the load and to charge the batteries. Each solar panel is about 1.4×1.8 m in size and three such panels with a total area of 7.56 sq.m generate the required power during en route and Mars orbit. 

COMMUNICATION SYSTEMS

Because of large distances between the orbiter and the Earth (200–400 km), communication between them becomes a challenging task. Communication consists of Telemetry, Tracking and Command (TT&C) systems and data transmission systems in S band and a Δ-DOR (Delta Differential One-way Ranging) transmitter for ranging. The TT&C system comprises coherent TT&C transponders, Travelling Wave Tube Amplifiers (TWTAs), a near-omni-coverage antenna system, a High Gain Antenna (HGA) system, Medium Gain Antenna (MGA) and corresponding feed networks. The HGA system is based on a single 2.2 m reflector illuminated by a feed at S band.

ANTENNA SYSTEMS

Low Gain Antenna (LGA) consists of two pairs of hemispherical coverage antennas mounted suitably on the spacecraft. Near-spherical radiation coverage is obtained by placing two hemispherical coverage antennas with orthogonal circular polarisations. LGA provides mission support up to a distance of about 25 million kilometres. 

Medium Gain Antenna (MGA) is needed when the distance between Earth and orbiter exceeds 20 million kilometres. This antenna with half power beam width of ±40° can be used to support the TT&C up to the injection of the spacecraft into Mars orbit. MGA will be useful in case of HGA (see below) losing its RF link due to reorientation of the spacecraft. 

High Gain Antenna (HGA) in Mars orbit is required to transmit/receive the TT&C or data to/from the Indian Deep Space Network (IDSN). Offset reflector geometry with 2.2 m diameter has been chosen for this application. Conical horn antenna with in-built septum polariser is configured as feed for this reflector system. The dual, circularly polarised feed enables this antenna to cater to both transmit and receive functions of TT&C system. Data transmission is also planned using HGA. Half power beam width of ±2° and gain of 31 dB is achieved for the HGA antenna system. 

A Δ-DOR package is introduced to generate ranging tones for distance measurement. The Δ-DOR measurement is used to improve the orbit determination accuracy. It is incorporated as a part of the RF system as the tones generated by Δ-DOR can be downlinked along with Telemetry (TM) data. This configuration allows downlinking TM data using IDSN while Δ-DOR session is being carried out with JPL (Jet Propulsion Laboratory of NASA) stations in the USA.

PROPULSION SYSTEMS

Propulsion systems embody the truly enabling technology for departing from Earth and reaching Mars. The propulsion system for Mars Orbiter Mission has its heritage from GEO missions and consists of a unified bi-propellant system for orbit raising and attitude control. As mentioned earlier, it consists of one 440 N Liquid Engine (LE-440) and eight 22 N thrusters. The propellants are stored in titanium propellant tanks, each with a capacity of 390 litres pressurized with helium gas. The tanks have combined storage capacity up to 850 kg propellant. The 67 litre helium-pressured tank is used to pressurize the propellant. The 22 N thrusters are used for attitude control during the various phases of the mission like orbit raising using liquid engine, attitude maintenance, Martian orbit maintenance (if any) and momentum dumping. As the last few burns of Liquid Engines around Mars occur after ten months of launch, suitable isolation techniques are adopted to prevent fuel/oxidiser migration issues. 

Similar to conventional GEOSAT missions, the main engine is proposed to be isolated after the Earth-bound Liquid Engine operations are completed. Liquid Engine is isolated by operating pyro valves. On completion of coasting phase, the pyro valves are commanded OPEN and propellant supply to Liquid Engine is re-established for Mars Orbit Insertion (MOI) manoeuvres.

ON-BOARD AUTONOMY

On-board autonomy refers to the capability of the orbiter to make its own decisions about its actions. As the distance between the Mars orbiter and Earth increases, the need for autonomy increases dramatically. Given the maximum Earth to Mars Round-trip Light Time (RLT) of forty-two minutes, it would be impractical to micromanage a mission from Earth. Due to this delay in communication, mission support personnel on Earth cannot easily monitor and control all the spacecraft systems in real time. Therefore, it is configured to use on-board autonomy to automatically manage the nominal and non-nominal scenarios on-board the spacecraft. Autonomy is in charge of the spacecraft whenever communication interruptions occur and when the spacecraft is occulted by Mars or Sun. Autonomy also ensures the recovery from safe mode occurrences on-board the spacecraft.

GROUND SEGMENT

Operational communications between a control centre and a spacecraft are realised through a ground station. Indian Deep Space Network station (IDSN 32) located in Byalalu, Bangalore, was established with a view to meeting not only the requirements of Chandrayaan-1 mission but also ISRO’s future missions to Mercury, Venus and up to Mars. The hallmark of IDSN facility is the 32 m dia Beam Wave Guide (BWG) antenna, with state-of-the-art technology, that had been indigenously designed, developed and installed to support all future deep space missions of ISRO. 

To manage a deep space mission round the clock, at least two ground stations, one located in the eastern and the other in the western hemispheres are required. Ground support from JPL, NASA, stations is envisaged to complement the efforts of IDSN.

The long coasting of PSLV PS-4 stage for 1,644 seconds before PS-4 ignition requires two portable sea-borne S-band terminals to be deployed in the Pacific Ocean to monitor PS-4 performance and satellite separation. 

PAYLOADS

The Mars Orbiter Mission is designed to carry five payloads to accomplish its scientific objectives: electro-optical payloads operating in the visible and thermal infrared spectral ranges, and a photometer to sense the Mars atmosphere and surface. The details of the payloads are as follows.

METHANE SENSOR FOR MARS (MSM) 

This payload intended for atmospheric studies is being developed by the Space Applications Centre (SAC), Ahmedabad. It is designed to measure methane (CH4) in the Martian atmosphere with ppb (parts per billion) accuracy and to map its sources. Data is acquired only over illuminated scene as the sensor measures reflected solar radiation. Methane concentration in the Martian atmosphere undergoes spatial and temporal variations. Hence global data is collected during every orbit.

THERMAL INFRARED IMAGING SPECTROMETER (TIS)

This payload intended for thermal remote sensing is being developed by SAC. It is intended to measure the thermal emission and can be operated during both day and night. Temperature and emissivity are the two basic physical parameters estimated from thermal emission measurement. Many minerals and soil types have characteristic spectra in the Thermal Infrared (TIR) region. TIS can thus map surface composition and mineralogy of Mars. It also monitors atmospheric CO2 and turbidity (required for the correction of MSM data).

MARS COLOUR CAMERA (MCC) 

MCC, intended for surface imaging, is another payload being developed by SAC. This tricolour camera gives images and information about the surface features and composition of the Martian surface. They are useful to monitor the dynamic events like dust storms/atmospheric turbidity, and also the weather of Mars. MCC will also be used for probing the two satellites of Mars, Phobos and Deimos. It also provides the context information for other science payloads. MCC images are to be acquired whenever MSM and TIS data is acquired. Seven apoareon (farthest point from Mars) imaging of entire disk and multiple periareon (closest point) images of 540×540 km snaps are planned in every orbit.

LYMAN ALPHA PHOTOMETER (LAP) 

LAP being developed by the Laboratory of Electro-Optics Systems (LEOS), Bangalore, is also meant for atmospheric studies. It is an absorption cell photometer, which measures the relative abundance of deuterium and hydrogen from the Lyman-Alpha emission in the Martian upper atmosphere (typically exosphere and exobase). Measurement of D/H (deuterium to hydrogen) abundance ratio allows us to understand the loss of water from the planet.

The objectives of this instrument are as follows:


	Estimation of D/H ratio

	Estimation of escape flux of H2 corona

	Generation of hydrogen and deuterium coronal profiles



Nominal plan to operate LAP is between the ranges of approximately 3,000 km before Mars periapsis to 3,000 km after Mars periapsis. Minimum duration of observation required for achieving these goals is sixty minutes per orbit during normal range of operation.

MARS EXOSPHERIC NEUTRAL COMPOSITION ANALYSER (MENCA) 

MENCA being developed by Vikram Sarabhai Space Centre (VSSC), Trivandrum, is meant for the plasma and particle environment studies. It is a quadruple mass spectrometer capable of analysing the neutral composition in the range of 1 to 300 atomic mass unit (amu) with unit mass resolution. The heritage of this payload is from Chandrayaan-1 Altitudinal Composition Experiment (ChACE) payload aboard the Moon Impact Probe (MIP) in Chandrayan-1 mission. MENCA is planned to perform five observations per orbit, one hour per observation.

The mission is planned in such a way that imaging data of every orbit can be downlinked during a single orbital period of seventy-six hours around Mars.

DATA ARCHIVAL, DISSEMINATION AND ANALYSIS

Indian Space Science Data Centre (ISSDC), the infrastructure established during Chandrayaan-1, is earmarked for Mars science data processing, archival and dissemination. The data transfer system at ISSDC, with suitable security systems, distributes science data to the concerned (following ISRO guidelines). The communications infrastructure is elaborate and caters to the needs of PIs (Principal Investigators) and POCs (Payload Operation Centres). ISSDC also interfaces with POCs for routing the operational needs of the instrument to the SCC. Level-0 and Level-1 data products of instruments, as applicable, are routinely produced at ISSDC. Automation in the entire chain of data processing is planned. Provision is made to host higher-level data products for any instrument as supplied by the PI teams. ISSDC also provides for data archives in Planetary Data Systems (PDS) format, an international standard. The data dissemination will also follow PDS standard. The computer networking at ISSDC is connected to the IDSN operations facility, SCC and POCs. Scalability and high-level availability are given high priority in the architectural design. It is also planned to have a help desk facility at ISSDC to cater to the data needs of national and international scientists. ISSDC will also host a website for collecting observations and making them available for an apex committee to review before giving further clearance for operations. ISSDC data archival and distribution functions will follow the data policy guidelines of ISRO.

The ISSDC will be the single nodal agency to distribute scientific data to the global scientific community on demand. The following are the main responsibilities:


	Online monitoring of the scientific payloads data and health parameters.

	Generating necessary feedback and strategies for payload control and navigation.

	Coordinating with potential users.

	Examining the validation and authenticating for scientific use.

	Associating the attributes of different payload data to composite data group for effective data utilisation.

	Continuously monitoring the history and trends in space and time.

	Correlating the available data with previous Mars mission observations for validation and identifying new findings.

	Developing new algorithms and techniques for interpreting, analysing and presenting the data based on laboratory simulation of lunar samples and detector characteristics.

	Preparation of comprehensive chemical and mineralogical maps based on all the current and previous observations.

	Planning further missions for more detailed studies.



PART B

INTRODUCTION

India created history on 24 September 2014 when MOM spacecraft entered into an orbit around Mars. Thus, India became the first nation in the world to have succeeded in its maiden attempt to have achieved this feat. It is worth recalling some of the milestones in this long and arduous journey from the blue planet to the red planet.


	August 2012: Government approval for the project obtained.

	September 2012: Project formally constituted.

	October 2012: Key personnel of the project identified.

	5 November 2013: MOM spacecraft launched on-board PSLV-C 25 from the Satish Dhawan Space Centre (SDSC), Sriharikota.

	30 November 2013: Trans Mars Injection (TMI). This takes the spacecraft to a predetermined heliocentric orbit (i.e., orbit around Sun).

	11 December 2013: First Trajectory Correction Manoeuvre (TCM-1).

	11 June 2014: TMC-2.

	22 September 2014: TMC-4. (TMC-3 planned for August found unnecessary.)

	24 September 2014: Mars Orbit Injection (MOI). MOM spacecraft enters the Martian orbit at 07:27 hours Indian Standard Time.



Since then all the scientific payloads have been gathering data as planned. Thus both the technological and scientific objectives of the MOM have been met to the satisfaction of engineering and scientific personnel of ISRO.

WHAT IT MEANS IN SIMPLE TERMS

In popular language the Mars mission is like shooting from a moving platform (in this case Earth, moving with a speed of 107,000 kmph around the Sun) at a moving target (i.e., Mars, moving at a speed of 86,870 kmph), the distance between them changing with time. It is to be noted that the minimum distance between Earth and Mars is 54.6 million kilometres while the maximum is 401 million kilometres. The average distance is around 225 million kilometres.

What makes the Mars mission theoretically possible is our precise knowledge of the planetary motions around the Sun. The engineering feat lies in making the spacecraft follow precisely the path computed by the theoreticians with specified velocities at specified times throughout the 300-day journey. This implies that the rocket which launches the spacecraft into space, the various housekeeping systems on-board the spacecraft, the ground-based telemetry, tracking and command systems must all work to near perfection. The same applies to all software packages.

The success of MOM thus is a testimony to the professionalism of the scientific and technical personnel of ISRO. 

HOW THE SYSTEMS PERFORMED

In this section we give examples of how some of the systems performed.

LAUNCH

The PSLV-C 25 injected the MOM spacecraft into the prescribed orbit with textbook precision as shown in Table 1.

Table 1: Performance of PSLV-C 25









	Orbit Parameters 
	Nominal 
	Realized





	Perigee height (km) 
	    250
	    247 



	Apogee height (km) 
	23540
	23563 



	Inclination (degree) 
	19.261
	19.265 



	Argument of perigee (degree) 
	282.708
	282.787 



	Period (hr) 
	6.828
	6.834 





TRANS MARS INJECTION (TMI)

It is crucial that after the TMI, the specified orbital parameters are achieved. These are shown in Table 2.

Table 2: Post-TMI Parameters









	Parameters
	Expected 
	Realized





	Semi-major axis (km)
	40510.23
	40422.40



	Eccentricity
	1.1657
	1.1660



	Inclination (degree)
	20.351
	20.350



	Argument of perigee (degree)
	296.077
	295.987



	RAAN* (degree)
	115.734
	115.765



	Perigee height (km)
	336.232
	334.974





* Right Ascension of Ascending Node

MARS ORBITAL INJECTION (MOI) PARAMETERS

On 22 September 2014, the MOM spacecraft entered the Mars’s Sphere of Influence. The MOI of MOM was carried out on 24 September 2014 at 07:27 hrs (IST) with propulsion system in blowdown mode and 440 N Liquid Engine and eight 22 N AOCS (Attitude and Orbit Control System) thrusters fired simultaneously for achieving the incremental velocity of 1,099 m/s.

The highlights of the MOI operation were:


	Pre-MOI mass : 801.330 kg

	MOI in blowdown and augmented mode with LAM (Liquid Apogee Motor) plus eight AOCS engines 

	Accelerometer measured delta-V : 1,098.996 m/s

	Propellant consumed : 245.6 kg

	Over-performance of 0.3 per cent observed in LAM thrust.



The performance of the MOI operation vis-à-vis expectations are presented in Table 3.

Table 3: MOI Evaluation









	Parameter
	Expected
	Realized





	Burn Duration (second)
	1393.383
	1388.672



	AOCS thrusters, off-modulation (per cent)
	5.0
	5.0



	Delta-V (m/s)
	1098.66
	1099.12



	First apoapsis altitude (km)
	77962
	76872



	Next periapsis altitude (km)
	419.3
	418.6



	Orbit period (hr)
	75.492
	74.722





DETAILS OF MARTIAN ORBIT

Finally, we give below in Table 4 the details of the orbit into which the MOM spacecraft was injected.

 

Table 4: Achieved Parameters of Martian Orbit








	Orbital Parameters
	Mars-IAU Frame*





	Apoapsis altitude (km)
	76872



	Periapsis altitude (km)
	418.6



	Inclination (degree)
	150.04



	Argument of perigee (degree)
	209.86



	RAAN (degree)
	64.54





* International Astronomical Union

It is to be noted that the above tables are only representative in the sense that there are many other systems which performed equally well but we have not included them just to keep the length of this article reasonably short.

SOME CHALLENGES FACED AND OVERCOME 

The perfection with which the systems performed may give the impression that no real challenges were faced during the execution of MOM. In reality many challenges were faced during almost all the phases of the mission. We give below some select examples.

PSLV-C 25 FLIGHT

The normal flight duration of PSLV flights is around 1,200 seconds, but this C 25 flight duration was around 2,530 seconds. This was because of the long coasting time (during which no propulsion module was active) between the third stage burnout and the ignition of the fourth stage. This was necessary to ensure proper orbital conditions for the Trans Mars Injection. When the time came for the ignition of the fourth stage, the rocket was not accessible from the tracking stations in India. To overcome this challenge two ship-borne terminals had to be deployed over the Pacific Ocean to confirm the ignition of the fourth stage of the launch vehicle and injection of the spacecraft into Earth Parking Orbit.

POWER SYSTEMS


	The designing of the single solar array to generate adequate power in all the phases of the mission under varying solar flux conditions of near-Earth and Martian orbits was another challenge. The flux was expected to vary between 1,380 W/m2 near Earth to 590 W/m2 in Martian orbit. 

	The solar array was also required to generate full power in the temperature range of +65°C to –20°C (Sun-side temperatures of solar array in near-Earth and Martian orbit conditions). 

	The integrity of solar panel substrate and cell bonding under expected low temperature of about –170°C during eclipse had to be ensured. 



FOUR-COMMUNICATION SYSTEM


	Communication had to be maintained during Earth-bound phase, cruise phase, Mars Orbit Insertion and Martian orbit phases.

	The maximum range for communication is 375 million km ( the range of Mars after six months of MOI).

	Tracking precisely MOM’s trajectory by Doppler and ranging methods was another challenge. The precision in measurement of position was 2 metres, of velocity was 1 mm/second and of angle was 0.4 nanosecond. These are fantastically precise measurements. For example, the precision in position measurement is one part in hundred billion parts! 



PROPULSION SYSTEM


	The Liquid Engine (LE) of 440 N thrust was required to be isolated after the geocentric phase and the same engine had to be restarted after nearly 300 days of hiatus with its Flow Control Valve (FCV) seats in wetted condition. Extensive ground tests on hardware at both engine and valve levels were conducted prior to the launch to prove that the wetted condition of the FCV seatings do not swell and affect the propellant flow and the engine can be restarted after 300 days.

	It was decided to carry out, the MOI operation in the blowdown mode. It was the first time for ISRO to try a critical manoeuvre of firing the Liquid Engine (440 N) in blowdown mode. Extensive ground tests and simulation studies were conducted to establish feasibility and characteristics of propulsion system during this unique operation.



SPACECRAFT STRUCTURE

The large 2.2 m diameter High Gain Antenna reflector and associated elements, which are typically accommodated on I3K bus, had to be accommodated on a modified I1K bus.

SPACECRAFT MECHANISMS

Studies had indicated that due to long coasting of the launch vehicle without the heat shield, the solar panel deployment mechanism would reach low temperature of nearly –40°C. The type of hinges used for MOM was IRS type which was typically deployed in the temperature range of 0–20°C.

To build confidence, the solar array deployment hinges were tested successfully for deployment at –60°C in thermovac chamber with required boundary conditions simulated.

THE GROUND SEGMENT

In the ground segment, the Mars Orbiter Mission was supported by ISTRAC for the spacecraft operations like Telemetry, Tracking and Command. The Spacecraft Control Centre (SCC) in Mission Operation Complex (MOX), Indian Deep Space Network (IDSN) and the Indian Space Science Data Centre (ISSDC) belonging to ISTRAC played key roles in extending the mission operation support for MOM. To facilitate tracking and command uplinking during non-visibility periods of ISTRAC stations, the Deep Space Network (DSN) of Jet Propulsion Laboratory (JPL) / NASA of USA was also contracted. DSN stations of NASA were also used for critical Delta Differential One-way Ranging (DDOR) operations periodically for the precise orbit determination.

Here too many challenges had to be faced. One regarding PSLV-C 25 has already been mentioned earlier.

Continuous monitoring of the spacecraft from launch to MOI and operations using both Indian Deep Space Station at Bylalu, Bangalore, and JPL DSNs had to be ensured. 

Establishing real-time communication link between ISRO and JPL for coordinated critical operations and managing multiple ISDN links had been a real challenge for the computers team.

Telemetry, Tracking and Command (TT&C) support for MOM was provided from JPL stations at Goldstone, Canberra and Madrid by means of CCSDS Space Link Extension (SLE) service interfaces. 

PERFORMANCE OF SCIENTIFIC PAYLOADS

As has been mentioned in Part A, MOM spacecraft carried five scientific instruments for exploring the Martian environment. We give below a brief summary of how they have performed.

(a)  Mars Colour Camera (MCC): This is an optical payload intended to be used for study of Mars’s topography (with high geometrical fidelity), surface composition, polar ice caps, dust storms and moons. It has taken nearly 470 images so far out of which nearly 400 were taken after MOI. The collected raw data size has been about 3.7 GB. For the first time, high-fidelity full-disc images of Mars have been captured and analysed. The MCC data has been used for: 


	Characterizing the CO2 ice clouds on Mars based on height estimations using MCC images.

	Mapping the ‘white-streaks’ trailing the obstacle dunes to ascertain the dominant wind directions.

	Imaging Deimos from the far side, which is a rarity among the contemporary Mars orbiters from other missions.



The MCC has still been working very satisfactorily.

(b)  Methane Sensor for Mars (MSM): For the first time, a Fabry-Perot etalon-based methane measuring instrument has been deployed for an interplanetary mission.


	The MSM has been imaging Mars since 27 September 2014. 

	MSM data has been collected during forty-nine orbits out of sixty with twenty-nine apogee imaging sessions and twenty push-broom imaging sessions. 

	About 218 frames have been acquired totalling an imaging time of approximately fifty hours.

	More than 5 GB of data has been collected.

	The MSM has been able to complete full coverage of low and mid-latitude regions (40°S–40°N) whereas high-latitude coverage is very sparse.



The MSM has been working satisfactorily.

(c)  Thermal Infrared Imaging Spectrometer (TIS): TIS is an imaging spectrometer which measures spectral radiance in the infrared region. This instrument has been deployed by MOM to map surface composition and mineralogy, identifying hot spots, and thereby the underground hydrothermal systems.


	Estimation of differential counts using space-look and Mars-look data has been carried out including normalization of these data sets with varying Tcase information.

	The performance of the TIS in Mars-bound imaging phase has been found in agreement with the Earth-bound phase and laboratory measurements. 



(d)  Mars Exospheric Neutral Composition Analyser (MENCA): MENCA is a quadruple mass spectrometer capable of analysing the neutral composition in the range of 1 to 300 atomic mass unit (amu) with unit mass resolution. The main objective of MENCA is ‘to measure in-situ the neutral composition and density of the Martian exosphere (at altitudes around 500 km and beyond), and to examine its radial, diurnal and seasonal variations’.


	The payload was commissioned between 29 September and 8 October 2014 in Martian orbit. Data obtained from the constrained observations so far are being closely analysed. More number of special operations are called for in order to confirm the repeatability of the observations. The observations with MENCA in velocity vector are called constrained observations. 

	The MENCA instrument has shown interesting features during the observations around the periareon, which are distinctly different from the observations made further away from Mars. These include the effect of the umbra crossing on the total and partial pressures and the enhancement of the mixing ratios of lighter species near the periareon.



(e)  Lyman Alpha Photometer (LAP): Lyman Alpha Photometer (LAP) is an instrument developed by LEOS, Bangalore. It is an instrument based on hydrogen absorption cell used for measurement of the relative abundance of deuterium and hydrogen from Lyman-alpha emission in the Martian upper atmosphere. The study from this instrument allows us to understand specially the loss process of water from the planet.


	The instrument has been made operational in the Martian phase since 30 September 2014. So far the instrument has been operated both in photometer and absorption cell modes spread over fifty-three sessions. Nearly 820 MB of data has been acquired using the instrument. The instrument has been calibrated and working satisfactorily. Further analysis of the acquired data is in progress.



WHO CONTRIBUTED WHAT? 

MOM is the result of hard work and sincere cooperation of a large number of groups within ISRO and also the Jet Propulsion Laboratory of NASA, USA. Here is what they did:


	Launch vehicle PSLV-C 25: Vikram Sarabhai Space Centre, (VSSC) Trivandrum.

	All liquid propulsions systems both in the launch vehicle and MOM spacecraft: Liquid propulsion Systems Centre (LPSC), Trivandrum and Bangalore and ISRO Propulsion Complex (IPRC), Mahendragiri, Tamil Nadu.

	MOM spacecraft lead centre: ISRO Satellite Centre (ISAC), Bangalore.

	MOM scientific payloads: Space Applications Centre (SAC), Ahmedabad, VSSC, Trivandrum, and Laboratory for Electro-Optics Systems (LEOS), Bangalore.

	All inertial sensors and systems: ISRO Inertial Systems Unit (IISU), Trivandrum.

	Launch facilities: Satish Dhawan Space Centre (SDSC), Sriharikota.

	Ground segment and network support: ISRO Telemetry, Tracking and Command Network (ISTRAC), Bangalore, and Jet Propulsion Laboratory of NASA, USA.



CONCLUSION

Considering all aspects, this maiden Mars mission of ISRO, known as Mars Orbiter Mission (MOM), aka Mangalyaan has been a resounding success. It has established the professionalism of Team ISRO. Surely, MOM is a precursor to more complex and ambitious interplanetary missions of ISRO.
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Subbiah Arunan was the project director for the Mars Orbiter Mission (MOM) which brought new laurels to ISRO. He graduated from the Coimbatore Institute of Technology of the Madras University in 1984 with honours in mechanical engineering. He started his career as project engineer in cryogenic propulsion systems in VSSC. He was the deputy project director for the Cartosat-1 spacecraft and Chandrayaan-1. He was also the associate project director for Chandrayaan-2 before he took up the MOM assignment.

Known for his project management skills and leadership qualities, Arunan was honoured with Padma Shri by the Government of India in 2015.
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1 Editors’ Note: We are presenting this article in two parts: Part A written long before the launch of the orbiter and Part B written after insertion of the orbiter into Martian orbit.


8.8

Cryogenic Propulsion Systems Development in ISRO

V. NARAYANAN
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INTRODUCTION

The efficiency of a rocket propulsion system is measured in terms of what is known as specific impulse (Isp) and is expressed in units of seconds. For example, the Isp of solid propellants ranges between 260 and 275 seconds while that of liquid (earth-storable) systems is between 280 and 315 seconds. Even more efficient are cryogenic propulsion systems using liquid hydrogen (LH2) and liquid oxygen (LOX); their Isp is between 450 and 460 seconds but they are also the most complex of the three. This is because LH2 boils at 20K (that is, 253°C below zero!) and LOX at 90K (that is, 183°C below zero). Further, LH2 is highly explosive. It has low density, which means one has to carry large volumes of it. All these factors make development of cryogenic systems very complex and time-consuming. Only six countries in the world (the USA, Russia, Europe, Japan, China and now, India) have the capability to design, develop and produce cryogenic propulsion systems. 

In his essay on GSLV-Mk II, R.V. Perumal (Chapter 2.7)has described the early history of the development of cryogenic propulsion systems in ISRO. In this article I focus mainly on the indigenous development of the Cryogenic Upper Stage (CUS) for the GSLV-Mk II and touch upon other advanced systems being developed now in ISRO.

INDIGENOUS CRYOGENIC UPPER STAGE (CUS) FOR GSLV-MK II VEHICLE

As the Russians backed out from the technology transfer for the Cryogenic Stage (CS), ISRO decided to develop the same indigenously, without any changes in specifications or interfaces to ensure continued availability of GSLV-Mk II. In September 1995, a separate project to develop the Cryogenic Upper Stage (CUS) with V. Gnanagandhi as its Project Director was formed. 

The engine is a pump-fed type, operating on staged combustion cycle with a specific impulse of 454 seconds burning for 720 seconds and developing a thrust of 81.6 kN for 400 seconds and 73.5 kN for the remaining duration. It comprises a thrust chamber, pre-burner pyrogen igniters, booster and main turbo pump systems, active thrust and mixture ratio control systems, control components, pyro valves and two steering engines for vehicle control. 

The stage is 2.8 m in diameter and 9.1 m in length with 12.5 tonnes of LOX and LH2 as propellants. It comprises aluminium alloy propellant tanks with foam insulation, structures, fluid circuits, components, instrumentation and control systems. 

For assembly, integration, testing and qualification of CUS, various facilities including cold flow and hot test facilities were established at the ISRO Propulsion Complex (IPRC), Mahendragiri, in Tamil Nadu. An integrated liquid hydrogen plant (ILHP) producing 500 kg per day of LH2 had already been established and commissioned earlier in 1995. An important facility needed for realising the thrust chamber is the vacuum brazing facility used for brazing the inner copper/stainless steel with the outer stainless steel of the thrust chamber and nozzle divergent. 

For manufacture of the engine and stage systems, infrastructure was established in M/S Godrej, Bombay, M/s MTAR (Machine Tools Aids and Reconditioning) Hyderabad, and HAL, Bangalore. 

Many software packages were developed in-house for the thermal design of thrust chamber, combustion and combustion instability modelling, flow analysis through injector and nozzle, life cycle prediction, integrated structural analysis, etc. Special mention must be made of the software developed by ISRO for CUS engine mathematical modelling and simulation. Glavkosmos (GK) of Russia had originally agreed to supply this software for a price, but later reneged on this. We took this as a challenge and developed the software in-house before the first hot test. 

TESTING TIMES

The fabrication team had a very tough time in realising the hardware. The first hardware of the main engine (A0) was tested in the newly commissioned main engine and stage test facility on 16 February 2000. The test failed at 13.7 seconds as against the planned duration of thirty seconds and we lost the hardware. That day is still fresh in my memory. After the test, the entire cryo team was upset. After a sleepless night we faced the review by the Chairman of ISRO next morning. The then LPSC Director, G. Madhavan Nair formed some committees to address specific problems related to the failure, with S. Vasantha as overall Failure Analysis Committee (FAC) Chairman. I was lucky to be the Member Secretary of Engine System Committee with S. Ramakrishnan as the Chairman. It gave me the opportunity to learn about the engine in its totality. 

The FAC concluded that the failure was due to the delayed ejection of nozzle closure causing reattachment of plume and heating of the blocked channels. Inadequate water supply from the Nozzle Protection System (NPS), causing inadequate cooling of the chamber, blocked the channel that opens out allowing H2 flow into the chamber. This led to increase in nozzle exit pressure, and the flame escaped through the space between the nozzle exit and NPS. This flame heated and punctured the command tube of H2 isolation valve leading to starvation of H2 and failure of the test article. 

After the A0 engine failure, it took almost two years’ to come back and test the second engine (A1). This was successfully done on 9 February 2002. This engine was tested for eleven times for a cumulative duration of 3,050 seconds. The first vernier engine was successfully tested in the subscale test facility using gaseous hydrogen and LOX on 25 June 2001. After carrying out extensive development and qualification of the engine-level tests, the stage was integrated and subjected to successful short-duration hot tests. The first test was of 50 seconds’ duration on 28 October 2006. As the Russians never successfully did full-duration hot test on the stage, B.N. Suresh, Chairman of Launch Vehicle Design Review Team (Cryo Stage) suggested we do it. This was successfully done on 15 November 2007 for the full-flight duration of 720 seconds. It was a confidence booster. 

After completing the developments tests on three main engines, when we attempted to do the flight acceptance test of the first flight main engine, the test got aborted thrice due to either delayed ignition or non-ignition of steering engines. The problem was overcome by proper configuration of feed lines and improvements in the chill-down sequence.

THE FLIGHT OF GSLV-D3

Having completed structural tests on tankages and other structures and Ground Resonance Test (GRT), we were ready with the fully qualified cryostage for the GSLV-D3 flight from SDSC-SHAR. As the final flight preparations were going on, almost two months before the launch, an expert team from Russia was invited to solicit their opinion on the health of the flight stage and its expected performance in-flight. To our surprise, the Russians expressed the fear that the steering engines, the main engine and the gas generator may not ignite in-flight! The reason they gave was that we used pyrogen igniters whereas they had used the pyrotechnic ones. This put tremendous pressure on us. We had to carry out extensive theoretical studies and hot tests to instil confidence in the management. There was also some concern expressed by the review teams about the LH2 booster turbo pump and thrust frame. After thorough review the GSLV-D3 flight was authorized on 15 April 2010. The engines successfully ignited but could not develop the required thrust and the CUS failed due to malfunctioning of LH2 booster turbo pump. 

The Failure Analysis Committee concluded that the most probable causes for LH2 booster pump failure was rubbing and gripping of LH2 booster turbo pump rotor in the seal location or rupture of turbine causing loss of power or rotor seizure due to contaminants. Even though the failure could not be simulated, some improvements were incorporated and LH2 turbo pump was requalified. Also the flight hardware was subjected to 200-second acceptance test and necessary health checks before integration. 

In the GSLV flight, the cryogenic engine ignites at an altitude of 130 km under hard vacuum condition and operates for 725 seconds. The first five seconds of engine starting is very critical. During this time fuel booster turbo pump is started, main turbo pump starts rotating in expander mode, ignition of main engine and steering engine occurs, metering valve opens, gas generator ignites and takes over the engine from expander mode to bootstrap mode. To ensure that our indigenous engine does indeed perform as described above, the HAT (High-Altitude Test) facility originally planned for CE 20 of GSLV-Mk III was modified and two hot tests were successfully carried out. The facility modification as well as the test was done under the leadership of K. Sivan, the Project Director, GSLV, D. Karthikesan, the Associate Director, LMF, and N.R.V. Kartha, the Project Director, CUSP. In all, thirty-nine hot tests on seven main engines for a cumulative duration of 7,960 seconds, and seventy-seven hot firings on eighteen steering engines for a cumulative duration of 10,400 seconds have been conducted before authorising the next flight. While cleaning the LH2 the Propellant Acquisition System (PAS) supplied by the Russians, which is mounted at the inlet of LH2 booster unit, large contaminations were observed. Based on this observation it was concluded that the most probable reason for the failure of GSLV-D3 flight could be contaminants. So we had to design, develop and test our own LH2 PAS for the next flight.

SUCCESS AT LAST

Success came at last in the form of the flight designated GSLV-D5 but not without hiccups! The first attempt to launch GSLV-D5 on 19 August 2013 had to be called off because of propellant (UH25) leak in the second stage of the vehicle (GS2). Nearly 800 kg of propellant had leaked, making the area around the launch pad dangerous. Extensive decontamination procedures were carried out to enable people to approach the pad. These safety operations took almost a week to complete. At the Vehicle Assembly Building, the de-stacking operations took another couple of days. GS2 was moved back to Mahendragiri in Tamil Nadu where it was originally assembled and tested. It was disassembled for detailed examination. The Failure Analysis Board concluded that stress corrosion crack in the parent metal region of the UH25 tank was responsible for the propellant leak.

The vehicle was made ready for the second launch in a record time of just four months. The steps taken to restore the vehicle were as follows:


	Cryo stage payload fairings, equipment bay were preserved and reused.

	The spacecraft (GSAT-14) was preserved and reused.

	New GS2 was fabricated with propellant tanks made of changed alloy (AA 2219).

	New L40 stages used with engines were refurbished for two of them.

	New GS1 stage was used including core base shroud and inter-stages.



The refurbished and integrated GSLV-D5 was moved to the launch pad on 28 December 2013. During filling of cryogenic propellant tanks icing was observed on the tank surface. And the LOX feed line temperature was 58K at the end of cold helium gas chilling instead of being in the range of 75–90K. A quick assessment of these two minor deviations was made and the flight cleared.

And the GSLV-D5 took off on 5 January 2015 from the SDSC-SHAR. The performance of the vehicle in general and of the indigenous cryogenic upper stage (CUS) in particular can be judged from the data shown below: 









	Parameter
	Predicted
	Observed





	Orbit (km)
	180±5×35975±675
	179×35950



	CUS ignition (s)
	293.96
	293.96



	CUS cut-off (s)
	1012.56
	1009.90



	CUS ignition height (km)
	132.06
	132.08



	CUS cut-off height (km)
	204.16
	302.31





It is obvious from the above that we now have a handle on the cryogenic propulsion in ISRO.

The Cryogenic Upper Stage has been successfully flown in the GSLV-D6 flight on 27 August 2015. Action is also initiated to deliver two stages per year for meeting GSLV-Mk II launch requirements.

CRYOGENIC STAGE (C25) FOR GSLV-MK III

The next generation vehicle of ISRO, GSLV-Mk III (also known as LVM-3) vehicle capable of placing 4 tonne spacecraft in GTO is configured with a Cryogenic Upper Stage designated as C25. With 4 m diameter and 13.5 m height, the stage has separate propellant tanks for storing 27 tonnes of LOX and LH2. It is powered by a cryogenic engine designated as CE 20, working on gas generator cycle developing a nominal thrust of 186 kN with a vacuum-specific impulse of 443 seconds operating for 635 seconds. 

The design of various subsystems was completed and the gas generator, injector, LOX and LH2 turbo pumps, start-up systems, etc., had undergone development tests. The first hot test on single element thrust chamber was carried out on 12 January 2004 and first hot test of proto gas generator using LOX and LH2 propellant combination was successfully done on 18 November 2004. The integrated power head of the engine which consists of LOX and LH2 turbo pumps, gas generator, hydrogen gas start-up system, cavitating venturies and flow control components having a turbine power of 2 MW was successfully tested in bootstrap mode on 30 July 2010. The thrust chamber assembly was successfully tested in pressure-fed mode in a newly commissioned high-pressure thrust chamber test facility. 

Till today 173 cold flow and hot tests had been conducted on the engine subsystems. The first integrated engine had undergone two chill-down/flow tests, two ignition tests and six hot tests. The hot test conducted on 14 March 2015 was successful at the first attempt itself and the performance was close to the expected level. As regards the stage too, good progress has been made with the completion of structural tests of both the tanks and the structures. Till today two stages were realised; one a passive C25 stage for the GSLV-Mk III experimental flight on 18 December 2014 and the other for Ground Resonance Test of the vehicle.

 Further development/qualifications tests of the engine and the stage under sea-level and high-altitude conditions are planned. The activities on C25 development are progressing well and the first flight stage for GSLV-Mk III-D1 mission is targeted for launch in the fourth quarter of 2016. 

FUTURE PLANS

ISRO is designing heavy-lift launch vehicles with capabilities in the range of 6–10 tonnes in GTO. For this purpose, the following propulsion systems are being pursued:


		A 200 tonne propellant loading LOX and kerosene booster stage powered by a 2,000 kN thrust semi-cryogenic engine operating on stage combustion cycle.

		A 50 tonne LOX-LH2 propellant loading cryogenic stage powered by twin CE 20 cryogenic engines.

		A 10 tonne LOX-LH2 propellant loading cryogenic stage powered by a CE 20 cryogenic engine.



CONCLUSION

Even though the development of cryogenic propulsion systems in ISRO was taken up rather late, the success of GSLV-D5 flight shows we have a handle on this technology. But we have challenging tasks ahead. The first is, of course, proving the flight-worthiness of C25 stage for the LVM-3. The second is mastering the semi-cryo technology. If the past is any indication, we have every reason to believe we will succeed in these endeavours too. 
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An alumnus of the Indian Institute of Technology, Kharagpur, Dr V. Narayanan is currently the Deputy Director of Cryogenic Propulsion Engines and Stages Entity in the Liquid Propulsion Systems Centre (LPSC). He is also the Project Director of C 25 Cryogenic Project of GSLV-Mk III vehicle. He is the key person in the development and successful flight testing of the first Indian cryogenic stage in GSLV-D5 vehicle. He is also the designer of CE 20 cryogenic engine. The Cryogenic Engine Mathematical Modelling and Simulation software developed by him is routinely used in the development of cryogenic engines and stages. He has contributed to the design of high thrust (2,000 kN) LOX-kerosene semi-cryogenic engine.
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GSLV-Mark III Experimental Mission

S. SOMANATH
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INTRODUCTION

At 9.30 hours IST on 18 December 2014, GSLV-Mk III, also known as LVM-3 made its maiden experimental flight from the spaceport of India to deliver CARE (Crew Module Atmospheric Re-entry Experiment) at the targeted location at 125 km altitude with 5.6 km/s velocity. This mission was primarily intended to qualify the vehicle design and its flight through the atmospheric phase. The injection of CARE and its recovery were equally important objectives. 

The configuration and architecture of the LVM-3 differ significantly from those of PSLV and GSLV. The two powerful S200 solid boosters constituting the first stage are ignited at lift-off, while the twin-engine L110 liquid second stage is ignited in-flight during the tail-off phase of S200 boosters. Most of the atmospheric phase of the flight is during the S200 phase and combined phase of S200 and L110 stage. New design issues emerged with this architecture including the differential thrust between two S200 motors and its impact on controllability during tail-off phase, transition of control from S200 and L110 phase, complex flow fields in the aft region of the vehicle and the related aero-thermal issues, protection of the non-thrusting L110 engines form the thermal and aerodynamic loads till it is ignited, separation of the heavy S200 stages with rocket-assisted separation system, etc. Many of these design issues could be addressed by analysis, modelling and simulation and limited ground tests. However, it is well recognized that a complete validation of these could be done only through a real flight test. This is the genesis of the experimental LVM-3-X mission with a mandate to validate the atmospheric flight regime of LVM-3. The development of S200 and L110 stages was sufficiently matured by this time and around two more years were needed for completion of the development of C25 engine and stage. It was also recognized that carrying out a mission with full vehicle configuration with passive C25 stage will provide a remarkable opportunity to complete all vehicle systems development and qualification, development of the mission design, softwares and its simulation, launch complex interfacing, launch processing along with finer details that will be developed for a new vehicle only in the first-time integration and launch.

The proposal for this experimental flight was endorsed by the second Integrated Technical Review (ITR) held in 2012. The work on the configuration definition for this mission, and the passive stage configuration definition commenced immediately. Initial target for the launch was finalised as the first quarter of 2014. Many complex system-level qualification tests were still pending. These included structural tests of the critical propellant tanks of C25 stage, the test of IS-1/2U (i.e., the upper part of inter-stage 1/2), the thrust-transferring structure of solid booster, the heat shield and the S200 Nose Cone Adaptor (NCA) structures. The simulation test beds were to be made ready and tests were to be completed. Qualification tests of all control systems were to be completed in a systematic manner. All the new pyro devices and separation systems were to be tested in required numbers to complete the qualification programme and to have adequate confidence. Many separation system tests were to be completed including heat shield, S200 attachment links, spacecraft separation system and separation of L110 system in cryo condition. All the mission design and softwares were to be fully qualified, reviewed, documented and certified.

THE PASSIVE C25 STAGE

Once the launch of LVM-3-X was committed, the tasks were better defined, and priority from the management also obtained. The finalization of the configuration of the passive C25 stage was a challenging task. A full-configuration stage like a flight stage, but with a passive engine, was always desired. But there were questions of the time lost in integrating a fully functional stage and the benefit that will accrue. All the propellant tanks and structures were flight-identical. The decision to use LN2 in place of LOX and LH2 was debated for its merits and demerits. It was finally decided to fill the LOX tank with LN2 and LH2 tank with gaseous nitrogen. This helped in avoiding insulating the LH2 tank and saved significantly on the schedule and related activities. But the LH2 tanks being at room temperature was at risk due to reduced strength of aluminium at room temperature compared to cryo condition. This was critically analysed and was continuously evaluated till launch to ensure adequate safety of the hardware.

The simplification of C25 stage included deletion of many non-essential systems including the main umbilical and thus the usage of the cryo arm at launch pad. But for filling and servicing of the stage, auxiliary umbilicals were required. The development and qualification of these systems were taken up on priority and completed, which included many functional separation tests at IPRC. The stage pressurization and its control were also made open-loop with only pressure relief system which made the circuits simple. The CE 20 engine was realized as a structural dummy with mass simulation and with active control system. The electro-mechanical actuators were of new designs and were put in active loop under null-hold mode throughout the flight.

QUALIFICATION TESTS AND ITS COMPLETION

Successful completion of all the pending qualification tests was the key to meeting the schedule of the launch. While these tests were carried out concurrently, the integration of the flight stages were progressing at different work centres. Giving confidence to the technical review committees and to proceed with the flight hardware assemblies, even while the qualification tests were in progress, was a tremendous task. Great care was taken in analysing and ensuring success in all the structural, functional and performance tests. 

Many critical issues surfaced during the data generation and flight readiness reviews. The load estimation procedure taking into account the differential thrust of boosters was found erroneous. A new procedure was developed and it resulted in significant increase in load on L110 structures. The inter-stage inter-tank structure (ITS) had to be redesigned and requalified in a short time. The already assembled ITS in L110 stage was replaced by a new ITS design and another hardware was realized and requalified. 

The completion of the executive wind tunnel model incorporating the final configuration of the vehicle was completed during this time. The new data set showed increase in load and had non-linearity in the moment coefficients. The aerodynamic data generated through force measurements and limited pressure distribution measurements was to be supplemented with additional pressure measurements. This was completed on war footing. The design of the Digital Autopilot (DAP) was redone with the new data. The margins available in the design significantly got reduced. This resulted in a new cycle of design and review process to restore the margins in control. The day-of-the-wind biasing scheme was studied and very tight constraints were identified for the launch clearance methodology, including permissible winds and build-up of angle of attack and thus the allowable loads on structures. New approach for the flexible body load estimation and clearance procedure was developed considering the complex structural interactions in LVM-3.

THE CARE MODULE AND MISSION DESIGN

While the LVM-3-X mission was conceived, it was proposed to fly a dummy spacecraft with a mass of 4 tonnes. Such a model spacecraft with mass and dynamic properties was also realised. Instead of flying a dummy, the possibility of carrying out a useful experiment was explored in detail. One of the proposals was to launch RLV-TD inside the heat shield and the other the human space flight module. In this mission scenario, the loads on RLV-TD was exceeding the limits and was found not feasible. The human space flight module in the presently designed configuration was also not possible. The requirement to demonstrate the design of the deceleration system of the human space flight module could be accomplished with such a mission. Thus a Crew Module Atmospheric Re-entry Experiment (CARE) was conceived. The design of the crew module was simplified and adopted from the already identified Pad Abort Test (PAD) to accelerate the development process. All the interfaces with the vehicle were quickly finalised and qualified to meet the flight requirements. The mission design of the vehicle was also modified to suit the CARE injection conditions. The S200 flight regime was maintained the same as for LVM-3-D1 and the L110 phase was redesigned to obtain near-horizontal flight at the end of L110 phase and an altitude of 125 km, maximizing the velocity at CARE separation. This assured that the re-entry of the CARE will take place as required and the velocity will be adequate to ensure the deceleration and the terminal conditions at commencement of deceleration system deployment at 15 km altitude. It was made sure that the mission redesigns did not compromise the original objectives of the LVM-3-X mission.

FLIGHT INTEGRATION AND LAUNCH

The integration of the S200 boosters commenced at the Solid Stage Assembly Building (SSAB) on 18 December 2014. The L110 stage was fully integrated and delivered to SDSC by July 2014. The schedule of readiness of the C25 passive stage was still critical. Meanwhile all the critical development tests of the control systems and pyros and all functional tests were completed. Even while the mission readiness reviews were in progress the critical structural test of LOX tank and IS-1/2U was happening at SHAR. The vibration test of the Equipment Bay (EB) was completed at the newly installed 250 kN vibration shaker at VSSC. The C25 stage and the EB were delivered to SHAR by October 2014.

The CARE module was dispatched to SHAR after completion of the tests at VSSC. Final integration of the module was progressing at SHAR. All the launch complex facilities for the LVM-3 were getting commissioned, including the new Launch Control System (LCC) for the full-vehicle checkout and launch propellant servicing system for the passive cryo stage and the acoustic suppression system. The trials of the acoustic suppression system were progressing well showing sufficient confidence to deploy for the launch. The new vehicle checkout system and automatic launch system were being validated with the vehicle. All the tests indicated sufficient confidence and thorough reviews were held to ensure trouble-free operations. After the assembly of the C25 passive stage and EB, the vehicle was moved to the launch pad and trial propellant filling of the stage with LN2 and other related servicing trials and control system tests were carried out. This was the first time the full vehicle-level powering and serving of the stages were conducted for LVM-3 from the new control centre. All the operations went through very well, indicating the thoroughness in design, implementation and testing.

After the completion of the assembly of CARE and heat shield assembly and the vehicle-level checks at Vehicle Assembly Building (VAB), the vehicle was moved to the second launch pad. The last phase of the operations including the launch rehearsal was successfully conducted. The lift-off time of 9.30 a.m. on 18 December and a wide launch window of about two hours were defined to meet the convenience of the recovery operations. The wind measurements on the launch day showed very benign conditions and no excursions of angle of attack or load was seen beyond specified values.

The launch took place exactly at 9.30 a.m. without any hold. The Automatic Launch Sequence (ALS) was perfectly achieved. The water injection system for the acoustic suppression was linked with the ALS, and got initiated as planned with the jet of water reaching right beneath the nozzle plume, after the take-off and the vehicle reaching a height of about 6 m. This system provided a reduction in the lift-off acoustic level of about 5 dB which is very significant. The on-board cameras mounted on the vehicle beamed pictures of the S200 separation live to the mission director’s consol. All the flight events happened as planned and CARE was injected at the precise targets of altitude, attitude and velocity. There was a long waiting phase afterwards for the re-entry and recovery of the CARE. The down-range station of Port Blair and the two ships placed in the sea gave the continuous data regarding the health of the stages and the CARE after separation. The CARE impact was confirmed from the telemetry data and without much waiting, locating the module by the helicopter sortie from the ship also brought cheers to all in the control centre. Thus, all the mission objectives of the LVM-3-X/CARE mission were achieved. 

The development of this new launch vehicle and its experimental flight was an important milestone in the history our space programme and a very challenging task to the entire launch vehicle community. The significance of LVM-3-X /CARE mission is that the new vehicle design is proven overcoming the design challenges in aerodynamics, control, structural and thermal issues. The vehicle-specific design requirements such as managing differential thrust of S200, impact of thrust oscillations, control transfer algorithms between stages, and stage separation process were also validated. The mission thus provided a one-time opportunity to demonstrate the performance of deceleration system in real-flight setting for human space flight, an opportunity which is feasible only with a dedicated launch. 

TOWARDS LVM-3-D1 MISSION

With added confidence from the LVM-3-X mission, an ambitious target for the first development flight of LVM-3-D1 has been finalised for December 2016 with active C25 stage and GSAT-19 spacecraft weighing 3,200 kg. The critical cryogenic technology of CE 20 engine is being mastered with the engine test programme progressing very successfully. The integrated engine has undergone the first successful long-duration test for 635 seconds. The engine test programme will continue till the middle of 2016 including High-Altitude Test (HAT) and qualification test with two more engine assemblies. The first nozzle divergent up to 100 area ratio has been realised. Modification of the overall vehicle configuration to bring down the aerodynamic sensitivity, reduce loads and improving the payload capability to 4,000 kg are already on the anvil. The heat shield will be changed from conical to ogive shape and a new S200 booster with improved thrust time profile will be used for LVM-3-D1. To increase the payload further in LVM-3-D2 mission, C32 stage with increased propellant loading, reduced inert mass and improved thrust and performance of the engine are targeted.
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S. Somanath, an alumnus of the Indian Institute of Science, Bangalore, (master’s in aerospace engineering with specialization in dynamics and control), is currently Director of the Liquid Propulsion Systems Centre of ISRO. Earlier, he was the Project Director of GSLV-Mk III (LVM-3). Under his leadership, the first experimental flight test of LVM-3-X/CARE mission was successfully accomplished on 18 December 2014. LVM-3, capable of carrying 4 tonne class of spacecraft to GTO, is the vehicle on which ISRO pins its future. An expert in overall launch vehicle design, Somanath has specialized in launch vehicle system engineering, structural design, structural dynamics, integration designs and procedures, mechanism design, pyrotechnics, etc. A member of the Indian delegation to the United Nations COPUOS, Vienna, in 2013, he had participated in various national and international conferences. He has several publications to his credit.
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Initiatives on Indian Human Space Flight
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INTRODUCTION

The year was 2004. The previous four decades have seen significant achievements in the development of space technology systems and their applications in areas like communication, remote sensing, weather monitoring, telemedicine and education, weather monitoring, etc. Deep space and planetary exploration missions like Chandrayaan-I were initiated. ISRO was making forays into developing re-entry technologies with the Space Capsule Recovery (SRE) Experiment programme and was steadily progressing with a series of subsystem performance demonstration tests. ISRO was looking at advanced missions, policymaking, newer services, industry growth, commercial solutions, and so on. During this phase the Human Space Programme (HSP) was felt to be an appropriate venture that would demonstrate technological prowess of our country and establish national pre-eminence.

THE STUDY TEAMS

A committee of experts undertook an initial study to assess the need and requirements for an Indian manned mission, both short term and long term. A report titled ‘Indian Manned Space Mission Initiative – A Project Proposal’ was prpared in November 2004. The report suggested that the manned mission can be carried out using a variant of GSLV with human rating. The proposed programme envisaged developing a fully autonomous orbital vehicle to carry a crew of two to a 400 km Low Earth Orbit (LEO) and safely return to a predetermined destination on Earth. The orbital vehicle named as ‘Manav’ (an acronym for MANned Access Vehicle), consisted of two parts: Crew Module (CM), where crew would be residing; and Service Module (SM). The SM would be discarded after de-orbiting. A semi-ballistic aerodynamic configuration was proposed for the CM as the aerodynamic lift generated could be effectively utilised for reducing the heat load on it and also for being flexible in selecting the landing site. There was provision for aborting the mission and rescuing the crew during any phase of the ascent mission. This report was discussed in various forums. Finally, in August 2004, the ISRO Policy Planning Committee (IPPC) unanimously endorsed the programme. 

In June 2006, Director, VSSC constituted another study team to bring out a comprehensive document on human space programme covering all aspects such as the need for an Indian Manned Space Mission, cost of undertaking such a mission, infrastructure to be built and the overall schedule. The study team prepared a detailed report titled ‘Proposal for Indian Manned Space Programme’. This proposal went through a number of reviews and modifications. This second study team did detailed system engineering and arrived at a configuration with human-rated GSLV-Mk II as the launch vehicle, as it had adequate margin to meet future mass growth in orbital vehicle and payload reduction due to human rating of launch vehicle. 

Taking inputs from various reviews, the document was revised and presented to the ISRO Council in October 2006. After incorporating appropriate suggestions, in November 2006, the modified proposal was put up for debate to a national committee comprising about eighty eminent scientists and technocrats of the country. With wholehearted enthusiasm the committee shared ISRO’s view that this was a programme which would instil fervour into the scientific and technological community of the country and would fetch both direct and indirect benefits in many areas.

OUTCOME OF THE STUDIES

While successfully establishing the need for an Indian manned space flight programme, the study teams also suggested further detailed studies in areas such as: the optimum configuration of the re-entering Crew Module, assessment of the human-rating aspects of the launch vehicle, crew selection and training plan, working out a schedule highlighting critical paths, and arriving at a realistic estimate of the overall cost of the programme. 

Subsequently, Chairman, ISRO, constituted a Study Project Team with a Steering Committee on 14 June 2007 to focus the activities related to the Human in Space Programme, as it demanded major development efforts and large investment with the involvement of several prominent institutions and industries from all over the country. Further, Director, VSSC, formed five study teams in various areas for synthesising efforts made till then and for defining various interface elements needed for firming up the project. The study project team, study teams and steering committee, after many deliberations and discussions with system development agencies, have brought out a detailed document in four volumes, namely, Project Report, Cost Estimate, Executive summary and Prologue. 

The report was presented to the ISRO Council on 17 October 2007. To harness national wisdom, the Project Report was presented to a National Experts Committee on 25 February 2008, where the different technical aspects of the programme were debated. The panel comprised eminent personalities from national institutions, academic institutions like the Indian Institutes of Technology and the Indian Institute of Science and different centres of ISRO. The committee observed that the report had matured enough for further processing including submission to the government for approval.

SELECTION OF CONFIGURATION OF CREW MODULE

Studies conducted indicated that the aerodynamics of the Crew Module was primarily governed by its forward base diameter and the side wall angle. Therefore, a comparative study of four typical manned capsules, with varying base diameter and side wall angles, was undertaken to arrive at the baseline configuration. The final configuration was selected after a detailed examination of many attributes like aerodynamic characteristics, structural and thermal protection system mass, volume needed for crew and various subsystems, etc. 

The objective of the HSP is to carry a crew of two to LEO and return them safely to a predefined destination on Earth. 

The main features of the mission are: 


	Mission duration is a few hours for the first mission and extendable up to seven days.

	Emergency mission abort and crew escape provision is provided. 

	CM has capability to manoeuvre in atmosphere along both down and cross ranges.

	Deceleration/ acceleration is within 4 g considering crew comfort.



A National Committee was constituted by the Prime Minister’s Office in February 2009 with Shri Montek Singh Ahluwalia, Deputy Chairman, Planning Commission, as the Chairman, to examine the ‘desirability and need for HSP’. 

The committee had a comprehensive look at the project report including the rationale, need, desirability, technological capability, progress made so far and the preparedness for implementation. The committee unanimously recommended that the project report submitted by the Department of Space (DOS) may be processed for further necessary sanctions so that the programme, which is a part of the approved eleventh Five-Year Plan, could be implemented without delay. 

HUMAN-RATED LAUNCHER

ISRO’s next generation launch vehicle, LVM-3, is gaining momentum and the first experimental flight with passive cryo was a total success. The first development flight of LVM-3, with the indigenous cryo stage, is scheduled for 2016. LVM-3 has fewer numbers of stages and more payload capability than GSLV-Mk II. Moreover, with LVM-3 payload capability, long-duration human space flight with a habitat module can be configured in future. Human-rated LVM-3 is now identified as the launch vehicle for Indian HSP.

CRITICAL TECHNOLOGY DEVELOPMENT FOR HSP

It is generally felt that a programme of this magnitude is best implemented by executing in well-defined phases. In each phase, a select set of objectives are to be attempted and the successful demonstration of those objectives would take us closer to the final set goal of human space flight.

In the first phase of the programme, technology development of certain key areas was proposed. Crew Module systems will be developed and flight-tested using an unmanned flight. Crew Escape Systems (CES) will be realised and its performance will be demonstrated through a Pad Abort Test (PAT). This phase will be followed by the second phase in which thrust will be accorded for the setting up of facilities and infrastructure. CES qualification using test vehicle flights and integrated flight test of orbital vehicle and CES also is proposed to form part of this phase. These developmental efforts and flight tests will lead to the manned spaceflight using human-rated launch vehicle. An unmanned flight with the full complement of systems will precede this. 

At present, the focus is on the following: 

a)   Development of new technologies required for HSP in the areas of 


	Crew Module systems including re-entry and recovery elements,

	Environmental control and life support systems and flight suit, and

	Crew escape system.



b)   Undertaking unmanned flight testing of the Crew Module systems in LVM-3-X flight.

c)   Demonstrating the performance of Crew Escape System through Pad Abort Tests.

d)  Development of Environmental Control and Life Support System (ECLSS) and carrying out an integrated test of ECLSS with Crew Module on ground.

The successful completion of this phase of critical technology developments will enable ISRO to prove its capability leading to the full-fledged HSP.

CARE MISSION IN LVM-3-X FLIGHT

CARE (Crew Module Atmospheric Re-entry Experiment) mission was conceived as a platform for validating the aero-thermal performance of Crew Module along with the re-entry technologies and for confirming the performance of parachute-based deceleration system. In the experiment conducted on 18 December 2014, the Crew Module separated from the LVM-3-X at an altitude of 126 km, then re-entered Earth’s atmosphere, initially in closed-loop control and guidance and descended further in ballistic mode. During the exoatmospheric phase, three-axis control using the Reaction Control System (RCS) of the module ensured that rates were damped out and the CARE, on the payload Adaptor (PLA) of LVM-3,was held at proper re-entry attitude. Below 80 km, the Crew Module followed a ballistic re-entry trajectory. After the initial aero-braking phase, further deceleration of the module was achieved using parachute-based deceleration system. 

The Crew Module made a safe landing in the Bay of Bengal at a location less than 5 nautical miles (or 9.26 km) away from the predicted impact point which was approximately 600 km away from Port Blair and 1,600 km away from the launch range in SDSC-SHAR. The Crew Module was then successfully recovered by the Indian Coast Guard (ICG) and brought back to the Ennore port, Tamil Nadu. 

The total mass of CARE was 3,775 kg. All the crucial parameters such as the mass properties, the external geometry, the parachute system, including the pyro devices and the apex cover separation/jettisoning system, were all exactly the same as would be in the planned manned mission. In the ascent phase, CARE was mounted over LVM-3 Payload Adaptor (PLA). 

CARE was a magnificent achievement of ISRO meeting all the envisaged objectives. With the successful completion of this mission, critical technologies for Crew Module including blunt-body re-entry aerodynamics, ablative thermal protection system, deceleration system, etc., were all validated.

CREW ESCAPE SYSTEM PAD ABORT TEST

Crew Escape System (CES) Pad Abort Test (PAT) is a rehearsal for a crew escape from launch pad in case of an exigency after crew ingress. In PAT the Crew Module will be propelled to an altitude and range of approximately 2 km, from where it will safely descend in parachutes for a touchdown in sea. The objective of PAT is to prove the concept of CES and to obtain an assessment on the configuration and performance of all the associated systems and subsystems. 

ENVIRONMENTAL CONTROL AND LIFE SUPPORT SYSTEM (ECLSS) AND FLIGHT SUIT

In manned missions, Environmental Control and Life Support System (ECLSS) performs many critical functions, which are essential for supporting the life and ensuring the safety of the crew. ECLSS maintains the cabin pressure and air composition, removes carbon dioxide and other trace contaminants, controls the cabin temperature and humidity and supports the flight suit systems. Auxiliary requirements like fire detection and suppression, food and water management system and crew support in case of emergency are also part of the system. ECLSS maintains an Earth-like atmosphere inside the cabin during all phases of the flight. The crew will be wearing flight suit during ascent and descent phases of the flight as an additional safety measure to take care of any malfunctioning of cabin ECLSS. The flight suit alone can support the crew for about one to two hours.

 The layout and preliminary design of ECLSS have been completed. Various critical components like air–liquid heat exchanger, liquid–liquid heat exchanger, space radiator and LiOH (lithium hydroxide)-based canisters have been realised and detailed characterisation tests are in progress. Many new technology development activities are initiated in different areas like high-emissivity–low-absorptivity coating, coolant line insulation, special biocompatible coolant with low freezing point, condensate collection system, etc. 

Design and development of flight suit have also crossed many milestones and a few development models have been realised and tested to prove the concept.

It is proposed to integrate the ECLSS subsystems and carry out an integrated test with one of the CM models as part of the critical technology development.

HSP: FUTURE ROAD MAP

We are also contemplating on what should follow PAT. As part of critical technology development Crew Module, ECLSS and CES systems will be realised. Some of the systems such as the crew module have already gone through performance demonstration test in LVM-3-X/CARE mission of December 2014. The CES systems which are being realized will be exercised in Pad Abort Test. ECLSS components will go through ground-level integrated tests with Crew Module.

The manned version of Crew Module is a twin-walled structure with the internal shell made as a sealed, all-welded construction. Configuration studies and preliminary design have been completed for this version. 

Performance of the CES will be demonstrated in PAT. But it is designed to function in different regimes of the ascent flight of the launch vehicle and needs to be tested in those flight conditions. It is normally done with the aid of test vehicle designed to take the CES through the specified test conditions. 

Finally, the ECLSS in the integrated condition, after testing in ground facilities, needs to undergo a testing in an orbital vehicle simulating zero gravity and deep vacuum outside the module.

It is proposed to develop the orbital vehicle comprising Crew Module and Service Module and carry out a flight test inside the payload fairing in one of the future missions of GSLV-Mk II or LVM-3 vehicle. The test vehicle for Crew Escape System will be developed and the CES will be qualified for all critical in-flight conditions. After ground evaluation of ECLSS and flight suit, the whole system will be integrated and flight-tested as part of an orbiting vehicle. 

Human space flight is a challenging techno-managerial activity that calls for synergized efforts of a number of national institutions, academia and industries in the country with ISRO playing the lead role. 
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S. Unnikrishnan Nair did his master’s (aerospace engineering) from the Indian Institute of Science, Bangalore, and PhD (mechanical engineering) from Indian Institute of Technology, Madras. He worked for over twenty-two years in launch vehicle mechanisms, acoustic protection systems and payload fairing areas. He was Deputy Project Director, Space Capsule Recovery Experiment (SRE-1) for deceleration and recovery systems. He is the recipient of SRE Team Excellence Award. Member of many professional bodies, Dr Nair has published several papers in national and international journals. He has one patent to his credit. Currently, he is the Project Director of HSP. He was also the Payload Director for CARE (Crew Module Atmospheric Re-entry Experiment), which was flown successfully on 18 December 2014. 
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With K. Kasturirangan
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On 25 May 2015 P.V. Manoranjan Rao interviewed K. Kasturirangan at the Raman Research Institute, Bengaluru. We reproduce below some excerpts.
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When he took over as the Chairman of ISRO in April 1994.

When I took over as the Chairman of ISRO, the PSLV development was nearly complete, except that the first launch could not succeed, but was waiting to be successful – that’s how I look at it. Well, of course there were small glitches in the software in the first flight that were identified and corrected. We went through a very rigorous review of the whole PSLV programme to make sure that the second flight (in October 1994) was a success. I consider PSLV as an important event, being the first successful flight of a big launch vehicle, which later became the workhorse. Secondly, I also consider this as a trendsetter for the issues of improving the vehicle’s capability by identifying areas of technologies that can lead to improvement in the overall performance of the system. The PSLV culture is the culture of ISRO, we have seen very high level of successes, probably comparable only to the Soyuz and Delta. Further, one can say that this is the only vehicle which was in the intermediate class anywhere in the world at that time. So that is the fourth one. Starting my career as Chairman of ISRO with a success of PSLV … I consider it as a major milestone.

On the question of GSLV, it was about three years into the programme when I took over as Chairman. The real challenges were ahead. All of us in ISRO were unanimous that our efforts together should ensure that the first flight itself should be a success … all the three or four countries, which had earlier launched geosynchronous vehicles, had their first vehicle facing a failure. When we’re going to enter into that exclusive club after nearly eight or nine years, there is no reason why we should also repeat that failure! Therefore, one of the important things we did was to have tremendous scrutiny on every element of the technology, flight, mission and the questions that are related to reliability, simulation, modelling. I may add that any feedback we received from anybody in ISRO, who knows the vehicle, was never taken lightly.

But ultimately the challenge for the GSLV was putting together the cryogenic stage from Russia and the lower stages from us, integrating them and then seeing them function smoothly. There were many elements; we had our avionics and control systems which were part of the cryogenic stage. Therefore, working with Russians and ensuring the smooth functioning of an integrated vehicle was another major challenge. In GSLV, during my tenure, we had two flights and both these first and second flights were successful. 

When the first operational Indian Remote Sensing Satellite (IRS-1A) was launched in 1988, Kasturirangan was its Project Director and U.R. Rao was the Chairman, ISRO.

I would like to say something about IRS that is really more from the satellite point of view. Since you asked questions on my major contributions at the Chairman level earlier, I brought other specific areas, specially on launch vehicles.

Regarding the IRS we really wanted to build a satellite as good as Landsat and SPOT. The requirement was that it should have a resolution of 30 metres and 70 metres, 70 metres like Landsat, 30 metres more to look at our applications, particularly in agriculture. The problem was fairly complicated in terms of technologies like gyroscopes, reaction wheels, propulsion system, etc. Every one of those technologies had to be learned from first principles. To understand the questions of having a satellite whose technology had to be done internally including the camera system and using Charge-Coupled Device (CCD) for the first time … they were all new. It took about eight years, it was a very major task in the satellite design and development. And what is good about IRS is that we successfully operated it in orbit, the very first time. It produced excellent pictures. Those pictures were comparable to the best contemporary satellite pictures. I think that is where we scored. The last point I would like to make is that IRS really triggered a whole generation of satellite buses which came after IRS. Even today, the derivatives of the fundamental IRS bus continue to dominate whether you call it Resourcesat or Cartosat or any other satellite. There was also another unique satellite, a Met satellite called Kalpana. If you really look at the whole string of subsequent satellites, all of them used the bus that was developed for this.

On what new things he initiated

One major activity was Chandrayaan. The first important thing was to convince the government. Prime Minister Vajpayee gave approval to Chandrayaan and all that … but the whole story on this is given in Countdown, the house journal of VSSC.

Prime Minister Vajpayee added that India should not have only one mission of a planetary nature. We need to have larger numbers, so let this be the first one, Chandrayaan-1, with many more to follow. So that was visionary contribution from Vajpayee. I still feel that was the most important step, very, very big. 

The second initiative I took was GSLV-Mark III. That was one thing on which we virtually worked for almost about seven or eight years. By the time I left ISRO, the configuration of the GSLV-Mark III was finalised. It’s very interesting, the way in which we should look at the launch vehicle development in the early phases of three Chairmen. I want to come back to this because Satish Dhawan defined SLV, ASLV and initiated PSLV, and of course GSLV, among all those other kinds of things. Then when it comes to U.R. Rao, he concentrated on operationalising PSLV and initiating the GSLV-Mark II. When I came to my task, PSLV became operational. GSLV became operational because we had two successful flights, but the most important thing was to initiate the next generation system, the GSLV-Mark III. So that was one of the most important things. Of course we wanted to make sure that it should derive a lot of heritage from the previous vehicles – solids, liquids, cryogenic, they were heritage systems. It should have a capability which is about four-and-a-half tonnes of payload. The third aspect was that it should have enough safety clearances and so on. I do not want to go into the details. But we came to the decision that this (the present one) should be the configuration of the next generation.

On Kalpana and TES

There’re two more things which are important. One was converting the flight of PSLV into a geosynchronous mission and putting Kalpana into orbit as a single meteorological satellite. This is a new thing. Exclusively for meteorology, we can have a separate mission; INSAT-3D, for example, was the current successor to Kalpana. 

Lastly, a short turnaround time mission which makes a difference to the country’s strategic requirements that is TES. Kargil happened. There was a feeling in the country that there was no satellite, which could really provide them 1 metre resolution. This was not planned by ISRO at that time. It was made clear to the PM. But the PM asked us if we could do it right then. Within two years, we did position a TES in orbit, a satellite with 1 metre resolution with novel technologies and concepts. In fact the present Chairman, Kiran Kumar, is the one who really introduced the step and stare concept which is indeed novel and by which we succeeded in meeting the demands of the nation.

There is the third one. I want to say that one does not look at it from the technology point of view. There are innovative applications. That is EDUSAT. The EDUSAT has not been followed up properly. That doesn’t mean that the concept was not sound. Thus the major exciting tasks were: EDUSAT, TES, Kalpana, GSLV-Mark III and GSLV-Mark II operational. 

When he was a Member of Parliament and a Member of the Planning Commission.

ISRO is a very beautiful self-organising system, simply because depending on the requirements and conditions, it organises itself to deliver the new expectations. This was amply clear to me when I saw it from outside it, because the thought processes of the new leaders will not be the same as those of the earlier ones. Ways of looking at things are different. The way of interfacing with the outside systems is different. From many points of view, structurally or institutionally the perspectives change, but in spite of that ISRO was delivering what was asked for. Now, this to me is a very significant component of a system. 

When I was sitting in the Rajya Sabha for six years, I knew the type of response given by the Rajya Sabha members and also the response of the Parliament to the developments in ISRO. They look forward to new missions from ISRO. When there was a major mission from ISRO, before the session started, the Chairman would ask me: ‘Is it okay?’ I would write a small paragraph and give it to him. Before the House started, he used to announce: ‘I’ve an interesting news from ISRO, from Dr Kasturirangan, he will read it out.’ You know it is all informal. It’s not a formal input from ISRO. So you can see the special treatment and feeling for the ISRO which it enjoyed in those places. When I was sitting there, I was so proud to see that. 

The second is in the Planning Commission. It has been a question of resources; all people and the members there were very well informed about ISRO and the most important aspect is, all were happy about ISRO’s successes in terms of technology development and use. The second factor they appreciated was the very strong linkages with users. ISRO is one of the organisations which did its planning meticulously; ten-year plans, five-year plans, annual plan and all are very well thought out and structured. That comes of course because of the internal system that ISRO has created from the start. The Planning Commission was appreciative of this part of the planning and ultimately, between the projected budget estimates and the revised, the gap usually was not at all large. It was always fairly well controlled in terms of expenditure, compared to what the allocation was. These four or five elements really made the Planning Commission look at ISRO’s requirements, not only sympathetically, but with eagerness, to even expand. And what is interesting is in their twelfth Five-Year Plan of which I was the member for science and technology, the ISRO allotment was Rs 45,000 or 50,000 crore. The projection came a little less than this. But when we discussed the whole thing, they felt that we should enhance the budget of ISRO. In fact it was the only one instance when the planning commission wanted to increase, whereas they were cutting mercilessly in many other areas. This shows the trust ISRO enjoys in those places.

Future

It is time we start looking at ISRO in a very different perspective. We cannot go on producing satellites and launch vehicles which are operational within the system. Right now, our manpower is about 15,000 to 18,000 or that kind of a number; it should not grow more than 20,000 to 22000, whereas the number of missions should grow by three to four times in the coming five to eight years. Obviously, this can come only if there is an external capacity that is built and the whole mechanism of institutionalising, and how to do it outside ISRO, are well planned and ensured. Industries have been meeting ISRO’s requirements very well. With proper policy framework for ISRO in place, the industry can be allowed to use our launch and test facilities. This is yet to take place. It’s not purely outsourcing.

Industries will have to get missions, get the stakeholders and user community and also do business with outside world. And for that, it has to be more than just being an outsourcing system. So you have to really create a parallel ISRO within the industrial system in this country. This is important. 

Yes, you need to focus on R&D, proof of concept missions, international collaborations, human space mission as and when it takes place, planetary programmes, etc. This should be all within the scope and the overall agreed programmes on space, which should be the mandate of ISRO. But the moment an operational system is created, a consortium of industries should come and take it over and also do business on that basis. So, that is what I would say should be the next attempt. 

On frustrating moments

Frustration comes in because you have expectations and you don’t meet those. Expectations from ISRO, particularly from outside, are great; many times it is difficult because people think that a great thing is happening in this country and they do not have a benchmark, so their expectations are high. Within ISRO, we know there is a gap between what we are capable of and what we are doing. Then we get frustrated because we think that we should be doing more. Take for example remote sensing applications; in ISRO we have major centres doing this. We have operationalised some applications. We also have Regional Remote Sensing Centres. Very good. But when we see what systems like Google are doing, we know we are far from them. We should have gone ahead without any constraints on using remote sensing data. 

The second thing is the non-proliferation of space science into the university system. I think we have got very limited interface with university systems. You look at planetary missions like Chandrayaan. How many university papers do we see? Practically nothing. It was not pushed with passion. Now Mangalyaan! It was called as a test flight for technology. I was amazed at the way in which these things are being said outside. Planetary mission is a planetary mission. You will have instruments with which we can do contemporary science. You’re going to have a new look at the Mars with respect to its origin, its atmosphere, the climatology system, its implication with respect to Earth. This is the objective.

You need to have technology. Technology always is driven by science and this technology is always higher than the technology you need for day-to-day and down-to-earth applications. So this is the loop that you should really look at. So please make sure that this is a correction that you need to make when you talk about planetary missions. ISRO will not have a technology demonstrator for planetary missions. It will be always science that will drive it. In the process it will develop new technologies. Those new technologies will further improve our ability to explore and at the same time used for improving the remote sensing and other kind of satellite technologies for down-to-earth application. So this is the way we should look at the planetary missions and make sure that we get an opportunity to demonstrate that we’re able to go there and do experiment. We’re qualifying ourselves into a global player and try to function in a consortium. If you’re part of a consortium, you should be an equal partner, because you are able to contribute, which you have demonstrated.

And lastly it is also the way in which excitement can be created in the younger generation. This excitement in younger generation is going to be a sustaining factor. Presently not a single university is involved in the Mangalyaan mission. Not a single academic institution is involved. We need to transform the planetary missions as intellectual opportunities even as we demonstrate our technological capability.

Should India go for human space missions? 

Yes, in the long run. I think three or four countries have done it. And countries with the resources today are able to do it. Among countries capable of doing it, India can be included. But on the other hand, if you ask me whether we have lost time, we’ve not really lost time, because we build up our applications at a certain pace. So we have a certain way with which we’ve gone about our programme. ‘You need one more ISRO! People give you a wrong impression about the type of resources needed for human space mission. The returns may not be commensurate with the type of money that we put into. Returns will never be big. So we need to wait.’ That’s what I told Prime Minister Vajpayee when he asked me about human space flights. But that doesn’t mean that we need not prepare for it. We should certainly aim for increased stature as a spacefaring nation.

Look at the amount of work the US did before embarking on a human space mission there, with their space shuttle. You cannot imagine, the documents they prepared would fill a whole room. The number of scientists, number of engineers, number of strategic planners, the managers – all of them were brought together and separately each one of them churned the concept. That doesn’t mean that concept is applicable to India. You need to go through a similar exercise. For if Chandrayaan took us four years, a human space mission will take five to six years to first of all specify what the human space mission should be. Then how do you implement it? There are many ways of doing it. You can go on a totally autonomous way. That is number one. Or, try to find out all that is available elsewhere. Exactly like we build a satellite using the components which are available in the market, we don’t build the components. You do an exercise of that kind for human space mission and see what can be bought and what can be built indigenously. A judicious option has to be exercised very carefully. This is number two. Or we get major subsystems of human space mission and build it, like the Chinese did for the first and second manned capsules. That is number three. And then the fourth one is by enlarging, that is, get a human space mission working from another country. Work on. Like what we did for first cryogenic stage. And then give the Indianness to it. So these are just four approaches to do that. Each one of them, you look at the feasibility, the political considerations, the national priorities, the resources that we need and the time we need. You analyse it with respect to these four or five options available and then let the management take a decision based on this. A clear relationship between the present plans and the future directions needs to be established, time and resources are to be quantified realistically. 

On costing

You are right. Costing for space activities is very important. That is why we wanted to do cost-benefit analysis. We did it under the Space Commission when this question of costing was brought up. We had very good people in the Space Commission whom I am indebted to. I asked Dr Vijay Kelkar: ‘Do you think that we need to look at costing?’ He said, ‘Scientific departments don’t do this because they think they have to open up too many details.’ I said, ‘I would like to open the details and I need to get a good economist.’ We thought about Prof. Shankar from Madras Institute of Economics, Chennai, to carry out the economic analysis. Dr Kelkar told me that he was a very good economist, but he would tear me to pieces. I told him that was exactly what I wanted. He did it, but when the book came out, it justified our space programme; that is the most important part of it. But currently, no such effort is being made.

You have brought up this question of cost factor. You can clearly see that we had done the cost-benefit analysis for the first time for a scientific department in this country and nowhere in the world was cost-benefit analysis done for a space programme like we had done. It is also time now that we need a second analysis and not use the old one.

On succession

People should now be serious about succession. At the age of fifty-nine or something, I sent a letter to Prime Minister Vajpayee: ‘I am giving you one year to plan about my successor and these are the names I am giving; you may please consider adding other names from outside and make sure that the Chairman is in place next year by September.’ I wrote to him when I was fifty-nine. It is another matter that he didn’t allow me to quit. I wanted to make sure and I had already identified my possible successor(s). I also told him personally about another four or five senior people who would be the next leaders. That is only because of the fact that there is a hierarchy that has grown over the years and I can’t simply meddle with it.
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Prior to becoming the Chairman of ISRO (1994–2003), Dr K. Kasturirangan was the Project Director for Bhaskara 1 and 2 and IRS-1A satellites. He was also the Director of the ISRO Satellite Centre (1990–94), Member of Rajya Sabha (2003–09) and a Member of the Planning Commission (for Science and Technology) till it was dismantled by the present government. Member of several academic and professional bodies, Dr Kasturirangan was the recipient of many national and international awards including the Padma Vibhushan of the Government of India. He had published over 200 papers in astronomy, space science and space applications and edited six books.
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With G. Madhavan Nair
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In July 2015, P.V. Manoranjan Rao had a Q & A session in Thiruvananthapuram with G. Madhavan Nair, former Chairman of ISRO.
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You were the Chairman of ISRO from 2003 to 2009. Several things had happened during that period. Would you pick out just a couple of things or events which you consider the most important, and why?

I am really proud to have been the Chairman of ISRO for six years, starting from 2003. ISRO is the finest organization in the country and its achievements are the result of a continuous process based on a long-term vision of its leaders. The role of the Chairman, ISRO, is to motivate the teams to perform optimally and think creatively to achieve set goals successfully focusing on enriching the long-term vision. It was indeed a pleasure working with the ISRO team.

It is true that many events have culminated successfully during my tenure. The most challenging and impressive one was the Chandrayaan-1 mission. It is not only reaching the Moon, precisely and orbiting the spacecraft in a 100 km circular orbit, but also roping in agencies like ESA and NASA to complement with a bunch of scientific instruments which ultimately led to almost full mapping of the lunar surface, for its surface features, mineral content and, above all, confirming the presence of water on Moon for the first time. This mission was acknowledged as a fine example of international cooperation and major achievement for the nation by reaching the Moon on the first attempt itself as well as placing the Indian national flag on the lunar surface.

Though the Chandrayaan-1 mission drew the attention of the global community, there were several other programmes of social benefits and technology development which I am proud of. 

The telemedicine, tele-education and village resource centres were operationalized through which the rural population in remote areas has benefited from high-quality education, medical services, e-governance and agriculture advisories. The communication transponder capacities have been doubled and the DTH services were ushered in the country. Yet another significant achievement had been the development and qualification of indigenous cryogenic engine and technology which were denied by the Russians. 

In ISRO, almost all major initiatives/projects take several years to come to fruition. So, it often happens that an initiative launched by one Chairman sees success during the period of his successor. What was (were) the initiative(s) you had launched? 

The most important contribution was formulation of next ten-year profile, i.e., for the period 2010–20, which includes manned mission, recoverable and reusable launch vehicle technology and advanced communication systems for rural area using large deployable antenna on satellites. Achieving self-reliance in transponder capacity was another dream. High-resolution, all-weather Earth observation and planetary explorations were part of it. These programmes have been drawn up taking into account the dreams and aspirations of the entire space community and the needs of developing India. The aim was to launch a new era of space exploration and development of new technologies which will activate every work centre of ISRO, taking India to a leadership position globally.

You had a long and fruitful career in ISRO. In all those years which period you consider the most exciting (or rewarding), and why?

I had a forty-two-year-long career in ISRO starting from the Thumba Equatorial Rocket Launching Station. All these years had been productive and enjoyable. The most challenging period was the ten years from 1984 to 1994, when I was directing PSLV project. It’s during this period that the most sophisticated technologies for large solid boosters, liquid boosters, control system, guidance system and navigation system were developed. Solving critical technological problems and providing guidance to the team to achieve perfection were a real challenge, especially since these teams were of diverse specialization belonging to different entities. Bringing them together, synthesizing their efforts to realize a flawless product, i.e., PSLV, the workhorse launcher of the nation was the most fulfilling achievement.

Suppose I requested you to write a short piece of about 2,000 to 3,000 words on any topic relevant to ISRO, what topic would you choose?

It is the ISRO culture which makes it unique compared to other organizations in the country. The high levels of technical competence, the most modern facilities, creative thinking, dedicated hard work and team effort are the hallmarks of ISRO culture. This was nucleated by Dr Vikram Sarabhai and Prof. Satish Dhawan and sustained and nurtured by Prof. U.R. Rao, Dr K. Kasturirangan and myself. Each one of us built up on the achievements of the previous regimes and ensured continuity of the programme through collective efforts. Continuity of the programme, collective efforts and the ability to learn from mistakes and not playing the blame game – all these have made the organization vibrant. I am really proud to be part of this legacy, i.e., the ISRO culture.

You have been the President of the International Academy of Astronautics for some years. How does the international space community look at our space programme? Are there any lessons for us from other space agencies?

For the first time in the fifty-year history of the International Academy of Astronautics, a non-American had been elected as its President. I was fortunate to be the one to hold this position since 2009. The academicians who are leading scientists and technologists from the global community look at India as a great achiever. The self-reliance achieved by India in building rockets and spacecraft on a shoestring budget had been recognized and appreciated the world over. Above all, the space applications for societal benefits demonstrated by India are unique and they have become a role model for the global community, especially for the developing countries.

Many have suggested that eventually ISRO should trim its manpower and outsource as many things as possible. Just like, say, NASA. Do you agree with this?

Commercialization of space and production of items for rockets, satellites and services through industries have been the policy pursued from Prof. Dhawan’s time onwards. To a great extent, we have succeeded in industrialization of these activities and nearly 40 per cent of the budget is spent on industrial production. However, it is not picking up momentum, mainly because of the short-sighted approach of industries and the reluctance of industries to invest in high-cost infrastructure and invest in high-tech, risky development activities.

NASA was a great organization which had nucleated many new technologies and sophisticated missions like Moon landing in the past but of late they have become mostly administrators. I do not want ISRO to follow such a route. It should retain its role of a technology centre providing global leadership and creating a platform for industries to perform. It is the research work at leading labs like JPL which keeps NASA ticking. For us, JPL is a better role model.

It is likely that there were some frustrating moments during your long stint with ISRO. Which was the most frustrating thing of all?

When we pursue development activities in high-tech areas, it is common and natural that we encounter failures. We learn from failures and spring back to success. Quite often, failures are caused by minor errors. Though I am tolerant of mistakes made by others, there were instances in which knowledgeable people made mistakes because of their arrogance and such instances have frustrated me.

What is your take on India going on its own for manned missions?

The detailed project report on the manned mission by ISRO had been submitted to the government in 2009 itself. All the technical issues were addressed and there was confidence that ISRO could take up this job on its own and the successful mission would be achieved within a period of six years from project approval. During the last six years, this had not been pursued well. If ISRO’s past history is any indication, the development of manned mission is well within its reach and we can do it with indigenous technology and efforts.

What would you like to be remembered for?

I would like to be known for my pet project PSLV and the contributions to social application of space technology, thus fulfilling the dreams of Dr Vikram Sarabhai.
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After graduating in engineering from Kerala University in 1966, Madhavan Nair underwent training at Bhabha Atomic Research Centre (BARC), Bombay, and joined Thumba Equatorial Rocket Launching Station (TERLS) in 1967. Working under A.P.J. Abdul Kalam, he made impressive contributions to the first Indian Satellite Launch Vehicle, SLV-3. Subsequently, as the project director, he brought to fruition the development of India’s first operational Satellite Launch Vehicle, PSLV. Since then, PSLV has become the workhorse of ISRO with over two dozen successively successful launches. It has launched both Chandrayaan-1 and MOM missions that brought new fame to ISRO.

He held several important positions in ISRO, such as the director of LPSC and director of VSSC, before becoming the chairman of ISRO in 2003. He has been the president of the International Academy of Astronautics. He is the recipient of several awards including the prestigious Padma Vibhushan conferred by the President of India in 2009.
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With K. Radhakrishnan
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In July 2015 in Bengaluru, B.N. Suresh had a long discussion with K. Radhakrishnan, former Chairman of ISRO. We reproduce excerpts of that discussion.
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As Chairman of ISRO from November 2009 to December 2014

It was an honour for me to lead the brilliant team of scientists and engineers of ISRO for over five years. Personally it was an enriching experience as every day brought new challenges and newer learning with it. Putting things in retrospect, I did not have a very smooth take-off. To add to it, occasional turbulances coupled with intermittent thunderstorms kept testing my patience and also the resilience of Team ISRO in particular. But it was converging towards a golden era for ISRO. We accomplished thirty-seven space missions in the five years (2010 to 2014) as compared to eighty-two previous missions executed in the previous thirty-five years. The numbers speak for themselves. 

On 24 September 2014, the nation woke up with a glory that very few countries have achieved: we reached Mars ahead of so many others and became the fourth country in the world to do so. In fact we were the first to reach in the first attempt. We did it in just four years. We had a cost envelope to be adhered to. Prime Minister Narendra Modi took the pains to come down to Bengaluru and joined us in the ISTRAC Mission Operation Complex during the operation; and the rest is history. His stimulating speech, I am sure, had reinforced the trust and love of all Indians towards 
our ISRO. 

We grappled with our cryogenic engine atop the GSLV, but all our efforts were repaid with a textbook launch of GSLV-D5 on 5 January 2014. The success of GSLV-D5 had ISRO’s grit and determination written all over it. That also underscored the bold initiative of Prof. U.R. Rao, who in 1992, as Chairman, ISRO, decided to go solo on cryogenics. But we also had twelve fantastic PSLV flights during the same period, all of which went flawless. 

We built new satellites – the three navigation satellites (IRNSS-1A, 1B and 1C); GSAT-7 for specialised communication applications and RISAT-1, our first indigenous microwave imaging satellite. The space-based augmentation system for civil aviation, GAGAN was a stupendous success – another instance of ISRO working closely with the end-users to deliver a champion solution. 

These apart, we added eight more operational satellites viz. Cartosat-2B, Resourcesat-2, INSAT-3D (for Earth observation) as well as GSAT-8, GSAT-12, GSAT-10, GSAT-14, GSAT-16 (for communication). A host of novel space application programmes (in weather, climate and environment) were established while the scope and reach of space applications were widened. 

Two joint satellite missions – MeghaTropiques and SARAL – with the French National Space Agency became models of international cooperation for global research in oceanography and climate studies. We inked another agreement with NASA to jointly build an advanced Radar Imaging Satellite. India’s global standing was enhanced as PSLV launched eighteen satellites of eleven countries (including France, Germany, Japan and the UK) commercially, and fresh contracts were concluded for three commercial launches for Germany, Singapore and the UK. 

We scaled several frontier technologies. With the experimental flight of the next-generation launcher LVM-3, its capability to steer clear through the crucial atmospheric phase was confirmed. The CE 20 cryogenic engine, designed to deliver nearly three times more thrust than the indigenous one flown in GSLV, was pursued on a war footing, and ground testing commenced in 2014. 

I sincerely wish we could have devoted some more thrust towards development of the semi-cryogenic engine, which had to take a back seat owing to a clash of priorities with the key people who were shared with the pressing GSLV and LVM-3 programme. The Crew Module Atmospheric Re-entry Experiment, skilfully conducted availing of the opportunity from LVM-3 experimental flight, was innovative and a big step forward towards a human space flight.

ISRO, as an organization, started receiving coveted accolades like Gandhi Peace Prize for the year 2014 and Indira Gandhi Prize for Peace, Disarmament and Development for 2014. This has been an exceptional tribute to the phenomenal spirit of thousands of employees in ISRO and their families who always placed the organization before everything else, and that made us what we are today. 

So I must confess I had such a happy landing! 

On GSLV

GSLV had a chequered past and I too had my share of failures with it. It had an underperformance in 2000, successes in 2003 and 2004, failure in 2006 and an erratic flight in 2007. When I took over as Chairman, the GSLV-D3 rocket with the Indian Cryogenic Upper Stage had been assembled for launch scheduled in December 2009. The GSAT-4 communication satellite, to be flown on it, had new technology elements such as Ka-band transponders and electric propulsion system. The assembly of PSLV-C15 rocket for launching Cartosat-2B was about to commence. I received several counsel from my well-wishers to start my innings with a PSLV mission. I appreciated their concern for me. But I strongly felt that flying GSLV-D3 with Indian Cryogenic Upper Stage, a national imperative, could not be delayed any more. 

We did everything to ensure a success of GSLV-D3. In addition to our regular pre-flight reviews, we had an assessment of the flight-worthiness of this Indian Cryogenic Upper Stage by a National Committee of Eminent Aerospace Experts (which also had the three former Chairmen of ISRO and all former Directors of the Liquid Propulsion System Centre who had led the development of cryogenic technology since 1992). The flight that took place on 15 April 2010 was a failure as the cryogenic engine did not sustain beyond 800 milliseconds. Immediately a thorough process for failure analysis, failure diagnostics and corrections was put in place under the leadership of Shri S. Ramakrishnan who was brought in as Director of Liquid Propulsion System Centre in June 2010 after superannuation of Shri M.K.G. Nair. In parallel, we worked on contingency plans to enhance the national capacity for communication transponders that was already facing a serious crunch. 

Soon, we came back with the GSLV-F06 rocket with an uprated Russian Cryogenic Upper Stage (designated as CS-6) to launch GSAT-5P communication satellite (with thirty-six transponders). The CS-6 stage had been delivered to ISRO in 2004–05 but certified by the ISRO-GK Commission in December 2010 for the GSLV-F06 flight. This launch campaign went through with a few replacements and extra testing; countdown went off very smoothly; the rocket lifted off on 25 December 2010 but an inadvertent snapping of a group of connectors located at the bottom portion of CS-6 stage stopped control signals from the on-board computer to the four liquid strap-on stages leading to loss of control and physical severance of the vehicle at 53.9 seconds from lift-off. We watched in dismay as the rocket was destroyed on command issued by our Range Safety Officer. This was a ghastly scene for the entire country. Shri G. Madhavan Nair chaired the Failure Analysis Committee of GSLV-F06. Dr K. Kasturirangan chaired a high-level team on the programme recovery plan.

As head of the organisation, I took the sole responsibility for these two failures and presented upfront before the government and the national media. There were severe criticisms and several misleading campaign demanding even my removal from the helm of affairs. A controversy that erupted soon compounded our agony and pressure. It was a tough time, but I withstood it. The Centre Directors and the entire ISRO team stood firmly with me through and through. Prime Minister Dr Manmohan Singh ensured the much-required moral support, while keenly following up the progress.

A multi-pronged crusade for recovery was mounted with, inter alia, the following ten actions:

a)   Rigorous and transparent introspection of the performance of all previous flights of GSLV;

b)   Review and revisit of the aeronautical and aero-thermal design of the vehicle, the mission, trajectory designs, estimation of aero and acoustic loads, followed by redesign of connector mounting scheme, shroud and wire tunnel cover;

c)   Retaining heat shield diameter of GSLV at 3.4 metres (instead of 4 metres) that was consistent with the communication satellites that could be lifted by GSLV;

d)   Comprehensive Computational Fuluid Dynamics (CFD)analysis and extensive wind tunnel tests (both in India and Russia);

e)   Fuel booster turbo-pump, oxidiser booster turbo pump and propellant acquisition system were redesigned and tested extensively in the environment expected during flight;

f)    Mathematical modelling of the cryogenic engine and stage, including the transient behaviour; 

g)   Modification of the High-Altitude Test (HAT) facility (which was being built for the CE 20 engine of LVM-3), topmost priority to test the main cryogenic engine and two steering engines in high-altitude conditions for validating the theoretical models and the timing sequence;

h)   Revamping of project teams, particularly bringing in Dr K. Sivan as Project Director of GSLV and forging a symbiotic relation between GSLV project and Cryogenic Upper Stage project teams;

i)    Re-strengthening the system reliability and quality teams, reviving the ISRO-level Quality Assurance Board as a Directorate at the headquarters; mounting zero-defect delivery systems from shop floors to Mission Control Centre;

j)    Close monitoring and timely managerial interventions by High-Level Review Committee with Chairman, ISRO, at the lead; transparent reporting at Space Commission and higher levels in the government; and effective and upfront communication in the media about the complexities, problems and action plan.

To ensure all the above initiatives, I kept visiting the launch vehicle centres/units, communicating with the engineers – lending them a patient ear and of course taking back their suggestions for further improvements. Dr B.N. Suresh, Dr T.K. Alex, Shri N. Vedachalam, Shri R.V. Perumal, Shri K. Narayana and Shri K. Annamalai and many veterans virtually lived with us through this challenging period. Shri V. Koteswara Rao stood by my side in letter and spirit, as a model Scientific Secretary. After four years of excruciating efforts, we got ready for the launch of GSLV-D5 with Indian Cryogenic Upper Stage (and GSAT-14 communication satellite on-board). 

Then, we encountered one more challenge. The flight had to be called off. Countdown had reached its final phase on 19 August 2013. As per the countdown procedure, the propellant tanks of the four strap-on stages and the second stage were pressurised to their pre-flight conditions. Soon the Range operations team alerted us of a leak from the second stage’s propellant tank. By then, about 750 kg of UH25 fuel (a mixture of 75 per cent UDMH [Unsymmetrical Dimethyl Hydrazine] and 25 per cent Hydrazine) had leaked out. Anyone can imagine the worst case scenario with GSLV-D5 rocket loaded with 350 tonnes of propellants sitting in the launch pad in a ready-to-launch condition. We took a swift decision to call off the launch and swung immediately into safe operations at launch pad and restoration of launch vehicle and satellite. But this epic task was deftly handled by the team of about 450 people, working round the clock for six days. 

The root cause for the leak was stress corrosion cracking of the propellant tank made out of AFNOR 7020 aluminum alloy, even though the prescribed precautions for material testing, storage conditions and pressure testing had been followed in this case too before its use. A parallel process for migration to AA 2219 aluminum alloy for propellant tanks had already been completed. The first propellant tank made out of AA 2219 for GSLV second stage was just ready by early 2013. GSLV-D5 was refurbished with all technical diligence and managerial prudence within the next four months.

And like it is said – hard work pays off – it did. Finally, we had the sweet reward on 5 January 2014; the launch of GSLV-D5 – with our own cryogenic stage – tasted a superb success. It was an emotional moment; almost surreal; we saw tears rolling down from the eyes of our scientists who spent days and nights in their work centres for this moment. It was probably my proudest moment at ISRO – introducing the GSLV team, and asking Dr Sivan to answer the waiting press who gave us a standing ovation at the media centre of Satish Dhawan Space Centre. For a moment we felt we have repaid the trust that the nation vested in us. 

On future directions for ISRO

In July 2012, we arrived at the programmatic direction till the year 2020, essentially to congregate the country’s needs and aspirations for climbing towards the next level of the technology ladder, embracing international alliances for newer capabilities, establishing human presence in the solar system, and also to forge a strong Indian space industry to meet local and global markets.

During January 2015–March 2017, nearly forty missions (launch vehicles and satellites) were planned to augment capacity and enhance capability in all portfolios of the Indian space programme:


	The ten communication satellites would (a) provide 180 more transponders for in-orbit replacement of ageing satellites and enhancement of national capacity and (b) enable introduction of new communication capabilities such as broadband data connectivity and digital multimedia.

	Seven more Earth observation satellites would replace some of the ageing satellites, enhance the observation capability and also provide new capability for imaging from geostationary orbit with 50 m spatial resolution.

	The first developmental flight of GSLV-Mk III is an important target for this period and with this, ISRO would accomplish self-reliance in launching its heavy (4 tonne class) communication satellites.

	Space technology and tools (derived from capabilities of communication, remote sensing and navigation satellites) will be infused in the value chain of the Central ministries/departments and state governments and other agencies concerned for their effective utilisation for national governance and development;

	Astrosat is to be launched by PSLV in 2015; Chandrayaan-2 mission with Indian lander module and lunar rover is targeted for 2016–17; 



For 2017–20, the targets are (i) communication satellites in the higher frequency bands (Ka band; 18–31 GHz) with about 15 kW of power and data handling capability in the range of 100 GB per second that can meet the ever-growing demands in the country towards broadband Internet, rural telecom connectivity etc.; (ii) a suite of ten advanced Earth observation satellites, which includes imaging capability of 0.25 m spatial resolution, (iii) partnering with Jet Propulsion Laboratory of NASA to jointly realize a dual-frequency microwave imaging satellite; (iv) augmenting IRNSS constellation from seven to eleven satellites for expansion of coverage areas and enhanced accuracy; (v) Aditya mission with spacecraft in the Sun–Earth Lagrangian point (1.5 million km), and launch to be harmonised with solar minimum condition, i.e., by 2018; (vi) development of semi-cryogenic engine and working towards launch capability of 6–10 tonnes into GTO.

On ISRO and manned missions

My predecessor, Shri G. Madhavan Nair, made laudable efforts in this direction in 2004. Dr B.N. Suresh, in November 2006, made a presentation on this to a National Group of Eminent Engineers and Scientists who concluded that it was time for Indian HSP. 

I firmly share the belief that human presence in solar system, along with space robotics, is the next logical step in Indian space programme. I had been a proponent, promoter and participant of this thought process after I took over the baton of VSSC in December 2007 from Dr Suresh. Shri Madhavan Nair and I had set up a vibrant inter-centre project team headed by Shri 
S. Unnikrishnan Nair for HSP and to execute development of critical technologies that had been approved at a cost of Rs 95 crores in 2007 (later enhanced to Rs 145 crore). Our Project Report on 
HSP envisaged ‘use of human-rated GSLV to place a 2-member crew in a 275 km orbit, stay for a week and return safe with landing in sea’. This was to be realised within seven years at a cost envelope of Rs 12,400 crore. 

During February–March 2009, the desirability and need of HSP was addressed by a national committee comprising Shri Montek Singh Ahluwalia, Dr R. Chidambaram, Prof. Roddam Narasimha, Prof. M.G.K. Menon, Prof. Yash Pal, Dr M.S. Swaminathan and myself. This committee, in its final recommendation stated: ‘The Committee strongly supports the Indian Human Spaceflight programme and unanimously recommends that the Project Report submitted by the Department of Space should be processed for further necessary approvals so that the programme, which is a part of the approved 11th Plan, could be implemented without delay.’

However, in the light of the discouraging performance of GSLV during 2006, 2007 and 2010, it became prudent for ISRO to (a) focus first on making GSLV powered by Indian Cryogenic Upper Stage as a reliable vehicle and (b) carry on with development of critical technologies for HSP, with some essential enhancements. 

As for investing on human-rating of a launch vehicle, my take is that GSLV-Mk III (LVM-3) is any day a better candidate as compared to GSLV since it is having (i) 70 per cent higher capacity into the Low Earth Orbit and (ii) some advanced features for such human-rating already built in. So, when the proposal for an experimental flight of LVM-3 came up for proving its atmospheric phase of flight terminating at an altitude of 125 km (where re-entry study is targeted) with a terminal velocity of 5.4 km/s (about 70 per cent of orbital re-entry velocity), I felt that it was an excellent opportunity for HSP at a marginal cost. The HSP team took up the challenge and realised what was considered impossible within that short time given to them.

What I wish to sum up is, we did excellent work in the Crew Module re-entry and recovery, flight suit, crew escape system, etc. The successful two-in-one experiment of LVM-3 and Crew Module of December 2014 along with the recent successes in ground testing of the cryogenic engine for LVM-3 puts us in a credible condition to take up the HSP. Of course ISRO may require additional budgetary allocation and deploy internal resources for the challenging R&D and technological developments, hiving off the production of operational systems to industry and roping in academia and the national research laboratories in a result-oriented partnership. 

On the success of ISRO

As a student of management sciences and having observed the Indian space programme both as an insider and outsider (I was part of the Ministry of Earth Sciences for five years), I would identify the following seven reasons for this perception:

One Vision, One Team: The guiding vision of ISRO had been and is still shared at all levels, over the generations. The organisation evolves continuously and enrich its vision and as a natural process. The lunar and planetary explorations are apt instances. 

National Priority over Everything Else: ISRO’s determination to stay as a significant contributor and a relevant player in the national development process acts as its force multiplier. ISRO is sensitive to the actual needs of the user community that reflects in its programmatic far-sightedness. There is probably the highest order of commitment to one’s duty over everything else. I will site an example: In October 2011, when PSLV-C18 countdown had just begun, a sad news came in: the father of Shri P. Kunhikrishnan, Mission Director, had expired. Kunhikrishnan went to his hometown to perform his duty as son and rushed back to Sriharikota to complete his mission as scheduled. Naturally soft-spoken yet strong-willed, Kunhikrishnan was a key contributor to our dream run of thirty-seven successful missions in five years. 

Long-term Planning: ISRO has nurtured a participatory and iterative process for long-term planning. There is an ‘obsession’, rightly so, to be self-reliant, which also assigns due weight to pragmatism. Timely delivery of systems and services are prioritized. 

A Sublime Blend of Youth and Maturity: In ISRO, the inventive power of the youth is unleashed and wisdom of elders is elicited. This is a rare blend but an immensely potential one. It is very common in ISRO to see the youngest of the engineers debating against a veteran, with pure technical judgement. ISRO owes its many successes to this great culture and the integral of contribution of five or six generations of brilliant engineers. 

Constructive Conflicts: ISRO encourages productive conflicts as well as constructive criticisms, both internal and external. The suggestions and criticisms are accepted in a positive way, taken on-board, and only then an actionable decision is worked out. But once the decision is taken, the teams traverse through the chosen path with conviction, grit, determination and devotion without raising any doubt.

Nerves and Verves: ISRO recognises that the difference between the success and failure in any space mission is very thin. Hence, there is a high level of preparedness for any possible contingencies and emergencies coupled with harmonised effort of several hundred members of the mission team to diligently execute the sequence of operations, with attention to the minute detail.

Failures as Part of the Learning Curve: ISRO exhibits resilience to reflect and revive continually, taking lessons from its failures as well as successes. Most important, the leader takes responsibility for the failure (without pointing fingers at others) and when success comes, the credit is passed on to the entire team. 

On the Mars Orbiter Mission

The story of the Indian voyage to the red planet has been captured by many, and rightly so. There has been lot of emotion attached towards this as a challenging task was mandated to us by the nation and we could not afford to let it slip. I would emphasise on the following five factors to ensure the success of the Mars Orbiter Mission, in addition to what I have stated earlier as reasons for success of ISRO in general:

Thorough Feasibility Study Leading to a Robust Mission Planning: Dr V. Adimurthy led an extremely competent interdisciplinary and inter-centre team to carry out extensive analysis for a year. The team recommended in affirmative towards (i) feasibility to avail the next available opportunity (based on the favourable Earth-Mars-Sun geometry) for a technological mission along with a few scientific instruments and (ii) strategy to use the versatile and reliable PSLV-XL to place the spacecraft into the first orbit around Earth, satisfying conditions for minimum energy transfer to a Martian orbit;

Resolve to Contribute Might for National Pride: The collective resolve of the top management team of ISRO and the Space Commission who delineated the thin line between national fame and national shame, endorsement and encouragement by the political leadership, enthusiasm and wisdom imparted by Prof. U.R. Rao (Chairman, Advisory Committee for Space Sciences [ADCOS]) and other veterans of ISRO to contribute their might for the once-in-a-lifetime opportunity, and I must say team ISRO – with its sublime blend of youth and maturity – rose to the occasion and scripted history for the country. 

Learning from Others’ Failures: In management, they say: One needs to learn from others’ mistakes as one can’t afford too many mistakes oneself. We went by that philosophy – analysed all the failed missions (and were many) to Mars to understand all possible failure scenarios. We worked on those failure scenarios to create contingency plans. Of course our ability in designing space systems and the maturity acquired while managing nearly 100 Indian space missions came in handy.

Rigorous Execution: We had just fifteen months to complete the spacecraft and to place it in an orbit around Earth – ready for taking the trans-Mars voyage. People at ISRO Satellite Centre worked in shifts – round the clock to complete comprehensive modelling, tests, integration and so on. I must mention that the tremendous amount of commitment that Arunan and his team displayed along with the other contributing teams from SAC, LPSC, LEOS was unparalleled. Same with the PSLV team and the launch vehicle centre – I don’t think there were many believers when we said we were going to Mars riding on a PSLV – but our teams did a fantastic job. 

Team Preparedness for Contingencies: We planned for a few tiers of contingencies for each operation we did on the spacecraft. Each contingency plan was thoroughly tested and validated a priori. The team was prepared to face any operational trouble with a few options of mitigation. Thankfully, there were not too many troubles en route to Mars. 

On how his formal degree in management helped him

Firstly, a formal study of management equipped me to look at institutions and issues in a larger perspective. Indeed, the space endeavour is a complex, high-risk, multidisciplinary, large system that functions in an not-so-well-understood physical environment. But one appreciated the intricate organisational environment (political, social, economic, financial, environmental, legal and regulatory regimes), the human aspirations of its members and its alignment with overall organisational goals, outcomes and their impact, etc. 

Secondly, it helped me remain as a student throughout, with learnability and urge to learn. My residential coursework for PhD at IIT, Kharagpur, when I was in my late forties, opened this window far wider and I never felt shy of learning from young and junior colleagues. Returning to VSSC after a long spell of twenty-six years as the Director was a professional challenge of high order. Then I had another phase of intense learning while leading VSSC – with Shri S. Somanath, my main tutor, and a dozen live-wire engineers from various disciplines giving me their best. 

Thirdly, I realised that a leader is not born but developed. I keenly observed many icons; studied nearly thirty selected books on leadership since 1998; and strived to internalise tenets of good leadership in my own way as I transformed to move up in the leadership ladder. On my re-entry into Antariksh Bhavan on 31 October 2009, these lessons became more relevant for taking forward the ISRO, especially during the arduous periods. Shri H.N. Madhusudhana filled the role of the conscience keeper.

Fourthly, I became perceptive to factor in the thought processes and aspirations of the youth below thirty-five years, who formed nearly 35 per cent of ISRO’s human capital, in decision making on future programmes and organisation. I looked around for a young, live wire with competence, character and candour to support and also challenge me when required. Nilanjan Routh, handpicked from Antariksh Bhavan, exceeded my expectations in several key and sensitive assignments.

Finally, I became convinced that a leader has responsibility to facilitate development of future leaders. This led to instituting a formal succession planning and leadership development process in February 2010, with a talent pool of 225 high performers and a grooming process for fifty seniors among them. It is gratifying that the current leadership team who are carrying the baton forward diligently at all centres of ISRO acknowledge that they came up through this process.

On Prof. Satish Dhawan

Prof. Dhawan handpicked me from my mentor Dr S.C. Gupta at VSSC and positioned me at ISRO headquarters in June 1981 as Manager for Budget and Economic Analysis. Shri T.N. Seshan (Additional Secretary then) and Shri Y.S. Rajan had mentored me to become a worthy colleague of Prof. Dhawan. A few months passed and I felt an excellent chemistry evolving between Prof. Dhawan and me; that was a turning point. 

When Prime Minister Indira Gandhi visited Sriharikota in April 1983 to witness the launch of SLV-3, Prof. Dhawan had me too by his side along with Shri Y.S. Rajan and Shri P.N. Jayaraman, and encouraged me to brief the Prime Minister, impromptu, when the rocket was on its journey (I was thirty-three then). That was a great lesson in several ways from the broad-minded Prof. Dhawan and it shaped my attitude towards the younger generation.

Chairman Dhawan’s interactions and body language with VSSC Director Dr Brahm Prakash was imperial. I say this considering their previous professional relations. Dr Brahm Prakash was a Senior Professor at IISc when Prof. Dhawan was an Assistant Professor there. Still the mutual respect that the two of them enjoyed was so wonderful to see. These are lessons which no management programme could teach. I tried my best to emulate such behaviour while interacting with a number of my illustrious colleagues including Dr T.K. Alex, Shri P.S. Veeraraghavan, and S. Ramakrishnan. 

In 1984, Prof. Dhawan had three long one-to-one sessions with me on my career planning. A couple of months before demitting office, he made up his mind to give me additional executive responsibility as Project Manager for Regional Remote Sensing Service Centres. But, he left it to his successor Prof. U.R. Rao to decide on its implementation. 

When ISRO headquarters moved out of Cauvery Bhavan and settled in the present Antariksh Bhavan in March 1989, I got a room next to that of Prof. Dhawan and facing Chairman’s office. (Never I dreamt that one day I would step into his shoes.) Once, during a conversation, Prof. Dhawan magnanimously told me, ‘It was Vikram’s vision; I only executed it.’ Such acknowledgement comes only from a great person. 

In 1995, I realised I needed further qualification for my own good; and probably I needed to enrol for a PhD programme. I approached Chairman Dr Kasturirangan to guide me but he directed me to Prof. Dhawan. When I requested him, his first response was: ‘Twenty-four hours a day, I am available for you.’ He had cautioned me, ‘Do not design for disappointment.’ I had been and I continue to be so proud to be his last student. The last and most striking advice from Prof. Dhawan was in December 1996 before moving to Kharagpur for my residential coursework for PhD at IIT. He said, ‘Don’t do anything that I won’t do.’ That one advice still drives me. 

On ISRO Chiefs

As a young engineer in 1971, I could observe Chairman Dr Vikram Sarabhai with awe during his frequent visits to Dr S.C. Gupta’s laboratories at Thumba. His successor, Chairman Prof. M.G.K. Menon, continues to be a role model and source of wise counsel. Chairman Prof. U.R. Rao, who is adored by several thousand of ISRO’s past and present, had been my boss for a decade at ISRO headquarters. It was a great lesson to be by his side during the agonising moments of ASLV failures in 1987 and 1988. I had a rather shorter stint with Chairman Dr Kasturirangan at ISRO headquarters; but he encouraged me to do my doctoral research and facilitated my professional rebirth. 

My association with Chairman Shri Madhavan Nair dates back to 1974 and our professional interaction with mutual admiration soon transformed into a brotherly bond. I am ever grateful to him for my reunion with ISRO family in 2005 and taking me to the pedestal of VSSC Director in 2007,which finally moulded me to be a strong candidate to head ISRO.

I must add: ISRO got the best choice in Shri Kiran Kumar, the current Chairman. A spacecraft technologist par excellence with a pivotal role in Mars Orbiter Mission, he acquired insights into launch vehicle technology and space applications in recent years and commanded professional respect and admiration from cross sections of ISRO. I was amazed at the pace with which he evolved as an effective Vice Chairman of the ISRO Council and Member of the Space Commission. I am confident that he would lead ISRO to higher pedestals of glory and national relevance.

On ISRO and industry

I believe that enhancement of industry participation to realize the space systems, especially the operational ones, is inevitable. What we have been looking for is to evolve a mechanism, an industrial conglomerate with a system integrator, with different levels of stake-holding from the government (through Department of Space), the PSUs and the leading private industries to produce and supply PSLV as a vehicle and/or space launch services based on PSLV to cater to (i) ISRO’s own requirement and (ii) to establish a strong commercial footprint in the global market of space launch services. 

A number of managerial challenges loom large while conceptualising such an entity. A number of techno-managerial studies would be required to initiate to understand the work share, organization structure, revenue sharing models, human capital provisioning, etc. Several models are available in the country and outside, where industry has participated in strategic sectors like space, defence, etc. The experiences from those instances can be utilized for evolving a model for PSLV also. The selection of industrial alliance and choice of operational framework would be done through a nationally orchestrated and transparent effort and should be approved at the level of appropriate authorities. 

On exciting and frustrating moments during his long stint with ISRO 

There were several exciting moments but the most recent ones were: on 5 January 2014 when Cryogenic Upper Stage performed with precision as predicted; on 24 September 2014 when MOM captured the Martian orbit as planned and finally on 18 December 2014 when LVM-3 crossed its atmospheric ascent smoothly.

I believe that a leader cannot afford the word ‘frustration’ in his or her dictionary. If frustrated, a leader ceases to lead and more importantly, ceases to perform his own duties. One who is placed there is meant to be the shock absorber and yet continue to motivate the team to overcome difficult moments. Indeed, I had a large share of it, some of it probably avoidable. After I demitted office on 31 December 2014, ISRO, in one of its social media communications, described me as a ‘Man of Steel’. I felt happy about it.

On his interest in music

I am an ardent lover of music and dance from my childhood and they are inseparable from my life. During my tenure as Chairman, I continued to be a student of Carnatic music and found five to six hours a week, on an average for music practice. It proved to be a great reliever of stress. Other than music and occasional visits to temples (and churches too), my focus was solely on ISRO and ISRO’s people, leaving 6–7 hours in a day for my family and sleep. I am grateful to my wife Mrs K.V. Padmini who took voluntary retirement from State Bank of Travancore in March 2010 to support me. Obviously, since January 2015, I do have more time for listening to, practising and performing music, among other engagements 
on hand.
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Before he took charge of ISRO as its chairman in 2009, Dr K. Radhakrishnan held several important positions both within and outside ISRO: Director of Budget and Economic Analysis (ISRO); Director of Remote Sensing Agency (DOS); Project Director, Early Warning System for Tsunami and Storm Surges; Director of VSSC; Vice Chairman, Intergovernmental Oceanographic Commission and several others. It was during his tenure as Chairman of ISRO that the MOM was successfully accomplished.

Dr Radhakrishnan is a recipient of several national and international awards including the Padma Bhushan. He is also a member of several academic and professional bodies. He retired as the Chairman of ISRO in December 2014.
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