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PREFACL

Military applications ot space for navigation, communication and intelligence impose
Increasing requirements on spacecraft capacity. orbit control and pointing accuracy. These
requirements are to be met tor a long active litetime, with a high survivability und at fow
cost. As the size of the spacecratt tends to increase with capacity, in the near future Larg:
complex space systems will Fe needed. that require in-orbit assembly and which will feud to
mechanical flexibility,

To meet the requirements for future spacecratt the performance of existing componenis,
such as actuators and sensors, is improved or new concepts are developed. In particular the
use of microprocessors and other data distribution systems permits multifunctional use of
Various sensors or intformation sources to produce eitective, survivable systems at low cost.
[nereasing on-board computing capacity enables the use of sophisticated sottware tor
effective complex spacecratt control. A unigue aspect of large spacecraltis the control ol
the structural configuration in order to achicve a specific pointing accuracy.

Les applications spatiales & des fins militaires dans fes domaines de la navigation, des
communications et des renseignements se traduisent par des exigences croissantes au plan
de la capacité des vaisseaux spatiaux, du controle de leur orbite et de la précision du pointage.
I faut répondre 4 ces exigences en tenant compte de divers facteurs: longue durde de vie
active, changes ¢levées de survie et prix de revient modique. La taille des vaisseaux spatiaux
tend a s'accroitre avec leur capacité; par conséquent. dans un proche avenir. on utitisera des
systémes spatiaux complexes et de grundes dimensions qui nécessiteront un assemblage en
orbite et aboutiront a une souplesse mécanique.

Pour satisfaire aux impératifs des futurs vaisscaux spatiaux. on améhore actuellement
tes performances des composants existanis, tels que servo-commandes ¢t capteurs, ou fon
développe de nouveaux concepts. Le recours. en particulier, aux microprocesseurs et autres
systéemes de distribution de données permet une utilisation multitonctions des divers capteurs
ou des diverses sources d'information, en vue de la production. pour un cott madique. de
systémes efficaces et dotds de possibilités de survie. L'accromsement de ta capacite de caleul
embarquée permet Nutilisation d'un logiciel sophistiqud pour un controle efficace et complese
du vaisseau spatial. L'un des aspects uniques des vaisseaux de grandes dimensions est le controk
de la configuration structurale dans fe but de réaliser une precision de pointage specifisque.
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TECHNICAL EVALUATION REPORT
by

R.W.Bain
Self-employed Consultant
32A Wellington Avenue
Fleet, Hampshire
UK

1. INTRODUCTION

1.1 The 37th symposium of the AGARD Guidance and Control Panel was held at the Italian Air Force's Air War College,
Florence, 27 -30 September 1983, For the first time the symposium dealt with spacecraft problems. the topic being
guidance and control techniques tor advanced space vehicles.

1.2 The subject has, of course, always been an important one in the continuing development of space systems for both
military and civil purposes, the major problems having been to ensure a long active life for the spacecraft at a cost that
was affordable while responding to mission requirements which have become more and more demanding over the years.
In these respects military and civil systems are little different and it is perhaps not surprising that the symposium papers
contained little of a specifically military nature even though the meeting was being held under military auspices. Another
factor here, of course, is that the European members of NATO have so far been little involved in the development of
military space systems.

1.3 Two things. perhaps, make the topic of particular significance at the present time - first, the increasing trend to
ever larger spacecraft with a multiplicity of appendages (large solar arrays, large antennas and so on) and second the
impending deployment of large space stations assembled piecemeal in orbit, with the attendant need to develop
rendezvous and docking techniques. Large structures, with their mechanical flexibility, present particular problems to
the control engineer and control/structure interaction (CSI) is a driving force in many current programmes and figured
largely in the papers presented. At the same time the massive leaps forward that have taken place in electronics tech-
nology. and which are continuing, have made it possible to contemplate the use, at reasonable mass, volume, power
level and cost, of intelligent on-board systems with sophisticated and adaptable software which can ensure that effective
guidance, control and stability is maintained. It was the objective of the symposium to examine such general issues as
these.

1.4 The programme listed 25 papers in addition to the Keynote Address. Of these, three were not presented, in one
case a substitute paper being given by the Session Chairman, and one additional paper was inserted into the programme.
There were six technical sessions.

2.  OPENING CEREMONY AND KEYNOTE ADDRESS

2.1 Opening Ceremony

2.1.1 Following initial remarks by Mr R.S.Vaughn, Chairman of the Guidance and Control Panel. the symposium was
formally opened by Major General G.A.M.Marconi, the Italian National Delegate to AGARD. He stressed the importance
generally of AGARD as a collaborative method of producing the technology required for military operations and under-
lined the importance of the symposium topic as a key factor in the design of spacecraft. General D A L. Mcloni.
Commandant of the Air War College. who followed, also noted the importance of guidance and control techniques in
spacecraft design and the need to develop low cost and eftective solutions to the many problems. Mr R.K.Geiger,
Director of AGARD, presented the thanks of AGARD to the Italian Air Force and to the Air War College for their
efforts in staging the meeting and for their hospitality, He pointed to the many opportunities available for collaborative
research in the general field of space systems for military purposes, noting that the capabilities of these systems were
such as to provide for the needs of more than one group. Symposia such as the present one were valuable in exposing
new lines of thought: the papers presented were important, but the opportunities available for discussion and for the
making of contacts with other experts were probably more so.

2.1.2  The meeting was then handed over to the Technical Chairman, Mr P. Ph. van den Broek, from the Department of
Aerospace Engineering at the Delft University of Technology. who, before introducing the Keynote address speaker,
commented on this being the first meeting of the Guidance and Control Panel on space-related topies. It was a timely
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meeting, given the increasing importance of spave systems i military operations, and. of the many Lacets of space
technology, guidance and control techmques were an important element,

22 The Keynote Address

7‘)[

2.2 In the absence of Mr Dell P.Walliams T (Lockheed Missiles and Space Co, Incoy who had been the nominated
speaker, the keynote address was given by Mr R, J.Herzberg (of the sume organisation). Mr Herzberg introduced himsely

as a generalist in space technology  he was responsible for space technology planning at Lockheeds  and not as an expert
in guidance and control techniques, which, nevertheless, he saw as one of the critical areas. Space was now twenty-five
years old and a first and fundamental question that had to be answered at the present time was whether turther advances
and extensions were required. NASA, the US Air Foree and the US aerospace firms were all concerned in these matters
but looking ahead to what was necessary was difficult since evidently for financial reasons all the possible programmes
could not go ahead. He cited a number of the more important future programmes and identitied the two significant
control technology issues as

(a) the need for the active suppression of flexible modes in large satellites and
space stations of the future

and

{b) the need for increasing on-board autonomy.

Of these, the first was the more difficult and the whole business of control/structures interaction was currently a
strong research area. A NASA committee had concluded that a number of future missions would suffer serious con-
straints if new techniques were not developed. As to autonomy, he felt that on-board navigation, station keeping and
control was mainly needed by military systems, reducing as they did the ground stations’ costs and adding to the protec-
tion of spacecraft in orbit.

2.2.2 He then went on to point out the dilemma of the programmé planner - the problem generally of deciding which
technologies were flight ready, providing minimum risk at reasonable cost  and noted the conflicting views of the
programme managers ( pessimists who preferred to rely on well proven techniques) and the research engineers and
scientists (optimists with confidence in the new approaches).

2.2.3 Returning to the problems of flexible body control, he emphasised the need for good modelling but also the
necessity to be able to reduce the complexity of the model, retaining only the essential system parameters. Currently,
the three areas of expertise — control technology, computer technology and structural design - were separate disciplines
and he foresaw a new type of engineer emerging by the end of the decade with the ability to apply all three.

3. FIRST TECHNICAL SESSION

3.1 The session was chaired by Mr van den Broek and was entitled ‘Review of Mission Requirements and Technology
Issues’.

3.2 The first paper, ‘Spacecraft Control Research at NASA' (Paper |) was presented by Mr J B.Dahlgren and provided

an outline of what were considered in NASA to be the basic problems in the control and guidance of future space vehicles.
These, in general, related to the need to control spacecraft which would be both large and flexible. As far as theory was
concerned, a number of deficiencies had already been identified and these were being investigated. There was also the
problem of the large structure where multiple sensors and actuators were required to maintain the configuration. In the
field of adaptive control, techniques were being investigated for application to structures where unknown or changing
parameters might require modifications to the control system design. The space station was a good example of this.
Assembled step by step in orbit, its mass would change, its centre of gravity move, there would be varying external
torques and vibration modes would alter throughout its life. The conventional approach -- rigid body with flexible
appendages as applied to Skylab and the Shuttle - might suffice for the initial configuration but as the station grew the
structural dynamics would make an increasing degree of adaptive control necessary. The required theoretical base thus
had to be established. As far as spacecraft technology was concerned the current programme dealt with large antennas
and with the requirements of submillimetre and infra-red astronomy satellites. However it was clear that there were
future requirements which called for several orders better surface shape and pointing accuracy. There was also the problem
of the large deployable reflector for astronomical observation  to satisty the requirements it would be necessary to
measure the position and orientation of each section of the antenna and to control these quantitics with very high
precision. There was need therefore in this and other applications for a very accurate shape determination system and

tfor control actuators. Returning to the control of flexible structures, the limitations of ground experiment were noted
and hence the need arose for flight experiments  a series of such experiments in the tate 80s and euarly 90s were currently
being planned together with a set of ground tests for comparison.

3.3. The presentation and even more so the paper itseli which became available tater in the week of the symposium
covered a great deal of ground and tllustrated the major problems which will have to be overcome in controlling the large
Aexihle spacecratt of the future. There was a hrief discussion period during which the problem of control in the presence
of propellant sloshing was identified as another area of difficulty.
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3.4 The final paper (Paper 2) of the session, by Cougnet and Sotta, deslt with the role of on-board imtelligence and in-
orbit servicing as means ot increasing the lifetime of satellites.  Atter listing the normal limitations to satellite Iife and a
number of possible remedies, the paper went on to consider in very general terms the two topics selected.

3.5 As to the first, the high reliability of modern micro-computers having been noted. their uses in g number of on-board
tasks were examined  power control and distribution, thermal control, propellant management, the monitoring of
sensor performance, the adaptation of control laws as the external environment changes, data management and so on.
Potential gains were listed as well as the problems  the need, tor example, to account tor the reliability of the micro-
computer itself and of the cost of the on-board intelligence.

3.6 The authors then went on to discuss the use of on-orbit servicing in such matters as re-tueltling, repair and replace-
ment of subsystems and the modification of the payload as mission needs changed with time. They pomnted to this as

an attractive and flexible solution but also noted the inherent ditficulties and the need to develop a wide range of new
techniques and systems  rendezvous and docking, robotics, the service vehicle itselt and so on as well as to take
account of the implications of servicing on the design of the satellite itself. The question of man's presence was considered
briefly.

3.7 There was very little time for discussion and the only question brought out that the authors were thinking in terms
of satellite {ife times in the range 15 to 20 years. The paper was, in fact, a very general one but at least it conveniently
listed the problems to be solved and the potential and difficulties of the two methods of solution postulated.

4. SECOND TECHNICAL SESSION

4.1 This was entitled ‘Control Components’ and dealt largely with existing technology. One of the papers advertised on
the programme (Peacekeeper Missile Thrust Vector Control Systenm) was not given but an additional paper by staft of
Ferranti, UK on their current work on space gyros was presented, immediately following a similar paper by staff of
SAGEM. France.

4.2 The first paper (Paper 3) by Bourcier and Vite of SODERN, France, considered the relative merits, as used in star
sensors, of image detector tubes and charge coupled devices, taking as an example of the former the family of sensors
developed for use in Exosat and the Spacelab Instrument Pointing System (IPS). The particular sensor developed for
the IPS was described in some detail and 1ts main characteristics as determined by cxperiment were given. The paper
compared the performance of the image dissector tube with that of a particular RCA charge-coupled device, examining
generally the three parameters — angular resolution, acquisition time, and field to accuracy ratio - as well as their con-
venience in use. As usual in such comparisons there were pros and cons either way and no clear preference emerged.

4.3 There was unfortunately no time for questions or discussion.

4.4 Two papers followed on the subject of space gyros. The first of these (Paper 4) by Resseguier and Monier of SAGEM,
described in some detail the characteristics of the SAGEM floating gyros FO6 and GYPSE which have already been used

or are intended for use in a number of European space programmes and also those of the dry tuned gyros, GILDAS | and 3.
of which the space use had been the subject of recent study. A broad conclusion of a comparison of the two types was
that the dry tuned gyros had the greater potential provided that the production techniques already established for other
applications did not have to be modified to any great extent. In passing it was noted that laser gyros were not greatly
favoured. The paper concluded with a study of the optimum geometry of a gyro sensor cluster, together with some
mention of the value of coupling star sensors with the gyro package.

4.5 The discussion that followed raised one or two questions of fact and also underlined the SAGEM view that the
greatest potential in the immediate future lay with the dry tuned gyro. It was felt that perhaps 20 years hence the laser
gyro could come into use. The paper itself was labelled *NATO Confidential’. It is a little difficult to see what the
military security implications were and there appeared to be little in the paper that would not have been published in
the standard Company brochure.

4.6 The paper that followed (Paper 7), an addition to the published programme, was presented by Mr Wellburn and
discussed current work at Ferranti, UK, on high grade space gyros. Although most US companies had switched from
floated gyros to dry gyros, Ferranti's view was that the former were worthy of continued development and improvement.
The Type 125 had been much used and successfully so in a number of European spacecraft and launch vebhicle pro-
grammes and laboratory tests of the lifetime of such ball-bearing gyros confirmed their suitability for long space missions.
The Type 126, gas bearing gyro, on which Ferranti had also worked, while suitable for many aircraft and launcher
applications, was still not capable of achieving the performance of the best floated gyros.

4.7 In abrief question time, the Ferranti view that the technology of fibre optic gyros had still a long way to go was
brought out. [t was generally interesting in relation to both the SAGEM and Ferranti presentations that there was
strong belief in the reliability of ball bearings and that such mechanical devices had a long life ahead in space applications.
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4.8 The next paper by Bates, Schell and Couraney (Paper 3y deseribed a fadlt-tolerant spaceborne conmputer developad
by the Raytheon Company for the USAF and mtended to meet the on-board computationat and sursinalihiy necds of
space missions in the 1983 to 1993 timetrame. 1t had not so tar been used tor g space application but the techniques
employed had been utilised on computers used by the US Army. The paper was presented with the aid of a wsetul film,
The computer was described as having been designed to support i variety of space missions with 4 95 probability ot
surviving without performance degradation for 3 to 7 veuars. [t was segregated into a number of functional elements,
edach of which was described in some detail in the paper, with each element protected by at least one spare. In addition
a number of these elements was provided with internal redundancy through the use of what were called Rippler switches
these were a key new feature in the design. The capability of the computer for self=adjustment tallowing mternal faults
or radiation events, its value for autonomous control, the consequent relaxation of ground station requirements and it~
ability to be reprogrammed simply from the ground were all stressed. 1t was strongly urged that this was not just a paper
computer but that extensive testing had proved its worth.

49 In discussion the question of fault tolerant software was raised. The speaker’s view was that full fault tolerance
in software was extremely ditficult to achieve and there was still no substitute for very careful design and checking of
programs. In answer to another question on the etfect of radiation, the speaker outlined the many-taceted approach
the protection of memories using error correcting codes and the simple expedient of periodical memory checks, for
example, as well as the technique of recovering from short power hreakdowns the ROM could be used to establish the
position at breakdown and lead to a resumption of computation. The key role of the rippler switches was protected by
making them as simple as possible. [n all this was an interesting and well presented paper. only lacking in the fact that
no space use of the device had yet occurred.

4.10  The session ended with a presentation by Dr W.Auer of TELDIX (Paper 6) on a double gimballed momentum
wheel for precision three-axis attitude control. The paper was well presented and contained a detailed technical
description ot the device, its general principles of operation and an outline of the system tests carried out by DFVLR,
The most critical subassembly was identiiied as the ball bearing unit but here again. as in the case of the gyros. there
was every confidence in its reliability and life-time in space applications, The main message was that here was a device
which had been developed and qualified for space use and it was available. There were no questions.

4.11  The session was perhaps a little disappointing in that it confined itself to descriptions of currently existing equip-
ment and provided little more than could be found in contractors brochures. Greater emphasis on possible future
developments in the field of control components would, it is felt, have enhanced the worth of the session. Apart possibly
from the paper on the fault-tolerant computer, which of course may have been new only to European ears, there was
little of a thought-provoking nature,

5.  THIRD TECHNICAL SESSION

5.1 This session was chaired by Dr A.J.Sarnecki of the Royal Aircraft Establishment, UK, and was entitled *Estimation
and Control’. The programme listed five papers; four only were presented. the fifth, by Turci et al. (on attitude control
and stabilisation techniques for advanced communication spacecraft utilizing an on-board processor) having been
apparently withdrawn.

5.2 The first paper (Paper &) by Passeron and Bozzo considered the problem of overcoming unobservability in three-
axis stabilization of satellites. taking as their mode! the well-known geostationary three-axis stabilised satellite using the
pitch momentum concept. Thus the satellite comprised a central body, with rigid appendages and a sun pointing solar
array, and a fixed momentum wheel along the pitch axis. The on-board sensors consisted of an infra-red sensor providing
noisy measurements of pitch and roll and a sun sensor providing, once or twice per orbit, noisy measurements of yaw.
The promise was that in future spacecraft much more accurate control in both yaw and roll would be required. The
objective of the paper was to demonstrate how this could be accomplished, without an accurate yaw sensor, by including
in the spacecraft model a representation of the expected roll and yaw torques. These were represented by truncated
Fourier series, the fundamental frequency being that of the Earth’s rotation. With that built into the design of the filter,
it appeared from their simufation results that a marked improvement could be achieved in both roll and yaw angle control
with only moderate fuel consumption. The analysis presented in the paper dealt only with the first terin in the Fourier
series but it was stated that the method could be readily adapted to take account of higher harmonics.

5.3 In answer to questions it was agreed that if the fundamental frequency was wrongly estimated, then the method
would be in difficulty. It was not possible to extend the technique to cover pitch angle control (agreed not to be too
much of a problem in any case) since the pitch torque had discontinuities  although the question had been looked at in
a recent response to an ESA study.

5.4 The next three papers all considered various aspects of optics-inertial systems for the estimation of spacecratt
attitude. The first paper (Paper 9) by Amieux and Claudinon essentially summarised five years of research at Matra on
the subject, during which time the general concept has been refined and improved. After introducing the general
principles of the technique, listing the various sensors (infra-red Farth sensors, sun sensors, star scanners and trackers
and radiofrequency sensors) which could be used in concert with the gyro package, the authors went on to consider
three specific case studies. The first concerned a large geostationary communication satellite iwork carried out for
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Intelsat) where there was a need tor a direct yaw measurement. The attitude measurement assembly comprised an mfra-
red Eurth sensor, a three-component gyro pack and a digital sun sensor. Results of simulations demonstrated a successtul
design with yaw being controiled within 0.05°. The second example (work for CNES) refated to an Farth observation
satellite of the SPOT type (in low sun synchronous orbit) where an assembly comprising a star mapper and a six-gyro

set had enabled attitude control to be maintained within ten arcsec. Finally the problem of the state estimation of
tlexible spacecratt where the auxiliary sensors comprised an infra-red Farth sensor and 4 radio frequency sensor was
currently under study. A number of satellite missions already using the concept or being designed to do so (Fyosat,
SPOT, Hipparcos) were noted. The authors concluded with outlines of the possible application of the technique to the
two problems of autonomous station keeping and on-board relative trajectory estimation during a low Farth orbit rendez-
vous, both of them interesting problems tor the future,

5.5. Dr M.Noton of British Aerospace Dynamics Group in his paper (Paper 10) which followed, gave a progress report
on a UK collaborative project, FADS (filtered attitude determination system), where the measurement system was based
on a gyro package and a star crossing detector which was expected to be lighter and less power consuming than the more
usual star tracker. The project involved collaboration between BAeDG (system studies, microprocessor software and
hardware), MSDS (star sensor development and system assembly, integration and test). and Ferranti (gyro development
and testing) and the immediate aim was to dentonstrate the system at breadboard level. An important feature was com-
patibility with ESA’s modulator attitude control system (MACS). Later work would be aimed at a future system for
flight application. Thus, for example, the computer chosen for the breadboard demonstration (Intel 8086) would be
replaced by a flight qualified device. The paper discussed the star crossing detection design based on the Fairchild 1728
element CCD array, the choice of on-board processing for the star tables, results of recent tests by Ferranti on the Type
125 gyro as well as outlining the derivation of the filter algorithm, made more difficult in this case by the intermittent
nature of the information provided by the star crossing detector. The system appeared to be suitable for either near-
Earth or geostationary Earth pointing satellites providing a pointing accuracy of the order of two arcsec. Future develop-
ments of the system were expected to consider the use of star trackers or radio frequency sensors.

5.6 The final paper of the three (Paper 11) by Zwartbol and Terpstra of NLR, Netherlands. discussed similar work at
NLR on inertial-optical attitude determination and the use of model following for the control of manocuvring spacecraft,
The control system considered in the paper consisted of a strap-down rate integrating gyro. a star slit sensor and a reaction
wheel actuator supported by an on-board computer. The paper considered in turn the control law, based on a simplified
spacecraft model, and algorithms for spacecraft state determination and for the estimation of gyro parameters. Software
simulation had indicated the satisfactory performance of the algorithms, but of much more interest had been the fact
that the control law and spacecraft state estimator had been tested in flight using the Infra-red Astronomy Satellite
(IRAS). The aigorithms had been loaded from the ground into the IRAS computer and control had been taken over
from the existing system. Satisfactory performance had been demonstrated though there had been some discrepancies

as compared with the ground simulation. These were in fact simply explained by a mismatch in the moment of inertia
of the spacecraft model and by a delay between the sampling instant and the issue of a new command which had not
been incorporated in the simulation. This was an interesting experiment, a real test of the system with a real satellite,
and much more convincing than simulation where one is generally testing the system designed in relation to the model
assumed for the design.

5.7 For the purpose of questions, the three papers were grouped together and a good discussion ensued, within the
time available. This is an interesting subject and the general technique of mixed inertial and other sensors has already
found application in a number of satellite programmes and will continue to do so. The papers formed a useful addition
to knowledge of the subject.

6. FOURTH TECHNICAL SESSION

6.1 This, chaired by H.Radet, France, was entitled ‘Orbital Manoeuvring’. Five papers were presented in a slightly
different order to the published programme.

6.2 The first of these (Paper [4) by Natenbruk and Rangnitt considered some of the control problems of space
rendezvous as brought out by digital simulations. The paper noted the increasing interest in the topic with the beginning
of the operational use of both the Space Shuttle and Ariane and referred to three specific cases  the demonstration

of a rendezvous and docking (RVD) capability in low Earth orbit using the Shuttle, the attachment of an apogee

motor to a Comsat in geostationary transfer orbit using Ariane 3 and the assembly in geostationary orbit of 4 modular
Comsat, using Ariane 4. The main business of the paper, however, was to describe the simulation programme which
dealt with the final phase of the rendezvous, the early phases being assumed to be dealt with by ground station control,
and an outline was given of the flexibility of the programme in dealing with, for example, different control laws
(constant bearing courses or pursuit courses) and with the problem of ‘the last few metres’. Two particular examples of
different ways of dealing with the final approach problem were discussed. It was clear that further work still remained
to be done to arrive at the best solutions to the problem but evidently the simulation programme which had been
devised was an essential tool in further study.

6.3 The second paper (Paper 13) by Ancillotti and Cassi, dealt with the effect of sensor and thruster imperfections on
the attitude and position of a spacecraft performing a rendezvous. The particular case examined was that of rendezvous
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in geostationary orbit, the target being o rignd spacecratt controlled trom the ground but equipped with Liser radar
mstrumentation and the chaser a rigid three-ass stabilised spacecratt with an optical welescope, corner reflectors and a
sun sensor tor atttude measurement, The paper deseloped in turn the mathematical model o the system, the position
and veloaity control laws, the chaser attitude control taws and the chaser position and attitude measurement techmigue
and then went on to examine the eftect of sun sensor errors and thruster misalignment on the rendezvous manocusre. o
The sensor errors assumed appeared to have little impact, with posttion and velocity measurement errors bemg more

significant. The need to matceh the thruster minimum impulbse to the sensor errors was stressed. -

ol

[y

6.4 The third paper (Paper 12) by Gampe, turned from the realm of theory to the practical design of a docking
mechanism tor in-orbit assembly and spacecraft servicing. The docking mechanism subsystem was of course recognised
as only one of a large number ot technology items and techniques which would be needed tor future tasks such as
spacecraft assembly. the maintenance, repair and refurbishment ot sateHites in orbit and so on but it was anessential

element in the final rendezvous phase. The paper looked first at the general requirements in relation to different docking )
strategies and then considered in some detail the docking mechanisn itself and the associated electronic system. [he .
hope was for a first demonstration of docking during the ESA’s Eureca 2 mission at the end ot this decade. S ]
6.5 In the discussion that tollowed the three papers a number of points were brought out: 0T
'J

ta) the control luws studied were simple, not necessarily the best but were @

realistic, s

(b} minimising propeHant consumption during the tinal phase was probably not
important since it only represented a small fraction of the total needed tor the
whole rendezvous mission,

(¢) the simulation work done was at an early stage in Europe and there could be a
harder look at the computation process before g proper design was implemented,

(d) there might be a need to include, in the relative motion equations. some allowance
for differential orbit changes between chaser and target (the two theoretical papers
appeared to differ on this score)  for example drag effects in Eureca with its
large solar array could be important,

{¢) an estimate of the computational load during final docking ought 1o be made,

() a cruder docking mechanism capable of standing up to higher closing velocitics
might be a preferable solution.

The discussion illustrated very well the current strong European interest in the topic but equally that studies were at an
early stage and many trade-offs still had to be performed. 1t was perhaps a little surprising to find no US input on this
subject — possibly their work has already been well publicised.

6.5 The next paper (Paper 15) by Mainguy, Aumasson and Laffy looked at the problem of optimising the manoeuvres
of a surveillance satellite aimed at achieving a quick repeat over-flight of a particular point on the Earth. Three methods
of analysis of increasing complexity were presented, with different assumptions about thrust level and direction and
about the possibility of linearising the equations of motion about the initial orbit.

6.6 In a later question period, the assumption made in the paper, that the final orbit was in the same plane as the initial,
was discussed. Usually a surveillance satellite would be in a synchronous orbit. 1f the height of the orbit had to be
changed then to retain sun synchronisation an inclination charge would be needed. This had not been studied but it was
thought that the third technique discussed could include this feature. The paper itself gave a good introduction to the

topic.
e
6.7 1t was a little surprising that the paper was classified NATO Confidential since there appeared to be little of a military T ° )
sensitive nature exposed. 4
{
6.8 The session finished with a neat short paper (Paper 16) by Bowles on a method of performing attitude control j
manoeuvres for a spinning satellite in such a way as to help maintain the orbit inclination. A spin stabilised satellite is 4

normally controlled in attitude by firing axial thrusters { parallet to the spin axis). The orbit plane for a geostationary g
satellite is also maintained close to zero inclination by thrusting axially as the satellite passes through the orbit’s descend- - -

a

- L]
ing node. Thus if attitude control can be exercised close to the descending node. the thrusterimpulses will at the same : o
time contribute to the correction of the orbit inclination. The paper described the procedure clearly and one numerical ‘
example given indicated that, with this method, out of 14.2 kg of propellant required by Intelsat VI for attitude ) N
manoeuvres over a ten-year life, 13.0 kg would contribute to inclination control  a usetul bonus at no great difticulty. ','l

6.9 A short discussion betore the start of the next session clarified one or two matters of tuct,

.‘l
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7. FIFTH TECHNICAL SESSION

7.1 This session was chaired by Dr T.Cunningham of Honeywell, USA, and under the title of *Large Space Structures
comprised five papers of a highly theoretical nature. The paper by Schulz (Paper 191 was not given due to the author's
illness but the gap was filled by Dr Cunningham himself.

7.2 The first paper (Paper 17) by Wall and Doyle dealt with the characteristics of uncertainty for large space structure
control problems. A preprint of the paper was not available during the symposium due to its not having been cleared
for publication. The authors discussed work carried out for USAFOSR where the objectives were, for a large space
structure, to examine different ways of describing the uncertainty (in, for example, sensor and actuator characteristics
and in structural properties), to compare methods of analysis and to propose a formulation for the required feedback
control system, which would function adequately in this situation. The method of modelling the various uncertainties
was described, analysis methods compared and the structured singular value introduced as a method of analysing
performance in the presence of uncertainty.

7.3 The second paper (Paper 18) by Thieme entitled Attitude Control of Large Flexible Spacecraft described some
initial results of a study carried out for ESA. Three models were used  a free beam, a tlat plate with a rigid centre
body and three coupled plates. None, of course, represented a real or planned satellite but they possessed the character-
istics which were important in the design of attitude control systems. The work had reached the stage of having com-
pleted the analysis of requirements, the setting up of the dynamic models and their analysis, and the design of the
controller. Later work would aim at evaluating performance and the derivation of an experiment and test programme.

7.4 To fill the gap left by Paper 19, Dr Cunningham gave a presentation on some work on the precision pointing of
flexible space structures, the main problem being to achieve a specific mission performance in the face of unknown

(or imperfectly known) spacecraft characteristics and of uncertain disturbances. Four classes of control problems were
discussed - conventional attitude control taking account of flexibility with bending modes in the control passband.
secondly, conventional with vibration isolation, thirdly, attitude control with isolation and vibration control and
finally integrated pointing and vibration control. As a broad overview, the presentation gave a clear account of the
problems and of potential solution methods.

7.5 Danesi followed with Paper 20 in which he described a decentralised active control system for a large flexible
structure in space. The particular configuration studied consisted of a symmetrical structure with a central hub and
arms carrying solar panels and large communications antennas. In the work done so far only the arms were assumed to
be flexible. The paper described the structural model used, the method of analysis and the control system devised.
Some simulation results showed the feasibility of the approach.

7.6 Finally, Paper 21 by Banda et al. discussed the design and robustness analysis of reduced order controllers for large
flexible space vehicles. The speaker went ove: three topics -- the background to reduced order control and the use of
linearquadratic-Gaussian methods in control design, stability robustness analysis where the use of singular value theory
was noted, and performance analysis. It was pointed out that the several stability robustness tests did not imply each
other and that while the passing of a test did not guarantee control stability for a given design, failure did not necessarily
imply the opposite. Some simple examples, not representative of real physical systems, were discussed and analysed.

7.7 There was very little discussion of these papers, only one  Paper |8  attracting a couple of questions from the
Chairman. Such papers, however, with a high mathematical content are difticult to present and difficult for an audience
to assimilate, especially without a preview of the paper. A proper study of the papers when available could well help in
understanding the applicability of the theory to real practical problems.

8. SIXTH TECHNICAL SESSION

8.1 This session. chaired by P.Kant, Netherlands, turned from high theory to the very practical area of test and per-
formance evaluation. There were four papers, a preprint of the last one not being available.

8.2 The first paper (Paper 22) by Shapiro discussed the design, simulation and development testing of the space shuttle
data bus system. The paper was very clearly presented and the paper itself gives a good account of the various stages of
development the system design taking acceunt of the vehicle needs, the detailed design of the system modules, each
of which was described in turn, and the analysis and simulation of the complete unit, Future trends in such design

were seen to be towards a mixture of wire and optical fibres to deal with the high data rates (10 20 Mbits per sec),
essential in future aircraft, spacecraftand space stations. Much study of the future was under way by such bodies as

the SAE AE-9B High Speed Data Bus Subcommittee and an examination was being made of various architecture, topo-
logy and protocol candidates. The paper itself lays down a good basis for the design, analysis and test of future systems.

8.3 Questioned on the criteria for going to fibre optics, the speaker noted that so far such technology was not at an
operational stage  there was a lack of suitable components and much need for standardisation. The technology would
be used, however, in the future for many high speed functions, such as on-board radar data processing.
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. S 4 The second paper Paper 23 by Bracon discussed the problem ot the salidanion and venhication of onhoard <ot
ware  Phe purpose ot vahidation and serttication, of course. iy to be sare that the sottware is capable ot socomphistnne
avery specttied tunction with the required precsion under the presenbed operational conditions The particalar examiple
ot the o sottw ace developed tor the Mirage 2000 was Biscnssed wathreterence to the successtal procedures developed

and tuture trends and needs were examimed

NS o discussion it was noted that onsston duration was nportant i determmmg the fevel o test requared and also

that the tise of o gh desel Linguage did not ehimmate the need tor certification

. So o Paper 24 by Diak onventication and vabidation apphied to the USAE Detense Meteorologeal Satethte Program
CONSEY ve-board sottware, though presented out of order and Last, s best discussed now since st relates closely 1o the
previous paper. T he speaker began with g usetal deseniption of the DMSE system and of the satellite itselts rogether
with o briet history of the spacectatt so tar placed m orhit, betore gomg on 1o the techigues used torsenication and
vabidation  the G-t he detimed as ensuring that the computer programme had heen developed maccordance with the
sottware spevitication and the second as determumimg that the software would pertorm the aecessary tunctions i the
operational environment. Cuarrent veritication procedures were discussed as well as validation methods uang the maotn-
processor software test tacthity . The capability to modity or reconfigure the on-hoard sottware o cope with spacecratt
subhsyatem falure of malfuncthion was noted and reference was made to g number of cases where Voand Vhad reveaded
ftware taults which could have had catastrophic results in orbit, He was contident that at least m the DMSP content
veritication and validation ot sottware had more than paid s way.

8.7 Inabriet question pertod the use of the software simulation model wis described as valuable when doubts arose
about the behaviour of the in-orbit satellite. Clearly, the whole business o software test and venitication will become
more and more important i the future as more use is made of microcomputers tor on-board tasks. Confidence m the
hardware is perhaps more easily achicved thun in the software and the two papers were sery usetul in underhimng the
existence of the problem and in desenibing the techniques and methods which have already been successtully applied.

8.8 The final paper on the programme (Paper 23y was presented by van Holtz and dealt with the mission contral system
of the infra-red astronomy satellite tIRAS), The speaker gave un outline ot the satellite and its payload and of the
ground operations required. A particular feature of the satellite was the ability to reprogram the on-board computer
from the ground and this facility had been used at least once per month from launch. 1t had been possible by this
means to overcome the problems caused by the anamalous behaviour of one of the on-..oard sensors carly in the lite of
the satellite and as another example, the sensitivity of the infra-red telescope to Farth radiation had been controlled by
means of on-bourd programming, Other capabifities  recovery from danger situations and the in-tlight test of new
control methods (described in Paper 11) were mentioned. 1t was noted in the question period that the new control
technique once tested could readily be substituted tor the ofd. A further example of the usetulness of the tacility
related to the previous Dutch astronomy satellite, ANS, where, the satellite having arrived in the wrong orbit, all the
on-board sottware had had to bechanged. The need. of course, to test the software by ground simulation before on-
board use was stressed.

8.9 This was a useful and interesting session dealing with real solutions to practical problems in an arca of space system
design which will undoubtedly become more important in the future. Useful pointers to future work were provided by
the various speakers.

9. ROUND TABLE DISCUSSION

b - -

P

;-:: 9.1 A short discussion period followed the final technical sesston, the platform party comprising Miss Fveline Gottzem,
- Mr J.B.Dahlgren and Dr T.Cunningham, with Mr P. van den Broek as Chairman,

)
Tt
s

9.2 Each of the panel members made an opening statement and discussion centred around the points they made. There

:;_ was the view that once again the gap between theory and ity practical application had widened  this particularly
o exemplified by the papers of the fifth technical session. Tt was felt that carfier advances in control theory had been
t-‘ helpful. not so much in aiding system design as in assisting the formulation ot the problem. There was evidently no
:.::« universal recipe for solving control problems, no automated control system synthesiser. but it theory cauld help m
_:,: establishing a proper statement of the problem tfor example by devising mathematical ways of describing system

uncertainties), then this was at least a step forward. The method of sotution then did not matter greatly, though the

point could be made that in formulating the problem (e.g. the performance criteria) the method of solution was dictated.

There was almost bound to be a gup between theory and practice, with the practitioner takme time 1o see the relevance
the transter of the state space methods of the carly 00s had been slow but the technigques had been tound to be asetul

’
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. and there was no reason to suppose that this would happen agam with the apphcable elements of the new theon

9.3 The importance of the subject of interactions between structure and control systems had been underlined by the
number of papers on the topiv presented at the sympesium. There was need for further deselopment of modething and
. model reduction technigues and for cost effective ground and fhght test methads Of course. active disturhance control
need not always be required and for example there would alwavs be a posaible trade-ott between suttemmg the structare
and complicating the control system.




10. COMMENT ON SYMPOSIUM ARRANGEMENTS

10.1  The list of attendees issued at the symposium indicated that around 130 people had registered. The audience
at the early sessions probably averaged about 75 with a tendency to a smaller number towards the end.

10.2  Twenty-tour papers, in addition to the Keynote Address, were presented in six technical sessions and the majority
of them were of a good standard. 1t was unfortunate that preprints of the papers were available at best just before

presentations were made and an earlier availability certainly in the case of the more abstruse papers. might have led to T
livelier discussion periods which were generally short.

10.3  That the discussions were short was in a number of cases due to presenters over-running their allotted time  a I .y
point made by the Symposium Chairman in his closing comments. A better discipline on the part of some of the speakers e "..
tand perhaps a harder line by the Session Chairmen) was clearly needed. -

10.4  Presentations were, on the whole, good. In some cases, the visual aids used (e.g. typewritten viewgraphs) were e T
not very visible and some speakers without good English were difficult to follow. There was perhaps also a tendency to e
try to cram too much into the allotted speaking time - earlier availability of papers could help in this and perhaps enable
speakers to select the major points of their papers for presentation. In a few cases, for example, the speaker merely

read his printed paper. The translators seemed on occasion to have had little time beforehand to become familiar with
the papers  interpretation thus suffered - and authors should provide material to the interpreters well ahead of their
presentations.

10.5 As to the local organisation of the meeting, everything went very smoothly and efficiently. The AGARD staff
and those of the Air War College involved are to be congratulated. One of the main advantages of meetings of this sort
is the opportunity they give of meeting other experts in the field and often the best results are obtained outside the
meeting room. During the day there were adequate opportunities to bring this about: the scattering of delegates over
many hotels, inevitable in a city like Florence, still in the tourist season, perhaps restricted evening discussions and
social meetings.

10.6 Itis difficult to assess audience reaction to the symposium. Only three questionnaires were returned and even if
these were generally favourable the sample is hardly a fair one. The comments made are, however, incorporated here
and in the next section of this report.

10.7  As has been noted in previous sections, two of the papers were classified NATO Confidential for no very
apparent reason. This had the effect of unnecessarily complicating the local arrangements and care must be taken at
future meetings not to over-classify material.

10.8 It was surprising to find no ESA representation at the symposium. Perhaps the military label was to blame but
it appeared that NASA had no qualms about attending. It was perhaps also surprising that the USAF Space Division was
not present.

I1. CONCLUDING COMMENTS ON TECHNICAL CONTENT

11.1  Technical Balance

11.1.1 The Programme Committee put together a reasonably good set of papers  bearing in mind their dependence
to a large extent on what is offered to them. The balance was good, covering most of the areas of current concern in
control system design. There was a nice mixture of down to earth papers (if such a phrase can be used in relation to a
space symposium) and of high-flown theory which will need time to digest. Perhaps more would have been desirable
on the characteristics of the sensors and actuators needed in future programmes  the session on control components
did little more than discuss such as were currently available and well known.

11.1.1 In a few cases, the authors contented themselves with reporting the results of work done and a look into the
future would have been desirable, with an identification of new issues that had emerged and of further research require-
ments. In other cases, work was clearly at an early stage but it was useful to hear progress reports. These comments

do not, of course, uniformly apply and there were adequate looks at the future  NASA's views on needs were valuable
for example. The highly theoretical papers of Session V certainly raised some controversy and it will be interesting to
observe how the gap between the theoreticians and the practical control engineers varies with time. The comment made
during the Round Table Discussion that. at the first IFAC meeting in 1956, an objective that emerged was to close the
gap between theory and practice seems again relevant,

11.2  Technical Issues

11, 1.1 1t was apparent that a major area of immediate concern in control system design was how to deal with the
interaction between the spacecraft structure and the control system itself and the need to establish a sound basis ot
theory was underlined. The large spacecraft of the future with their many flexible appendages. space stations assembled
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in orbit element by element with consequent changes in dynamic behaviour and the increasing gecuracy demanded

DR of attitude control all present problems o great complexity to the control system designer. System modelling and
simulation will be necessary but it was also to be noted that much emphasis was placed on the need Tor tlight tests ot

real systems. The various issues were well brought out. N {

X
11.2.2 [t was interesting to note the current Furopean concern with the problems of rendeszvous and docking i orbit, . '_\:4
an area where the USA has already reached a high level of competence. European work on this topic s clearly ataven TN

carly stage. A start has been made, however, and it s clear that this will remain a strong rescarch area for some time.

11.2.3 The importance of software also emerged. The microcomputer presents many opportunities 1o the control
system designer but it brings its own problems too. There is the reliability of the computer itselt” but pechaps more
important is the ‘reliability’ of the software  the need, for example, to be sure that the programs will perform all the
necessary functions in the prescribed environment and that all eventualities. including tailure situations, have heen catered
tor. There is the need. too. to be able to modity on-board sottware trom the ground s the dynamic environment changes. e
All this underlines the need for adequate spacecraft models: quality control is every bit as important with sotftware as
with hardware. In-tlight testing of software is also available and may indeed be desirable, just as in the case of some
hardware  there was an interesting presentation on this tapic trom which there emerged that a spacevraft mathematical
model is not always a proper substitute tor the real thing.

12. MILITARY IMPLICATIONS

12.1  As was noted earlier, there was little or nothing of a specifically military nature discussed at the symposium
perhaps, as was said. not surprising since as tar as guidance and control is concerned. civil and military systems have
requirements in common and also in view of the fact that European NATO members have had little involvement with
space systems for military purposes. Some greater input from the USA in this area might have been expected. The
papers presented, of course, have relevance to military systems but it would have been desirable to have heard something
from the military customers in each NATQ country. of their views on military space systems and ot the requirements
they toresaw. This could be a usetul element in any future meeting held by AGARD on space.

13. RECOMMENDATIONS

13.1  Inany future AGARD meetings on space-related subjects it would be desirable, as has just been said, to hear the
views of the military planners, within NATO organisations and those of the participating nations, on future requirements
for space systems for military purposes. It might well be said that none of the papers given in Florence would have been
out of place at any unclassified symposium and an injection of military thinking could help in future events of this sort.

13.2 [t would be wrong to make any specific proposals as to areas where research is necessary and indeed ditticult to
visualise how AGARD could bring influence to bear. As evidenced by the symposium, the major problem areas in
control system design are generally well recognised and are being investigated. In Europe, of course, most of the etfort
is being supported by civil funds and conceivably AGARD could influence the military planners of the member states
{the US apart) to think harder about their needs tfor space systems. Or is this an area to be left entirely to the USA?

13.3  In paragraph 10 a number of comments were made on the symposium arrangements and perbaps it suffices to
underline a few of them:
(a) it would be better if papers were avatlable for study before the meeting:
this could help in streamlining presentations and in allowing longer time
for discussion;

tb)  there is a need for greater discipline on the part of speakers to stick to
their allotted time and to use visual aids that are visible:

(¢)  over-classification of papers should be avoided or alternatively, it the
meeting is to be classitied, then classified material should be presented.
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CONTROLS THCHNOL OGY

THE KEY TO FUTURE SPACE SYSTEMS
by
- Robert J.Herzbery
Lockheed Missiles and Space Company
06207 B 104
LT Lockhieed & Space Co.
Sunnyvale CA 94086
INTRODUCTION USA

When I was asked to stand in for Del Williams as your keynote speaker, [ was
honored to be asked to participate in what I consider a timely and significant symposium
directed to issues of major concern for future space programs. I am convinced that the

progress in space-technology which we have experienced in the past years 1is due in no
small part to gatherings such as this. The evidence of this progress is apparent in the
current generation of satellites and spacecraft, and the technical community which you
all represent can justifiably take pride in the accomplishments to date.

As impressive as these accomplishments are, however, future space initiatives
pose even more significant challenges which will require well ©planned, innovative
technology development programs. In a number of areas major advances are needed if we
are to attain our goals in space, and progress in these areas 1is pivotal to ensuring
engineering readiness for the next generation of spacecraft. I'm sure it's no surprise
to this audience that one of these critical areas is spacecraft guidance and control.

Since my primary responsibility to the Space Systems Division of the Lockheed
Missiles and Space Company is the planning and overseeing of our technology development
programs, I am particularly interested in the advances in controls technology that will
be presented and discussed in your symposium proceedings. In turn, I would like to share
with you some thoughts and observations regarding the role that your technology can play
in enabling future space missions that are presently in the preliminary and advanced
planning stages. These observations are derived both from my involvement with the
technology planning activities at Lockheed and from my experiences as a member of NASA
and U.S. Air Force technical committees.

At the outset, I would like to point out that I am not an expert in guidance and
controls technology, and my remarks will not address the exciting new technology
developments that will be ably presented by the speakers that will follow me. Instead,
my comments will be from the point of view of one who is <concerned with the broad range
of issues relating to technology readiness for future space programs, many of which have
vital military significance for the free world. From this perspective, I will discuss
the role advanced guidance and control technology can be expected to play in enabling
future space missions and the perceived difficulties 1involved in meeting the challenges.
It is my hope that these remarks will help underscore the significance and timeliness of
this symposium and the importance of your work in preparing the way for the next
generation of space vehicles.

OVERgggw S5

Although the space age 1is barely 4wo and a half decades old, we have seen the
growth from tiny, rigid bodies capable of transmitting” meaningless electronic signals to
complex, multi-bodied vehicles capable of performing a vast array of important science,
military, and commercial applications missions. The evolution of guidance and control
technology to support these missions has been correspondingly dramatic, and this

evolution has been the subject of a number of technical papers in recent years. As
impressive as these accomplishments have been, it is important to recognize that the
progress has been primarily in the area of applications rather than theory. 1In fact,

several noted authors have taken the position that spacecraft guidance and control is so
well established that it no longer constitutes a field for research, with the strong
implization that future space programs can consider this area as a "flight-ready"
technology rather than one requiring major attention for future development.,

Is this, 1in fact, the case? Can those who have the responsibility for planning
future space missions consider guidance and control 1issues to be routinely handled by
normal technological developments, or will they, instead, be seriously constrained in

their options for future spacecraft configurations if they rely on extensions of our
present practices? These questions, which are fundamental to the theme of this
symposium, are of the greatest significance to the space mission planners, and they have
been receiving major attention at the highest levels of U.S. space program management,
NASA recently formed a special committee to report on these 1issues, and the subject
continues to have high-priority NASA attention., I believe you will hear something of
this in the following presentations., The 1}.S. Air Force has an cn-going effort to define
needed technology advancements, and the Military Space Systems Technology Model (MS3TM),
which defines these requirements, has a substantial section devoted to jguidance anid
control issues., Also, I believe ['m on safe ground in stating that 2all major 1.5,
aerospace contractors are watching this area with great interest as part of their in-
house technology development program planning. My following remarks will be directed t-
summarizing the general findings of these various planning groups relative tao the neelis
for advanced controls technology, and the perceived status of the technology to meet
these needs,.
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FUTURE NEEDS

Pernaps the most ,isible example of future spacecraft trends e tane e o
technalogy 1s  the Space Telescope (ST). The size of the satellite ind the  precioe
arluraly requirements posed substantial controls  challenges, and its operation will ue
milestone in fine-pointing control of spacecraft. The AXAF (Advanced X-ray Astrophys
Facility) program, which is in an advanced planning stage, will benefi? from
experlence, but will provide its own challenges for ocontrols techndlowy. Hotn of thene
vehinsles typify the trend t3 large articulated spacecraft possessing flexible appeniases,
Also, for future planetary missions using solur-electri> propulsion, the major portil o r
tne spicecraft structure will be solar arrays, and effective hnandling »f tne fistrit o
flexibility 2f these systems will be a significant contrals issue,

With the advent 0of the Space Transportation System (3T3), 1t 1s now possiiie
consider very large spacecraft assembled In space using multiple 3T3 launches. Althsagn
a practical solar-power space statiaon 1s not realizable in the near fuature, oconsiderabls
solar array area 1s required for a number of future space missions wWwnich are 15 present
pianning stages. Such missisns can be expected to have flexible-baily modes olase $ or
Within the necessary contrsls banidwiith, ani they will require new <controls appr ;
Finally, the NASA Space Station initiative 1is in 1ts formative stages, but s 1
motivation for controls techno>logy Jdevel:»pment. Although the final confisuriatin
still evolving, 1t seems =>lear tnat sivanced controls techniques will  huve
considered, and that such technigues may s:ignificantly enhance the design.

The two most significant controls technology issues that have emerzed from tne
technology needs assessments of these missions are related to the p:tential reei for
controls strategies that actively suppress flexible-body structural responses ani  for
autonomous controls operation. The latter issue is of extreme importance to a number of
future space programs, especially in the military sphere, and I will comment further on
this a little later. However, the 1issue <causing greatest concern as regards new
technology development is whether or not present controls approaches will be able to
satisfy the extremely demanding accuracy and agility requirements of futur< space
missions, some of which also reguire very large spacecraft that will be considerably moure
flexible with respect to the controis bandwidth than has been the case to date.

For purposes of brevity, I will refer to controls approaches that include the
active suppression of elastic mode responses as CSI (Controls-Structures-Interaction)
technology 1in this discussion. While this technology has considerable development
history, this has been almost entirely in a research/university context. No present
spacecraft system uses this approach, and relatively little work has been done to
transition CSI technology to engineering applications. In the U.S. a significant start
has been made via a government sponsored technology initiative termed ACOQOSS (Active
Control of Space Structures), which 1is funded by the Defense Advanced Research Programs
Agency (DARPA), but much work remains to be done. As a technology planning issue, then,
it is clearly of great importance to assess the need for this advanced controls approach
for future spacecraft and to realistically identify the development timelines for
remedying any deficiencies.

One of the more intensive attempts to evaluate the need for CSI technology for
future U.S. space programs was the NASA committee activity I earlier mentioned. This
considered both NASA and military candidate missions. Although determining the level of
need for CSI approaches requires a reasonably complete preliminary design process, which
was not available for most of these future mission, the committee was able to conclude
that a number of major future NASA and military space initiatives would face serious
design constraints if CSI is not available as a controls option. The most stringent
controls requirements were related to resolution and pointing accuracies of primary
payload sensors, some of which require very large apertures.

A useful technique for assessing when the combination of size and accuracy
requirements for these spacecraft will result in a probable need for advanced controls
technology is to consider the parameter D/f, where "D" is the aperture diameter and "f"
is the lowest modal frequency of significance t» the pointing and configuration control
of the system. If this is plotted as a function of operating wave-length for various
missions, those having a D/f greater than approximately 100,000 can be considered in the
CS1 technology category. This approach, developed by Dr. K. Soosaar of Draper
Laboratories, is illustrated in Figure 1, which identifies 33 missions presently in
serious planning stages. While this should be viewed as only a rough assessment of need
in any specific case, the overall picture clearly supports the conclusion that the CSI
option is a major concern for many future space missions.

The second major area of concern regarding guidance and control technology for
future space programs that has emerged from these planning studies 1is the need for
greatly enhanced capabilities for autonomous operation. The ability of spacecraft o
maintain on-board knowledge of its orbit parameters and to perf-rm 1its navigation and
station keeping functions for long periods without contact from g und stations is key to
successful performance of a number of important missions. T 's equirement has been
largely related to military needs for survivable space defense asse 3, but there are also
major cost savings associated with reducing the very sizable expe. es incurred by zround
nperations related to 2onstant monitoring of spacecraft functions and determination of
orbital parameters. The Jet Propulsion Laboratory of NASA has taken the leai in defining
autonomy <apability levels for spacecraft operatinns and is  presently working with the




. J.S. Alr Force to nelp focus the needed tochnolowy fevelopments [0 thls area, They v
defined a graduated scale of 10 autonomy levels for 1ssessing  spacecraft  neeis. sy R
this scale, an overall assessment of future rejuirements for our Jdefense satellites shows N
a major need for improvements in the controls area, especially in  on-board  orbitgl

parameter determination, fault tolerance, and orbit 2orrection Jdecision maxking.,

TECHNCLOSY ASSESSMENT ) [

programs 1s the objective and accurate assessment of the engineering technoloagios

necessary to field complex future space systems. Frrors in  judging the avility of oar

technical community to meet these needs can obviously have the most serious zonsejuences,

Unfortunately, a number o5f past proje.ts have nad to be cancelled, or were completed with : -0
large over-runs and reduced performance, due to inadejuate technology assessments prior ST
to> their initiation. The major issue is not technical feasibility, although this, of ) @
course, must be established, but rather whether or ns>t the technology will be "flight-
ready" wnhen 1t 1s needed. The term "flight-ready" in this «context implies (1) minima:
risk compared to other approaches, (2) cost effectiveness, (3} a reasonable level )
proven tapability by aerospace contractors, and (4) established procedures for Jdeveloping
assocliated performance and testing specifications for spacecraft systems.
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One o5f the most lifficult problems fuaced by those responsible for our space R
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As an example of this assessment rocess, the followin uestions must De L
: p g1
\ carefully considered: ) @

- Is the theory well developed and are the necessary -
computational tools available? -,

- Has the technology been adequately tested on previous aﬁfj\fu
spacecraft, or by laboratory experiments? - ’

- Has the technology been reduced to engineering prac-
tice? (i.e. specifications and criteria)

While obtaining such an assessment may appear to be straight-forward to those not
involved in space technology management, in practice quite the opposite 1is true. The
program office people who are tasked with planning future projects may tend to
underestimate technical risks, either because of a lack of technical expertise or due to
their understandable enthusiasm to "sell" their projects. On the other hand, the
technologists frequently tend to be over-optimistic regarding technical risks and often
do not understand the engineering difficulties associated with converting their technical
contributions into flight hardware that can be delivered on-time and within cost.

LAITPSS

o~

.t

With these comments in mind, I would now like to briefly discuss the assessment
of controls-structure interaction technology that was earlier identified as a major
concern for future space missions. A first obrervation regarding CSI technology is that
it cannot reasonably be viewed as a simple extension of existing practice. 1It's
application to future spacecraft will require substantial changes in the way the controls p— @

LAl e e,

subsystem is handled, and a number of technical issues must be resolved before it can be
considered flight-ready. Some deficiencies are evident 1in each of the three assessment . S
categories I earlier mentioned. The methodology area is closest to readinesss, although o R
even here some questions need resolution. In the experimental base and practice and T el
criteria areas much work needs to be done. Five of the most important sub-categories of S
CSI technology that need work are: el .

CAS e A

- Analytic modelling accuracy and model reduction ) @
criteria

- System identification procedures Sl

- Robustness criteria

[P W S

- Development of sensors and actuators RN .

- Digital implementation

‘

Eazh of these areas is of particular concern, and technology development activities are
needed if we are to realize the potential of this new controls approach for future
spacenraft.,

«

[

Pernaps »>ne of the most important aspects of this new approach is the need to 1"1-""}
recognize that its success will require the cocperative efforts of several tisciplines in ). -@
a much more effective manner than has been the case in the past. The practical
convergence of ~antrols, structures, and computer technologies will be necessary if 8
appii~tatioans  are  to  become a reality (Figure 2). Multi-disciplinary research  and .
levelopment programs, improved university curricula, and new approaches to industrial - -
technizal management are all important. This symposium and the efforts of this te hni- sl ST
community Will be key elements in this evolutinn, which will play a maysr rale  in . )
preparing “he way fnr the next generation of space systems. : .
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SUMMARY o
- 4 e
i Future missions in space will require controlling spacecraft which are both large and T
" flexible. The limited inherent damping and the uncertain and changing dynamic character- -0
K istics of many of these vehicles, such as manned space stations and large antennas, will T
S revolutionize spacecraft control requirements. In preparation for the time that such con-

trol systems are required, considerable research and technology development is necessary.
A program is in place at NASA for the development of active control technology to support
major initiatives for space station and advanced spacecraft,
nology program needs are cited in the paper as required for these and other future NASA
missions together with an integrated cdntrols/structures technology flight experiment to
demonstrate and validate technology for large tlexible structures.

INTRODUCTION

civil and military space activities.

= The objectives of NASA's space technology long range plan are shown in Figure 1. As

.- indicated in the figure the importance of space R&T must be established and strengthened

. to ensure the timely provision of new concepts and advanced technologies for the U.S.

B New initiatives are being planned to provide the

“ capability for in-space testing through space flight facilities and experiments,

- develop the technology to support space station and advanced spaceframes.

") program has begun to increase university research and small business innovative research
which address important NASA scientific or engineering problems and opportunities.
moving into details of spacecraft control research at NASA which is associated with the

e theme of this technical symposium on "Guidance and Control Techniques for Advanced Space

A number of key control tech-

(AN

ana to
Also a new

Before

<L Vehicles" we will first look at the specific objective for the NASA space controls and
f\f guidance R&T program shown in Figure 2.
s .
OBJECTIVES
I ® ESTABLISH IMPORTANCE OF SPACE R&6T TO ATTAINMENT OF
i NATIONAL SPACE POLICY OBJECTIVES W
©® PROVIDE U.S. R&T CAPABILITY BY MAINTAINING NASA
CENTERS IN POSITIONS OF UNDISPUTED EXCELLENCE IN
CRITICAL SPACE TECHNOLOGIES o T0 DEVELOP

I TNTTTATIVES: IN-SPACE FLIGHT FACILITIES ANDl
EXPERIMENTS
® STRENGTHEN NASA'S SPACE R&T PROGRAM TO INSURE THE
TIMELY PROVISION OF NEW CONCEPTS AND ADVANCED

TECHNOLOGIES FOR THE U.S. CIVIL AND MILITARY SPACE
ACTIVITIES

I INITIATIVES: SPACE STATION TECHNOLOGY
SPACEFRAME TECHNOLOGY

.

ASSURE BALANCED PARTICIPATION IN SPACE R&T
PROGRAM 8Y NASA CENTERS, GOVERNMENT AGENCIES,
UNIVERSITIES. AND INDUSTRIAL RESEARCH ORGANIZATIONS

]

This objective is quite general but covers a number of thrust objectives shown in Figure 3.
Although the thrust objectives are focusea toward a particular area or mission a substan-
tial portion of the resulting technology will have general applicability to all areas.

CONTROL AND GUIDANCE R&T THRUST OBJECTIVES

o DESIGN CONCEPTS, ANALYSIS, AND TESTING TECHNIQUES
o ADVANCED COMPONENTS

o FOR CONTROLLING AND GUIDING EARTH-ORBITING SPACECRAFT
INCLUDING
o LARGE ANTENNA
o PLATFORMS
o PAYLOADS AND EXPERIMENTS
o SPACE TRANSPORTATION SYSTEMS

Figure 2. Space controls and
guidance specific objective

.: [ INITIATIVES: UNIVERSITY RESEARCH ]
gt Figure 1. Space technology long range
A plan objectives
o
.- 0 GENERIC
o TO DERIVE NEW CONCEPTS AND APPROACHES TO EFFECTIVE
S CONTROL OF LARGE DYNAMIC STRUCTURES.
-":-'
-‘.'_4: 0 TRANSPORTATION
B TODEVELOP ADVANCED CONTROL AND GUIDANCE CONCEPTS
o FOR CURRENT AND FUTURE TRANSPORTATION SYSTEMS
e WHICH ARE MORE TECHNICALLY EFFICIENT AND WHICH LEAD
CREN TO MORE COST AFFORDABLE FUTURE SPACE TRANSPORTATION
MISSIONS.

LﬂHL_____________________________________niquA.
- VR  : | T Oy I Py N P o

0 SPACECRAFT
TO DEVELOP ADVANCED CONCEPTS AND TECHNIQUES FOR CONTROLS,
PRECISION POINTING, AND STABILITY AND GUIDANCE AND NAVIGATION
OF LARGE ANTENNAS, PRECISION REFLECTORS AND ADVANCED EARTH
ORBITAL SPACECRAFT.

=]

SPACE STATION
TO ADVANCE THE UNDERSTANDING AND STATE OF THE-ART IN POINTING
AND STABILIZATION OF LARGE SYSTEMS CONTROLS, MULTIBODY GUIDANCE
AND CONTROLS, AND ADVANCED GUIDANCE AND CONTROL DEVICES
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In tre researct arca NADA 1s currently investigating a number ot tneoretical ateus
whicn Lave seen pdentitlea as beiny detlcient for appllcations to lardge, highly tlexiole
spacecratt ana reyulring turther development and validation through experimental hardware
testing. Current theoretical deficiencies ldentifiea from technology surveys and systems
studles are snown 1n Table 1. Most of the indicatea theoretical areas are being inves-
tigated through a combination ot university grants and NASA center research programs.
Another area of research begun in 1983 is in the applications of distripbuted systen theory
to control of large space structures. The term distributed systems as used here has two
meanings. One is control theory for distributea parameter system modeling and the second
1s the theory for systems requiring spatially distributed multi-point sensing ana actu-
ation. Many large space structure configurations being considered in the NASA mission
model will require multi sensors and actuators distributed in some tashion throughout the
structure. Therefore, one must consider the spatial distribution of sensors and actuators
whether treating the problem from the finite elements or continuum model approach.

Table 1. Current Theoretical Deficiencies in Control of Large Flexible Spacecraft

Fundamentals of Control
of Highly Flexible
Systems

Adaptive/Learning Control

Optimal Management of
Distributed Control
Systems

Modern vs Classical

Linear Quadratic Gaussian

Decoupled Control
Computer Aided Design
Dual Level Control
Modeling for Analysis
Parameter Sensitivity
Robust Control Laws

Identification of Most Important
Parameters for Control

Sensitivity of Real Time Mcdels

Parameter Identification

Real Time Automated Control Laws

Parameterization of Shape
Configurations

Criteria for Closed Loop Adaptation

Fault Modeling

fallure Detection

self-keorganization

Analytic Redundancy

Optimal Reduced Capa-
bility Performance
Systems

In adaptive control research, techniques are being 1nvestlgated for their future
application to control of large space structures where uncertain or changing parameters of
the system may aestabilize conventional control system design. In one ground experiment
using a large flexible hanging beam and realistic haruware the application of a state
space adaptive filter/controller was demonstrated which accounted for an intentional error
in its 3rd eigenvalue or moaal frequency. Using colocated control sensors and actuators,
ana a high fidelity structural model and feedback controller with a Kalman filter and
optimal control laws, beam vibrations were rapidly damped following an impulse disturbance
at the free end. With the intentional error of approximately 20% in the 3rd mode replaced
in the model, the control system was shown to be unstable for the same initial conditions.
However after parameter identification and adaptive estimation techniques were added to
the feedback loop, the system stabilized after one and one-half cycles of vibration. Real
time computational requirements were handled by a Motorola 6502 microprocessor operating
at 1 MHz.

In a related area of research adaptive identification for the dynamics of large
space structures is being investigated using lattice filters. The approach illustrated in
Figure 4 is for the problem of identifying the structural dynamic characteristics of basic
structures. The lattice filter provides an algorithm based on least squares estimates
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for generating an orthonormal basis for the measurement data using measurement samples.
Using this approach a modal system description is avoided and hence the¢ a priori specifi-
cation of model order (i.e., number of modes requiring control is not specified). Instead
the systems order is recursively determined on-line, as would be required in tlight, along
with its parameters. The use of recursive lattice filters are widely used in adaptive
signal processing. The next step in this research will be the application of lattice
filters to two dimensional structures.

Large space systems (LSS) control technology

For control of future large space systems a number of technology needs have emerged.
Large as used here is a relative term for those systems which are larger than systems flown
to date and which carry high performance requirements. Many of these needs serve as the
focus for principal activities, shown in Figure 5, in the space station and spacecraft pro-
grams. If we look at the NASA [,SS mission overview, shown in Figure 6, we have a number of
mission classes for which the objectives are quite distinct from past missions. Space sta-
tion will be characterized with designs providing for evolutionary growth, low life cycle
cost, and user accommodation. The NASA large space antenna missions can be categorized
into three major classes: radio frequency (RF) antennas, large segmented reflectors, and
LSS flight experiments. The large RF antenna class includes near-term communications
missions, such as the Land Mobile Satellite System, radiometry missions, and the advanced
communications missions. The segmented reflector systems will require multifaceted solid-
panel reflectors deployed on supporting structures to meet the requirements for IR and
submillimeter astronomy. Flight experiments to validate LSS technologies may involve fun-
damental structures with associated control and build up to a fully deployable large space
operational antenna. In the following sections control technology needs and requirements
for these missions will be highlighted.

CLASS OBJECTIVES
LARGE SPACE SYSTEMS CONTROL TECHNOLOGY o PLATFORMS AND SPACE STATIONS o MULTIPLE USER SPACEJEARTH OBSERVATIONS
o UNMANNED SPACE PLATFORMS | ® TRANSPORTATION NODE TO HIGHER ENERGY
o ANTENNA CONTROL o MANNED SPACE STATION LEVELS
o PLATFORM/STATION CONTROL o ASSEMBLY, CONSTRUCTION
® CONTROL OF DISTRIBUTED PARAMETER SYSTEMS ® 0-g PROCESSING, MANUFACTURING
© SYSTEMS IDENTIFICATION © LARGE ANTENNAS 30-100 m o COMMUNICATIONS
¢ FIGURE CONTROL * MESH DEPLOYABLES © RADIOMETRY EARTH RESOURCES

® EXPER'MENTAL VALIDATION * TRUSS
® MODEL ERROR ESTIMATION
® ADAPTIVE CONTROL

® RADIOASTRONOMY
o ELECTROSTATIC MEMBRANE, etc.

© ANTENNA CONTROLLER DESIGN BASED ON RF ® SEGMENTED REFLECTORS 10-30 m ® [R, SUBMILLIMETER ASTRONOMY
& ADVANCED GUIDANCE AND CONTROL COMPONENTS * LARGE DEPLOYABLE REFLECTOR
® FLIGHT EXPERIMENT DEFINITION AND DESIGN ® 1SS FLIGHT EXPERIMENTS @ VALIDATION L. - *NABLING TECHNOLOGIES

® INTERVEHICLE CONTROL

® ESTABLISH REQUIRED FLIGHT DATA BASE

Figure 5. Principal activities
in program Figure 6. NASA LSS mission overview

Space station

A number of space station concepts have been evolved in recent times as shown in
Figure 7. The figure on the right shows space station in its most current conceptual
approach which is characterized by evolutionary and modular growth. There are many
physical factors which must be considered in such an evolutionary process for space
station. Some of these important factors are shown in Figure 8. All of these physical
factors will seriously impact the station's control systems performance and operation in
its initial configuration and potentially much greater as the station evolves into more
advanced configurations with additional modules and provisions for vehicle servicing

1, INCREASING ORBITAL MASS
2, MIGRATIHG CETER-OF-GRAVITY LOCATICNS
o STATION BUILD-UP
o CHANGE-OUT OF PAJOR ELLIENTS (SOLAR ARRAYS, RADIATONS)
X 3, VARYING AERODYNAMIC AND GRAVITY GRADIENT TORQUES
&S iy o ORBIT RE-BOOST
4, CHAGING STRUCTURAL RIGID BODY AND FLEXIBLE POLES
o STATION BUILD-UP
Sclence and Applications Evolutlonary Space Transportation o DOCKED QRBITER/ORBIT TRANSFER VERTCLE (OTY)
MASS TRANSFER OF FUEL/SUTPLIES
5. ASTROWAUT/CONSTRUCTION POVEMENTS

Space Operational Center

Figure 7. Developing space station concepts Figure 8. Physical factors ot the
evolutionary process
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Vel (e.g., orbit transfer vehicle). Of thosc factors listed, the tactor O! Ccudnglng struct arai . )
’ rigida body and flexible modes limposed during the station builld-up and docking opseratlonh. Lo
with the station places new and unigue regulremients on space controul systems. In Graee

to assess the evolutionary changes reguireda in a control technology development progras L .
which addresses large spacCe systems a controls technoloyy roaamap was formulatea as ohown 1
in Figure 9. The chart 1llustrates technology reaualness tor LS5 as projected ny toe long
range plan for control technology development. Currently we see the state-ofl-the-art tor o
control of large structure as represented by technologies appliea to Skylat, Space Siattie,
and recent spacecratt missions. This control has been bascd on structures velng moaeliva

CONTROL TECHNOLOGY DEVELOPMENT PROGRAM -

@
\E N ias»sa 904 ]
<

MISSIONS SKYLAB SPACE STATION ADVANCED SPACE STATION .
SHUTTLE LARGE SPACE ANTENNAS LARGE DEPLOYABLE REFLECTORS

TECHNOLOGIES RIGID BODY CONTROL DISTRIBUTED - MODULAR CONTROL HIGHLY AUTONOMOUS CONTROL
CENTRALIZED CONTROL SYSTEMS IDENTIFICATION HIERARCHICAL CONTROL
ADAPTABLE CONTROL ACTIVE VIBRATION CONTROL

LONG LIFE COMPONENTS
ADAPTIVE CONTROL

PERFORMANCE 10-2 DEGREES POINTING IN-ORBIT CONTROL
ACCURACY RECONFIGURATION
15-30 DEGREES OF FREEDOM 30-100 DEGREES OF FREEDOM 100-1000 DEGREES OF FREEDOM
1-5 YEAR LIFE COMPONENTS 20 YEAR LIFE COMPONENTS

Figure 9. Control technology evolution

as a rigid body with flexible appendages. Centralized controllers with appropriate notch
filters to minimize coupling with flexible modes in the control bandwidth was adequate to
meet the requirements. For the initial space station such a conventional approach for
control may also be adequate depending on the dynamics ana user accommodation. After a
few or more modules are joined in space, the structural dynamics will interact with the
control dynamics in such a way that modern control theory with distributea contro:r will
be highly desirable if not mandatory. The technology readiness gate for the initial sta-
tion is in the 1986 to 1988 time period. A control system block aiagram for the initial
station might take the form of that shown in Figure 10 where distributea modular control
would be combined with some level of systems identification and adaptive capability. This
early form of adaptive control we refer to as adaptable control to accommodate changing
configurations and operational requirements. Here we might use gain scheduling techniques
for control in the absence of systems 1D, and tracking notch filters combined with systems
ID for fine tuning the adaptive controller. As we move from adaptable forms of control
to fully adaptive, which may use an expert knowledge base for adaptive problem solving,
we might envision the hierarchy as shown in Figure 11. As we move from the top to the
pottom we increase the autonomy of the system but with some increase in complexity. It is
felt that some moderate level of these technologies would provide the baseline in control

T EAMEDIATE ® Gain Scheduling Controlier _;
LEVEL COMMAND 1986 1989 STATE OF THE ART Contiguration and operations adaptive. R
. STa HE B e
s OTHER ® Systerns Identification T
CONTROLLERS — —_—— ——— - ——— — ——— N :
[ntocar controLER A ® Mass Prope:ties Tracking ' [
| | o Disturbance Measuremunt o
I | e Flexible Structure Behavior B
l STRUCTURE | ® Adaptive Comnencation Filters .
0 ATTUATORS [ (0o SENSORS | e Trackiny Notch Filters
\ e Disturbance Adaptive Estimators
i
DISTRIBUTED I ® Model Reference Adaptive Controd
MODULAR | poAPTIVE SYSTEMS | e Adaptive State Observer
CONTROL | CONTRO IDENTIFIGATION dag i Brve
] o Adaptive Parameter tdentifier
: } | o Adjustable State Regulator
AP tiMaL r:r':\”w I o Self Turing Regulators
.
) | controt S'ﬂ'l:f o Adaptive Predictors
| Laws TN | o Stochastic Selt Yunmg Controtlers ) X
| ! ® Distnibuted Adaptive Systems Ca e
| | & Multi Input. Mu 1 Qutpu! IR
e o e e e - __._.-.J ® Adaptive Prabitem Salving Syster oo
L o ocat o Lxpert Knowledge de‘v Pius | B [ B
CONTROLIFR Distribuited Adaptive Caontrol e e
| S, OHTPIITS - =t T
Frgure 1l Misciron agdaptotoa B R
Figure [0. Advancea control technolos intedgration to adaptive control hrerarchy )
E ! 3
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N for an evolutionary, modular growth station. For the 1990's the objective ot the control: .

program 1s to provide technology options and opportunities such as those llsted 1n Figupe ;:;J:A

9 for advancea space station application. - i

SPACECRAFT TECHNOLOGY . ]

Tl

Presently the spacecratt controls technology program udeals witn the reguirements tot (K

large antennas ana submillimeter wavelength, anu lower, astronomy spacecratt. Control ]

technoloygy requirements tor these systems are shown in Figures 12 and 13. controul tecnnol- . .

ogy requirements Iin Figure 12 fall into the five ygroups shown on the lett with technology T

level ot advancement dictated by the application areas shown across the top. Figure 13 S

illustrates the broad spectrum of pointing anud figure control requirements spannea by R

large antennas. From the near-term communications antennas and radiometers to the VLBI o

and advanced communications antennas (such as the RF Orbiting Deep Space kelay Station), ]

the surface and pointing requirements are at least 1 order of magnitude apart. From the N B

relay stationj,

advanced RF systems to the IR and optical systems

(such as the laser orbilting aeep space
the requirements are another 3 orders of magnitude tignter
a gliant step in technology advancement.

ADVANLED

IR,

Figure 13.

Antenna surface accuracy vs pointing requirements

Land mobile satellite service

gists.

United States.

of 4 x 4 m each.
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low sidelobes, etc.).
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e disturbances.
-t pointing problem.
S errors,

The Land Mobile Satellite Service
RF antenna mission class.

(LMSS)

POINTING, deq

(typically 0.020°

NEAR TERM COMMUNICATIGNS SUBMILLIMETER
COMMUNICATIONS AND RADIOASTRONOMY ASTRONOMY
DISTRIBUIED
SENSING AND 15-30 DOF 050 D1k ACTivE DaMPIzG | - 300 DOK ACTIVE DAMPING
ACTUATION
SYSTEM INITIAL $YSTEM Dy 2AMICS, { IITIAL $35TEM Do rsAME S, | REAL TIME SYSTEM OYNAMICS
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Figure 12. Antenna control technology regquirements
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is a representative example within the large
The LMSS is one of the early large antenna applications which
has been studied in considerable detail by a joint team ot JPL/NASA and industry technolo-
The LMSS is a multibeam communications mission utilizing a geosynchronous-orbit-
based large antenna for providing telephone services to mobile users in the continental
Two candidate LMSS configurations have been studied.
design consisting of a 55-m-diameter mesh reflector and a large 8 x ll-m RF feed.
are connected by two booms 34 and 80 m in length,
column design consisting of a ll8-m-~diameter mesh reflector,
Egch of the systems weighs about 10,000 1b and have moments ot
kg-m<.

The second configuration is a hoop-
an 88-m mast,

The principal control system objective for a RF antenna such as LMSS operating at
a frequency of 0.87 GHz is to point the RF beam(s)
prescribed pointing and jitter errors
overall system alignment and fiqure to insure the desired RF performance
Achieving the desired antenna pointing performance on a flexible
structure of 50 to 100 m while maintaining the static and dynamic figure within an
envelope of 0.5 to 5 mm represents a substantial challenge to the technology.
LMSS antenna configurations under current study are shown in Figure 14 under dynamic
The distortions and displacements have been amplified to illustrate the
The major contributors to RF pointing error are spacecraft attitude
feed displacements and rotation, and dish attitude and deformations.

to the desired target(s)
to 0.002°) while maintaining

One is a wrap~rib

representing o

These

and four feed

within

(main beam gain,

The two
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! HOOP/DISH BENDING
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MOTION

o

; LOWER MAST
BENDING

Figure 1l4. Antenna pointing problem

Hoop-column antenna control design analysis

A control-design analysis is under development for a hoop-column antenna system. A
NASTRAN model of a l22-m~-diameter hoop-column antenna is being used as the basis for the
design. The schematic sketch, Fiqure 15, shows possible locations for the two types of
controllers employed in the simulated studies. Control moment gyros and/or reaction

z

i

b1

63

¥ el
Figure 15. Hoop-column schematic

control jets can be located at positions 1 to 4 along the mast, and reaction control jets
can be located at positions around the hoop. The antenna characteristics are shown in

Table 2.
Table 2. Antenna Characteristics
Diameter = 400 ft. MODE w,, rad/sec Period, sec
W = 10020 1b 1 . 7466 8.42
2 2 1.346 4.€7
Iy = 1.360 x 108 1lb-ft
3 1.7025 3.69
= x 8 —ftl
IY 1.365 10° 1lb-ft 4 3.1813 1.98
I, = 1.041 x 108 lb-ft? 5 4.5294 1.39
6 5.5905 1.1z
Ixz = 0.58 x 106 1b-ft2
3N Various control techniques are being investigated to establish the most rellable and
- efficient design procedures for the noop-column antenna. Figure 16 1llustrat s typical
‘ results for two of the design methods investigated. The Linear Quaaratic Gaussian (LQG)

)
PO Y

optimal control technique is being used as the basis tor comparison ot the various tech-
niques. The plots show that the LQG and decoupled control methous produce comparable
results for nulling disturbances in the three rigid-body modes and in the first three
flexible (vibration) modes. Ot the two methods, the LYG method 1s the more complicated
because of the iterative process required to achieve desired performance. The decoupled
method provides a simple closed-form solution and produces the exact closed-loop dynamics

0

AR ¥

s
rd

AP

L e
N P e

,.
B
e tmans S

oe -
—lh

Jea
Uy WY

alatall

R A
Ao adia

feam _a

a

O O




‘v

LN

L

L

A
s s
. s A

ad o

Lty
o AN

)

* l' l. l'

(@ &
@

-

@ 4 e e

.
a

.
.

. »
[T

'..'.".J ._-‘

‘e'e a

»,
L3

|

Y S

o i
.. @

T wil RO

SR 3 PTIMAL - - - - - SRR
AN . DECOUPLED —————— .:.}vd

g i g N Cl
E — \\\\;“________. - 5 AN -._ .4
. < L
ER. o

_ . - e SRR

L. 4

LRSI

T\\\ ' ;L - j

e N 5 R

= N - \ » )
T k__—___ - e T =~ - _ -

6.

N
.
@

"
.
4
SRR
b

27 3
\\\‘
005 — "N 5
g \\\ E i /,—~\\\\
N > . -
G— —_== - Or T
< < : \v/
- 005— -5
a3 i | | s1ol | |
2 20 4C 60 0 20 40 60
Time, sec Time, sec

Figure 16. Comparison of optimal and decoupled responses

specified for the system. In another investigation control systems were designed using
colocated output feedback and LQG techniques. Figure 17 shows a comparison of performances
obtained using the two methods. The controllers were designed for three different closed-
loop, rigid-body bandwidths (wg). and for various values of the (closed-loop) time constant
corresponding to the structural modes. The horizontal axis for the colocated controller
figures indicates the desired negative shift in the closed-loop eigenvalues corresponding
to the flexible modes, which is used as a design parameter. The horizontal axis for the LQG
controller indicates successive increase at each step in the "Q" matrix, which indirectly
achieves the same effect. The expected values of pointing errors, feed-motion errors, and
surface errors were computed in the presence of sensor and actuator noise. Although both
controllers satisfy the requirements, the LQR controller is found to perform significantly
better, especially when a smaller number of sensors and actuators was used.
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Large deployable reflector

The second major class of large antenna missions cotresponds tu applications where
the wavelength is so short that solid reflectors are requirea. ‘flyplcal ot this class
is the Large Deployable Reflector (LDR) shown in Figure 18, which ts an Earth-orblting
astronomical observatory operating from 50 to 1000 .m, a reglion of the spectrum where
ground-based mapping of the sky is severely limited due to atmospheric opacity. For the
present LDR concept shown the segments are deployed from their folded configuration into
final reflector shape. To satisfy the observational reguirements, the position and
orientation of each segment must be sensed and controlled to extremely high precision.
The major components are the segmented primary reflector, the secondary reflector, the
backup structure, the spacecraft bus with its cryogenically cooled focal plane instru-
ments, the solar arrays, and the thermal baffle.

® 20 m SEGMINTED PRIMARY
® 120 SEGMENTS

© ACTIVE FIGURE CONTROL T0 0.5 um
® WITHIN PRIMARY
© PRIMARY-TO-SECONDARY

o OVERALL SYSTEM POINTING TO
® 0.05 arc sec - ABSOLUTE
® 0,02 arc sec - STABILITY

Figure 18. Large deployable reflector

The potential control approach shown in Figure 19 calls for an attitude control
system with wheels and thrusters to steer and stabilize the focal-plane assembly, with
attitude sensing provided by the Guide Telescope and LOS (line of sight) transfer system.
This ultra-precise IR LOS pointing of the focal plane is accomplished by transmitting a
laser beam from the guide telescope to the focal plane via a set of mirrors, a selected
segment reflector surface, and the secondary reflector. Fine pointing at the focal plane
can be enhanced by means of a fast-steering mirror and detector electronics. The direction
of the laser beam is determined by the guide telescope, which uses a star tracker, IRU
(Inertial Rate Unit), and its own attitude controller to guide its orientation relative
to the stars.

The shape of the primary reflectors is maintained by the Primary Figure Controller,
which drives the segmented reflectors against the backup structure. The primary figure
sensor unit is mounted in the vicinity of the secondary reflector, which is driven by a
suitable drive mechanism actuating against its support structure.

PRIMARY FIGURE
CONTROLLER

ATTITUDE CONTROL
WHEELS AND THRUSTERS

SECONDARY

CONTROLLER
PRIMARY FIGURE
SENSOR

FOCAL PLANE |...... S —— L T
FAS.
STEERING MIRROR

VISIBLE LOS
CUIDE TELESCOPE AND LOS TRANSFER SYSTEM|

[STAR_TRACKER

Figure 19. LDR control approach

COMPONENT DEVELOPMENT

Within the NASA control and guidance program we are also pursuing the development ot
sensors and actuator components to support LSS. Shown in Figure /U 15 a shape determina-
tion system (SHADES) which is based on the use of a multipoint optical sensor.
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SHADE S

® AN INTEGRATED HAROWARE/
SOFTWARE SYSTEM FOR
SHAPE DETERMINATION
AND SYSTEM IDENTIFICATION
OF LARGE FLEXIBLE STRUCTURES

FEATURES

© SELF-CONTAINED PORTABLE
MODULE (SUITCASE

TARGETS

® MULTIPOINT OPTICAL SENSING COMPUTER
VIA SPATIAL HIGH-ACCURACY
POSITION ENCODING SENSOR ?Egg:‘f””“ S
(SH
SHAPES) POSITIONS SHAPE |
o RECURSIVE MAX LIKELIHOOD
ESTIMATION ALGORITHMS FOR
ON-BOARD [MPLEMENTATION SYSTEM PERFORMANCE
© INTEGRATED SHAPE ESTIMATION / 10 ANALYSIS Y-
1DENTIFICATION — ¥
« MODE SHAPES o RMS SURFACE [RROR
APPLICATIONS o MODE FREQUENCIES  ® FEED MOVEMENT
« LSS FLIGHT EXPERIMENT . DAMPING . R POINIING
o GROUND/SPACE ANTENNAS o CENTER OF MASS

® PRINCIPAL AXES

Figure 20. Shape determination system

The aspects of reduced data requirements and accurate autonomous sensing are the
key features of SHADES. 1In addition to the shape estimator design, SHADES will contain
multipurpose subroutines performing such functions as system identification, tracking of
feed movement, and RF pointing. SHADES is an integrated system and is made up of two
fundamental technologies: multipoint spatially distributed sensing, provided by SHAPES
(Spatial High-Accuracy Position Encoding Sensor), and estimation and identification meth-
odology for processing the sensor data in order to establish knowledge of the vehicle's
static and dynamic shape. 1In addition, SHADES will contain the system identification
algorithms required for estimating poorly known parameters (modal frequencies, damping,
etc.) in the dynamical models. While the figure illustrates an application of SHADES to
a large antenna, the basic sensing, estimation, and identification capabilities of the
integrated system are more generally applicable to a wider range (platforms and space
stations) of large structure configurations.

The SHAPES multipoint sensor concept shown in Fiqure 21 is designed to meet the
need for a shape determination and system identification sensor that can measure the
three-dimensional coordinates of many points on a large space structure simultaneously.
It utilizes recent developments in short-pulse laser diodes, fiber optics, integrated
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Figure 21. SHAPES sensor

optics, streak tubes, and CCD technology. It operates by measuring the range to and
angular position of targets on the structure from a single location. Range 1s measured
by the time of flight of very short light pulses. The precision ot this measurement 1s
improved by the use of a discrete-delay reference path consisting of fiber-optics links
switched by integrated-optics switches. The time delay is determined by a streak tube
with a CCD readout, The angular position 1is determined by the direct 1magling of the
targets on a second CCD. The projected performance for SHAFES 16 10 readings per socond
from up to 50 targets per optics head with range uncertainties of u.1% mm and angulal
position uncertainties of 1074 of the field of view. More targets can be accommodated
in paralle) with the addition of a second optics head.
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In tne control actudtor area tor large structures we dre LOoOKING OnCe 43uln at  batf e
control moment gyros (CMG) for primary control torque and momentod anadaeient . Toe Larget
CMG ever developed 1s shown in Figure 22 wnlch has a maxblbaf o somentun Cepatlity ol 4500
tt-1lb-sec., Tnis (MG was actually developea 1n the early to mila-i970's when carlivr space
station concCepts were seriously under studay. Atter reachinyg 4 relatlvely advanced Statee

of development the spin assembly was tested with the gimbals locked and witnout tihe
torguers. The test results at tnat time looked encourayging. In the current prograit troe
assembly has been taken out ot storage, and once again evaluated. Toe test aata appear b

1nalcate that this large CMG technology is at a technoulogy reaainess level ana the Lorgder
represents an efficient and well designed actuator ready tor 1ntegratlon wlth the whesl
assembly. For such a CMG useda in the control of a largye space structure a nudlter ut
benetits become apparent, Use of such a large CMG 1aplies tewer desaturation ahouver o,

larger momentum infers fewer units for control and thus lower welght volume, ang tewer
units result In reduced software complexity.
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MPROVED H M RATIO \ LOW TORQUE CAPABILITY
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APPLICATIONS : MANNED SPACE STATION, LARGE SPACE STRUCTURES, LONG DURATION SATELLITES

BENEFIT : LARGER MOMENTUM PERMITS FEWER DESATURATION MANEUVERS
LARGER MOMENTUM MEANS FEWER UNITS, THUS LOWER WEIGHT/VOLUME
FEWER UNITS RESULTS IN REDUCED SOFTWARE COMPLEXITY

Figure 22. Control momentum gyro (CMG)

The effectiveness of momentum storage devices for providing control of a space vehi-
cle's attitude has been demonstrated in flight. However, in most cases, the full potential
of these devices was not utilized. One approach to realizing the full capability of a
yimballed momentum device is to combine the control functions associated with such a unit
with those attendant with energy storage and power generation. The unit shown in Figure 23
Ls the rotating assembly of a double-gimbal IPACS (Integrated Power/Attitude Control Sys-
tem) unit. This device is capable of storing 1.5 kW-hr of energy and of delivering 2.5 kW
of power at 52 vdc. In addition, it is designed to provide 20 ft-lb of torque required for
control of an unmanned spacecraft. The research on this device will concentrate on estab-
lishing the generic technology associated with such a concept to permit future applica-
tions. These efforts will consist of characterization testing, math modeling, and utiliza-
tion of such models in system trade-off analyses.

TECHNOLOGY ARFA
FRERGY STORAGE
MOTOR GENERATOR
SPIN BEARING
LUBRICATION

TECHNOLOGY AREA

FLYWHEFL DESIGN
MATERIAL SELECTION
ENERGY DENSITY

ENEAGY 1S HW MR

POWEK 25KW

OP SPEED 175 I5 KRPM

APPLICATIONS : srACE STATION, LARGE SPACE STRUCTURES, LONG-DURA TION SATELLITES

BENEFAT : REPLACES BATTERIES RESULTING IN WEIGHT/VOLUME SAVINGS
LONG.-LIFE OPERATION

Figure 23. Integrated power/attitude control system (lPACS)
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KEY TECHNOLOGY NEEDS

Driver missions which have not been mentioned, outside ot the LSS area, whico also
pose advanced control technology requirements, are those 1n the advanced earth observation
spacecraft area, such as the next generation LANDSAT spacecraft, and the Space lelescope.
In addition we have activities in advanced technology development for advanced shuttle 1n
order to make it more cost affordable. Looking at all of the control requirements driven
by future missions over the next decade, we see there are a host of key technoloyy needs
before us as shown in Figure 24. Implicit in this list of needs for control of large struc-
ture is the area of fault tolerance research. The control and stabilization system for
large space structures is likely to have upwards of several hundreds of components distrib-
uted over the structure and linked together by some form of data distribution networks.
Even with extremely reliable components, there are predictably going to be numerous compo-
nent fallures or equivalent hardware failures through software faults over the lifetime o:
the spacecraft. The system must have the capability of accommodating these faults through
system performance and fault monitoring, failure detection and isolation (FDI), and fault
tolerant processing and data distribution and control law reconfiguration., Therefore, the
overall problem of designing a control system for fault tolerance must be given attention
in our future development programs. The last item in Fiqure 24, ground and flight vali-
dation is an area of extreme importance because the acceptance and commitment for use of
new technology products may follow only after "technology readiness" has been established.
Verification and validation of the technology through ground and flight test programs be-
come essential. However, in the control of flexible structure the control technology can-
not be validated on its own because of the close coupling and interaction with structure.
This leads us to another key technology. area that needs to be addressed, the technology
of control and structure interaction.

CONTROL/STRUCTURE INTERACTION

The technology for controlling the attitude and dynamic deformations of large space
structures is one of the key considerations for future space initiatives. Active control
of flexible structures (ACOFS) technology deals with the active suppression of flexible
body responses, as distinct from present practice of control of rigid body motions and
avoidance of flexible structure and control interaction.

Major problems

The major problems which drive interaction between control and structure are shown
in Figure 25. It is clear that the control problems represented here are many times more
complex than the control problem experienced in previous generations of satellites. In
general the control system must be able to provide two or three orders of magnitude of
vibration alteration beyond what is obtained through natural damping or by means of visco-
elastic surface treatment. To do so, it may be necessary to have as many as 100 flexible
modes in the control bandwidth, although only some of these modes will be excited by the
disturbances, and fewer yet will contribute to the control cost function. It should be
noted that the problems listed are typically associated with large lightweight, flexible
structures, but they may in fact be common to smaller precision spacecraft where per-
formance 1s not achievable without accommodation for these drivers on the technology.

¢ MODELING AND MODEL REDUCTION TECHNIQUES

o  CONTROL AND STABILIZATION OF FLEXIBLE STRUCTURES o LOV FREGUENCY AMD DERSE CLOSELY COUPLED MODES

MOOAL CONTROL ACTIVE YIBRATION DAWPING o UNCONTROLLED DEGREES OF FREEDOM (SPILLOVER)
OISTRIBUTED SENSING & ACTUATION  DISTURBANCE ISOLATION

DECENTRALIZED CONTROL FIGURE CONTROL o UKW STRUCTURAL DAMPING

WODULAR, EVOLUTIONARY CONTROL RENDEZYOUS & DOCKING

o DEPLOYMENT DYNAMICS AND RELIABILITY
®  UNCERTAINTY MANAGEMENT
SYSTEN 10ENTIFICAT 0N o [IDENTIFICATION OF SYSTEM PARAMETERS
ADAPTIVE APPROACHES
o DISTORTION, DEFLECTION AND RECOVERY REQUIREMENTS
¢ HARDWARE AND SOFTWARE
o MNONLINEAR DYNAMIC BEHAVIOR
o GROUND AND FLIGHT VALIDATION
Figure 25. Major problems tor
Figure 24. Key technology needs control/structure interaction

Ground based experiments

Over the past several years NASA's controls research program has evolved many the-
oretical concepts to address deficiencies cited earlier for control of large flexible
spacecraft. The program has also involved experimental activities to gulde and validate
the theoretical work., The experimental work empluys ground experiments of a generic na-
ture with test articles comprised of beams, grids, space trusses, etc., which are likely
candidates for spacecraft applicatinn. Flexible beam facilitics have cmployed vertically

suspended beams, hinged at the end, and horizontal oeams suspended by wires. Tne facility
has been auymented with detail finite-element model=s ot the flexitble bLeam, accurate cal-
ibrations of the sensors and actuators which weore distribute:dd along the béeam, 4 hignly
interactive software package tor implementing various control systems, and laser harawatco
with beam-mounted retroreflectors for vivid display ot the beam's motion., Also, a5 could
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only be found with actual nardware, nonlinearities, static triction, hysteresis, ang -
modeled modes severely altered the control-system design process. The nheam facllitlon have
provided usetul hands-on experience to researchers within NASA 4nd to universtity unfa in-
dustry investigators 1in carrying out experimental tests ol new control soncepts. Prooor; o
experiments have involved snape estimation and control, distributed control systens, ano
model adaptive ana insensitive control approaches. A major thrust of tuture work will 1n-
volve development ana test of advancea adaptive technigues, distributed control, anag =niaps
and vibration control. In past years static shape control and vibration control have Lien
independently cgemonstrated. Future work will be aimed at combining these distinct hoaes ot
operation. Control of distributed parameter systems based on continuum models will i in-
vestigated turther to allow for generalized sensors (rate, acceleration, angular, strain,
etc.) and possibly generalized actuators. Shape control will be pertormed on more complex,
multidimensional structures such as plate-like and grid-type structures.

Another ground based control demonstration deals with the proslem of stabiilizing ana
pointing flexible bodies mounced to a base structure. The test setup is shown in Filgur.e
26. The test article 1s a Voyager magnetometer boom approximately 11 m - 1s c¢m, and the
control system 1s bullt around a two-axis gimbal system developed for the Auvvanced Ginial
System (AGS) program. Sensors mounted on the gimbal plate and also at the far end ot the
boom are connected to a microprocessor contalning the control logic, The structure is ver-
tical with both the upper suspension and the base supported on air bearings. Tests will be
conducted to investigate robust controller designs with structural freguencies within the
control bandwidth.

Figure 26. Boom control experiment

Flight experiments

f, As mentioned earlier, validation of technology through ground and flight test pro-
% grams may be essential to the acceptance and application of rew technology products. The
L structures and controls community has acknowledged through NASA and DoD workshops that
- uncertainties with large structure ground tests will be too great and the results can-

not be relied on. Although we expect future ground testing technigues and facilit.es to
be advanced considerably there will still exist a serious deficiency to validate control
and structure technology in one "g" with eguivalent full scale models. Therefore, tlight
technology experiments will eventually be required to demonstrate and validate technology
for control of large flexible structures. Definition and design for such experiments has

ks
e

. been underway for the past year with a focus on two types of flight experiments, MAST and
b a large antenna, which have control/structure experiment objectives. MAST is a Shuttle-
3 attached multi-flight experimental research program conducted in the laboratory ot space.
| MAST is a multi-discipline effort in structures/structural dynamics and controls employing
- boom type structures with configurational alternatives as shown in Figure 27. With the

addition of distributed actuators and sensors and a flight controls computer, evaluation
of multivariable control techniques can be initiated using the baseline cantilevered mast.
With the addition of structural appendages with selected characteristics, the closely
spaced modal frequencies and complex coupled motions required for the LSS resecarch program
can be produced. These phenomena model configurations will be designed tc aclileve the tall
range ot characteristics necessary for a broad flight experiment program in LSS controls
and dynamics., The first flight ot MAST is being considered tor 19Y87-1988.

Another technology progam under consideration with a possible flignt test in the 198y
time period involves a large deployable antenna in the 50 to 100 m range which also may be
flown as a Shuttle-attached experiment. A need exists for such a flight experiment becausec
of the many uncertainties with large antennas. These uncertainties result mainly trom the
fact that the size will increase 5 to 10« over current systems and major i-.ues cannot he
resolved in ground tests and simulations. Realistic performance testing is not possibile in
1 "g" and analysis with uncertainties cannot substitute for testing. A principal objective
for the large space antenna flight experiment will be to demonstrate and validate a jprocess
for the design, test, and operation of large space systems with control/structure dynamic
interaction.
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Figure 27. MAST baseline expansion

-~ Control system definition

B For the large antenna flight experiment the control system definition will involve
R the tasks shown in Figure 28. It is important that the experiment objective and approach
o address the high priority issues shown. It is likewise crucially important that results

: from the experiment correlate with the data from the ground test program. Although the
technology program described with a large antenna flight experiment is not expected to
enable technology for all large space systems it is felt that this experiment is necessary

to add to the validation of the majority of technologies associated with control/structure
interaction.

CONTROL EXPERTMENT OBJECTIVES AND APPROACH
: DISTRIBUTED CONTROL

- SYSTEM 1D

T ADAPTIVE/MODULAR CONTROL

e STRUCTURAL DESIGN CRITERIA

L GROUND TEST DATA CORRELATION

EXPERIMENT MOUNTING TRADES
RIGED
HINGES
GIMBAL MOUNTS

»h &4 L5
GO

EXPERIMENT TESI SEQUENCES AND TIMELINE
GROUND TEST PROGRAM
e PRELIMINARY CONTROL EXPERIMENT FLIGHT ASSEMBLY (EFA) CONFIGURATION

Figure 28. Control system definition

CONCLUS IONS

- Future missions in space will require controlling spacecraft which are both large and
. flexible. The limited inherent damping and the uncertain and changing dynamic character~ .
T istics of many of these vehicles, such as manned space stations and large antennas, will et

B revolutionize spacecraft control requirements. For applications requiring high system

" performance, control synthesis techriques must address model spillover and be robust and

. sometimes adaptive. Initial on-orbit testing will be used to more accurately model the
S dynamics of a new large space structure, so that its control law can be fine tuned to
i;' enhance system performance and to ensure stability.

In preparation for the time that such control systems are required, considerable
research and technology development is necessary. A program is 1n place at NASA for the
. Jdevelopment of active control technoloygy to support major initiatives for space station
RS and advanced spacecraft. Space station is characterized by requirements for evolutionary

- and modular growth presenting new challenges in distributed modular control, utilizing
,:] forms of systems identification for multi-state active control. Similar requirements

- press the technology needs for spacecraft systems such as large cemmunication satellites
.: and submillimeter wave astronomy missions. A number of key control technology needs are
e required for these and other future NASA missions together with an integrated controly ST
. structures technology flight experiment to demonstrate and validate technology for large R
flexible structures. i
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LDR Large Deployable Reflector

SHADES Shape Determination System

SHAPES Spatial High Accuracy Position Encoding Sensor
CMG Control Moment Gyro
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MAST Multi-flight Experimental Research Program

ah

IR




A DA Sl i Nl T S R A IE A VA AN el oSt AR SR R MENNE I
N 1 .“
: \ o]
ROLF DE L'INTFLUIGENCF DE BORD ET DE L'ENTRETIEN EN ORBITE DANS [ 'ACCKUISSEMENT -

DE LA DURFE DE VIE DES SATELLITES

Par C., COUGNET, J.P, SOTTA

MATRA ESPACE

1,rue des Cosmonautes

7one Industrielle du Palays
31400  TOULOUSE
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L'accroissement continu de la durée de vie des satellites est ou va bientdt devenir critique vis-i-vis du TS

maintien de la fiabilité du systéme et du risque d'obsolescence de la mission.

Le recours i la redondance des équipements pour assurer la fiabilité devient une solution de plus en plus b @
pénalisante compte-tenu en particulier des capacités limitées des moyens de lancement. D'autre part, la
conception classique des satellites ne permet pas d'éviter l'obsolescence de la mission sur de longues -

durées de vie.

Pour remédier a ces problémes, deux méthodes possibles complémentaires sont présentées

- L'utilisation de 1'intelligence & bord des satellites, permettant par une meilleure gestion de la
configuration et des sous-systémes de la plate-forme, d'assurer un haut niveau de disponibilité au

satellite.

- L'entretjen en orbite, permettant de réajuster périodiquement la fiabilité et 1'autonomie de la plate-
forme et autorisant également 1'éventuel échange de la charge utile. Cette solution fait appel & des

techniques nouvelles : le rendez-vous, 1'assemblage et la robotique spatiale.

12.1 - INTRODUCTION

La durée de vie vpérationnelle des satellites actuellement en corbite est de l'ordre de 7 i 10 ans pour
les satellites de télécommunications et de 3 a 5 ans pour ceux situés en orhite basse. Si certaines
missions s'accommodent assez bien de cette limitation, voire générent elles-memes des exigences infé-
rieures, une grande partie bénéficieraient d'une plate-forme de durée de vie accrue, tant d'un point de
vue service que d'un point de vue économique : ce pourrait &tre le cas de missions de té¢lécommunications,

de navigation ou d'observation.

De fait, 1'analyse de la durée de vie spéecifiée des satellites de tClécommunications montre que celle-ci,
qui était de l'ordre de 1 A 3 ans au début des annves A0, est passfe successivement 1 5 ans, puis 7 ans
(NATO III, INTELSAT IV, ...). Actuellement, les satellites de nouvelle génération sont concus pour des

durées de vie de 7 & 10 ans (INTFLSAT 6).

Toutefois, 1'accroissement de la durfe de vie des satellites ou des plates~formes, ne va pas sans contre-
partie ; ainsi par exemple, une augmentation corrélative de Jeur masse aui risque de se heurter aux e
capacités des lanceurs, l'utilisation d'équipements compatibles avec cette durce de vie, 1'assurance d'un

certain niveau de fiabilits et de disponihbilitd pendint toute cette durce.

12.2 - CAUSES DE . IMITATION

Concevoir une plate-forme ponr une certaine durfe de vie, c'e¢xt concevoir chaque souvs-systime, chaque . .
ensemble d'équipements pour cette vxiyence. Cela suppose cpalement que tentes lew canses possibles de

limitation de la durde de vie ont <t pricec on compte de corte quielles n'apparaisseat pae avaat la date . S

prévue,
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Alnsi, cinq tvpes de limitations peuvent étre considdres

NI S Wer

'épuis N - es :
L '¢épuisement des ressources non renouvelables : cet appauvrissement concerne essentiellement les erpol.

T -

(propulsion et contrdle d'attitude), mais peut <¢ventuellement toucher aussi les lubrifiants. Cec e
vpuisement d'ergol est une cause de dégradation diterministe et peut etre predit en utilisant un modele
de consommation, si bien que la masse d'ergols ndcessaire pour une durve de vie donnde peut dtre
¢valude avec une bonne précision. Toutefois, le problime devient plus critique si des opirations
coliteuses en ergols et non prevues deviennent nécessaires, car elles pourraient conduire 4 un apyau-

vrissement primaturé du satellite en ergols.

- lLa décroissance des performances du svsteme : cette diécroissance riésulte de phénombnes d'usure ou de

degradations de performances de sous-systémes, et peut etre déterministe ou statistique. Cette cause de
limitation affecte priucipalement les panneaux solaires, les batteries, les optiques, les assemblages
mecaniques. les radiateurs thermiques. Cela conduit d dimensionner certains fquipements (panneaux
solaires) en fonction des spécifications en fin de vie, ce qui peut résulter en un surdimensionnement
en début de vie. D'autres équipements peuvent présenter des limitations intrinscques de durfe de vie du

fait de leur conception ou leur technologie et deviennent alors critiques.

- Des pannes du systéme, qui sont essentiellement alfatoires et peuvent intervenir dans n'importe quel

sous-svstéme. Ces pannes peuvent étre difinitives, ou conduire & une dégradation de la mission, ou ne

pas affecter la mission mais réduire la fiabilité du systéme.

- L'erreur humaine ou une conception inadéquate de certains éléments.

- L'obsolescence de la mission, qui est essentiellement relative 3 la charge utile.

Parmi ces causes de limitation, la dégradation des performances et certaines detaillances diues d 1'usure

pourraient etre prédictibles et donc influencer le dimensionnement des équipements (panneau solaire) ou -

“
R

.
v

la contiguration et 1'utilisation de sous-svstémes (schéma de redondance, plage de fonctionnement). les S

pannes aléatoires, quant 4 elles, peuvent €tre représentees par une courbe de fiabilité qui donne la

’
a .

probabilité de bon fonctionnement du systéme en fin de vie. Le schéma de redondance des équipements sera S

.
«

concu pour optimiser cette probabilite.

L'apparition et 1'évelution des dégradations ou des detaillances des équipements dépendent du cheix de la
technologie, mais elles sont également tavorisées par 1'environnement dans leque] se trouve le satel-
lite : par exemple, les niveaux de radiations auxquels sont soumis les équipements (cellules solaires,
revetements thermiques, ...) et les composants sont un facteur important de degradation et varient
suivant la position orbitale du satellite (altitude, inclinaison) ; de méme pour les cvcles thermiques ou
les perturbations diverses. Elles sont épalement lides aux conditions d'utilisation opérationnelle des

équipements (température, cycles de fonctionnement, ...).

L'accroissement de la durée de vie d'un satellite conduit naturellement pour une technologie donnée, 3 un
accroissement de sa masse, voire de son volume, essentiellement a cause de 1'augmentation induite
d'ergols et d'é@quipements redondants. Or, une conception harmonicuse suppose une répartition optimale
entre le nombre d'équipements en redondance et la masse disponible d'ergols, de telle sorte que 1'épui-
sement des ergols et 1'apparition de phénoménes d'usure ou de dégradation du systéme coincident avec la
limite de durée de vie spicifiée. Une durée de vie spicifice devrait donc correspondre & une ripartition
optimale des masses du satellite, cette répartition Ctant elle-méme fonction de 1'état de 1'art de la
technologie ; or cette répartition n'est jamais libre, ne serait-ce que parce que la masse totale du
satellite est limitée par les capacites du lanceur. Cette limitation, due au lanceur, pourrait toutefois
8tre surmontiée par l'utilisation de techniques de rendez-vous et assemblage en orbite qui permettraient

d'implanter des satellites ou plates-formes de masse nit velume au-deld des pertormances du lanceur,

La courbe de tiabilité est cpalement un parametre impoartant pour lta conception du satellite car elle
influence la durée de vie prédictible. Cette durce de vie est fonction de la fiahiliteé acceptable en fin

de vie, si bien que la courbe doit 8tre ajustee a4 1a durde de vie requise.

12.3 - SOLUTIONS ENVISAGEABLTS

Chaque élément a donc sa durfe de vie propre et peut devenir critique vis-a-vis d'une augmentation de 1a '

durie de vie dr =atellite, suivant ie¢ nivean de ['e-igence,




Plusieurs solutions sont alors envisageables pour v remedier (voir fig., 1).

Une solution classique est l'auto-maintenance. Flle consiste a4 redonder les cquipements (ou les fonc-
tions) critiques afin de diminuer les risques de panne du systcéme ou d'accrofere la durce de vie de
1'ensemble redondé au-deld des dates d'apparition pessible des phénoménes d'usure de 1'Cquipement en
fonctionnement. l'utilisation de 1'équipement redondant est une solution pour compenser la de¢faillance
d'un équipement nominal et ainsi continuer la mission ; cependant, des dégradations peuvent apparaitre
également sur des équipements en attente, si bien que leur durde de vie, quoigque supericure a celle de
1'équipement en fonctionnement, pourrait étre elle-méme une limitation & la durde de vie du satellite. De

plus, cette solution conduit A un accroissement de la masse du satellite.

Une autre solution consiste a améliorer la technologie des &quipements critiques ou 4 utiliser de nou-
velles technologies dans le but de diminuer leur taux de défaillance ou d'augmenter leur durie de vie
s'ils sont sujets & dégradation et usure, ou @éventuellement d'améliorer leur rendement afin de diminuer
leur masse au lancement & performance fgale. C'est le cas par exemple des batreries NiH2 dont on espire

une durée de vie meilleure que celle des batteries NiCd.

Toutefois, les améliorations technologiques et les nouvelles technologies peuvent avoir {(galement leurs
propres limitations ; aussi, une autre solution peut consister a développer 1'intelligence de bord du
satellite pour optimiser la gestion des sous-systémes, pour améliorer les conditions d'utilisation et de
fonctionnement des équipements critiques (gestion des batteries et de leur contrdle thermique par exem-—
ple). Les avantages et les possibilités de cette solution sont décrits dans le chapitre suivant. Cette
solution permet d'améliorer la courbe de fiabilité du svsteme ou de retarder l'apparition de dégradations

ou d'autres causes de limitation de durée de vie du systéme.

L'entretien en orbite du satellite est une solution intéressante car elle permet d'effectuer périodi~
quement, dans une certaine limite, une remise & niveau du satellite ; ainsi, pourrait-on {(changer les
¢quipements critiques 2 une date prédictible en fonction de la technologie employée ; ainsi pourrait-on
intervenir en orbite dans certains cas de pannes ou pour amener des ergols supplémentaires. Toutefois,
cela suppose une conception adaptée du satellite et 1'utilisation de véhicules spécifiques. lLes avantages

et incomvénients de cette solution sont présentés dans le chapitre 5.
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Figure 1 : SOLUTIONS POSSIRILES Pol'R AMELTORER LA DVREE DE VIE

12,4 - UTILISATION DE L'INTELLIGENCE DFE BORD

On entend par inte)ligence de bord, ou intelligence embarquie, 1'ensemhle des boucles de controle auto-
ratique et des decisions prises A bord de mani‘re autonome, sans intervention du sol en temps réel, les

satellites actuellement en orhite ne possident qu'un nivean rudinentaire d intellivence de bord, qui en

atre est gendralement fortement spécialisCe (con e d'attitude utiliscant Jdes boucles de contrdle
analogiques ou numiriques, decisic ‘¢ passage en vode survie, cteosor. Cependant, larrivie de micro-
calculateurs compatibles avec }'environnement spat: . —a permettre 4 anyrenter Tisportance et la tinesee

de 1'intelligence embarquee dans des proportions con. iderahles,
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12,4.1 - Role de 1'intelligence embarguee

Le rdle de l'intelligence de bhord dans 1'accroissement de la durfe de vie des satellites peut otre
multiple et s'exercer au niveau systéme aussi bien qu'au niveau sous-svsteme ou ¢quipement ; en parti-

culier, les domaines suivants peuvent béneticier de l'utilisation de 1'intelligence embarquce :

- Amélioration de la fiabilité intrinseque de chaque fonction par 1'utilisation de technelogies digitales
et de méthodes de contrBle par micro-calculateurs. Un seul calculateur peut girer plusieur: boucles de
contrdle en paralléle, ce qui conduit & une simplification de 1'électronique de decision et 4 une
réduction du taux de panne global car les niveaux d'intégration et de fiabilité des micro-calculateurs

sont nettement supérieurs & ceux de 1'électronique conventionnelle.

- Gestion plus fine des éléments consommables comme les batteries ou les ergols. La mise en oceuvre de
maniére automatique a bord de modéles de gestion sophistiqués permet d'optimiser en temps riel la
gestion des consommables en fonction des besoins effectifs du service requis. De plus, il est possible
d'introduire la notion de prévision (de charge ou de couples perturbateurs par exemple) dans ces

modéles de gestion optimale.

- Amélioration de la disponibilité du service ottert. Seul un haut niveau d'intelligence embarquie peut
limiter les conséquences d'une panne ¢'un equipement et régénérer les fonctions nominales du satellite

dans un délai suffisamment court.

I1 reste toutetois, comme condition prealable a 1'emploi de micro-¢lectronique en orbite pendant de
longues années, que la technologie sélectionnee doit présenter une bonne résistance a 1'environnement
spatial. Ainsi, la technologie TTL est naturellement capable d'une durée de vie en orbite d'une dizaine
d'années alors que seules certaines technologies CMOS sont susceptibles de convenir, généralement grice a

des traitements appropriés.

12.4.2 - Applications potentielles de 1'intelligence embarquée

L'utilisation de 1'intelligence embarquée pour gérer les sous-svstémes permet d'optimiser les conditions
de fonctionnement des différents équipements et, par ce biais, a une action bénéfique sur la durée de

vie.

12,6,2,1 - Sous-systéme de génération et distribution d'énergie électrique

Pour chacune des trois fonctions principales du sous-systéme, & savoir production et stockage d'énergie
et adaptation a la charge, 1'utilisation d'intelligence embarquée conduit a3 une amélioration des condi-

tions d'utilisation des éléments critiques.

- La gencration de puissance est souvent effectuée au moyen de panneaux de cellules solaires qui présen-
tent un point de rendement maximum dépendant des conditions thermiques et du vieillissemeat. 11 est
possible de maintenir le point de fonctionnement au voisinage de 1'optimum en faisant varier en perma-
nence la charge de la batterie en sens iInverse de la consommation du satellite. Une telle boucle de
contrdle necessite la puissance et la souplesse d'un micro-calculateur, et elle optimise simultanément
le rendement des générateurs solaires et la charge de la batterie. Le gain en durée de vie utile des
panneaux solaires est d'autant plus important que le profil de consommation de la mission est variable.

Dans son principe, une telle boucle de controle est ¢galement valable pour un générateur isotopique.

- Pour limiter le vieillissement de la batterie, les opérations de charge et decharge et les cvcles
d'entretien doivent respecter des prociédures trés précises qui, en pratique, ne peuvent dtre pleinement
mises en oeuvre sans un micro-calculateur embarqué. Fn ettet, la gestion de la charge de la bhatterie
doit &tre couplée avec I'optimisation du point de fonctionnement des genirateurs solaires et les
variations de consommation électrique du satellite et doit tenir compte des previsions de consommation

1 moyen terme (quelques révolutions, par exemple).

De plus, ce modeéle de gestion doit intégrer la notion de temps de réponse 4 une requéte sol. 11 apparalt
clairement que 1'optimisation des rendements du systeme de génération de puissance suppoese la prise en
compte simultanée de nombreux paramctres, allant du plus simple, comme la tempirature batterie, a des

notions complexes de philosophie opiératiomnnelle. Le rdle de 1'intelligence de bord devient alors ovident

et nécessaire.




12,4,2,2 - Sous-svsteme de cuntrdle thermique

La temperature movenne de fonctionnement est un facteur important dans le calcul des taux de panne ¢'un
écauipement ¢lectronique ou mdécanique, et la fiabilite reésultante sera d'autant meilleure que la tempe-

rature sera moddérde.

Le pilotage par logiciel bord permet d'exploiter au maximum les svstimes actifs de contrdole de tempira-
ture surtout lorsque 1'intelligence de bord a la facult¢ de prévoir 1'Cvoluticn du bilan des d(changes
thermiques. ['amplitude des régimes transitoires et les erreurs de trainage sont ainsi tris nettement

réduites, et en consequence, le "stress thermique' des équipements bord 1'est (galement.
11 faut noter que la prévision de 1'Cvolution des temperatures nécessite :

-~ Un modele dynamique simplitie des interactions radiatives entre le satellite et 1'ensemble espice-

soleil-terre.

- Un modéle dynamique des échanges calorifiques internes. La précision de prédiction & quelques heures de
1'ordre de *+ 5”C devrait suffire pour maintenir les températures dans les plages spicififes a + 107C,
Si 1'on admet une période de rodage en début de mission, la valeur exacte des coetficients de couplage
peut ¢tre recalée par le sol en fonction des résultats des premiéres orbites. Il est possible aussi de
prendre en compte la dégradation au cours du temps des revetements thermiques par une remise a jeur

periodique d'un jeu de constantes.

- La corrélation entre le plan d'opération stocké a4 bord et la variation afférente des dissipations
thermiques, en particulier les périodes d'utilisation de la charge utile et des opérations de charge-

décharge de la batterie doivent étre prédites.

Certains équipements peuvent nécessiter une régulation thermique fine, réalisie par une boucle de

controle spécifique, distincte du systéme général.

La précision d'une boucle thermique par logiciel dépend essentiellement du nombre de capteurs/actuateurs
et de la fréquence de répétition. Les techniques logirielles impliquées sont donc surtout de nature base

de données,

12.4.2.3 - Sous-systéme contrdle d'attitude et d'orbite

Ce sous-systéme utilise traditionnellement un niveau élevé d'intelligence embarquée pour assurer la
majeure partie de ses fonctions. L'accroissement de la durée de vie de ce sous-systéme passe essentiel-

lement par :

- une gestion parcimonieuse des ergols,

- le report de la mise hors service définitive des capteurs d'attitude qui sont sujets au vieillissement,
- une meilleure adaptation des lois de contrdle & 1'évolution des performances des couples parasites.

Dans les satellites modernes, les ergols consommables ne sont utilisés que dans les modes transitoires
(desaturation des roues, circularisation d'orbite, etc...), le mode normal emplovant géncralement des

(nergies renouvelables comme le moment cinctique ou la pression solaire.
lLe role de 1'intelligence de bord est alors :

- d'¢éviter la manoeuvre, quand c'est possible. C'est le cas si 1'utilisation de 1'intelligence de bord
permet de limiter les conscquences d'une panne, en particulier d'éviter le passage direct en mode

curvie qui giénéralement est fortement consommateur d'ergols,

- de retarder la manoeuvre au moven d'une pridiction de la valeur et du sens des couples perturbateurs ot
en ne corrigeant que les ddirives 4 moven terme. Ceci nécessite que, de nar la conception du svstime,

1'amplitude des perturbations périodiques n'induise pas d'e-reurs prohibitives,
- d'eptimiser le rendement de chaque impulsion en contralant finement sa durde et sa date d'application.

I"information deélijvrée par les détecteurs d'attitude est gineralement hruitée, d'antant plus que 1o
détecteur vieillit (bruit thermiaque croissant des detecteurs infra-rouges, bruit de roulements des pvros
flettis, etc,..). L'utilisation de svstime de filtrage 4 micro-processeurs permet de reduire 1a hande de
bruit et de prolonger la durée de vie effective des ditecteurs. Les filtres numdriques (Kalman, par
exemple) permettent de pondirer differemrent et de manisre als'e, chaque tvpe de ditecteur d'nne ehaine

de contrdle, ce qui permet des réequilibrages er fin de vie. Cette mithade ndécessite Jde tenir 4 pour les
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satellite et e centre de controle au sol, celui-ot pousn ot sui b lewney wne pant e en U1 N

T samm-systome poeat fon

contrdle des cpdrations. Du tait Jde son rdle d'intertace,
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Kaoete t Cooetre et ot pins proaches de Ta gestion gichale dnosvs bord., Farmi cel-
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Pl trectoooe est et ot pins simple 1 identitier que la liste en est plus reduite. Ceci sugy. ve
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Le processenr de roinitialicarinn diune tonction défaitiante nécessite certaines précautions si son ctat
depend des ctats artyrieurs, comme ¢'est le cas pour des calculateurs de sous-svstemes. 11 faut alors
restituer 1 cette tonction un contexte, lui conferant un état homogine et compatible avec celui de tous

les autres sous-systemes.
Cecl {mplique
- la sauvegarde des programmes par duplication dans une mémoire de secours, a priori non volatile,

- la sauvegarde périodique du contexte, impliquant la définition des points de reprise compatible avec le
systéme genéral.

La période entre deux points de reprise dépend de 1'application considériée mais pourrait étre de 1'ordre

d'une dizaine de secondes.

Aprés une reconfiguration réussfe, le svstéme est généralement prét a4 traiter automatiquement toute autre
panne survenant dans 1'un quelconque des sous-systémes a4 1'exception de celui venant d'8tre reconfiguré,
car 11 n'est pas certain qu'une configuration complite de secours puisse &tre determinde 3 bord taci-

lement.

Cependant, pour un grand nombre de missions, on peut considirer comme nigligeable la probabilite d'aveir,

dans le méme sous-systéme, deux pannes successives, c¢'est-i-dire «{parides par un delai tel que le sol n'a

pas eu le temps «'analyser la premifre panne et de moditier les consignes de contipgnration.
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(J.w.4 - Consdquences sur !'organisation du systéme kord "
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L'introduction d'intelligence a bhord pour optimiser le fonctionnement de chaque ¢lement ot girer le : .

svsteme complet, conduit a identifier des tdches nouvelles, & répartir entre le segment sol, le svstime

Adeaboat

hord et les sous-svstemes bord.

le systeme bord regroupe les tiches communes 34 plusieurs sous-systémes et qui sont delegudes 4 bord par
le sol., Il existe toutetois un seuil au-deld duquel 1'excts de délégation augmente la complexite du
svsteme bord et annule les avantages apportés par 1'intelligence embarquée du point de vue durce de vie.
Ce seuil dépend de la mission et du type de t3che considérée. Par exemple, l'estimation de la position
orbitale peut mettre en oeuvre un systéme de senseurs sophistiqués ou bien se limiter 24 un simple modcle
temporel des éclipses et de la rotation du soleil (suffisant pour les besoins des sous-systemes thermi-

ques et génération de puissance).

Les svus-systémes de bord travaillent & partir des directives du systéme bord, qui fournit aussi les
donndées et les ressources communes, et optimise leur travail en fonction de critéres qui leur sont
propres. Chaque sous-syvstéme ou sous-ensemble comporte une entité de gestion qui réple les problémes

locaux et ne soumet au systeme bord que ceux qui sont insolubles au niveau sous-systime,

Les contraintes de conception, telles qu'elles résultent des analyses ci~dessus, sont les suivantes :

- lLe nombre d'éléments en redondance est élevé, les cross-strapping sont nombreux et les redondances
triples ou quadruples ne sont pas rares. De plus, ces redondances doivent pouvoir &tre gérées par des

calculateurs de bord.

En conséquence, il est primordial de définir des moyens et régles de gestion systématiques des redon-
dances tant au niveau du matériel (interfaces de données, d'alimentation, etc...) que du logiciel de
maintenance (signalisation des pannes, procédure de sauvegarde et restitution des contextes, base de
données, mise 4 itour permanente de la configuration). L'étaklissement d'exigences de testahilité peut

faciliter la localisarion des pannes.

- L'utilisation extensive du logiciel n'est effectivement bénéfique pour la durée de vie que si le taux
de deéfaillance est trés bas. Ceci impose des méthodes rigoureuses de production de logiciel, la réuti-
lisation de produits déja validés et la limitation de la taille de chaque logiciel quitte 3 fractionner
un logiciel jugé trop volumineux et difficilement contrdlable. Malgre ces précautions, une erreur de
conception peut se reviéler aprés le lancement. La reprogrammation en vol devient une exigence fonda-

mentale,

- 1l faut distinguer deux types d'intelligence de hord : la premicre est spécialisde, comme par exemple
un compresseur de données ou un tiltre numérique ; la seconde est chavgée de la gestion des interfaces

des modes de fonctionnement et des redondances. Ces deux composantes sont généralement associfes mais

la premiere se rencontre surtout au niveau équipement ou sous-svsteme, alors que la seconde releve plus

du systéme en genéral.

- Le systéme doit Etre architecturé de manicre i regrouper en sous-ensembles les fonctions qui sont

fortement couplées, limitant ainsi la complexité des intertaces. Au sein de chaque sous-ensemble, un
logiciel de gestion est chargé de i1esoudre les probleémes locaux de redondance et limite ainsi 1la

propagation des pannes vers 1'extérieur,

- L'emploi de redondances doit &tre limitd au strict niécessaire, 1 la fois parce qu'elles sont généra-

lement difficiles a realiser, et parce qu'elles requicrent du materiel supplémentaire.

- Le satellite doit €tre équipé d'un systime de pridiction des ¢vinements futurs, compost essentiellement

de 2 fonctiens distinctes :

. une prediction de la position orbitale (pour les applicaticns de gestion de 1'dneryie ot du contrdle
thermique une precision medeste sufiit),
. la memorisation et 1'exécution d'ua plan d'opirations ddtaillé, mis 3 jour et compléte périadiquement
pat le sol. Ce plan doit atre dupliqueé a4 bord pour eviter de le perdre & 1'oceasion d'nne panne,
Fn réponse O cette liste de contraiates, 1'architecture preoposie figure  vise 1 faciliter ta pestion des

redondances ¢t 1'fmplantation de logiciel a hard.
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Figure 2 : ARCHITECTURE GENERALE DU SYSTEME BORD

Les équipements sont regroupes par sous-ensembles auxquels est affeté un calculateur commun charge des
tiches fonctionnelles proprement dites et de la gestion des équipements. Ces sous-ensembles sont reliés
entre eux par le bus de donnée plate-forme et sont gérés par un contrdleur central. Celui-ci est en plus

chargé des relations avec le sol.

Un sous-systéme peut regrouper plusieurs sous-—ensembles communiquant A travers le bus de donne plate-
forme. Les équipements sont reliés 3 leur calculateur local au moyen d'un bus de second niveau dont la
conception inclut non seulement 1'échange de données mais aussi le contrdle des mises sous tension et des
dispositifs de test. Sa conception est également fortement orientée vers le temps réel et le support &

des boucles de contrdle rapides, La {igure 3 donne l'organisation interne typique d'un sous-ensemble.
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Du point de vue ¢ la pesticn des pannes et du contrdle des modes d'operation, le svstime est tortement
hierarchise. le calculateur local, qui giére les redondances de ses propres periphiriques est en redon-
dance freide, et ¢'est le contrdleur central qui a la tiche de reconfigurer et dJde reinitisliser les
calculateurs locaux en rdéutilisant les programmes dupliquis et les contextes sauvegardces dans Lo nimoire
de masse. Par cootre, le contrdileur central est en redondance active. Un dispositit simple, non redonds,
detecte la panne du calculateur en service et en active un autre, prealablement selectionne par le =vl.
Ce scnema suffit 3 assurer une disponibilitd et une tiabiliteé satisfaisantes a condition que les papnes
retard du dispositit de redondance scient minimisdes et que la majeure partie de la mémoire de masse woit

iedpendante du calculateur central.

L'utilisation extensive du logiciel doit €tre supportce par des mithodes erticaces de validation et 1.
possibilite de modifier en vol et puar partie n'importe quel logiciel d'application. Certaines parties
1

répétitives des logiciels syvsteme ou sous-systeomes doivent etre standardisCes pour en augmenter la sirete

de fonctionnement.

12.4.5 - Conclusion et limitations

L'utilisation d'intelligence embarqufe apparalt donc comme un moven intéressant pour augmenter la durve

de vie des satellites.

Tout d'abord au niveau équipement, un plus grand nombre de fonctions peuvent etre contices a des loyi-

ciels en remplacement de composants mécaniques ou de logiques pré-cihlées.

Fnsuite, au niveau sous-systéme, l'utilisation des divers {quipements peut €tre coordonnée de manicre
plus fine, en n'utilisant chaque foncticer que lorsque nécessaire et en la placant en repos le reste du
temps. De méme, l'intelligence embarqufe permet une meilleure gestion des éléments consommables. Enfin,
au niveau systéme, la capacité de prévoir 1'evolution de l'environnement et du plan d'opération permet
d'harmoniser au mieux la gestion des consommables et de contrdler dans une certaine mesure les conditions
d'environnements (thermique essentiellement). L'intelligence embarquée offre en outre la possibilitd de
reconfigurer automatiquement en vol des équipements défaillants, sans pour autant alourdir sensiblement

le satellite.
Néanmoins, ces avantages sont contre-balancés par 2 sortes de limitations :

- la fiabilité intrinseque des calculateurs de bord, principalement en ce qui concerne les technologies

sensibles 4 1'environnement spatial et les mémoires semi-conducteurs,

- le coiit des svstémes informatiques emharqués, qui est essentiellement non rocurrent et concerne surtcut
les logiciels d'interface et de gestion. La définition de ces logiciels devrait etre standardisde de
maniere & mieux répartir l'investissement. Un optimum reste a trouver entre le niveau d'effort e
validation au sol, la capacité¢ de reprogrammation en vol et la disponibiiité attendue.

2.5 - ENTRETIEN EN ORBITE

1

t'entretien de satellites en orbite est une solution attractive pour assurer ie fonctionnement de siatel-
'ites ou plates-formes prévues pour de longues ou tros longues durdes de vie ; cela semble une solution
assez souple puisqu'il suffit, en cas de besoin ou svstimiatiquement, d'envover un véhicule de dépannage
pour remettre 4 niveau le satellite. Fn fait, ¢'est une solutien teciniquement difficile puisqu'elle tait
appel a des techniques nouvelles comme la robotique, le rendez-vous et 1'assemblage, le véhicule speci-

Jique d'entretien et qu'elle a des impacts importants sur la conception du satellite lui-meéme.

12.5.1 - Intérét de 1'entretien er orhite

L'intérét de 1'entretien en orbite des satellites eet multiple car, loin de se limiter a4 la riéparation on
5 la prevention de pannes, cette solution peut cgalerent influencer la stratdgie d'utilisation Jes
satellites. Ainsi, outre l'entretien <vatematique et la réparation, 1'utilisation 4'un voehicule d'entre-
tien peut permettre de ravitailler le satellite en crpols, de réparer ou vchanger tout cu partie de -y
charge utile, voire de participer  certains tests de hon Tonctionpercat, Cette selution o coonrt ains

ta réduction de plusienrs des causes de limitation de 1a durce de vie.
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Figure 4 : MODES POSSIBLES DE RAVITAILLEMENT EN ERGOLS

12.5.1.7 - Entretien et réparation

L'entretien systématique du satellite en orbite consiste a cchanger les ¢quipements estimés critiques,
c'est-a-dire ceux dont la durée de vie est limitative ou inférieure a la durfe de vie specitive du
systéme, Cette possibilité influence considérablement la philosophie de conception du satellite puisqu'on
pourralt dissocier la durée de vie des éléments critiques de celle du satellite lui-méme. Ces ¢léments
critiques pourraient étre dimensionnés non plus pour la durde de vie du svstime complet, mais pour la
période s'fcoulant entre le tir du satellite et la visite du vihicule d'entretien ou entre deux visites
successives du véhicule d'entretien. Cette période pourrait étre optimisce en fonction du cheix des

technologies des éléments critiques et réciproquement.

Dans ces conditions, la conception du satellite vis-a-vis de sa durde de vie spécifice prendra en
compte

.

- la fiabilité des équipements a c¢changer pour la durde d'une pliriede d'entretien, ce qui conduit a des
exigences moins sévéres sur ces équipements, 4 des assouplissements de leurs conditions d'utilisation

et a un gain de masse,

- la fiabilité¢ des autres cquipements sur toute la durde de vie du satellite,




Parmi les equipements qui pourrafent beneficier ¢'un tel entrcetien ovetematione. et it

- Les batteries : les bhatterics NiCd en orbite basse ont une durce Jde vie de gnelgues annees, cnivant
leurs conditions d'utilisation (qui diépendent du nombre de batteries enharguies), Los batteries Nikb
semblent aveir une durce de vie plus lengue, mais toutes deux pourraient Ctre critigues vis—a-vi< J'ane
duree de vie de 10 a 15 ans en orbpite basse. Le remplacement des batteries an hout de gquelques anndes

serait une solution attractive et influencerait le choix du tvpe des batteries et ses conditions

d'utilisation,
- les boltiers ¢lectroniques.

- Les paquets de gvroscopes dont la fiabilit¢ se degrade en fonction du temps, en particulier o cause Jde

l1'usure des paliers pour certains types de gvros.

- Les revétements thermiques passits qui pourraient 8tre ajoutds dans le cas de dégradation trop impor-
tante des caractéristiques thermo-optiques des revitements multicouches initiaux, ou remplaces (cas des

radiateurs) lorsqu'ils sont montés Jdirectement sur un 2quipement lui-méme a remplacer.
- Les éléments mécaniques tels pompes, actuateurs...

- Les panneaux solaires dont le remplacement pourrait @tre envisagd suivant le cas de mission, par
exemple si les dégradations subies au cours de la vie sont trop importantes (ce qui dépend des carac-
téristiques orbitales), ou si 1'échange ou 1'addition d'une charge utile entraine un accroissement
important de la demande en <iuergie. Un tel ¢change aurait essentiellement un impact sur le velume sous

coitfe, la masse au lancement et les caractéristiques phvsiques du satellite en crbite.

Vutre l'entretien systematique, la réparation d'équipements difaillants pourrait s'effectuer en orbite,
dans la mesure toutetois ol la panne peut &tre détectée et localisdée et oi l'¢quipement a éte congu pour

étre échangé.

Parmi les approches envisageables pour l'entretien en orbite des satellites, l'une censiste G cchanger
l'équipement en cause, ce qui suppose qu’'il mne participe pas au tonctionnement du satellite pendant au

moins toute la durée de 1'opération.

Une autre approche consiste a ajouter un nouvel dquipement, ce qui suppose que le satellite soit capable
de prendre en compte un ¢liment additionnel, tant au point de vue alimentation et distribution de dornoes

qu'au point de vue caracteristiques phvsiques.

12.5.1.3 - Moditication de la charge utile

[l pourrait &tre intéressant d'utiliser le véhicule d'entretien pour fchanger toute oo partice de 1.
charge utile, soit parce qu'il +v a defaillance, soit peur medifier o changer T mission tout en censer-

vant la méme plate-torme. Cela permet, entre .utre, de remedier o {'obaolescenve qui et palement une

des causes possibles de Timitation de 1a durce de vie des sotellites, Cette weditivation de 1o charge
utile ne peut «'effectuer que si la plate-forme et la charge ntile nt cto cenones dane vetre =oentualit.
et 3 coendition gque 1o nonvelle charge utile soit compatible avec Tes ressour os ottertes par o plate-

forme, hien que celle-ci puisse vventuellement étre rerise o onitoon (addition de bBatterios o par onery e

dans les limites Jde ~a conception,

Lo lod - dmpacts de 1'entretien en orbite

P 'impact e lentretien en orhite sur la durde de vie et Ta fiabiiite oo omateitite ootoreprescents
Ficure . Flle —ontre 'accrnissement de ces deux paramitres en cas dlentreticn seul, Jde ravitaillerent
wenl et e ortaagioer ertretien plus ravitaillement.,

peedr il et eantaeeny de combiner toutes les irterventicoas, e oenoconeequesoe e planifier Yes
dates AT otercencios duocohicole dlentretion . cours de laovie Jduoware ire. el permet daveir un

dimensionnerect doe rogerenirs dlergols coherent avec le oboiv des technologion des O léments critiques,
teus clewy ctant coocrion e Ly date privuae pour le (oun les) entreticri-o co cribdite, e la meme tagon, il

seraft o deteve . e de ceantler ane modiffeation de Vo ocharge e oo e - e et et ien.
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Figure 5 & IMPACT DE L'ENTRETIEN FN ORBITE SUR LA DUREE DE VIE DU SATELLITE

kn contrepartie, !'entretien en orbite impose des rigles de conception du satellite. Ainsi :

- Tous les cquipements ne pourront pas benéficier de cet entretiens les Gquipements concernés doivent
étre {mplant¢s dans la zone d'intervention du véhicule d'entretien (qui différe suivant que les rani-
putations sont effectuces par un bras manipulateur on par 1'homme), &tre d'accés aisé, et aveoir des

connexions électriques, mécaniques et/ou fluides addéquates avec le reste de la plate-forme.

- le satellite doit 8tre acvessible par un véhicule d'entretiens et donc offrir un interface d'accostage
et posscder les cCquipements de rendez-vous correspondants, les différents sous-systémes (contridle
d'attitude, thermique, énergie, gestion des donnfes, ...) doivent &tre compatibles avec les apérations

d'entretien.

- Les f¢quipements spicifiques de la mission d'entretien (équipements de rendez-vous et accostape par

exemple) doivent &tre tels que le satellite puisse touiours bénéficier de 1'entretien.

On voit donc que, par rapport aux autres sclutions proposées pour augmenter la durve de vie des satel-
lites, 1'entretien en orbite a des impacts importants sur la philosophie de conception et d'utilisation

du satellite,

12,7, - Fldments d infrastriucture associis

Il est »vident que 1'entretien en orbite de satellites me pourra €fre assurr sans une in‘vastructure
crhitale associee. Le choix des moyens a4 mettre en oceuvre pour assurer cet entretien en orhite dopend do
tvpe d'opirations envisagees et, en particulier, de la prisence ou non de Uhomme. Fro offet, les epdra-
tirn. d'entretien en orhite peuvent Stre etfectutes de maniire automatique par 1'intermediaire d'un
vihicnle dlentretier ponrvn d' quipements de robotigque nicessaites (hras manipulatenr, camiras, ...,

transportant les oliments de rechange ot contrdld depuis e sot fon depuic une ctation spatioated ; oo

cprration penvent spalement mipeticier de 1intercent fon humaine.
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PERFORMANCES DES VISEURS D'ETOILE A TUBE DISSECTEUR D'IMAGE : LEURD AVANTASEDS BT .‘
INCONVENIENTS COMPARES AUX VISEURS D'ETOILE A DETECTRUR SOLIDE ’

e

o 1

. L

, H. BOURCIER, Ingenieur en Chef - M, VITE, Responsable Technique .
g:ﬁ SODERN - 1, avenue Descartes - 94450 LIMEIL YREVANNES , France

- .'J

Résume .i

Les applications spatiales du futur nécessiteront de développer des viseurs h

d'étoile de hautes performances qui permettront soit de d&finir avec precision des réféa- A N :

s rences d'attitude de plateformes spatiales, soit de mesurer 1'attitude du véhicule dans R E

1'espace. Les performances accessibles telles que 1la magnitude maximale des &toiles . 4

détectables, la luminance du fond de ciel admissible, la résolution angulaire, ia caden- e

A ce des mesures dépendent des caractéristiques physiques intrinséques des détecteurs et -j

de leur mode de fonctionnement. '1

L'objet de cette publication est, d'une part, de fournir les performances
accessibles aux viseurs d'@toile a tube dissecteur d'image en s'appuyant sur les i
équipements développés et realisés pour 1'IPS/Spacelab et le satellite EXOSAT, d'autre
part, d'évaluer leurs avantages et inconvénients comparés aux équipements utilisant des
détecteurs solides a transfert de charge. Les performances sont analysees en fonction
des propriétés propres aux détecteurs et des contraintes technologiques 1liées a
1'utilisation de chacun d'eux.

OF

PERFORMANCES DES VISEURS D'ETOILE A TUBE DISSECTEUR D'IMAGE

Au cours des années 1977 & 1979, SODERN a développé une génératinn de viseurs
d"étoile de hautes performances pour les besoins de recalibration de 1'Instrument Poin-
ting System (IP3) du Sparelab et pour le contrdle d'attitude du satellite scientifique

EXOSAT qui a eté lancé avec succes le 26 mai 1983.

Afin de tenir les spécifications de précision dans les conditions d'environ-
nement spatial, le concept SODERN comprend 1'utilisation d'un tube dissecteur 4'image
(TDI) avec un systdme de recalibration optique qui permet d'obtenir un excellent rapport
champ/préciaion.

Principe de fonctionnement du viseur d'@toile pour IPS

Une optique focalise le flux provenant de 1'8toile A poursuivre sur la
photocathode du tube (fig. 1).

Les &lectrons venant de la /_Grilledacceleration
photocathode sont accélérés, focalisés ;
et déviés par la grille d'accélération ' Trou CVI
et un ensemble de trois bobines ce qui /

permet de conjugu~nr n'importe quel
point de la photocath~de avee un trou

Preamplificateur

placd en face de 1la premiére dynode NN
4'un  multiplicateur d'Blectrons. J= L bt
trou d42finit la dimension du ~haap de Optique i

vue inatantan® du viageur (2VI}.

L Tube dissecteur

. dimage
Le taux e oomptage des pho-
. tons venant de 1l etonile sur 1'endroit A
s .
N choial de lu photocathode wat mesure c -
. - . omparateur -
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Pour chaque pas &lémentaire,
le taux de comptage Ni de la position i
pour un temps d'intégration T est com-
pare au taux de comptage N{i - 2) de 1la
position i - 2. Si la différence dépas-
se un seuil qui est fonction de 1la
magnitude de 1'&toile recherchée, une
nouvelle mesure de confirmation Nic -
N{(i-2)c est effectuee ; s8i cette dif-
férence dépasse le seuil, 1'@toile est
détectée et le senseur passe automati-
quement en mode poursuite.

Pour une probabilitée de dé-
tection (Pp) et wune probusbilité de
fausse détection (Ppp) déterminées,
le temps @&lémentaire PTE) d'une posi- ETOILE DETECTEE
tion du mode recherche est donné par :

p2 Ny Champ de vue
Tg = — (1 + 2 )
Ne Ne

Motif de
. recherche
ou :

Ne est le taux de comptage
2toile en coups/s

Cvi

N¢ est le taux de comptage
1ié a4 la luminance du fond de ciel en
coups/s

Figure 2. Principe du mode recherche

P est un coefficient qui dée-

pend des probabilités Ppp et Pp.

La durée totale d'un balayage de recherche correspond au produit du nombre to-
tal de pas N par le temps &lémentaire Tp ; N est approximativement proportionnel an
carré du rapport champ de recherche ¢y sur champ de vue instantan? fcyr.

Mode poursuite

Lorsqu'une etoile est detectée, un motif de balayage & quatre positions {fig.
3a) est utilisé. Un systdme en boucle fermée permet d4'asservir le motif de balayage de
sorte que :

N1 - N2 = N3 - N4 = O,

ce gui fait coincider le centre du motif de balayage avec le centre énergetique de
l'image de 1'2toile. La mesure des courants qui traversent les bobines de déviation du
tube dissecteur permet de connaltre la position de 1'image de 1'Atoile sur la photo-
cathode (coordonnées bobines).

Figure 3a. Principe du mode noirai:*.
La figure 3b représente 1a réponge de la boucle dn ;o irciite L vt L axe i
balayage : Ne est le taux de comptage etoile en c/s (2520 - '5 ;| ir ¢ [

distance angulaire correspondant a la partie linéaire de ln - .r:.

Taur de comptage NaNs .- N.
Ne

Positon 1

Figure *h. Riponae de la boogcie de o area ot
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Si Ty est la durde de meaar= ' 20008 de rqlayage o0 N e tnax de oonpta-
ge 40 au fond de ciel, la résolution anpulaire Sqyuivalents au te L%, RA, eat Jdonnbée par

a relation :

W N
L S N A )
Ne Tw Na
Systéme de recalibration onptigue
La précision pour oo tyre ie -anf.earstian idpeni

- de 1l'effet du champ magnétijie aur 1’ p ! e Slectronijae du tube dissecteur d'image,
- des effets chromatijques de 1" .ptigqua-,

- de la stabilite du montage mocanijae ttique=T0L par rapport aux points de fixation du
viseur,

- de la stabilité de 1'&lectr.nijue, principalement, pour le courant de focalisation, 1la
tension d'accélération de ia grille et la conversion digitale-analogique des convertis-
deurs fournissant les courants aux bobines de déviation,

- de la non lindarité et de la stabilité de la lo1 de déviation en tonction des courants
gul circulent dans les oobines.

Les effets chromatiques peuvent &tre corrigés par la définition de l'optique
et les effets du champ magnétique alternatif par 1'introduction d'un blindage approprieé.

Pour les autres effets, il est difficile d'atteindre une linéarité et une sta-
bilité compatibles avec un objectif de 2.104 pour le rapport champ/précision.

C'est pourquoi le viseur d'é@toile est 2quipé d'un systéme de recalibration op-
tique qui projette un ensemble de 400 (20 x 20) &toiles de référence dont les directions
sont parfaitement connues et stables par rappport & l'axe optique du viseur qui est dé-
fini par des miroirs d'alignement intégrés a l'optique du viseur (fig. 4).

Détecteur
dobjet brillant

Projecteur de.
recalibration

Points de la mire «
* de référence °
(20x 20)

Mire de reférence __

ETOLE e —

Cube_ |
d akignement

essven e

Entrée

detoile —%  — \
artificieie

“igure 4. Principe du systéme de recalibration optigue

3points les plus
proches de |'étolle

}

Le flax lamineax provenant Jde ces @toiles de référence est modulé afin d'evi-
ter dey iaterf@rences mituelles avec les 2toiles réelles. Le viseur mesure alternative-
tines de 1'RAtoile réelle poursuivie et lea coordonnées bobines
laa truia ftoiles artificielles qui aont les plus proches de 1'@toile réelle. Les mesan-
rea aur lea atoiley artificielles permettent de calculer la 1oi de tranafert de pasange
fes coordonn®es bobines aux cnordonnées geéométriques qui sont directement corrélées aux
miroiry de référence du viseuar. L'application de cette loi de transafert aux coordonnées
Lobines de 1'&toile permet de d2livrer les coordonnées géométriques de 1'8toile réelle.
La duree de meaare nesessaire au ecalenl de la loi Jde transfert des coordonnéea btobines
aux coordonnfes geoamdtriques est de 306 secondea.

ment o3 rosrdionndes b

Te proaessas de norrectian se d&roule continuellement de aorte que les
At dea frzquﬂncvs d'évolution inflrieuren seront antomatiquement corrigees

i
ilinatinn 4a aysteme le recalibration optique.

'efficacitd de e ayatéme de recalibration aptique dépend du nombre de pointa

19 projectear d'dtnilea artificielloa,
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Pour un tube ITT F 4012 RP utilisé Ecartia

sur un diameétre de photocathode de 14 mm, la

figure 5 montre 1'écart, en microns, entre 1la s

position réelle de l'etoile et la position me-
surée & 1 écart-type en fonction du nombre
d'étoiles artificielles du systéme de recali-
bration optique.

QJ

0‘1

Pour le viseur d'etoile SED 04 déve-
loppé pour 1'IPS du SPACELAB qui utilise un
ensemble de 20 x 20 points de mire de ré&féren- a24
ce, le rapport champ/précision & 3 écarts-type
ressort & 2,5.104, ce qui est compatible avec
1'objectif spécifié de : 2°/0,75 arc-sec =
9600 (3 v ) qui comprend en outre les effets
des dérives thermiques, des distorsions chro-

. A : 0 12 W % B 20 22 Nomox
matiques et des variations de champ magnéti- x %« x X x X 'x geports
0 12 M B 1B 20 22 deiamae

que. Ge reterence

Figure 5. Precision de recalibration
en fonction du nombre de points de mire

Principales caractéristiques et résultats expérimentaux du viseur d'étoile SED 04
développe pour l'Instrument Pointing System du Spacelab

Les principales caractéristiques du viseur SED 04 sont résumées dans le
tableau 1.

Caractéristiques SED 04

champ de vue carré 2° x 2°
optique longueur focale 265 um
diamétre d'ouverture 80 mm
deétecteur tube dissecteur d'image ITT 4012 RP
photocathode S 20
champ de vue ianstaantand 200pm/160 sec
électrique cadence des informations 6 x 17 bit/sec
fréquence de fonctionnement
du microprocesseur 16 MHz
mémoire PROM 14 K bytes
mémoire RAM 2 K bytes
puissance (20 & 32 V) 21 W
dimensions et masse
téte optique - longueur 550 mm
- diamétre 210 mm
- masse 7,5 kg
boltier e@lectronique - longueur 245 mm
- largeur 210 mm
- hauteur 160 am
- masse 4,5 kg
* Mode étoile
. magnitude visuelle Mv + 2 a + 8
. mode dégradée + 9
. température de couleur 3000 a 28000K
. luminance du fond de ciel 8,4 ulm/m2 sr

* Mode ! &toile

. temps 4 acquisition maximal 76 s
. poursuite
- bande passante 2,2 Hz
- angle equivalent au bruit 0,5 sec/\/Hz
* Mode 2 étoiles
. temps d acquisition 152 @
. poursuite
~ bande passante 1,1 Haz
- angle equivalent au bhruit 0,7% sec/\/iz
Linéarité et stabilitéd (A 3 écarts types) 0,79 sec{3a )

Tableau 1 - Principales caractéristiques du viseur d'etoile SED D4




Les principaux résultats expérimentaux sont résumés dans le tahleayu
résultats sont représentatifs des mesures effectudes sur les 6 viseurs J4'&tod
produits entre 1979 et 1983,

Caractéristiques SED 04

Mode 1 étoile
taux de comptage pour magnitude 2800 c¢/s3
visuelle + 8
taux de comptage pour un fond de 500 c¢/s
ciel de 8,4 plm/me sr

. temps elémentaire d'acquisition 6.10-% g

. temps d'acquisition maximal 70 s

. angle équivalent au bruit pour 0,49 sec/ Hz

une etoile My = 8 et fond de ciel

Mode 2 étoiles

. magnitude visuelle + 8 2800 ¢/t

. temps d'acquisition maximal 132 s

. angle équivalent au bruit pour 0,7 sec/\/H.

une 2toile Mv = 8 et fond de ciel

Stabilité

. linéarité de réponse en fonction
de la position dans le champ de
vue, pour 28°C et une température
couleur

. écart di aux différenties tempéra-
tures de couleur dans la gamme
(3000-28000 K)

. écart du aux variations de tempé-
rature dans la gamme (28 - 32°C)
pour la téte optique,
et dans la gamme (+ 10 + 50°C)
pour le boltier electronique

. influence champ magnetique
0,4 gauss < 3 Hz

Stabilité totale (somme quadratique) 0,52 sec 3u

Rapport champ/précision sur

chaque axe (a 3 é&carts types) 13850
Tableau 2 - Résultats expérimentaux du viseur d'étoile SED 04

EVALUATION DES AVANTAGES ET INCONVENIENTS COMPARES DES

VISEURS D'ETOILE

DISSECTEUR D'IMAGE ET A DETECTEUR SOLIDE DE TYPE CCD

Les principaux parametres qui caractérisent les performances d'un viseur

toile sont :

- la résolution angulaire équivalente au bruit pour 1'é@toile la moins brillante en

tion de la cadence des mesures,

- la durée d'amcquisition pour 1'&toile la moins brillante,

- le rapport champ/précision.

L'8valuation comparative pour ces paramétres est faite a& partir du

secteur d'image F 4012 RP de ITT ayant une photocathode 5.20 et d'un détecteur solide

SID 52901 de RCA.

Resolution angulaire Pquivalente au bruit

Pour un dissecteur 4'image, la résolution anpgulaire equivalente au

est donnée par : )
(RADS = WA

inT

ou W eat la diastance angulaire correapondiant A }a

suite en seconde d4'are,
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5,2 Ne T od T est la durée unitaire d'une boucle de poursuite en secconde
w(B) e
B Nf Ne le taux de comptage &toile,
1+ 2
Ne N¢ le taux de comptage du foni de ciel

Pour un champ de mesure circulaire C, exprimé en degrés, un nombre ¢' ouvertu-
re optique N, un diamétre utile de photocathode de 14 mm, une bande spectrale 4e mesure
correspondant & une photocathode S.20, une distance angulaire W de 40um, un champ de vue
instantané de 75um, une luminance de fond de ciel Ly en candela’/m? et une etoile dont 1la
température de couleur est de 6000 K, la résolution angulaire équivalente au bruit en
seconde d'arc est donnée par la relation :

1
{RAD2 = _ .1,9.10-7 c4 N2 2, 51mV |1 v 5,5.10-% C2 Lg 2.51mVI
IDT T

Pour un détecteur solide de type CCD exploité en mode poursuite sur une zone
&lémentaire carrée de 3 x 3 pixels et utilisant une tache image circulaire ayant un dia-
métre de deux pixels, la résolution angulaire 2jquivalente au bruit (RA) est donnée par :

1

(RA)}2 = (dimension angulaire J4'un pixel}? . _

cco (:; )?
B
ol la dimension du pixel est exprimée en seconde 1'arc.

En négligeant le bruit de lecture du CCDP, 1« rapport signal/bruit est donné

par :

o T est la durde d'intégration &lémentaire

prise identique A la durée d'une boucle
€lémentaire de poursuite pour le tube dis-

< S) 2 NeT secteur
B Nobs N¢ Ne est le signal @toile en &lectrons/s
1+ + _—
Ne Ne Nobs ©8t le courant d'obacurité en

électrons/s

N¢ est le signal 4G au fond de ciel sur un
pixel en électrons/s.

Pour un ~hamp de mesure carre, de diagonale Co exprimée en degrés, un nombre
d'ouverture optique No, un pixel carré de 30um de cdté, une bande spectrale de mesure de
0,65um A& O0,%um, une etoile dont la température de couleur est de 6000 K, une luminance
de fond de ciel L¢ en candela/m2, un courant d'obscurité Nopg = 12000. 2 ”/7. # gtant la
température de fonctionnement du CCD, la résnlution angulaire aquivalente au bruit est
donnée par la relation :

1
(R&)2 = — . 0,29.10-7Co4No? 2,518V[1 + 6,5.10°3007Lp2,50V + 4.1075.2 077 co2n02 2,510V
cCD T
Résolution angulaire comparée pour un fond de ciel nul : Lg = O
(ra)?
CCD
Le rapport R = ————  est donné par :
(RA)“
IDT
Noy? o4 )
R = 0,15 (__) . (_> 1« a.10-9.2 %7, 0028027, 5107
N C
Dang la gamme de magnitude vianuelle allant de My = 1 a My = 83, on peat appro-

)

cher la relation champ-magnitude par la relation

Mv = 19,2 - 4,1 log © 01 T est le champ cireculaire on degrés

)

qui Aagsure la presence d'au moina une ftoile dans le ~hamp 1o vue O gquells que gsait 1'o0-
rientation dans la voite cdleste.

La comparaison poar les 2 dBtesteura doit ae faire poar loc oangles aoliies
aquivalents afin de reapecter la relatisn champ magnitade. Lo champ capred N o VT
du d5tecteur solide dnit étre equivalent an chacp circalaire Y da liawectear 4N imaee
lea ' champa 2 et Co sont dane 1iés par lu orelc g
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afin de rester dans un domnaine de deéfinltlon d'optlgue réaliste pour des
cnamps de vue allant de 2° a 12°, on fait l'nypotnese yue le chasp et l'ouverture sont

11és par la relation :

C.N = constante = 14
No
Le rapport — est pris egal a 1,4 afin de tenir compte du fait que dans son
N

principe le tube dissecteur n'est que peu affecté par une déformation de la tache image
dans le champ. Dans ces conditions, le rapport R devient :

el
&

R = 0,15.(1,4)2.X [1 + 4.10-5.2"7.(14)2.2,512v]

En fonction du champ de mesure, R devient :

{),
R = 0,74 [1 + 0,78.10-2,2"7,2,5110.2 - 4.1 loge

Le réseau de courbes pré- RARCCD
senté en figure 6 explicite 1'Bvolu- Tﬂﬁ@ﬁ%:,

tion du vrapport R en fonction du x, T
champ de vue et de la temperature de aoF
fonctionnement du CCD. Il montre que 2

pour obtenir des résolutions angu-
laires comparables pour les deux ty-
pes de deétecteurs, il est impératif 10
de refroidir le CCD & une températu-
re inférieure a - 20°C et gque cette

S
contrainte de refroidissement est ar-
d'autant moins sévére que le champ 3
de vue du viseur augmente. Néan- 2
moins, dés que la temperature de
fonctionnement du CCD dépasse - 20°C )
les reésolutions angulaires pour les 08
deux types de détecteurs ne sont 3
pluf coqparables car 1le raPport R 05 ~ % % 20 0 o 0 20
croit tres vite avec la temperature.
temperature C

Figure 6. Résolution angulaire comparée des
viseurs & CCD et TDI en fonction du champ de
vue et de la température du CCD

Résolution angulaire comparée pour un fond de ciel fort

Afin de découpler les paramétres, on suppose ici que le CCD est refroidi & une
température de - 40°C afin de négliger 1'influence du courant d4'obscurite.

Le rapport R s'écrit

R = 0,74, 20,74,
1+ 5,5.10-3 ¢2 Ly 2,51mV 5,5

1+ 6,5.10-3 Co2 Ly 2,510V 6,5 (Co>2

On peut en conclure que pour des luminances de fond de ciel fortes, lea {eux
types de détecteurs sont aquivalents.

Durée d'acquisition

Pour les deux types de détecteurs, la premiére phase 4'acq{uisition compreni 1a
detection Jdes positinns dans le champ de vue pour lesquelles le signal dbpansae n cor-
tain seuil qui dépend die la magnitude attendue de 1'8tnile. Dansg nette |
ti : sgure > le babilités de fausse 1&tecti Ppn (aeail’
tion, pour assurer que 3 probabilites Jde 1usne > ction Ppn (seail
A une certaine valeur) et de non d&tection Pyp (signal-seail/brait
certaine valeur) aont compatiblas aves lea begoins de mission, 11 eu W o
piir 1la condition :

signal
.
s Py P

_ >P, P dépendant de Ppy et Pyy

bruit

ana la mesure ou le 0D ent refroidi A une temparatare e o= 3070 aan paee
de négliger la contribution d4n coarant d'obscurit® sar le rapport sienal el a barle
1'acquisition pour le CCD sera trdy inférieare A4 celle ndoeanaire poaar Do b diane -
tedar.

Hn o effet, olle correapand approxinativesent s Sompn 3o gl b O T I

prur le tibe diasaecteunr {'image oar 1o papport clenal b
'

fear pour leg deax ddtecteirns,
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Si P est le diam@tre du champ de vie total et $.., le iiandtre du champ de "y

vue instantané pour le tube dissecteur -fj
2 -

? -

pe ~ " 9
T&cquisitionIDT= - ‘Telementaire .1

Pevi _,‘.:-

T - _\“‘i

acquisitionCCD = ‘elementaire IR

I1 faut cependant remarquer que pour la majorité des applications de hautes t'nf:

précisions le domaine de recherche peut étre limité car 1'orientation grossiére dans la L
volute céleste est connle et peut donc &tre utilisée afin de limiter Aau strict nécessaire o .j
le nombre de pas de rccherche pour un viseur & dissecteur d'image. e
Rapport champ-précision - .{
SRS

Les résultats theoriques et expérimentaux montrent qu'en utilisant un projec- -

teur d'étoiles artificielles de 400 points sur la photocathode d'un tube dissecteur d'i-
mage, le rapport champ/précision qui en résulte est d'environ 2,5.104. L'utilisation du

systéme de recalibration optique permet de s'affranchir des variations de la répartition
d'énergie dans la tache image en fonction de la position dans le champ et des variations
de 1a dimension de la tache image produite par une défocalisation liée au déplacement
axial relatif photocathode-optique. En effet, ces fluctuations sont prises en compte par
la mesure des étoiles artificielles de mire car dans un domaine de champ délimité par un
carré de 4 points de mire successifs, les variations résiduelles sont négligeables. Seu-
le la résolution angulaire est un peu affectée car elle dépend de la pente de la fonc-
tion de transfert de la boucle de poursuite qui dépend lin@airement de la dimension de
la tdche image.

Le rapport champ/précision de 2,5.104 n'est pas une limite, en effet il peut
tre amélioré soit en augmentant le nombre d'@toiles artificielles du systéme de recali-
bration optique, soit en utilisant un algorithme de correction supplémentaire prenant en
compte les distorsions géométriques locales liées aux non linéarités des bobines de dé-
viation.

Un objectif de rapport champ/précision de 5.104 3 8.104 est tout & fait envi-
sageable sur un equipement operationnel.

Pour un détecteur solide, il est nécessaire d'utiliser un processus d'interpo-
lation qui conduit & distribuer le flux du signal sur plusieurs pixels et & utiliser les
réponses fournies par les pixels individuels afin de déterminer la position géométrique
de la tache image en fraction de pixel. Les limitations apportées par la non uniformite
de réponse d'un pixel, les &carts de position et de dimension géométrique des pixels,
les fluctuations de la répartition d'énergie dans la tache image en fonction de la posi-
tion dans le champ et de la composition spectrale du rayonnement conduisent & une limi-
tation de la qualite de l'interpolation de l'ordre de 1/30&me a 1/100éme de pixel en
fonction de la complexit® du traitement et de la calibration (modé&lisation de la réponse
d'un pixel, mémorisation de la sensibilit& moyenne pour tous les pixels, correntions des
défauts geométriques par utilisation d'une régression linéaire...). Ceci conduit a un
rapport champ/précision dans la gamme 7500-30000 sur le plan théorique avec les CCD ac-
tuela.

La tenue de ces performances nécessite d'une part le refroidissement du détec-
teur solide et, d'autre part, soit d'utiliser des corrections prenant en compte les
paramétres physigues du d8tecteur f{courant d'obscurit@ et sensibilité de tous les pi-
xels), soit d'utiliser un composant pour lequel les &carts entre ces paramétres physi-
ques sont inférieurs a2 1 % sur 1l'ensemble du détecteur. La stabilité du positionnement
relatif du détecteur solide et de son optique assocife est elle aussi trés critique. En
effet, un déplacement relatif transverse de * 0,%5um correspond & un défaut d'alignement
gquivalent de 1/30&éme 1e pixel qui ne peut &tre corrigé que par 1'utilisation d'un sys-
téme de recalibration optique ayant au moins trois @toiles art ficielles. Les variations
"1 positionnement axial introduisent des variations de la réepartition d'énergie dans 1la
tache imzge qui sont d'autant plus critiques que l'optique utilisée est trés ouverte.

Toutes ces contraintes de répartition d'énergie dans 1la tache image, de
conception thermo-mécanique et d'@volution des paramdtres de calibration {courant d'obs-
curité, sensibilite de tous les pixels) en vieillissement et sous contraintes de rayon-
nement en ambiance spatiale sont difficilement compatibles avec les besonins d'un équipe-
ment opération.=l ; ceci conduit & penser que pour un &quipement opérationnel de struc-
ture simple, une capacité d'interpolation meilleure que le 1/10&me de pixel, donc un
rapport champ/précision de 1'ordre de 2000 a 4000, est une limite raisonnabie.

Pour amélinrer le param@tre champ/précinion, il est nécessaire d'une part d'u-
A . . ; .
tiliser an aysteme de recalibration optigue, 1'autre part de développer des méthodea de

défocalisation de 1la tache image qui permettent Jde rester insenaibles aux variations
dans le champ de vue et aux variatinnas de répartition d'Gnergie dansa la tache pour lea
déplacements relatifs axiaux optique-4&tecteur. 'Tne salation 111 aemhble bhien adaptée
conaiate A utiliser une d&focaligaticn &lectronique intr juite par an tube intensifi-

L.
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cateur 1'image qui permet, psar ailleuars, d'utiliser ane optigpie facilenon: LV rte ot
de résoudre les roblémes de répartitions d'&nersic  dlans 1o taceae meee Gt ot
s 1
.- N ' ) . PR . N .
purement lies a 1 optigque. La contrainte d homogénéits de sensiviiitd  roelative  den

pixels (meilleure jue ! %) reste un parandtre pripondérant de la qunlitd 4°
une solution consistant a wutiliser un d&tecteur solide illumind ¢
permettre d'améliorer 1la qualité de 1'homogénédité de 1la ripons

déetecteur.

Latiorng
i .

1"ensemtie iy

Ce type de concept, lie & l'utilisation J4'une optique faiblement osuvert
introduit par definition wune diminution du rapport signal/bruit et nécessite
développer des photocathodes ayant urn rendement quantique et une sensibilite ameéliorés
dans la bande 600-900 nm <{par exemple, des photocatnodes As3a) 3 ce type de
photocathode, une fois développée, pourrait elle aussi é&tre intégrée Jans un tube
dissecteur 4'image.
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Une approche de s
détecteur solide CCD conduit

olution pour un viseur d'2toile de hautes performances a
& la structure suivante :

- détecteur solide, ayant une homogénéité de réponse meilleure que 1 %, illuminé par
l'arriére et thermostaté vers 0°C (1l'apport du gain du tube intensificateur permet de
limiter 1'effet du courant d'obscurité par la diminution du temps d'intégration),

- couplage détecteur solide-tube intensificateur,

- optique faiblement ouverte comprenant un systéme de recalibration optique & trois
etoiles artificielles,

dent les performances objectives en environnement spatial seraient aux environs de
1/50éme de pixel, donc un rapport champ/précision de 10000 a 20000.
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THOSE Of CHARGE TRANSFER DEVICE STAK TRACKEKRS
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. Future space applications will require developlng nlyn perforinance star
trackers to provide with either high accurate attitude reference or measurenent tor
spaceborne platforms. The achievable characteristics sucn as detectavle star maxinauan
magnitude, allowaple sky packground radiance, angular resolution, time resolutlon depena
on detectors intrinsic pnysical characteristics and 1lnternal operation.

The aim of this paper 1s, on one hand, to give performance chdracterlstics e
wnich can be achleved with immage dissector tube star trackers oased on eguilpment .manu- C
factured for IPS/Spacelap and Exosat satellite, on the otnher hand, to mnake an assess- @4
ment of their advantages and drawpacks with respect to egulpment pased on solid state .
devices of charge transfer type. The analysis of the performances 1is presented versuas
the intrinsic characteristics of tne detectors and the tecnnological constralnts relateu
to their use.

PERFORMANCES OF IMAGE DISSECTOR TUBE STAK TRACKERS

pDuring the years 1977 to 1979, SODERN nas developed a hign performance star
trackers generation for the recalibration needs of the Instrument Pointing System (IP3)
of Spacelab and for the attitude contrcl of tne EXOSAT sclentific satellite whicn nas
veen launcned witn success on May 20, 1983.

In order to hold tne accuracy specifications in space environment conditions,
the SODERN concept uses an image dissector tube (IDT) together witn an optical recali-
bration system which allows to achieve an excellent field/accuracy ratio.

IPS star tracker working principle

An optical aevice focuses light coming trom the star to be tracked on the tube
photocatnode (fig. 1).

Electrons coming from the Accelerating mesh

pnotocathode are accelerated, focused

and detlected by an acceleration inesh IFOV hole
and a set of three coils, 1n such a way

that any point of the photocathode may

go through a hole facing the first
dynode of an electron multiplier. This
hole determines the tracker Instanta-
neous Field of View (IFOV).
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The rate of photons coming
from the star on a selected part of the dssector tube
photocathode 1s measured by a counter
connected tou the comparator output.

Focus Defiection Trigger
Concerning tne IPS applica- coil
tion, the dark count rate 1s lower than +
20 counts per second and the counting
rate corresponding to the dimmest star Threshold Counter
to be tracked 1s 2500 counts per
second, +

Figure 1. IPS star tracker principle

Search mode N

Starting from a point which position can be set by commands anywnere 1n tne .
field of view, tne sensor scans the field of view along to a search pattern shown on A
figure 2. .
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For eacn eleaentary step, the
N1 counting rate of tne 1 positlon tor
a T 1nteyration tine 1$ Collpdred to tne
counting rate N (1-2) of tne 1-2 posi-
tion. If tne ditterence exceeds a Jiven
thresnold 1n relation witn tne searcned
star magnitude, a new confirmation
measure Ni1c-N(1-2)c¢ 1S undergone ; 1t
this ditference exceeds the thresnold,
the star 1s detected and the sensor
automatically starts working in a
tracking mode.

For a (Pp) probability of
detection and a (PFD) proovability of
false detection set 1n advance, the
(Tg) elementary time of a search mode
position is gliven oy :

p2 Ng Field of view.
TE = E— (1 + 2 N— ) —h
e e i Search pattern
where : “—?]?D\
Ne 1s tne star counting rate i-2 i oV

in counts/s

Ng 1s the counting rate
related to sky background radiance in
counts/s
Figure 2. Search mode principle

? is a coefficient depending
on Ppp and Py probabilities.

The total duration of a search scanning corresponds to the product of tne
total number of N steps by the T, elementary time ; N 1S5 approximatively proportional
to the sguare of the @y search time on Y1poyv instantaneous field of view ratio.

Tracking mode

When a star is detected, a tour-position scanning pattern is used (fig. 3a). A
closed loop system allows to drive the scanning pattern in such a way that :

N1 - N2 = N3 - N4 = 0,
that makes the scanning pattern centre coincide with tne 1mage or star energy centre,

Measurement of currents going tnrough the dissector tube deflection coils allows to know
the star image position on the photocathoue (coils coordinates).

Toid of view Counting
electronics
N1-N2
FOV 14+ N2
3 4
Star image 1 1 : s
m(ﬂ'pTz) . <
Sy
Figure 3da. Tracking mode principle o |
Figure 3b shows the tracking loop response following a scanning axls : Ne 13 ]
the star counting rate 1n c¢/s (2500 c¢/s for Mv = 8) and W 15 tihe anjular aistance . 'f
corresponding to tne linear part of tne response curve, > RS
j Counting rate  N=Ni_N2 o9
_ T ) o
. N
| .
. | -@
Position 2 ; Position 1 | R .
< 1l R RN
b3 ! ©
!
Star } oo
image | Net o
L W Ni-N2=F(1)

Flgure 3do. Tracking loop response SR
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Opeics recalibration system

Accuracy tor tnis type of configuration depends on
- maygnet1c field effect on image tube dissector electronical
- optlcs chromatic effects,

- staoility of IDT-optics .nechanical wmounting with regard to

optics,

tracker ftlxation points,

- electronics staoility, especlally tor focusing current, mesh acceleration voltaje and

dirjiltal to analog conversion of converters providing current

- non-linearity and staollity of deviation law in teraus of
colls,

to deviation cotls,

currents cxrculatmg In the

Carvomnatic effects may ve corrected by optics definition and effects ot alter-
native magnecic fi1eld oy 1ntroducing an appropriate shieldiny.

For other efrects, it 1s difficult to reach a
matcuing a 2.10% oojective tor tne accuracy/field ratio.

linearity and a stablility

That 1s wny the star tracker 1is eguilpped with a recalipbration optical system
wnich projects a set of 490 (20 x 20) reterence stars wnicn diractions are perfectly
known and steady with respect to the tracker optical axis wnicn is defined oy alignment

Llrrors lntegrated 1n tne tracker optics {(ftig. 4).

Recalibration.  _ ___
projector ) A

Reference pattern ___

Lignt f1 .w coming tron tnese roters:nse »f ars 1S

Three closest
lord points

Reference
pattern points
(20x 20)

uodalatea 1 order to o o avold

nutual itaterferences with real stars, The tracker altornat ivoly acasares colls coordl-

nat2s of tne real star tracked and tne coils oo a1nates Ot

e art 1r1olal o stars wnicn

ire the nedrest to the real star. deasaves on ot ilbioyl ars lead toocalcalare tne
transter law of coils coordiniates to geoaetrlal cosralaats wlci gt lractly rejated
Lo bracker reference micro