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1.0 INTRODUCTION AND SUMMARY

1.1 Background

Future DoD large space system concepts such as High Altitude Large
Optics (HALO), High Energy Laser Optics (HELO) and Millimeter (MM) Wave
applications have stringent line-of-sight (LOS) pointing and jitter perfor-
mance requirements which cannot readily be met with existing technology.
These systems of interest have common features in terms of their large size,
extreme complexity, low mass, low stiffness and precision structural toler-
ances. Under the Active Control of Space Structures (ACOSS) Program, the
Defense Advanced Research Projects Agency (DARPA) has sponsored a number of
studies for the development of a unified structural dynamics and control
technology base to support the future development of these large space system
missions. The major emphasis in these studies in the past has been placed
on generic control law development for active vibration suppression. However,
the emphasis is now shifting towards hardware development and experimental

verification of the technology.

This document reports the results of one of these studies, namely
AC0SS-14, ~onducted by TRW Space and Technology Group for DARPA from
June 1981 through October 1982.  The study addressed two areas of interest:

e PREMOD Contract - the definition, design and plan for an on-orbit,
Shuttle-based Proof-cf-Concept demonstration

e MOD Contract - stability ensuring designs which extend to treat

noncolocated actuator-sensor control systems, while remaining
insensitive to modal truncation/inaccurate structural models.

1.2 Summary of PREMOD Contract

One of the challenges in active control of large space structures (LSS)
is to assure the stability and performance of structural control system
designs. The problem stems from the relation between modaling information
and performance. Generally, the control system must make up for increasing
modeling uncertainty by commensurately giving up performance. In the systems
of interest, the requirement for performance in the presence of uncertainty
is carried to an extreme. First, the finite element methods currently used
to predict structural behavior truncate and provide poor knowledge of the
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structural modal frequencies, shapes and damping. Moreover, they do not
account for nonlinear structural behavior effects which can often dominate
behavior. Second, the desired performance levels are sub urad for precision
pointing and sub um for structural control. Under DARPA sponsorship, it is
currently believed that the control theory required to simultaneously satisfy
these requirements has been developed but it has not been experimentally
demonstrated. Therefore, it has become evident that hardware tests are
needed to verify the existing results.

The objectives of the AC0SS-14 PREMOD study were to define, design
and plan an on-orbit experiment to further develop DARPA's understanding
of generic structural dynamics and control of LSS. The primary reason for
wanting to conduct the tests on-orbit is the realization that currently
neither analysis nor the combinatior ¢f analysis and ground test data pre-
dicts the on-orbit behavior of a structure well enough to establish that
the desired on-orbit performance goals can be met. Also, for large and
flexible structures, ground tests are not always feasible. Therefore,
since verifying performance is of utmost importance to DARPA, on-orbit tests
have two immediate goals. One is to learn how to make accurate structural
models. The other is to verify that the performance objectives can be met.

The major results of the PREMOD study were: the identification of the
set of experiments needed to meet the modeling and performance verification
goals; the selection and design of a simple, moderately priced structure
which can be used as the test bed for executing these experiments; and the
analytical verification that the chosen structure and experiment concept
are feasible and compatible.

Figure 1-1 and Table 1-1 show and summarize the key features of the
resulting experiment system. The distinguishing characteristic of the con-
cept is its capability to provide data necessary for modeling of future
spacecraft of interest, while demonstrating a technology

1.3 PREMOD Contract Conclusions/Recommendations

This study shows that a moderately priced, on-orbit experiment system
can be designed to provide the data necessary to design future surveillance
and weapaon systems. The key ingredient to keeping the cost down is an
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Table 1-1. Salient Features of Baseline Offset
Cassegrain Telescope Experiment System

Provides the data necessary to design future surveillance and weapon
systems

Modeling verification/extrapolation objectives are met together
with a technology demonstration

Maximum use of existing hardware is made
Fits comfortably on one Shuttle pallet
Program lasts for 4 years

Estimated cost is $43.5M (1982 $)

Key Features and Capabilities:

Ground and on-orbit experiments are compatible at the outset

State-of-the-art performance is demonstrated
- 1000:1 vibration reduction
- structural control to .2 um, 3¢
- open/closed loop LOS control to .8/.2 urad

Stellar and earth imaging are the final, on-orbit performance
measures

Passive and active control technologies are integrated, validated
and evaluated

Vibration suppression and isolation are demonstrated together
with high speed optical autoalignment and figure control

Actuator and sensor technologies are integrated and demonstrated

Concept is dynamically, electronically, thermally and power
compatible with Shuttle - it is safe

Experiments are autonomous, with manual override from the
astronauts and ground
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integrated, ground and on-orbit test plan, with focused objectives at each
stage. The hardware required in the test are not off-the-shelf but, in
many cases, has been built and has been demonstrated to work. The experi-
ment plan exploits this situation to permit execution in four years.

Execution of the experiment program is recommended. If this is not
possible, the goals and objectives set forth in this study merit considera-
tion. In particular, modeling verification/extrapolation experiments may
not be cost effective to do for their own sake. The cost of a Shuttle
flight is just too expensive. It therefore appears to be more cost effective
to do the experiments together with a technology demonstration. Also, the
integrated ground and on-orbit test approach here is noteworthy. The ground
experiment will be required to provide the link between analysis and ground
test data and also provide the basis for future extrapolation to on-orbit
behavior (once the extrapolation model is derived in the post experiment
analysis of the on-orbit test). The ground experiment should therefore be
designed compatible with the on-orbit experiment at the outset. This
simplifies model comparisons, ensures power, thermal and computaticnal
system compatibility with true, on-orbit capability, and reduces integrated
cost. Finally, it is recommended that, if funding Timitations are severe,

a low cost ground experiment incorporating the essential features described
in this document is still useful. Excluding certain elements of the optical
train, for example, will reduce cost significantly. This approach will

allow for growth as funding becomes available; it serves to compare analytical
and ground based structural models in the near term; and permits selection

of the most promising technologies to be demonstrated on-orbit from the
several that are available.

1.4 Summary of MOD Contract

As a result of an earlier study by TRW, AC0SS-8, a methodology for
designing stable control systems for inaccurately modeled structures was
developed. This stability ensuring design methodology is based on the
positivity of operators and has the advantage that it does not rely on
modal truncation, it has only low sensitivity to the exact knowledge of
the structural model, and can accommodate for nonlinear effects. Moreover,
it leads to time and frequency domain solutions which can be implemented
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using current microprocessor technology. Its main disadvantage was that
it required all the actuators and sensors in the control system to be co-
lTocated. In a aumber of applications of interest, however, colocation is
not possible and further development was required.

The main objective of the AC0SS-14 MOD study was to extend the stability
ensuring design methodology of AC0SS-8 to include systems not permitting
colocated actuators and sensors.

A major result of this study is the successful generalization of the
ACOSS-8 design technique to include noncolocated LSS systems with possibly
unequal numbers of actuators and sensors. In order to do this, the Sector
Theory, from which the positivity approach was derived, was reexamined and
the assumptions requiring colocation removed. The generalized method
degenerates exactly to the colocated design approach as a special case.

In addition, the revised stability ensuring design condition provides a
quantifiable indication of the trade between design insensitivity and per-
formance. A flow chart is shown in Figure 1-2.

MODEL UNCERTAINTY
MEASURE
(POSITIVITY/SECTOR)

£

PERFORMANCE
MEASURE
(EX. LOS)

SQUAREDOWN PROCEDURE
ALLOCATES FEEDBACK

BY TRADING PERFORMANCE

WITH THE ROBUSTNESS CONDITION

'

DECENTRALIZED FEEDBACK IS
SET USING AC0SS-8
DESIGN PROCEDURE

;

DESIGN BASED ON PERFORMANCE
AND ROBUSTNESS

Figure 1-2. Flow Chart of Generalized Stability Ensuring
Design Methodology
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The generalized methodology was then illustrated on two design examples
and shown to work well. In the "Flat Plate" example, the damping augmenta-
tion of the critical modes improved significantly. Moreover, when the
sensitivity of the noncolocated design was compared with an existing, very
insensitive colocated design, the results were comparable. Computational
complexity was also comparable. The results were also similar for the
Draper Model #1 (Draper Tetrahedron) example. The damping of the tetra-
hedron apex more than doubled over an existing colocated design which
already met design goals. The design sensitivity and computational re-
quirements here were also found comparable to the colocated design. The
price paid in both examples, over the colocated design, was the addition

of a singie sensor—no new actuators were added.

1.5 MOD Contract Conclusions/Recommendations

The generalized design procedure has been shown to work well. In
particular, it is concluded that noncolocated control systems can be de-
signed to be insensitive with respect to stability (stability robustness).
Also, noncolocated designs may actually be desirable from a performance
standpoint, if it is the only way to measure the variables that must be
controlled. We had expected the colocated designs to have better stability
and performance properties because of their ability to operate at a higher
Joop gain without sacrificing stability. However, this was not true in
the examples considered. We found that the colocated system must sometimes
work harder to predict and control poorly observable signals. This means
that it may need a higher bandwidth and higher loop gain. The noncolocated
design, on the other hand, was found to afford to be less robust at the
outset because it did not need as high a bandwidth and loop gain. It
inherently got a better representation of the critical signals because of
the designer's freedom to place a sensor at critical locations. Hence,
when the overall compensation required to meet performance goals were con-
sidered, the noncolocated design was better. The price one pays for this
is the additional sensor and the loss of decentralization in the control

law computations.




A corollary which includes the above observation and the ACO0SS-8 result
js that there exists a quantifiable trade between stability robustness of
a design and its performance: one is obtained at the expense of the other.
Model uncertainty of what one is measuring, controlling and their relation
may be large but the accuracy must be known within specifiable limits.
If the model uncertainty is small, robustness may be traded for performance.
The degree to which one succeeds in designing performance will depend on
the degree to which one is measuring and controlling what one really wants
to control and measure. Given two equivalently accurate models (e.g.,
one colocated and one noncolocated), both have the same stability robust-
ness and output control performance Timitations but the one that measures
and controls the desired control variable more directly (noise-free,
observable and controllable) will be superior.

In as far as lessons learned, it is concluded, and justified from the
theory developed here, that a good rule of thumb is to split the design
problem into two pieces. First, the frequency dependent loop gain is
allocated (1oop by loop) proportionally to performance and the knowledge
of the model, and inversely proportional to the uncertainty and noise.

The loop gain matrix is then scaled to the highest gain (norm) permitted
by the positivity/Sector condition ensuring stability robustness.

Finally, we conclude that the ACO0SS-8 proposed three-step, stability
ensuring design approach for LSS systems appears to be the correct approach
in the sense that it continues to minimize risk with the potential for
maximizing performance.

1) It assures stability robustness at the outset, when it is
required the most.

2) It identifies model parameters through on-orbit tests whenever
the starting model accuracy is too high to a priori design
the required performance.

3) It tunes the controller to maximize performance.
It is therefore recommended that the developed design approach be
studied further in order to streamline it and automate it. This will

facilitate its use in more complex, realistic problems. It is also recom-
mended that a representative design be evaluated on actual hardware.
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1.6 Organization of Report

Sections 2 through 9 address the technical work performed under the
ACOSS-14 PREMOD contract. It covers the ACOSS-14 baseline experiment
from the initial conceptual and trade stages to its analysis and evaluation.
The flight experiment program plan and cost estimate for the baseline system
has been inserted in Appendices A and B as requested in the contract's

statement of work.

Sections 8 and 9 address the technical work performed under the ACOSS-14
MOD contract. Section 8 covers the theoretical development of noncolocated
control. Section 9 covers the design examples and their evaluation.

Quoted references are listed following Section 9. Appendix C describes
the Orbiter's digital autopilot model, as used in this study. Appendix D
contains a published paper detailing the digital, colocated design of the

Draper Tetrahedron used in Section 9.

e r—— e




2.0 TDENTIFICATION AND DEFINITION OF EXPERIMENTS

Task one identified and defined a generic set of POC experiments that
would be useful to both DARPA and NASA. The implied joint venture was con-
sidered as a way of meeting technical objectives at a reduced cost. This
possibility was researched by examining NASA's and the AF's "generic" LSS
missions listed in References [1, 2]. The interests and requirements
described in these documents were analyzed and the set of common technologies
that need to be demonstrated to ensure mission success were jdentified. The
underlying premise in this research was that a joint venture would only
be feasible if both parties'interests were satisfied. In order to meet
this objective, the common technical unknowns and uncertainties in the
systems of interest were identified first [the identified technologies
directly determine the knowledge that must be gained through experimenta-
tioa]. The methods needed to gather the data to reduce or eliminate the

uncertainties then make up the experiments.

2.1 Determination of Technologies to be Demonstrated

The results of the NASA document search leads one to perceive that
its interests are ideally driven by the desire to explore and exploit
space and the sciences it induces. More practically however, it is evident
that these objectives are modulated by politics, DoD and Congressional
funding. Some of the "generic" representative systems that one car identify
are: solar power stations, platforms, communications systems, permanent
man-in-space systems, terrestial/extra terrestial research and resource
exploration, and astrophysics research. In these categcries one can
further identify systems which are LSS. Therefore, any true desire to
build these systems induces a need for demonstrating LSS technologies.
The most important technologies identified are: structural modelirg and
verification, dynamic interaction and stability during assembly and con-
struction, man-machine "loop" in space, passive and active damping aug-
mentation in space, distributed actuation and sensing, and ground predicted

performance verification.
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A similar search through AF and DARPA documents resulted in the
perception that they are driven by "threats" to the security of the U.S.
In particular, DARPA's role appears to be coordination and support of the
technology development of advanced communication, surveillance and weapon
systems. In some cases, the systems of interest to DARPA and the AF are
LSS but the requirements can sometimes be very different from NASA's missions:
DARPA's missions will not only push the state-of-the-art in materials and
structure but also in various advanced control technologies. The most
important of these are: structural modeling and verification, dynamic
interaction and stability of dynamic subsystem, passive and active damping
augmentation in space, distributed actuation and sensing, ground predicted
performance verification, and advanced control. The last includes preci-
sion pointing, vibration isolation, figure control, slew control, and

off-1ine controller tuning.

The set of common technologies that must be demonstrated by DARPA and
NASA are therefore:

structural modeling and verification
dynamic interaction and stability
active and passive damping
distributed actuation/sensing
predicted performance verification.

The objective of structural modeling and verification tests should be
to demonstrate that current analytical models are sufficient to predict,
at least grossly, structural behavior in space. Secondly, the demonstra-
tion should provide the experimental data required to permit the confident
use of models to predict the behavior of systems that have not been built

yet.

The dynamic interaction and stability within the system is also important
to understand and demonstrate. Classically, weak dynamic interaction is re-
duced by using local controls with large loop gains. This is difficult to
do with flexible structures, however, because the structure theoretically
strong-couples the system at resonance and stability concerns preclude the
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use of high gains. It is therefore necessary to validate the current
understanding of the problem and verify that proposed modern control con-

cepts are a solution.

Next, the integration of active and passive damping into a structure
must be demonstrated in space if it is to be a viable approach to solving
various LSS problems. Current ignorance of the relationships between ground
and on-orhit passive damping is currently too high and could Tead later
to confusing and costly trades that are false.

Distributed sensing and actuation are also commonly accepted concepts
planned for solving various LSS problems. VYet, because of the large band-
width and dynamic range encountered in LSS, the integration of coarse and
vernier devices will be non-standard and must be validated.

Finally, what is the real current performance 1'mit of the integrated
LSS technology? Nobody seems to know. Moreover, it is not likely that
paper analyses are going to be credible until current uncertainties are

resolved in an integrated test.

2.2 Generic Set of Experiments

Two generic sets of experiments have been identified in response to

the technology demonstrations outlined in Section Uulr

The primary set includes:

identification of structural dynamic model
identification of structural damping

passive damping augmentation

dynamic interaction with the orbiter

active damping augmentation/control and verification

pointing performance verification.

These experiments are interrelated and often one experiment is the logical
step to the next. Most of the tests can be readily conducted on the ground.
This is desirable as the difference between ground and on-orbit resul ts,
especially for performance verification and determining existing and aug-
mented damping, is what one needs to know to improve modeling abilities.
Current vibration and pointing control capability is also to be verified.
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The secondary set includes

e figure control and associated performance verification
e slew maneuvers
e control law tuning

and have been choser to add realism. The figure contro! experiment would
show the interaction of the vibration control system with the figure control
system. The interaction of the attitude control system and the vibration
control system during a slew maneuver adds realism to the acquisition and
tracking problem. A control law tuning experiment demonstrates indirect

adaptive control.

2.3 Generic Set of Procedures for the Experiments

2.3.1 Assumptions about the Generic Procedures

The generic experiments were assumed conducted from the Space Shuttle
Orbiter and therefore hypothesized to be automated. However, human assistance
with the Remote Manipulator System (RMS), or through Extra Vehicular Activi-
ties (EVA), were not initially excluded when the generic procedures were

defined. Some other assumptions initially used were:

i) The experiment structure can be deployed incrementally or
sub-structures can be uncaged to change the dynamic character-
istics of the structure.

i1) The experiment structure's critical modes are lower than the
Orbiter digital autopilot (DAP) so that the structure can be
excited by the DAP.

iii) A conservative, active controller is used to stabilize the
structure and to damp out vibrations between experiments.

iv) The Orbiter DAP signals are available to the LSS control
system.

v) Actuators installed on the structure are used to generate
disturbance for evaluating control system disturbance re-
jection.

vi) The controlier performance measurement is sensed using the
line-of-sight error from a dummy payload to the Orbiter cargo
bay or to an inertial reference point. This information did
not necessarily have to be available to the control system.
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and vii) A1l the actuator/sensor data, including DAP signals, are
recorded on tape for post-flight analysis.

2.3.2 Test Procedure Concepts

Conceptual procedures to the experiments jdentified in Section 2.2
were derived next. The results are summarized in Table 2-1. Listed are
the candidate experiments, their procedures, and required ground/on-orbit
activities. The table is subsequently used in this report to guide the

selection of a suitable test structure and as the framework for the detailed

experiment procedures described in Appendix A for the baseline test structure.

Referring to Table 2-1, the experiments described follow the ACOSS-8
approach to LSS control: first, a robust, stable control system is designed;
then, after one identifies the on-orbit dynamical behavior more accurately,
the control system is tuned to obtain the best achievable performance. From

this approach, the following experiments are derived:

1) Identification of Structure Dynamic Model - A more accurate
Structural dynamic model 1s obtained from actuator/sensor
measurements by using parameter estimation techniques. The
preferred techniques are the maximum 1ikelihood method and
the transfer function method.

2) Structural Damping - Ground measurement of structural damping

does not accurately estimate the on-orbit damping. Thus,

structural damping is determined on-orbit to ensure the control

system stability and performance. Damping is measured from

free vibration decay or from frequency of peak coincident re-

sponse.

3) Compornent and Substructure Testing - One of the lessons that

wiTT be Tearned from the experiment is how one can predict the
behavior of a larger structure by testing an individual component
or substructure. The component and substructure can be tested

using the same technique as the full scale structure.

4) Passive Damping Augmentation - Effective use of passive damping
augmentation concepts depends on their being designed into the

structure rather than added as an after-thought. The design

process includes detailed modal analysis of the entire structure
to find those members possessing significant amounts of elastic

energy and therefore suitable for damping augmentation. The

selection of damping material should consider the material loss
factor as a function of frequency and temperature range. The

experiment structure can have cageable/depioyable appendages
which have the ability to change the structure's modal char-
acteristics and damping.
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Table 2-1.

Generic Experiment

Procedures

Test Obpective

Procedurs

EVA/RMS Activities

Post-Flight Analyus

ARemarks

1) igenutication
of structurel
dynamic modei

Excite the expeariment structure with:
~ Actustion on the test structure
— Ortuter thrustens

¢ Assist the deployment
of experiment
structure:
- Change the charac-
terisucs of the

Meximum hikelthood parametsr
sstymations:

= Physcal parameters
~ Modal paremetsrs

o Experiments ere conducted
aurng and after the
depioyment of test structure

@ Structurel mooel may

nciude Ortxter
expanment o Tremster function/frequency ngiaer
structure response method
2) Structural o Excite the structure with. Same a8 above ¢ Dstermine damping from @ Mey require iong time of no

Damping

- Sinusowdal signais
~ Frequency sweep sinus0IGal SIgNais

free vibretion decsy

Determine damping from
frequency of peak coincident
198pON e

Orteter thruster activity

Relatively "“ciean’ data are
required

S
3) omponent
asung

Sat up special test bench

Test the dynamic properties of individual
companent (truss damper, sCtustor, sensor)
by cbserving the responss to en input signel

© Place test articie on
tast bench

Determine component

physical properties {suffness,
damping) end dynemic
properties (fraquency response)

Test can be conaucted
incepenaentiy

4) Substrucwure
Testung

Test the dynamic properties of substructure

Same as above

Determine the dynamic
properties of each individusl
substructure end combine the
resuits 10 predict total
structure response

Provices data on moasi
synthesss techniquas

5 ) Pessive Demping

Excite the structure before and efter the

® Repiece or install

Deterrmine structurasl damping

Augmentation replacernent of en exwting truss with & petsive damptng betore end efter pamive
damping-enhanced one elements damping sugmentation
o Excite the structure betore and sfter the o Evaluste the etfects of
addition of passive damper damping-enhenced devices
6} Control lew and a) Select controller None ¢ Compute open-loop response @ LOS error trom test
pointing ¢ QOpen-ioop responw structure 1o Orbiter cargo
performence = Increase Input signal magnitude 10 test ¢ Check linssnty bay can be used @
verification linearity puty i performence index
¢ Compute closed-loop response
¢ Closed-100p resporme — Compare with predictions * 3"::";”":“‘"‘;‘:' "'"““I‘I;d
eters in
— Increase deley 10 test phase margin "°'T‘ open-100p response A :‘mm"
— Incresse gain 10 test QN MArQIN —~ Verify phase/gein margim
¢ Disturbance ugnal can be
¢ Simulete disturbance ¢ Esumate closed-loop damping sinusoical or band-Himited
2 random noise
= Meswire disturbance rejection & Compute disturbance rsiection
— Tuna controller
© Closed-1000 responee for tuned controller
¢ Simulate sctustor/sensor malfunction
b) Change structurs charactavistics, repast item e}
¢) Amess pointing per formance
7)Dynsmic ® Firing orbiter thrusters end observing the o Chenge experiment ¢ Ortiter fuel consumption
interaction structurs response with active controiler on/oft structurs
with the charscter istics ¢ Dynamic coupling between
Ortuter ¢ Using inertisl- .ype sctustors 1o excite the Orbiter end experiment
10tal structu’ 2 end observing the response with structure
combineticns of Orbiter QAP on/otf end
sctive cortrolier on/ott
¢ Repest, efter changing the structure
characteristics
8) Comparison of o Eveluste controller performence using relstive None e Estimete ciosed-loop damp .g | @ Locatiom end characters-

Actustors
{reietive va
inertiel)

type actustors {linesr force sctuetors)

Evali.ate controlier performance using inertiel
type actuetors (reastion wheels end/or proof
mass)

Evaluete disturbance rejsction
{control nerformence)

tics of thess two types of
sctuators ere different, only
qualitative comparisons can
be made

Relstive sctustor wiil not
eftect the rigud body motinn

Rigid body will respond 10
inertiel actueiwr. This s
importent when LOS point-
ng 13 10 be controlled
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5) Control Law and Pointing Performance Verification - Control
law characteristics that should always be tested are stability,
robustness, and meeting of performance design goals. Robust-
ness and stability can be verified by varying control parameters
until the system is on the verge of instability, provided, of
course, that this can be done safely. Damping design goals can
be directly measured from sensed responses. Pointing control
performance can be measured from the LOS error between a dummy
payload to Orbiter cargo bay. This information is intended for
assessing pointing performance only; it is not available to the
control system. The vibration control or disturbance rejection
can be tested by installing special actuators on the structure
that have output characteristics resembling the on-orbit dis-
turbance source, e.g., cryocoolers.

6) Dynamic_Interaction with the Orbiter - The dynamic interaction
with the Orbiter must be well understood for the following
reasons: 1) safety of the Orbiter and its crew, 2) excessive
fuel consumption of the Orbiter DAP, 3) effects of the dynamic
interaction on the test structure and the outcome of the ex-
periments, and 4) being attached to the Orbiter will be the
normal mode of operation for some future LSS missions. Of
particular interest is the relations among VRCS thruster firing,
Orbiter DAP, and LSS control system.

7) Comparison of Actuators - There are two types of actuators that
can be used for LSS control: relative (e.g., linear force
actuator) and inertial (e.g., reaction wheel, proof mass).

The major difference between these two types of actuators in
theory is that the relative type actuator will not affect the
center of mass rigid body motion while the rigid body will
respond to inertial actuators.

Tests of components, substructures, and actuators have been included
in the 1ist because of their unique modeling importance. It is precisely
the relation between the characteristics of the components, the substructure,
and ‘the total structure that is needed to be able to develop analytical
models in LSS. Also, some of these experiments can be performed on the
ground or in orbit but the results can differ significantly in some cases
(e.g., damping). Therefore, these tests should be performed in both loca-
tions so that analytical prediction methods can be improved and future on-
orbit predictions based on ground data can be more accurate.
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3.0 SELECTION OF SUITABLE TEST STRUCTURE

Having defined the generic experiments to be conducted, the next task
in the study was to select a structure to accommodate them. Existing,
planned and new designs were considered. The approach taken was to first
obtain a list of the planned Shuttle payloads. This 1ist was compiled
from information contained in NASA STAR from 1977 to 1980, from NASA
literature search #45835 ("Space Shuttie Payloads") [1, 3, 4, 20, 21]
and from various DoD documents [2, 4]. The last was necessarily 1imited
due to "need to know" constraints. From this base 1ist, structures which
could accommodate the experiments were next identified. The criteria
was to select systems which are consistent with the NASA and DoD Technology
Models [1, 2] and which have reasonable time frames and level of commit-

ment. At the e~d, new possibilities consistent with NASA and DoD were

added and considered.

3.1 NASA Missions

3.1.1 Mission Definition Process for NASA

NASA missions were examined first. As one might have guessed, the
nwish 1ist" was very large and it became jmportant to try to rank missions
according to credibility. The block diagram in Figure 3-1 was found useful
in performing this operation. It models the NASA mission definition process.

It is based on sheer perception and consistency with available data.

Referring to Figure 3-1, the process starts at NASA and DoD think tanks.

Their organizations look at current objectives, what has been successful

in the past, and speculate about the future. The output of the think tanks
are termed unvalidated missions and there is no time frame associated with
them. Then, depending on the "ideas", unvalidated models are discarded or
validated by NASA major offices. The offices also determine, depending on
usefulness and cost, whether the validated models are 0-models or C-models.
0-models are potential/speculative missions with possible starts beyond

10 years. C-models are candidates for possible start within 10 years.

The validated models, together with a speculated DoD coordinating input,
are next processed by NASA to determine P-models. These are missions
planned to start within 5 years. The final NASA process takes P-models,
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DoD coordination and congressional approval/funds into A-models. These
are approved and funded systems, scheduled for launch within 5 years.

3.1.2 Feasible NASA Missions

A preliminary set of criteria used to "sift" the NASA models of interest
was defined to determine which missions are feasible. It was determined that
politically, only USA, NASA missions could be realistically considered. This
would exclude, for example, an International Solar Polar Mission (ISPM) like
mission. The system would also have to be Shuttle launched and earth orbit-
ing to permit monitoring and exclude planetary spacecraft which could not
be retrieved. Finally, the structure in the mission would have to have
the LSS-1 o features of the "true" system of interest.

Validated Systems. The set of approved and planned NASA missions that

satisfy the feasibility criteria above is shown on Table 3-1. The raw data
is taken from [1]. The alpha-numeric code designates the NASA mission
number. It is interesting that only one mission, the Solar Electric Power
Array test flight, had been approved (is funded for launch) at the time
this research was made, 1981.* The remaining missions were "planned".

The more interesting missions identified are the radiometers (RI12, RI13,
and E167), LSST (Large Space Structure Technology program), and 30/20 GHz.
However, none of these are expected to require ultra-precision structural

control.

Continuing the search through the remaining validated, feasible missions,
the systems become more and more LSS-1ike. Table 3-2 shows the "candidate"
and "opportunity" missions. It is evident that these systems are more
speculative than the ones in Table 3-1. Nevertheless, it is important
to observe that the Space Operation Center,which had no set date in 1980,
is the current Space Station for which NASA has recently initiated Phase A

study. Hence, abrupt status changes are very possible.

* Many of the NASA missions described have since been delayed or eliminated.
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Approved:
0I12

Planned:

L2
RI12
RI13
El67
c4

€5
T9
u4
us
ue
u7
us
us
ul1o
ull

Table 3-1. Feasible NASA Missions (1980 Data)

SEP Solar Array Shuttle Flight

Space Science Platform
Passive Microwave Radiometer
Active Microwave Sensor
Pushbroom Radiometer

30/20 GHz Antenna Wideband Communications
Satellite Program

Geostationary Platform Demonstration
Solar Electric Propulsion Stage (SEPS)
Tethered Satellite System

LSST

Power Extension Package (PEP)

Science and Applications Space Platform
25 KW Power System

Material Experiment Carrier

Material Experiment Carrier II

Large Power Module

8=

1983

1982
Mid 1980's
Mid 1980's

<1985

1982

1983
1981
1981
1981
1981
1982
1983
1983
1986
1990

Launch

Start

Start
Start

Start
Start
Start
Start
Start
Start
Start
Start
Start
Start
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Table 3-2.

Candidates:

A15
A16
Al7
$12
R8

Opgortunitx:

A18
Al9
A20

AZ1
A22
Cé

c8

T14
u13
ul4

Very Long Baseline Radio Interferometer
Orbiting Submillimeter Telescope

Large Ambient Deployable IR Telescope
Solar Terrestial Observatory

S0il Moisture Research and Assessment

Infrared Interferometer
Gravity Wave Interferometer

Coherent Optical System of Modular Imaging
Collectors

Large Optical/UV Telescope, Diffraction Limited
100-Meter Thinned Aperture Telescope
Multi-Service Thin Route Narrowband Program
Orbiting Deep Space Relay Station

Advanced Electric Propulsion

Materials Experimentation Module

Space Operation Center
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Speculative, Feasible NASA Missions (1980 Data)

<1990
1985-90
1985-90
1985
Mid 1980's

>19380
>1990
>1990

>1990
>1990
1984
>1990
1990
1990

No Date Set

Start
Start
Start
Start
Start

Start
Start
Start

Start
Start
Start
Start
Start
Start




The final set of possibly feasible, validated missions are shown in
Table 3-3. The available descriptions of these systems were too ambiguous
to determine whether they were feasible or not. The list consists primarily
of instruments (as opposed to spacecraft) and a few Farth resources space-

craft.

Unvalidated Systems. Unvalidated missions were also considered in the

cearch for a suitable test structure. These missions are primarily proposed
and evaluated by "think tank" organizations through various funded studies.
Some of the more extensive studies include: "Advanced Space Concepts and

Their Orbital Support Needs" [ 4], "Space Resources and Space Settlements" [ 5],
"Space Horizons" [ 61, and "Post LANDSAT-D, Advanced Concept Evaluation" [7].
It is evident from the "NASA Technology Models" [ 1] document that NASA used
many of the missions'qescribed in these documents, but only after they had
been further studied by two think tanks: General Research Corporation and
Planning Research Corporation. The rumber of identified unvalidated systems
is also rather large (v 50) but NASA OAST goes through a ranking exercise

to determine which should become validated missions. The missions listed

in Table 3-4 meet the feasibility criteria and are in the top 30 of the
rankings. The Permanent Orbiting Qutpost is number one and the "Geosyn-

chronous" spacecraft are numbers three and four.

3.1.3 Most Promising NASA, Feasible Systems

A1l of the feasible NASA systems described above were carefully examined

and only the most promising were selected for further evaluation. The following

twelve candidates were judged to be the most promising with respect to near-

term starts (< 5 years):

0I12 SEP Solar Array Shuttle Flight

us LSST

T9 SEPS

U6 PEP

us 25 KW

c4 30/20 GHz

RI112 Passive Microwave Radiometer

RI13 Active Microwave Radiometer

Al6 Orbiting submillimeter Telescope

Al7 Large Ambient Deployable IR Telescope
3-6
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Aggroved:
RI6

Planned:

Al4
RI10
RI11
RI14
RI15
RI16
E6
E7
E8
E9
E10
EI25
EI26
YT
EI31-E141
EI45
E162
EI66
EI67

Candidates:

Al4
Ell

Opportunity:

L3
S14
c7
T15

Table 3-3. Possibly* Feasible NASA Missions

Shuttle Imaging Radar

Large Area Modular Array of Reflectors
Gravity Gradiometer

Multispectral Mid-IR Imager

Thermal IR Sensor

Visible IR Sen.or

Earth Resources Synthetic Aperture Radar

1981

<1990
1982
1983
Mid 1980's
Mid 1980's

Launch

Start
Start
Start
Start
Start

Undetermined Start Date

National Oceanic Satellite System (NOSS) 1981
Upper Atmospheric Research Satellite 1982
NOSS Research Program 1982
Ocean Circulation Mission Topography Experiment 1983
Operational Meteorology Satellite Mid 1980°'s
Large Antenna Multifrequency Microwave Radiometer 1981
Scatterometer 1981
Scanning Multichannel -Microwave Radiometer 1981
Instruments on E7 1982
Cryogenic Limb Scanning Interferometer Radiometer 1984
Salinity Radiometer <1985
Ocean Synthetic Aperture Radar <1985
Pushbroom Radiometer <1985
Large Area Modular Array Reflectors 1990
Ocean Research 1985

Search for Extraterrestrial Intelligence
Pinhole Satellite

Tracking and Data Relay Satellite II
Unconventional Orbital Transfer Vehicle

* Description in documents too vague to make judgement.
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Start
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Start
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1990

Start
Start
Start




Table 3-4. Feasible, NASA Unvalidated Missions

Permanent Orbiting Outpost

Geosynchronous Telephone Switching Utility
Geosynchronous Broadband Computer Links
Global Search and Rescue Location

Orbiting Civil Command and Control Station
High Resolution Earth Mapping Radar

10-m Optical Interferometer

Advanced Resources/Pollution Observatory

3-8




A1l of the others were judged either too far into the future, too speculative,
or possessed less than average desirability with respect to the "envisioned"
POC test.

3.2 AF Missions

Representative DoD missions were examined next to determine their
requirements and also their suitability as test structures. It was found
that many of the systems are classified and that one realistically has to
settle for some very limited, available information from the Air Force [2, 4].

Table 3-5 shows the set of AF missions which were determined to be
feasible (in the same sense as the NASA missions). The missions are listed
according to underlying functions: radar, communication, passive and active
optics. The time frames for these missions are unavailable and therefbre
could not be assessea. In general, all of these systems are excellent
test beds. The radar and communication systems listed are LSS having
stringent structural control requirements. Moreover, the passive and active
optical missions probably represent the most needful of the technology
that is proposed to be demonstrated by this study.

The document "Advanced Space System Concepts and Their Orbital Needs" [4]
proposes an extensive set of potential AF missions. Those that can serve
as a test bed are listed in Table 3-6. These systems must be viewed, however,
as much more speculative than the missions listed in Table 3-5.

3.3 Preliminary Assessment of Existing or Planned Systems

The systems listed in Subsections 3.1 and 3.2 were all feasible. The
next step taken in the task was to determine a criterion with which to
select the baseline POC structure and choose one.

The desirable properties for a POC experiment are that it be of interest

to NASA and DoD, yield as much information about LSS as is possible, and
be 1Tow cost and simple. In order to rank the identified systems according
to these attributes, each system was to be graded in each of the following

nine categories:
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Table 3-5. Feasible AF Mission Models

Radar:
Mechanically Steered Space Based Radar Surveillance (U)
Medium Altitude Parabolic Cylinder Radar Surveillance (U)
Synchronous Altitude Active Lens Radar Surveillance (V)
Medium Altitude Tactical Surface Reconnaissance Radar (U)
Distributed Array Radiometer Surveillance (U)

Medium Altitude Surveillance Radar (U)

Communications:

Maneuverable Strategic MILSATCOM (U)

Passive Optics:

Staring IR Missile Tracking (U)
IR Step-Stare Mosaic Surveillance (U)

IR Panoramic Pushbroom Space Surveillance (u)

Active QOptics:

Space Based Laser for ASAT/DSAT (U)
Space Based Laser Relay (U)
Space Based Laser for Boost Phase ABM (U)
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1) Interest to DoD and NASA objectives

2) Representative of LSS - many closed spaced, low frequency,
low damped modes

3) Acceptable dynamic interaction with orbiter
4) Low cost and simplicity

5) Ground testability

6) Low impact on intended mission

7) Potential for future growth

8) Low weight and small Shuttle stowed volume

and
9) Easy restowability

The total score was then to be collected and compared.

It became evident very quickly, however, that the stated approach for
choosing a structure would not succeed. The problem is that there are
really no candidates. More specifically, hard timeframes and commitments
for the systems identified are lacking. A multitude of competing NASA
missions are being advanced, yet there is a great uncertainty as to which
ones, if any, will fly. The DoD were highly suitable candidates, never-
theless the timeframe and commitment needed to judge them is not accessible.
Another challenging problem was to determine if the sponsor of a multi-
million dollar spacecraft could be convinced that a set of experiments,
deliberateiy exciting his structure, is risk-free and to his benefit.
Finally, a majority of the missions required major, expensive modification
and added instrumentation to permit the experiment. Hence, the preliminary
conclusion was that a dedicated POC structure was too competitive an
alternative to ignore and, therefore, had to be considered before final

trades are made.

3.4 Dedicated POC Structure Alternatives

Dedicated structures were considered next as means of getting more
control on commitment and timeframe and also to improve the support of
the sponsor. Two different viewpoints were taken in generating these
dedicated POC structure alternatives. One is a simple, modular approach
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aimed at demonstrating technology through emulations of a real system.
The other is geared at demonstrating technology on pieces of a potentially

real system.

The idea of the modular approach is to split the structure into two
pieces, the support structure and the payload. One then, depending on the
desired technology demonstration, interchanges various support structures
with the alternative payloads. As will be shown later, the approach offers

simplicity and at potentially low cost.

The idea of the second approach is to use pieces of existing or funded
hardware which are likely to be used in future systems. The advantage of
this is that pieces of real hardware can be tested and later be integrated
into the real missions. The disadvantége is that it is limited to the
demonstration of system unique technologies and is potentially more complex

and expensive than the modular approach.

3.4.1 Modular, Emulation Concepts

Two support structures were identified for use in the modular concept.
One, shown in Figure 3-2a, is an Astromast 1ike structure that has one end
attached to a shuttle pallet and the other end has a gimbal. The gimbal
is free to accept one of several payloads to be identified next. The mast
itself can be used to demonstrate vibration suppression and figure control.
The second support structure, shown in Figure 3-2b, consists of two con-
centric volumes. The inner volume contains disturbance generating devices.

The outer volume is attached to the inner volume through isolation mechanisms.

One end of the other volume can be attached to the Shuttle through another
isolation mechanism or the whole structure can be tethered. At the other
end of the outer volume is a gimbal free to accept one of several payloads.
The second support structure can be used to demonstrate vibration isolation,

suppression, and to some extent, figure control.

One method conceived for adding vibration suppression and figure control
to the mast support structure is to attach collars. Referring to Figure 3-3,
force actuators connecting the collars can be used to apply a controllable
bending moment. Alternatively, one may add momentum exchange devices that
are linear or rotational. A similar approach may be taken with the con-

centric volume structure.
3-13




2-DEGREE-
OF-FREEDOM
ASTROMAST GIMBAL
ATTACHED | _
TO ——] ; s
SHUTTLE - '
PALLET

(A) SUPPORT STRUCTURE TO DEMONSTRATE SUPPRESSION

ISOLATION
SUPPORTING MECHANISMS
HOLLOW RIBS WITH POSSIBLY
e B e POSSIBLY BENDING INERTIAL
MOMENT ACTUATOR
ATTACHED s 2-DEGREE-
TO SHUTTLE /OF-FREEDOM
VIA GIMBAL
ISOLATING L
INTERFACE \
2) CAN BE ’-/
TETHERED

OCTAGON / WIRE LACING

FACE PLATE DIRTY BOX WITH OFF-CENTER

RECIPROCATING DEVICES AND/OR
REACTION WHEELS

(B) SUPPORT STRUCTURE TO DEMONSTRATE
ISOLATION AND SUPPRESSION

Figure 3-2. Modular, _mulation Support Structures
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Aw O Aw WO 7
REACTION WHEEL (AW)

TO APPLY MOMENTS
Hy AT END OF MAST

LINEAR FORCE
ELECTRO-MAGNETIC
ACTUATOR

(SOLENOID PRINCIPLE)

COLLAR

PART OF
STRUCTURE

Figure 3-3. Concept for Evaluating Active
Structural Control

Several modular payload structures were jdentified next for use with

~

either of the described support structures. These are shown in Figures 3-
and 3-5. They are the thin rectangular plate, the thin planar structure
with inexpensive segmented mirrors, the thin rectangular plate with tetra-
hedron, and the thin twin beam. They all attach directly to the support

structure gimbal.

The three structures, shown in Figure 3-4, can be used to emulate the

dynamics of antennas, seqmented optics, and, with some imagination, antennas

or mirrors with reflectors. Bending moment and momentum exchange actuation
attached on the planar part of the structure can be used to demonstrate
vibration supprersion, figure control, and, when the gimbal is rotated,
post slew damping. The addition of the tetrahedron in Figure 3-4b adds
another level of emulation and can be used to demonstrate isolation and
the control of weakly controllable modes. The tetrahedron can also be
added to the structure with segmented mirrors. The picture of the Sun-
flower antenna in Figure 3-4d is shown to demonstrate what is meant by
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emylation. The topological resemblance between the plate with tetrahedron
and the Sunflower is self-evident.

The thin beam payload shown in Figure 3-5 also attaches to the support
structure gimbal. It represents a concept capable of demonstrating optimum
slew of LSS with large solar panels but it can be configured to demonstrate
vibration suppression, figure control, rotational vibration isolation and
multibody alignment. The structure consists of two parallel, very thin
beams. The beams are hinged (in-plane) to each other to reduce the effects
of torsional modes. The two beams attach to the support structure gimbal
through an interface consisting of two concentric motors. The inner motor
is used to disturb the structure, the outer motor is used to rotationally
jsolate the disturbance and also effect the slew. Bending moment and/or
momentum exchange devices are used to suppress "leaked" vibration and pre-
serve figure. The LED and receiver are used to monitor the test. The
multibody alignment experiment adds additional LED transmitters, 1light
receiver and a motorized gimbal. The motor is used to effect alignment of
one end of the beam to body center. The motorized gimbal would be attached
at one end of the beam and the rotational momentum exchange would be con-
trolled to perform the alignment.

Figure 3-6 illustrates how the shuttle attached and tethered configura-
tion would look using the modular approach. The motion of the structure
would be monitored by attaching LED transmitters to selected points and tfan
observing the motion from a shuttle based receiver. Pointing experiments
would reverse this: a receiver could be added to the structure and an LED
transmitter would be placed in the shuttle cargo bay.

3.4.2 Semij-Real Concepts

Alternative concepts incorporating pieces of planned, funded, or existing
hardware were also considered. With few exceptions, the majority are large
antennas: e.g., the General Dynamics "Precision Erectable Truss Antenna"
PETA), the Lockheed "Wrap-Rib Antenna", the Harris "Hoop-and-Column", and
the TRW "Sunflower". These systems were invariably rejected because of
their cost and complexity (for an experiment) and because it is not clear
if active control is even required in these systems. For this reason, the
decision to depart from antennas and into optical systems was made.
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Two optical structures were conceptualized. The first, sketched in
Figure 3-7, is of an Offset Cassegrain structure. The primary is parabolic,
the secondary is hyperbolic and the focal plane/detector is sideways behind
the primary mirror. The entire structure fits in one shuttle pallet. The
concept was equipped with actuators, sensors, and an optical train to enable
one to test vibration control, isolation, figure control and, via monitored
shuttle motion, active damping. The optical field-of-view of this was ex-
pected to be small, perhaps 0.5°x0.5°., The main experiment therefore
envisioned to image a star as a point light source at infinity. The quality
of the image in the presence of various disturbance acting on the optical
train would then be used to assess the effectiveness of active structural
control. Earth imaging was a secondary experiment.

The sacond optical structure conceptualized is sketched in Figure 3-8.
This conficuration retains the essence of the two mirror system but eliminates
the secondary mirror and relocates the focal plane/detector to where the
secondary used to be. It was initially believed that this approach would
result in a more reasonable optical geometry while retaining the geometric/
Jjitter sensitivities projected for future systems. It will be shown in
Section 4.0 that this is nct true.

3.5 Test Structure Candidates

The addition of the dedicated systems to the NASA and AF missions made
the trades described in Section 3.3 possible. The results of these trades
are: no near term NASA structures suitable to meet DARP/\ POC objectives
could be identified. Those that are of interest are in the future and are
too uncertain to commit a POC experiment design. Many of the DoD missions
examined could be used but the data required to decide on whether the
structure is really usable is unavailable. Hence, reliance on projected
missions to design a POC test is too risky. Strictly generic structures
were also considered but these are hard to justify for a costly flight ex-
periment. The POC test has to simultaneously demonstrate a technology to
make it worthwhile. Existing and funded systems were additionally considered
to meet this later requirement but these systems were found to be antennas;
too complex, too expensive, and it was not even clear that they required the
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e

Therefore, since DARPA's interests seem to lie in large optical

technology.
systems, we recommended the study of an on-orbit POC structure supporting

The two telescop~ structures incorporating a lightweight

this technology.
mirror were therefore chosen for 7 rther, more detailed analysis.
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4.0 TEST STRUCTURE DESIGN AND ANALYSIS

Two concepts for the optical system configuration were considered:

the single mirror concept and the two mirror cassegrain configuration.

In the following the two concepts are discussed and the advantages and
drawbacks of each approach are explained. The reasons for the selec-
tion of the two mirror approach and the details of the chosen configura-

tion are given. The model data obtained from finite element program is

presented.

4.1 Optical Prescription for Single Mirror Concept

In designing the optical system we are trying to achieve two goals:

(i) To arrive at an optical system exhibiting similar sensitivity to

geometric distortions and jitter anticipated in optical trains of future

systems.
(ii) To make use of existing optical hardware, with possibly some

modifications.

The single mirror configuration was considered as a possible

candidate for the optical system because its simple geometry results

jn a less complicated structure. The simplicity of the single mirror

design is apparent in the ray traces of its optical prescription as
shown in Figure 4-1. The effectiveness of the active structural control
system will be assessed by imaging a star as a point light source at
infinity. The quality of the image in the presence of various distur-

bances acting on the optical train will serve as the performance measure

of the control system.

Although the single mirror configuration has a simple structure,
it suffers from an inherent nonuniformity of the image resolution over
the field of view (field angle) as can be seen in Figure 4-2. This
inherent drawback of the single mirror optical system makes it un-

acceptable as a POC test structure: The vernier thruster (VRCS) shuttle
Thus at least a 0.3°x0.3° field

The motion of the star

limit cycle has excursions of +0.1°.

of view will be required to image a star.
jmage in the focal plane due to the shuttle 1imit cycle occurs at a

very slow (0.01 deg/sec) and predictable rate and can be easily removed

4-1
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post facto from the observation data. However, it is extremely difficult,
if not impossible to decide how much of the Toss of resolution is caused
by vibrations in the optical structures which are to be controlled or

by the resolution deterioration incurred as the star image moves away

from the center of the field of view (FOV).

4.2 The Two Mirror, Offset Cassegrain Structure

Because of the drawbacks of the single mirror concept explained
in Section 4.1, it was decided to go with a two mirror, offset Cassegrain
system. This configuration allows for an optical design which provides
a more uniform resolution over the FOV as compared to the single mirror
approach. The structure for the Cassegrain system is designed to
have the focal plane assembly in between the primary and the secondary
mirrors. The total distance along the optical center between the primary
and secondary surfaces is only 1.77 m, assuming a mast not exceeding
2.5 meters. Thus, the entire structure fits within the Shuttle cargo
bay envelope with cargo bay doors closed and therefore no deployment

mechanisms are needed.

The optical prescription of the two mirror, offset Cassegrain
structure is shown in Figure 4-3. It represents a preliminary optical
design, which is more than adequate for our present purpose of
defining an opto-mechanical test structure. The optical configuration
of the Cassegrain structure consists of two mirrors: a parabolic
primary mirror and a hyperbolic secondary. The salient data of the
system is given in the following:

System
Effective Focal Length: 3.5m

Field-of-View: 0.01x0.01 rad
Focal Plane; 3.5x3.5 cm

Primary: Parabolic Surface Secondary: Hyperbolic Surface
Diameter of 0ff-Axis Segment: 1.0m Aperture Diameter: 0.15m
Radius of Curvature: -4.1464m Radius of Curvature: -1.4718m
Focal Length: 2.0732m Focal Length: 0.4032m

Eccentricity: 3.906

4-4







The FOV in this configuration is 0.01x0.01 rad (0.57x0.57 deg).
It allows imaging a star while the Shuttle undergoes +.1 degree limit
cycle motions. As mentioned before, this highly predictable and very
slow Shuttle rate of N.01 deg/sec can be removed from the data post
facto. Another advantage is that the reasonable -GV size also makes

earth viewing a meaningful experiment.

The performance of this preliminary optical design is shown in
Figure 4-4. By shifting the focal plane by +1.8mm out of focus a
relatively uniform resolution of 100 urad over the FOV can be achieved.
This resolution is not sufficient for an actual on-orbit test structure
and a fine tuned optical design. Improvement of resolution and the
uniformity of resolution are needed before such a system could be
built. This, however, is not the intent at this point. At this stage
it is merely important that the system concept selected and the result-
ing structure allow for a high quality optical design. This can be
accomplished by either figuring the primary and secondary surfaces as
aspherics, or by adding a third reflective element. A very desirable
approach for an on-orbit POC structure would be to leave the large
primary surface as a parabola, add a refractive element between the
secondary and the focal plane, aspherize the secondary surface and
design the refractive element to optimize the optical performance.

Of key interest here is the fact that such optical design improvements
will not affect the structural concept nor its physical dimensions.

4.3 Baseline Structure Design of the Two-Mirror Offset Cassegrain Concept

The baseline test structure was designed to withstand Taunch and
landing loads while being extremely complient in space. To accomplish
this task, flexible structures are used to support the mirrors and the
sensor package. These structures are in turn supported by caging
devices during period of critical loading.

The design of the test structure is shown in Figure 4-5. It
consists of an L shaped structure which supports the primary and
secondary mirrors, a mast and primary mirror caging mechanisms,
primary mirror's coarse and fine actuators, and secondary mirror control

4-6
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actuators. The structure is mounted on a base which is connected to
the Shuttle pallet at ten attachment points.

The coarse actuators of the primary mirror system are mounted on
a graphite-epoxy honeycomb panel. This panel is attached to the hase
by two paths. When the experiment is not being used, a set of caying
devices is closed, rigidly connecting the mirror mount to the base.
When testing, these caging devices are opened to allow limited free
movement of the mirror (+3mm). However, movement large enough to
damage the structure is prevented by a pair of low thermal expansion
graphite epoxy flexural hinges that support the primary mirror system.
The fundamental frequency of the hinge mirror system is ~2 Hz.

The primary mirror caging mechanism is shown in Figure 4-6a. It-
consists of a motor and gearhead combination which automates the
opening and closing of jaws through a rack and pinion gear train. The
jaws close on a T-bar which is connected to the mirror support. The
major forces exerted by tne T-bar on the jaws are perpendicular to the
allowed movement of the jaws, so the motor does not carry the load
where the jaws are open. The primary mirror is allowed limited free

motion in all axes.

The support mast for the secondary mirror and sensor package has
a fundamental resonance frequency of 2.7 Hz. The mast is caged and is
also made of low thermal expansion graphite-epoxy. It is a tube
approximately 6 cm in diameter by 2mm thick. The secondary mirror is
attached to the top of the mast and has variable height and angle
actuators. The sensor package is one third of the way down, see
Figure 4-5.

The caging devices for the mast are shown in Figure 4-6b. These
devices have two movable, beveled jaws on each side of the mast. The
jaws fit into matching "V" slots in a bar through the mast. This
provides caging in all axes when the jaws are closed. The caging
devices are attached to the pallet by a truss of tubes from the pallet,

4-9




S VI TNy W ——

SR Sy ] W—_ e T— .

t

ST TWIGITS

WiD W3 6.,

E LT
11504607

butbey 1sew (9)

W15 -

IWI5

_ e ————a

4
i
g

T = g

MOELINOIE S¥IT ONW
HOLOM JIH1331]

swsiueyday bugbe)n

3

/

"

.l\p

"9-f aunbry

butbey uoauaty Aaewtad (e)

HOHHIH 39%1
01 35073 w:.&.

O

IV\_

NOINTA (ONY A0%H
msﬁﬁunquazl.lw

b T W Y

-
- -

Nt

1804405 HOHHIW

4-10




4.4 Modal Analysis of the Test Structure

A finite element model of the structure with the two mirrors
attached to it was deveioped. The structural model included 43 truss

elements and 31 two dimensional elements. The resultant dynamic mode] u
included 50 nodes each one having six degrees of freedom in space, !
giving a total of 300 degrees of freedom. In developing the test
structure's model, it was assumed that both mirrors were very stiff,

the fundamental frequency of the primary mirror was assumed to be ~400 Hz.
The modal analysis was performed using the TRW finite element program
TRWSAP.

Two sets of modal frequencies and mode shapes were generated:

(i) The free-free modal representation of the test structure
including mirrors.

(ii) The modal representation of the test structure (nirror
included) assuming that the base is attached to the ground. These
modes will be refered to as the cantilevered modes.

Tables 4-1 and 4-2 show some of the modal frequencies for both the f
free-free and cantilevered boundary conditions. The first four mode
shapes of each case are shown in Figures 4-7 and 4-8. As it can be
seen from the tables, there is a significant jump in free-free model
frequencies after the first two modes. However, when the structure
is cantilevered two more modal frequencies are lowered. In general,
it can be said that the structure behaves like two cantilevered beams.

4-11
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Table 4-1. Free-free Modal Frequencies of Test Structure
MODE FREQUENCY
NUMBER fS(HZ) DESCRIPTION
1-6 0 Rigid body modes
7 2.896 Secondary mirror moves along x, primary
moves along z
8 3.767 Primary mirror rotates around x,
Secondary mirror moves along y
9 17.860 Secondary moves along x, primary rotates
around y
10 20.413 Secondary mirror moves in y direction
11 40.644 Mast motion in yz plane
"2 45,148 Mast bending in xz plane, primary mirror motion
in z direction
13 127.831 Rotation of secondary mirror about the y-axis
14 147.467 Rotation of secondary mirror around x-axis
15 157.887 Rotation of secondary mirror around x-axis and
motions of primary mirrors support
Table 4-2. Cantilever Modal Frequencies of Test Structure
MODE FREQUENCY
NUMBER fS(Hz) DESCRIPTION
1 1.970 Bending of Primary mirror in xz plane
2 2.637 Bending of mast (and secondary mirror) in
zy plane
3 2.640 Bending of mast (and secondary mirror) in
xz plane
4 4,872 Torsion of primary mirror around the y-axis
5 22.360 Bending of mast (and secondary mirror) in
xz plane
6 23.014 Bending of mast in yz plane
7 40.881 Bending of mast in xz plane
8 48.444 Torsion of primary mirror around y-axis
9 50.654 Motion of primary mirror in z direction
10 124.505 Motion of secondary mirror in t direction

4-12
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5.0 DYNAMIC INTERACTION WITH THE ORBITER

The motivation for the dynamic interaction study is to assess the
effect of mounting the structure on the normal operation of the Shuttle
Orbiter. In addition, one would like to determine the influence of the
Shuttle thrusters firings on the structure's oscillation so that they can
be taken into account in the design of the control law demonstration ex-

periments.

Areas of special interest are the effect of added structural flexibility
on the system's dynamic behavior and the influence of excitation forces
applied to the structure during experiments on the normal operation of the
Digital Autopilot (DAP). It will be shown that the additional vibrational
modes of the test structure mounted on the Orbiter do not couple with the
Shuttle's modes and therefore do not result in high amplitude vibrations.

It will be also shown that the excitation forces which act on the structure
during experiments do not affect the Shuttle's RCS system operation. The
simulation study shows that the number of thrusters firings does not change
significantly with the addition of the test structure and thus the fuel

consumption remains virtually unchanged.

Another area of interest investigated was the amount of excitation
exerted on the structure by the RCS firings. The level of this excitation
must be assessed in order to correctly design the experiments and to deter-
mine the additional excitations needed to demonstrate the control law per-

formance.

A dynamic simulation study was performed using a TRW developed digital
simulation program. The dynamic model of the coupled system was obtained
by combining the modal representations of the Orbiter and the test structure
using a TRW modal synthesis program, KOMBINE. A detailed model of the DAP
was implemented using the up-to-date parameters obtained from JSC. Special
features were added to the program to simulate the conditions during the
experiments. The simulation program is highly modular and can be easily
modified by adding and/or changing specific subroutines which might be
needed. This feature allows one to perform simulation studies on different
structures and various flight conditions with minimum additional programming

effort.
5-1
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5.1 Systems's Dynamic Representation

The system's dynamic model was obtaiiled by combining the modal data
of the Orbiter and the test structure. The modal synthesis approach allows
one to make changes in the test structure without running an expensive
finite element program each time a dynamic model of the total system is
required. The combination procedure was performed by a TRW developed
program KOMBINE which will be described in the following section. Since
the dynamic model of the Shuttle obtained from Rockwell International was
given in terms of the Orbiter's structural coordinate system (8], this coordi-
nate system was adopted as the reference system for the current study (see
Figure 5-1). In order to avoid confusion, all quantities and locations
were transformed into this coordinate system. This includes DAP parameters
and thruster firing directions expressed in different coordinate systems in
Shuttle's original documents.

5.1.1 Modal Synthesis Program KOMBINE

Most of the existing structure modeling computer programs are general
purpose programs and therefore are very expensive to run. The modal synthesis
program developed in TRW permits fast and efficient modeling of a flexible
assembly which consists of any number of interconnected flexible and rigid
bodies. The program reads the free-free modal representation of each body
in the assembly and combines them sequentially into one system. The pro-
gram can accommodate very general interfaces between any two adjacent bodies,
including gimballed and flexible connections. Moreover, any two bodies can
be connected at more than one point which allows for closed topological
loops. The resultant dynamic model is linear since the bodies modal
representation is used as input. However, the program allows large angle
relative rotations between any two adjacent bodies. Therefore, it is
possible to conduct sensitivity studies of the dynamic representation as
a function of system's configuration. The program has also an option of
calculating the mass properties of the combined body and of any of the given
substructures. This feature is useful in propulsion system and fuel con-
sumption studies. The program accepts modal data calculated by standard
finite element programs such as NASTRAN and TRWSAP. Moreover, KOMBINE is

5-2




ORIGIN: In the orbiter plane of symmetry, 400 inches
below the center line of the payload bay and
235 inches forward of the tip of the orbiter

nose fairing.

ORIENTATION: The Xo axis is in the vehicle plane of symmetry,
parallel to and 400 inches below the payload
bay centerline. Positive sense is from the
nose of the vehicle toward the sail.

The Zo axis is in the vehicle plane of symmetry,
perpendicular to the Xo axis. Positive upward

in landing attitude.

The Yo axis completes a right-handed system.

Figure 5-1. The System's Reference Coordinate System
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compatible with existing control system analysis and design programs such
as FLYNSYS. The flow chart diagram of the program is shown in Figure 5-2.

KOMBINE is as accurate as a finite element program but its run costs
are 1-2 orders of magnitude less. This is achieved by using numerically
stable and efficient algorithms. The procedure avoids inversion of ill-
conditioned matrices by eliminating the constrained modes using singular
value decomposition which does not require matrix inversion. The program
can be run in either batch or timeshare modes, although for most applicaticns
the memory available in the timeshare mode is sufficient. The average cos®

for combining 2 to 4 bodies is $1-$5.

5.1.2 Combined Systems Modal Representation

The dynamic representation of the orbiter was obtained from Rockweil
International in the form of free-free modal frequencies and displacements.
The given model included 200 modes and 567 modal displacements. The structure
was modeled as being attached to one of the existing cargo ports. The cargo
port chosen is one of the right-hand side attach points at X0 = 1017.870,

Y0 = 94, Z0 = 424 (node number 369 in the Orbiter's model). The attachment
to this node is representative and is used to generate a typical system's
behavior. Attachment to any other point would not alter the conclusions

of the study.

The model of the complete system, Orbiter and test structure was obtained
by combining 30 free-free modes of the Orbiter with 30 free-free modes of the
structure by using the modal synthesis program KOMBINE. This particular
number of modes was chosen after concluding that a higher number of modes
does not change the dynamic representation of the complete system. In order
to keep the combined system's model at a manageable size for simulation and
analysis studies, only selected nodes were retained in the final model.

Table 5-1 shows the numbering of the selected nodes and their locations.

A schematic drawing of the structure indicating nodes locations is given

in Figure 5-3. The CPU run time of the modal synthesis process was ~ 2 sec
and the total run cost on the CDC CYBER175 was $3.00. Thus, model generation
is easy and inexpensive and, if future changes are needed either in the
structural model or in the number of modes used, they can be easily imple-

mented in the simulation.
5-4
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Figure 5-2. Flowchart of Program
KOMBINE




HOUYIW A¥YWIMd NO LNIOd | 00°625|0€"SL [OL ¥¥OT | €T
NOILYJ0T ¥OSN3S nWl | 00°56€{00°0 00" L6V | G2 HOWYIW A¥VWI¥d NO LNIOd | 00°626]0€"GL |0L"L80T | 2T
WILSNYHL SO¥A ¥y¥3d| 00°65Y| £8°6¥1]00759ST] v2 HOUNIW A¥VWINd NO INIOd | 05°005[0T"¥8 |Ob ¥SOL | 1T
WILSAYHL SO¥A WYY | 00°65b| L8 6¥1-|00°59ST] €2 INIOd INIWHOVLLV | 09 ¥6v]00°26 {097 00T | O1
WILSNYHL SOUA ¥y3d | vb-Gsv|00°81T{007595T| 22 HOUYIW AYYGNOI3IS NO INIOd | Oy /5|05 €81)0678201 | 6
WILSNYHL SO¥A ¥y | v¥-Ssb 00 &T-{00°59ST| 12 140ddNS YOWYIW AdvWI¥d | o1 86v{0s 18 jov SO | 8
WILSAYHL SO¥A 1No¥d | z1-ose|os-6s-|se vee | 02 HOHIW A¥YANOI3S NO LNIOd | ov"£5|027081]02°620T ] £
WILSNYHL SO¥A INO¥4 | 21 0se|0L 65 |SE"v2E | 61 HOWYIW AYYONOIIS NO INIOd | Ov 1£G{02°081|02°GEOT | 9
1SYW NO INIOd| 09°295{08°1£1]08°8201| 81 INIOd INFWHOVLLY | 09 v6v 08" 101|087 0€0T | S

ISYW NO INIOd| 06°TES{O1"T¥1]08°820T) L1 INIOd INYTd w204 | 08°6¥5{09°651 |02 2€0T | ¥

LSYW NO INIOd | o€ v15|05 €21]08°8201} 91 1SWW 40 401 | ov-sz5]09-v81los 8201 | €

140ddNS HOMMIW A¥VWIMd | 09°225[06°2L (0L ¥¥OT| ST INTOd 3INVTd 204 | 08°6¥5]00° 6510878201 | 2
140ddNS YOUMIW A¥YWI¥d | 09°64¥|06°2L |DL™L8OL| V1 INIOd INIWHOYLLY OCYW | 09°96%]08° 501 |08°820T | 1

NOTLdT¥2530 2 | % x Ne.) NOT1d1¥2530 2 | ° o
(ut) NOILVIOT (ut) NOILYIO0T

uoL1B207 9pON S,wIISAS "1-G dLqel

5-6



UOLILULYSQ BPON S,94N3INUIS  “€-G 3unbL4

S140ddNS YOYYiW AYYWINd

£

S1H0ddNS HOWYIW AMYONOIIS

5-7

e



Table 5-2 summarizes the modal representation of the combined structure.
In addition to the system's modal frequencies, the free-free natural fre-
quencies of the Orbiter and of the structure are given. The modal frequencies
of the structure rigidly attached to the ground are given for comparison.
It can be se n that the modes of the combined system are very close to the
modes of the cantilevered structure. This is to be expected since the mass
of the Shuttle-Orbiter is very large compared to the structure and, hence,
for all practical purposes the structure behaves as if it were cantilevered.
It can also be observed that the Shuttle's modal frequencies are not affected
by the addition of the test structure. This is due to the large mass of
the Orbiter and also because of the relatively lTow flexibility at the attach-
ment point.

The vibrational modes of the structure as attached to the Orbiter can
be divided into three distinct groups:

(i) Modes with modal frequencies 1.970, 2.639, 2.645, 4.879 Hz
(i1) Modes with modal freguencies 22.732, 23.040 Hz
(i111) Modes with modal frequencies 40.884, 51.33 Hz.

In designing the vibration suppression control system, this natural division
of vibrational modes is taken into account. The control system will be de-
signed to control the first four vibrational modes. As it will be shown
later, two additional modes have to be taken into account during the identi-
fication study.

5.2 Simulation Program Description

5.2.1 Simulation Program Functional Description

A detailed simulation program based on the TRW's general simulation
program XSIM was developed. The program was written in a modular form
which facilitates additions of new options into the program without alter-
ing its general structure. Moreover, if changes have to be made, only
the modified part of the program is affected. The program was divided
into seven autonomous sections, each one of them implemented by a separate
subroutine. Figure 5-4 shows the functional description of the simulation
program. The function of each part of the program is written inside each
block and the name of the subroutine implementing it is denoted above the

corresponding block.
5-8
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The different functional parts of the program and the subroutines
which implement each part are as follows: (I) The plant (DYNAMIC) - The
state space model of the Orbiter and the test structure as obtained from
the model synthesis program KOMBINE. The inputs to DYNAMIC are the thrust
forces of the VRCS system and disturbance forces acting on the structure.
The outputs are the three attitude angles at the IMU sensor location and
the deflections of the nodal points on the test structure. (II) Phase
plane logic (PPLANE) - calculates the reguired control torques needed to
maintain a given attitude. Subroutine PPLANE accepts the estimated attitude
error, (%e), attitude rate error (36), and acceleration caused by disturbances
(UD) and computes the control torque (C) needed for attitude correction.
The objective is to limit the attitude error to less than 0.1 degree and
at+itude rate error to less than 0.01 deg/sec. (III) Jet selection logic
(JETSEL) selects the vernier jets that must fire to maintain the system's
attitude. JETSEL obtains the control torques command C and calculates
the jet numbers J which are then supplied as inputs to subroutine INSUB.
(IV) Conversion of jet numbers to corresponding forces (INSUB) - This sub-
routine converts the numbers of the jets that fire at any given time into
corresponding force components acting on the plant. (V) State estimator
model (FILTER) - Two filters which estimate and interpolate the Orbiter's
attitude rate and disturbance acceleration. Subroutine FILTER accepts
the attitude parameters of the plant and performs the following operations:
(a) Estimates the attitude parameters and disturbance acceleration given
their measurements (sample at 6.25 Hz) implemented by subroutine FILTERL;
(b) Extrapolates attitude parameters over half the sampling period of
FILTER1, implemented by subroutine FILTERZ. (VI) Disturbance generator
(DISTURB) - Simulates the disturbance forces acting on the structure during
experiments. It models the disturbance forces (D) acting on the structure
during control law performance demonstration (band limited gaussian noise)
and during the parameter identification experiment (pulse sequence).

(VII) Line-of-sight calculations (MIRSENS) - calculates LOS motion, given
the motion of various mirrors' support points.

Subroutines PPLANE, JETSEL and FILTER constitute the Digital Autopilot
(DAP) of the Orbiter. The various parts of the DAP operate at a sampling
rate of 12.5 Hz, except the estimation part of subroutine FILTER (FILTER1)
which operates at 6.25 Hz. The parameters used in the implementation of
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the DAP were obtained recently from JSFC and are up to date. The detailed
description of the DAP is given in various Shuttle documents [9]. A brief
description of the DAP is given in Appendix C. In the following, the sub-
routines specific to the current simulation study are described.

5.2.2 Disturbance Generating Subroutine DISTURB

DISTURB is a subroutine which generates the required disturbance forces

as a function of time and applies them to various points on the structure.
In the current study two types of functions were simulated:

(i) A band limited Gaussian process which simulates artificial

disturbance forces acting on the structure. These disturbance

forces (Shakers) induce the vibration used to assess the per-
formance of the proposed control law. The shakers themselves
simulate expected environmental disturbances, e.g., pumps,

CMG's, etc., which act on a spacecraft during normal operation.

The subroutine which generates tihe random process permits
specification of the standard deviation, the cutoff frequency,
and the mean of the process. An important feature of the
subroutine is the fact that the noise bandwidth is preserved
when the process is sampled at non-increasing instances of
time. This feature is important in simulation studies, for
example, when Runge-Kutta integration algorithm is used.

(i1) A pulse sequence simulating the excitation signals used in
the parameter estimation studies. The subroutine allows
adjustment of various pulse sequence parameters such as
amplitude, pulsewidth, period and start time.

5.2.3 Line-of-Sight Calculations

A ray tracing program for the two mirror Cassegrain configuration was
developed. The program computes the mirror misalignments as function of
the mirrors' motion. Two alternative ways of measuring misalignments are
possible. One is in terms of the ray scatter (rav) and the location of

trace's center on the focal plane (y_, zm). The other method of measuring

m
js in terms of focal plane perturbation (az) and the change of LOS direc-
tion (ey, ez). The two alternative ways of LOS measurement are illustrated

in Figure 5-5.

In order to avoid time consuming calculations of LOS motion in the
simulation program, a linear approximation was performed. It was assumed
that the mirrors motion is small and only the linear terms of Taylor series
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are needed to evaluate LOS motion. Therefore, the various perturbations

can be written as:

av
oF = |y | o= [egd axg + Dol 0% (5.1)
Zm
and
Az
b= o 1= [wlj axy ¥ [wz] A (5.2)
fx
where:
af, al: Perturbed LOS vectors
9y 2K Sensitivities of LOS to mirror 1 motion
905 Yyt Sensitivites of LOS to mirror 2 motion
bXy  BXoi Vector 9 x 1 expressing the three dimensional

motion of three points on mirrors 1 and 2.

The sensitivity matrices were obtained by perturbing each mirror support

points separately and computing “he trace motion on the focal plane using
the ray tracing program. The various sensitivity matrices are given in

Table 5-3.

5.3 Simulation Results

5.3.1 Setting the Initial Conditions

In order to create the worst case structure excitation caused by VRCS
thruster firings, the initial conditions of the Orbiter ought to be set in

a way which will cause frequent firings. Moreover, in order to reduce simula-
tion -osts, the firings should occur in the initial stage of the simulation.
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Since the system dynamics is represented in terms of modal coordinates,
a procedure was developed to obtain the initial conditions of the modal
coordinates given a set of physical initial states. The procedure assumes

that only the rigid body initial conditions are different from zero. Let

q be the physical coordinates and "R and e be the rigid body and flexible

modal coordinates, respectively. One can write:

q = log ! 9] .n.R.-l (5.3)
| qe
then | B nR(O)
ao) = Leg | #] | ----- (5.4)
L L 0
or
nglo) = o alo) (5.5)

is a 6 dimensional vector expressing initial displacements

In general, q(o)
However, if only a subset of the physical

and rotations at a given location.
coordinates is initialized, only the corresponding number of rigid body

modes is calculated. In our case only three modes are given initial con-
ditions because only the three angular attitudes are initialized. The

initial rate is obtained directly from Equation (5.5).
hglo) = e dlo) (5.6)
It was decided to impose the largest attitude deviation on the roll

This is because the roll moment of inertia is the smallest and ro-
this axis will conceivably cause the largest disturbances.

axis.

tation around
The initial conditions on the other axes were set to also violate the limit

cycle limits, thus causing frequent thruster firings.

are summarized in Table 5-4.

Table 5-4. Attitude Initial Conditions

ROLL PITCH YAW
ATTITUDE 0.128 0.11 0.11
(deg)
RATE 0.01 0.01 0.01
(deg/sec)
5-16
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As expected, the above initial conditions caused frequent firings in
the initial stage of the simulation. The various vernier thruster firings
during the first 20 seconds are shown in Figure 5-6. Figure 5-7 shows the
attitude of the Shuttle during the first 50 seconds of a simulation run.
The behavior shown is typical of the Shuttle when disturbances cause the
attitude to drift outside the bounds of the limit cycle. Obviously, the
exact behavior of the Orbiter is highly dependent on the initial conditions
and the disturbancec acting on it during normal operation. However, the
behavior presented here is representative and, since it is a "worst case"
study, it gives an upper limit on the motion of the test structure. As
it can be seen, the 1imit cycle is irregular and a definite time period
is difficult to observe. This is due to the fact that the various thrusters
do not produce a pure moment around one axis only. A compromise is made by
the jet selection logic algorithm which produces a torque that is not exactly
in the direction of the commanded torque. After the initial stage of fre-
quent transfer firings, the Orbiter enters the limit cycle deadband and
coasts without VRCS activity for a relatively long period of time. Therefore,
during normal operation of the Shuttle, there will be long periods of time
in which there will not be structural excitation caused by thruster firings.

Figure 5-8 shows the vibrations induced by system's flexibility at the
location of the IMU sensor. As it can be seen, the dynamic interaction of
the test structure with the Orbiter does not cause noticeable vibrations.
The change of attitude due to the vibrational motion is of the order of
10'9 rad which cannot be even detected by the IMU sensor. Moreover, this
level of vibration is within the mndeling error of the finite element
model.

Figures 5-9 and 5-10 show the vibrations induced by the VRCS firings
on the primary and secondary mirrors. The motion of the structure due to
the rigid body rotation of the Orbiter is of the order of 10"2m. The
amplitude of the vibrational motion excited by the VRCS thrusters is of
the order of 10'5 meters. This is a relatively low level of disturbance
which will not interfere with the experiments performed on the structure.
Moreover, for long periods of time the thrusters are not firing because the
Orbiter is within the deadband of the 1imit cycle. Hence, during periods of

inactivity the vibrations are damped out by the existing structural damping.
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As can be observed in the figures, four vibrational modes are important:

i) The bending mode of the secondary mirror in the xz plane.
The vibrations due to the VRCS Timit cycle are of the order
10 um.

ii) The bending mode of the secondary mirror in the yz plane.
The VRCS thruster firings caused vibration with amplitude
up to 65 um. The vibrations in this direction are higher
than for the previous mode because the induced roll motion
is larger than the pitch motion.

iii) The bending mode of the primary mirror in the xz plane. This .
causes vibrations with an amplitude of up to 40 um. '

jv) Combined bending and torsion of the primary mirror, which
gives deflections of up to 10 um.
In conclusion, as it was predicted, the test structure behaves 1ike two !
cantilevered beams with concentrated masses at their ends.

The qualitative behavior of the system will not change for different
sets of initial conditions. The change that might occur for different i
thruster firing sequence is the relative deflection of the mirrors. In 3
particular, if the yaw motion is larger, the vibration mode (iv) will
have a larger amplitude. w

In addition to the interaction study, another goal of the simulation
was to determine the level of excitation needed for demonstrating the q
control system performance. Preliminary calculations indicated that
deflections of 0.2 um of the mirrors will cause 1ine-of-sight (LOS) error
of 0.8 urad. Therefore, in order to demonstrate vibration suppression by
a factor of 1000, the imposed excitation should cause deflections of ~ 300 um.
Based on previous results, it was determined that, in order to excite the
significant structural modes, the disturbance forces should be applied at
the top of the mast and on one of the side support points of the primary. (]
The simulation study determined that the following set of Gaussian, band-
limited (25 Hz) forces causes the required deflections:

a) Force in x direction acting on top of the mast (node 3), r
0-mean, o2(0) = 10-3(Hz-1).

b) Force in y direction acting on top of the mast, O-mean
02(0) = 10-3(Hz-1).
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c) Force in z direction acting on one of the side supports of the
primary mirror (node 14), O-mean, 02(0) = 10-3(Hz-1).

Figures 5-11 and 5-12 show the vibrations of the two mirrors as the
result of the above disturbance forces. The primary mirror's support
(node 14) undergoes vibrations with amplitude up to 100 um in the z direc-
tion, ~ 40 um in the y direction, and ~ 10 um in the x directions. The
secondary mirror's deflections are ~ 50 um in the x direction, ~ 40 um in
the v direction and ~ 10 um in the z direction.

The resulting LOS perturbation is shown in Figure 5-13. It can be
seen that the LOS error is in the range which will permit control law
demonstration of vibration suppression by a factor of a 1000. The open
loop LOS error is of the order of 500 urad which is within the desired.

range.
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6.0 DESIGN AND ANALYSIS OF EXPERIMENTS

With the basic, dynamical qompatibi11ty between the baseline test
structure and the Orbiter established in Section 5, this section
tailors the generic experiments identified in Section 2 to the test
structire. ‘Details of these experiments are described in Section 6.1,
followed by the design and analysis of the control and estimation
subsystems. Particular attention is paid to define and baseline key
elements of these subsystems. Simulation of critical elements were
then used to establish conceptual design feasibility.

6.1 Baseline Experiments and Objectives

The generic 1ist of experiments described in Section 2 was expanded,
and, a candidate list of ground and orbit tests has been compiled
and detailed for use with the baseline test structure. The tests
include: a procedure for extracting the information necessary
to derive more accurate analytical LSS models from the analysis
of smaller, structural components; experiments for validating the
achievable robustness and performance of on-orbit structural control;
and a method for comparing alternative approaches which improve
optical, imaging quality.

Referring to Table 6-1, the set of ground experiment headings are:

I. Component Tests
IT. Substructure Tests
IIT. System Tests (Ground, No Shuttle)
and IV. Technology Demonstrations.

The on-orbit tests are to repeat parts of III and IV and add number V,
Miscellaneous. The two primary reasons for performing numbers III and IV

on the ground and on-orbit is to: i) provide data necessary for validating
models which extrapolate ground to on-orbit behavior, and i) provide a
means for discarding poor approaches on ground from those that merit further
evaluation on-orbit. Costs will be reduced if only the most promising tech-
nologies (determined by the ground experiments) are tested on-orbit.
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= ‘ Table 6-1. Candidate List of Experiments

-V 2y &

1. COMPONENT TESTS {(GROUND)

A OBJECTIVE: TO OETERMINE ANALYTICAL MOOELS AT THE POC STRUCTURE COMPONENT LEVEL.

‘o

3 SET OF TESTS:

1 A.  DETERMINE TRUSS MATERIAL PROPERTIES AND GEOMETRY NECESSARY TD DEVELOP FINITE ELEMENT MODELS (FEM) AT
2 EXPECTED TEST AND OPERATING ENVIRONMENT (E.G., TEMPERATURE, PRESSURE, RADIATION, ETC.).

i B.  DETERMINE ACTUATOR AND SENSOR DYNAMICS OVER OPERATING RANGE

1. LINEARITY

' 2. RESOLUTION

3 3. DYNAMIC RANGE

k1 4.  NOISE CHARACTERISTICS

,i 5.  BANDWIDTH ANO FREQUENCY RESPONSE AS A FUNCTION OF SIGNAL AMPLITUDE IN THE OPERATING RANGE
::: C.  OETERMINE ENVIRONMENTAL DISTURBANCES THAT WILL NDT PARTICIPATE IN PDC TEST AND “RECORD

1. CRYOCDOLER “NDISE" AND COOLANT MASS SHIFTS

3 2. CMG IMBALANCE AND NOISE

5 3. RW IMBALANCE AND NOTSE

; 4.  SOLAR PANEL MOTION AND SLIPRING NOTSE

“ 5. IMPULSIVE DISTURBANCES

¥

: I1. SUBSTRUCTURE TESTS (GRDUND)

OBJECTIVE: TO DETERMINE ANALYTICAL MODELS AT THE SUBSTRUCTURE LEVEL.

SET OF TESTS:

e

A, SHUTTLE PALLET

1. 1.D. MODAL DATA

2. 1.0. OAMPING

3. COMPARE "REAL" VERSUS FEM MOOEL
B.  PRIMARY MIRROR + SUPPORT

1, 2, AND 3. SAME AS II1.A.

A e s il Y

C.  TEST STRUCTWRE
1, 2, AND 3. SAME AS IL.A.
D.  MISCELLANEQUS FLEXIBLE (< X10 CONTROL BW) COMPONENTS TO BE ATTACHED TO TEST STRUCTURE

T S T S s g—

1, 2, AND 3. SAME AS I1.A.

ITI. SYSTEM TESTS (GROUNO, NO SHUTTLE ANO ON-ORBIT)

OBJECTIVE: TO CALIBRATE THE SYSTEM AND TO VALIDATE OPEN ANO CLOSED LOOP SYSTEM MOOELING.

A. CALIBRATE OPTICAL MEASUREMENT ANO ALIGNMENT SYSTEM
OBJECTIVE: ETTABLISH NOMINAL CAPABILITY AND OPERATING POINT FOR DISTURBANCE FREE SYSTEM
METHOD: APPLY KNOWN ROTATIONAL AND TRANSLATIONAL PERTURBATIONS TO ELEMENTS IN OPTICAL LOS PATH, THEN
COMPARE MEASUREO COMPONENT MOTION VS REAL. USE TRW SURFACE ACCURACY MEASURMEENT SENSOR (SAMS) IN

TRIANGULATION MODE. THIS SENSOR WILL MONITOR SIX-OEGREE-OF-FREEDOM MOTION OF RIGID POINTS ON PRIMARY
AND SECONDARY MIRROR STRUCTURE (AND ANY OTHER ELEMENTS ALONG THE DPTICAL PATH) IN FOCAL PLANE COORDINATES.




Table 6-1. Candidate List of Experiments (Continued)

B.  CALIBRATE IMAGE MOTION SENSDR SYSTEM

OBJECTIVE: ESTABLISH NOMINAL CAPABILITY AND OPERATING POINT FOR DISTURBANCE FREE SYSTEM. ALSO, TEST AND
CALIBRATE OPTICAL ELEMENT MOTION TO LOS MOTION TRANSFORMATION.

METHDD: USE IMAGING CHARGE COUPLED DEVICE LIKE USED IN TRW'S MADAN AND FOCUS CENTROID OF “TRUTH" TARGET;
THEN APPLY KNOKN ROTATIOMAL AND TRANSLATIONAL PERTURBATIONS TO ELEMENTS IN OPTICAL LOS PATH AND COMPARE
PREDICTED LOS MDTION VERSUS REAL.

C. CALIBRATE ACTUATOR TQ SENSDR “DC" TRANSFORMATION
OBJECTIVE: CALIBRATE AND YALIDATE THE INFLUENCE THE ACTUATORS (E.G., CONTROL, DISTURBANCE, 1.D.) HAVE ON
L0S, OPTICAL ELEMENT MDTIDN, AND STRUCTURE.

METHDO: APPLY KNDWN STATIC PERTURBATIONS TO EACH ACTUATOR IN A SEQUENTIAL MANNER AND MONITOR DC CHANGE
ON ALL SENSORS, COMPARE PROJECTED VERSUS REAL.
D.  MODAL SYNTHESIS EXPERIMENT, PHASE I

OBJECTIVE: VALIOATE ANALYTICAL MODAL SYNTHESIS PROCEDURES AND ESTABLISH A REFERENCE FOR THE METHOD'S
MOOEL ING ERROR PROPAGATION.

CONDITIONS: GROUND, NO SHUTTLE, CONTROL OFF, PASSIVE CONTROL OFF (MEMBER DAMPERS AND ISOLATORS "LOCKEQ"),
DISTURBANCES OFF.

METHOQD:
1. PLACE ASSEMBLED STRUCTURE PLUS PALLET (IF POSSIBLE) ON TEST BED, AND IDENTIFY MODAL DATA AND DAMPING

2. COMPARE WITH FEM MODEL, EXPERIMENT I.A.
3. COMPARE WITH MODAL SYNTHESIS FEM MODEL
4.  COMPARE WITH MODAL SYNTHESIS USING "REAL" SUBSTRUCTURE DATA -- EXPERIMENT II.

E.  DISTURBANCE RECORDING VALIDATION

OBJECTIVE: VERIFY THAT OISTURBANCE "RECORDING" IS REPRESENTATIVE OF EXPECTED DISTURBANCES.
CONDITIONS: SAME AS I11.2.D BUT WITH DISTURBANCES ON AS REQUIRED.

METHOD: TURN ON DISTURBAMCE ACTUATORS IN A SEQUENTIAL MANNER AND MONITOR EFFECT USING ALL SENSORS.
COMPARE WITH ANALYTICAL PREDICTION.

F.  VERIFICATION OF LUMPED PASSIVE ELEMENT MODELING/PASSIVE CONTROL EXPERIMENT, PHASE I

.
3
U
X

OBJECTIVE: VERIFY ANALYTICAL METHODS USED TO MODEL STRUCTURES WITH INTEGRATED, LUMPED, PASSIVE ELEMENTS.

AP Y

CONDITIONS: GROUND, NO SHUTTLE, CONTROL OFF, PASSIVE CONTROL ON AS REQUIRED, DISTURBANCES ON AS REQUIRED.

| METHOD:

q 1. VALIDATE EFFECT OF PASSIVE ISOLATOR MODELING: MEMBER DAMPERS LOCKED, ISOLATORS UNLOCKED.

:‘ ID WITH AND WITHOUT DISTURBANCES. MONITOR LOS AND STRUCTURAL DEFLECTIONS AND COMPARE WITH PREDICTEL.
% 2. VALIDATE EFFECT OF PASSIVE MEMBER DAMPERS MODELING: MEMSER DAMPERS UNLOCKED, ISOLATORS LOCKED.

;: ID WITH AND WITHOUT DISTURBANCES. MONITOR LOS AND STRUCTURAL DEFLECTIONS AND COMPARE WITH PREDICTEO.
}: 3. VALIDATE PASSIVE CDNTROL SYSTEM PERFORMANCE PREDICTION: MEMBER DAMPERS AND ISOLATORS UNLOCKED. 1D
3 WITH AND WITHOUT DISTURBANCES. MONITOR LOS AND STRUCTURAL DEFLECTIONS AND COMPARE WITH PREDICTED.

-
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Table 6-1. Candidate List of Experiments (Continued)

G, VERIFICATION OF ACTIVE STRUCTURAL CONTROL MQDEL ING
0BJECTIVE: VERIFY ANALYTICAL METHODS USED TO MCDEL ACTIVE CONTROL

CONDITIONS: GROUND, NO SHUTTLE, PASSIVE CONTROL ON. ACTIVE STRUCTURAL CONTROL ON AS REQUIRED, DISTURBANCES
ON AS REQUIRED.

METHOD:

1. COMPUTE SIMPLE ACTIVE LAWS (E.G., PIB) FOR FEM MODEL (I.A.), “REAL" MODAL SYNTHESIZED MODEL (I1.D),
ANO "REAL" SYSTEM (III.F.3).

2. FOR EACH SET OF GAINS ABOVE: 1D WITHOUT DISTURBANCES, MEASURE STABILITY MARGINS, MONITOR LOS AND
STRUCTURAL OEFLECTIONS WITH DISTURBANCES.

3. COMPARE WITH ANALYTICAL PREDICTION AND III.F.3.

IV. JECHNOLOGY DEMONSTRATIONS (GROUND WITH NO SHUTTLE AND/OR ON-ORBIT WITH SHUTTLE AS REQUIRED)

A, ADVANCED CONTROL LAWS
OBJECTIVE: DETERMINE STABILITY AND PERFORMANCE LIMITATIONS OF ADVANCED CONTROL LAWS
CONDITIONS: PASSIVE CONTRDL ON AS REQUIRED, ACTIVE CONTROL ON AS REQUIRED, DISTURBANCES ON AS REQUIRED.
METHOD:
1. IDENTIFY MODAL DATA AND DAMPING OF UNCONTROLLED STRUCTURE WITH NO DISTURBANCES.
2. MEASURE UNCONTROLLED SYSTEM RESPONSE TO DISTURBANCES.

3. FOR COMPETING FIXED GAIN COLOCATED CONTROL LAWS, NON-COLOCATED CONTROL LAWS, DIRECT ADAPTIVE,
AND FIXED GAIN LAW BASED ON "REAL" MODAL DATA (INDIRECT ADAPTIVE):

A.  DETERMINE STABILITY ROBUSTNESS BY INSERTING GAIN AND PHASE PERTURBATIONS INTO THE CONTROL LOOP.
3.  DETERMINE PERFORMANCE BY MEASURING LOS AND OPTICAL TRAIN RESPONSE TO DISTURBANCE ENVIRONMENT.

4.  DETERMINE PERFORMANCE (AS ABOYE) USING RELATIVE AND INERTIAL CONTROL LAWS DESIGNED USING THE SAME
CONTROL PHILOSOPHY AND MODEL INFORMATION.

B.  WAVE PROPAGATION EXPERIMENT

OBJECTIVE: EVALUATE PERFORMANCE AND RELATIVE MERITS BETWEEN CONTROLLING AT SOURCE, CONTROLLING ALONG
PROPAGATION PATH (STRUCTURAL CONTROL) AND CONTROLLING AT DESTINATION (HIGH BANDWIDTH OPTICAL AUTOAL TGNMENT
SYSTEM)., ALSO, ESTABLISH PERFORMANCE LIMITATIONS.

1.

.:‘_'

g METHOD:

2 THE PERFORMANCE OF THE THREE CONTROL APPROACHES WILL BE COMPAREO INDIVIDUALLY AND IN COMBINATION. LOS
) ANO OPTICAL TRAIN RESPONSE TO DISTURBANCES WILL BE THE CRITERIA.

. C. IMAGING EXPERIMENT

OBJECTIVE: EVALUATE PERFORMANCE AND RELATIVE MERITS BETWEEN DITHERED ACTIVE OPTICS, WAVEFRONT COMPENSA~
TION, AND ACTIVE STRUCTURAL CONTROL. ALSO, ESTABLISH PERFDRMANCE LIMITATIONS.

METHQD:

4

IMAGE QUALITY WILL BE EVALUATED USING A TRUTH TARGET AND EACH OF THE THREE IMAGE CONTROL TECHNIQUES ABOVE,
ALSO WITH NO CONTROL. ACTIVE STRUCTURAL CONTROL WILL THEN BE USED IN COMBINATION WITH ONE OF THE OPTICAL
METHOOS TO ESTABLISH PERFORMANCE LIMITS,
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Table 6-1. Candidate List of Experiments (Continued) -

SPACECRAFT. ALSO, ESTABLISH THE SHUTTLE ENVIRONMENT MOOEL.

V. MISCELLANEQUS (ON-ORBIT WITH SHUTTLE) ‘;
A, POC STRUCTURE DYNAMICAL INTERACTION WITH ORBITER i-?
OBJECTIVE: VALIDATE ANALYTICAL MOOELS FOR OYNAMICAL INTERACTION BETWEEN PRECISION STRUCTURE ANO HOST NG

METHOO:

1

1. MONITOR OPEN LOOP, DISTURBANCE FREE OEFLECTIONS OF POC STRUCTURE AS SHUTTLE IS IN NORMAL OPERATION.
ALSO MONITOR SHUTTLE CONTROL SIGNALS.

pRr it Hi
g P )
.
Y
]
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2. MONITOR CLOSEOQ LOOP, DISTURBANCE OEFLECTIONS OF POC STRUCTURE AS SHUTTLE IS IN NORMAL OPERATION.
MONITOR SHUTTLE CONTROL SIGNALS.
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8. RAPIO SLEW-TRACK-SETTLE

T
3

OBJECTIVE: VALIOATE RAPIO SLEW-TRACK-SETTLE ALGORITHMS REQUIREQ IN SOME MISSIONS.

-
'

° Wt
X

METHOO:

RS

1. USE SHUTTLE TO PERFORM OPTIMUM OPEN LOOP SLEW.

Tt T

Py LT

2. COUPLE SIGNALS FROM SHUTTLE AUTOPILOT INTO POC OPTICAL ALIGNMENT SYSTEM ANO EYRCUTE FINE SLEW €ONTROL

) AND TRACK WITH ACTUATEQ OPTICAL ELEMENTS. SETTLE BY COUPLING SLEW ANO TRACK SIGNALS INTO STRUCTURAL

i CONTROLLER.
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The ultimate figure of merit to be used in the technology demon-
strations will be optical element motion, Tine-of-sight (LOS) motion,
and image quality. The goals are to control the relative motion of
the optical train to .2 um, and, to control the LOS pointing accuracy
to .8 urad (without closed loop target tracking). It is intended
that the openloop system performance be 1000 fold out of specifica-
tion. That is, the vibration suppression system goal is to reduce the
vibrations by a factor of 1000 as measured by LOS motion.

Referring again to Table 6-1, the following subsections provide
additional details.

6.1.1 Component Tests

The objective of the component tests s to determine good analy-
tical models for all subsystem components. These include material
properties, actuators and sensors, and disturbance sources. It is
intended that analytical models of these components be analytically
combined to create substructure models and then be experimentally
validated during the substructure tests.

Another important objective of the component test is "record"
the spectrum of the disturbance sources expected in the true systems of
interest. The recordings can be played back in later tests throug”
actuation devices. Hence, representative disturbances can be used
to later test the complete system without actually having the true
sources.

6.1.2 Substructure Tests

The objectives of the substructure tests are to: i) provide a
substructure by substructure validation of analytical, finite element
modeling (FEM); and ii) provide the truth models for composing
structures through modal synthesis. Both the synthesized FEM and the
synthesized substructure models are to be created and compared. Both
are later to be compared with ground and on-orbit system structural
models.
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6.1.3 System Tests

The objective of these sequence of tests is to validate open and
closed Toop structural control models.

The need to validate open-Toop structural models is self evident.
To do it, all actuators and sensors are first calibrated, then the
test structure is identified. The resulting test data is compared
with the predictions made with the two modal synthesis models from the
substructure tests.

The need to validate closed-Toop structured models at sub um and
urad levels is also of utmost importance. Up until the present time
only the rigid body modes of a spacecraft have actively been controlled.
ATl of the flexible modes have only been stabilized (mainly gain
stabilized). Hence it hasn't been toe important whether closed-
loop flexihle modes act according to linear, lumped parameter feed-
back theory or not. With the current emphasis on precision structural
control however, there is a need to determine this information. It
is expected that the baseline, truss Tike system will act as the
mechanical analog of a transmission Tine with wave delays and energy
absorbing "stubs" (active and passive control).

The proposed validation experiment is to first verify passive con-
trol modelling. Here the actual open and closed loop responses of
the system to known disturbance inputs are compared with those
predicted by linear feedback models. Once the analytic feedback model
has been validated, active control modefs will be evaluated in a
similar fashion. Passive control is described first so that a gross
error in the analytical model will result in only a benign miscalcu-
Tation rather than a potential hardware malfunction.

6.1.4 Technology Demonstrations

The technology demonstration consists of these parts: advanced
control law validation and trades, wave propagation experiment; and
imaging experiments.
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The objective of the advanced control law demonstration is to com-
pare the various colocated, noncolocated, fixed gain and adaptive
control laws developed for active control. Performance, as measured
by LOS error, and stability margins are the key criteria. Comparing
the performance of relative (eg., bending moment) and inertial
(eg., proof-mass) control systems is also an objective. It is noted
that only one or two of the most promising approaches are to be demon-
strated on-orbit; the remaining will be discarded based on the results
of the ground test.

The objective of the wave propagation experiment is to determine
what type or combination of control approaches is best suited for
optical missions with high disturbance sources. Currently, one can
control at the disturbance source location by isolating it before its
energy gets into the structure; one can control along the path of
energy propagation through the structure with passive and active
vibration suppression techniques; or one can control at the juncture
between the optical train and the structure by using a high bandwidth
autoalignment system. Trades between these systems are possible
in terms of performance, cost, weight, complexity, and power. Again,
only the most promising approach is intended for on-orbit test. The
performance criteria is optical train motion and LOS error.

The final technology demonstration and trade is the imaging
experiment. The objective here is to experimentally determine the
relative merits between active optics (dithered or wavefront compen-
sation) and active structural control. The intent is to determine the
most advantageous, individual areas of application and combination.
Image quality is to be evaluated by using truth targets. Only the
most promising combination is to be evaluated on-orbit.

6.1.5 Miscellaneous

This set of experiments addresses the dynamical interaction
between a large structure (Shuttle) and a payload, and, also
slew-track-settle maneuvers.

6-8




The objectives of the dynamical interaction experiments are to
i) model the Shuttle environment prior to performing any of the

on-orbit experiments; and ii) test the analytical prediction :?
capability of modal synthesis between two, dynamically complex :S
structures. ,:
Lo The objectives of the rapid slew-track-settle experiment are to |
EE test some control coordination algorithms required in some missions.
Ei The algorithm arises when one tries to coordinate a slew maneuver
5@ (large dynamic range and small bandwidth) with structural contro] ;i
| (medium dynamic range and bandwidth) and figure control (small "
dynamic range and high bandwidth). This control algorithm is :ﬁ
) necessarily non-linear, multivariable, and distributed in nature. ;T
;g Hence, it needs to be tested. The on-orbit experiment presents a ;i
%{ good opportunity to do this since the Shuttle itself can be used in L:
55 place of the typically very expensive attitude control system. ~¥
;} 6.2 Relative Priority Between Experiments ?:

13 T:
K

g - r LS

Table 6-2 check lists the set of candidate experiment: according
to whether they have primary or secondary importance in a modeling

= T iy

intensive program, a technology verification intensive program or :
both. The "recommended" set is based on the analysts understanding o

-
S v
1

< a7 .

of the current state of the technology. The actual experiments and
procedures chosen from this candidate 1ist are described in Appendix A.
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6.3 The Control Subsystem

The control subsystem was designed to perform the various forms of
control required by the experiments sequence described in Section 6.1. In
order to be able to implement the required control forms, the control sub-
system was divided into three functionally independent control modules. Each
module is to be activated or disabled according to the experiment to be
performed. This section also establishes the baseline location of actuators
and sensors for each control module as well as hardware and software
requirements to implement the defined control laws.

6.3.1 Control System Functions

The functional diagram of the control subsystem is shown in Figure 6-1.
The three parts of the control systems are shown in the figure as
follows:

(1) Passive Control System: This system consists of a series of
dampers and isolators which can be locked and unlocked at any given time.
These passive elements are placed in locations at which maximum energy
dissipation, and thus maximum vibration suppressors, occurs. The passive
control system will be used to demonstrate the ability to control the
structure at the source of the disturbance.

(ii) Autoalignment System: The autoalignment system consists of
actuators which adjust the position of the mirrors to minimize the LOS
disturbances as measured by the LOS and figure sensors. The system has
low and high bandwidth operating modes. The high bandwidth mode will be
used to demonstrate the performance of the control subsystem while
controlling the system at the destination during the wave propagation
experiment.

The Tow bandwidth operation mode will be used in conjunction with other
control modules, e.g. passive control. to assess the performance of
a control approach combination.

(iii) Vibration Suppression System: This module is divided according
to the control approach into either a inertial or relative structural control
subsystems. The inertial system measures the absolute deflections at various
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points and applies inertial forces to minimize the disturbance. Whereas
the relative system measures the relative slopes between points on the
structure and applies a set of bending moments to counteract the dis-
turbance forces acting on the system. The vibration suppression system
operating in either the inertial or relative operating modes will be used
to demonstrate controlling the system along the propagation path (structural
control) during the wave propagation experiment.

6.3.2 Actuator and Sensor Locations

The modal participation factor (g-factor) was used as a criterion for
establishing the locations of the various actuators and sensors. The
inertial g-factor for mode i at location j is defined by:

¥

9 = = (5.1)
Y

2
1]
The relative motion g-factor between locations j and k for mode i is given
b_y: 9

)

b
g = — ik (5.2)

where ¢ is the mode shape.

A g-factor analysis was performed on the test structure using a TRW
developed program MDLSFT. The program orders the nodes according to their
g-factors, one ordering for each one of the modes and, if required, orders
the modes according to the magnitude of the g-factor at a given node. The
progvram performs this task in an interactive fashion and can calculate both
inertial and relative g-factors as required.

The Tocations of the actuators and sensors for the different control
modules are given next. The node Tocations are defined in Figure 5-3.

The inertial control system consists of linear momentum exchange devices
Tocated on the top of the mast (node 3) and at two support points of the
primary mirror. The actuators located at the top of the mast act in the
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x and y directions, and the actuators at nodes 14 and 15 act in the

z-direction. Sensors in the form of accelerators are placed next to the
actuators,creating a colocated system.

The relative control system consists of four bending moment actuators.
Two actuators are connected between nodes 17 and 18 and supply torques T
and Tx to control bending in the x and y-directions, respectively. The other
two actuators are connected between nodes 10 and 14, and 10 and 15, supplying
moments around the x axis, thus controlling the z deflection of the primary

mirror. Sensors are located at the attachment points of the bending actuators,
creating a colocated system.

The autcalignment system actuators are lTocated at the supports of the
two mirrors. Since each mirror has a kinematic mount, the mirrors' orien-

tation can be adjusted by moving the support points without causing stresses
in the structure.

The passive system includes isolators and dampers connected at the
connection points of the relative contro] system i.e., nodes 17 and 18 for
bending in the xz and yz planes and between Jjoints 10 and 15, and 10 and
14. The passive system is tuned to dissipate energy from low frequency
modes: the first two bending modes of the mast and the bending and torsional
modes of the primary mirror and its support.

6.3.3 Hardware Requirements

A preliminary study of the hardware requirements for the various control
loops was also performed. The results of ‘his study are as follows:

(i) Inertial Control System: The baseline inertial contro] system's
actuators are four linear momentum exchange devices. Each actuator is base-
Tined to have a bandwidth of wg = 150 Hz with dynamic range + 2N, accuracy
of +0.02N, and resolution of 0.02N. Sensors in the form of piezoelectric
accelerometers will be placed next to the actuators and thus will create

a colocated control system. The sensors are baselined to have a bandwidth
of 200 Hz, range +50g, and noise range of ~0.0005g rms.
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(i) Relative Control System: The relative control system will consist

of four bending moment actuators located in the places specified earlier.
The actuator characteristics are wB::ZOO Hz, dynamic range + 2Nm, and a
resolution of +0.03 Nm. The sensors colocated with the actuators will have
the following characteristics: bandwidth wg = 200 Hz, dynamic range of
~1500 um, and resolution of ~0.1 um.

(111) Autoalignment System: The autoalignment actuating system will

consist of a stepper motor operating in a microstepping operation mode,
100:1 harmonic gear drive, and a sensitive ball screw system. An advan-
tage of the microstepper is its easy interface with a digital controller.
The autoalignment assembly is baselined to have a bandwidth of 100 Hz,

a motion resolution of 0.1 um, and a dynamic range of ~1500 um. Since the
autoalignment actuators are located at the support points of the mirrors,
the control system will consist of six control loops.

6.3.4 Software Requirements

At the last stage of the control subsystem design study, the software
requirements were estimated. These requirements are summarized in Table
6-3. Software estimates are based on the assumption that each control
Toop contains an n-th order filter with up to n-poles and n-zeroes. It is
assumed that each filter is implemented using parallel realization which
consist of second and first order filters. The assumptions on the number of
operations of each filter were as follows: n first order and second order
filters are as follows:

n - first order filters

3n+1  Multiplications
3n+1 Additions

8n Logical instructions

in+2 Storage locations for constants

8n Storage locations for instructions
6-15
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n - second order filters

Sn+1  Multiplications
5n+1 Additions
16n  Logical instructions

9n+2 Storage locations for constants
16n  Storage locations for instructions

Assuming fixed point operations, the following assumptions are made
concerning the timing of each operation:

Addition 1 cycle
Multiply 4 cycles
Logical instruction 1 cycle
Division 30 cycles

Trigonometric function 50 cycles

It 1s assumed that each cycle takes 1 usec. The A/D converter's time

is taken as 8 usec and the ready and transfer time is assumed to be 2 usec.
The D/A converters delay time is assumed to be 3 usec.
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;i‘ 6.4 Parameter Estimation Subsystem {j
{ . The parameter estimation subsystem serves many functions of the -
ot
GQ POC experiment. They are:
:ji 1) To provide an accurate on-orbit test structure model which :
i can be related to analytical and ground test results. o~
iqi These relationships can help one learn how to model future ‘.T
uj large space structure more accurately. fﬂ
2 oo
E; 2) To predict the performance and stability of high technology ¥4
7] oo
demonstration experiments before conducting them, thus ensuring =
Ei the success and safety of the tests.
ﬁ? 3) To validate the analytical method used to model passive and %}3
Q; active control systems by considering the control systems as S:E
i . o
q integral part of the structure whose damping and other dynamic B
] properties are being determined. ]
'f Parameter estimation algorithms for LSS applications are already analyzed 2}
i in our previous (AC0SS-8) study [19], which identifies the maximum 1ikeld- f;
il hood method as the baseline approach and the frequency response method as i

4 a way of providing redundant information for cross-checking. Both methods
- are reviewed briefly in this report. Two important advances in the maximum bl
likelihood method are made during the current study. One is the develop- :‘

g - Vi

§ ment of a substructure identification technique which allows one to identify L
~1 the test structure in spite of Orbiter attachment and movement . The other Qx
? Ts the utilization of a general purpose finite element analysis program in ;ﬁi
i the identification loop; this allows the parameter estimation software to be ?%
S easily adapted to any other structure. f§§

Simulation studies of applying these methods to the AC0SS-14 test struc-
ture are conducted in order to obtain design data. Results show that the
Orbiter dynamic interaction has minimal effect on the parameter estimation

Sl L . L A
¥

subsystem. The maximum 1ikelihood method, as expected, gives very good

estimates and the frequency response method yields good frequency estimates )
but is coarse on damping and mode shapes. The selected actuators and £yl
sensors are found to be able to generate adequate test data for parameter s
estimation. Most of the actuators and sensors are the same ones used in the

B e e T PR e e
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subsystem. The data requirements are baselined from a study of the

estimator performance as functions of sample rate and quantization.

6.4.1 Parameter Estimation Approaches

The maximum Tikelihood method has been chosen here as the baseline
approach for its accuracy, shorter data requirement, and its ability to
handle nonzero initial dynamic conditions. The method will be used to
identify both the physical parameters and the modal parameters of the
structure. The physical parameter estimates will provide a global de-
scription of the structure and the modal parameter estimates will "zero-in"
on selected modes of particular interest.

The frequency response method gives very good estimates of the modal
frequencies but only coarse estimates of the transfer function gains and
the damping ratios. Also, the method is sensitive to nonzero initial
dynamic conditions and generally requires longer data. Since the
algorithm is very simple and can be implemented easily, it will be
used here to provide redundant information for cross-checking the results
from the maximum 1ikelihood method.

6.4.1.1 Review of Maximum Likelihood Method

The underlying idea of the maximum 1ikelihood method is to adjust the
system parameters so that the model predicted response closely resembles,
in some sense, the actual system response. This suggests that it has
three basic parts: a parametrized model, a measure of closeness, and a
parameter adjustment mechanism.

Let the dynamics of a LSS be modeled as:

ST x(t, 8) = A(8) x(t, o) + B(s) u(t)

y(t, 8) = C(o) x(t, s)

where 6 is a vector of unknown parameters; A, B and C are system matrices;

u(t) is actuator input signal; and y(t,8) is the model predicted output
using parameter g.

Let z(t) be the actual sensor measurement signal which contains
additive white Gaussian noise with zero mean and positive definite co-
variance matrix G.
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Let z(t) be observed actual response of a LSS during time interval.
[0,T]. The closeness of model predicted response to the actual response
is measured by the negative log Tikelikood function:

.
A, T = g [ rate) -yt 91T 67 L) -yt 0] e
0

The unknown parameter & is adjusted so as to minimize the above function.
The minimization is currently being performed by the modified Newton-Raphson
method.

Physical and Modal Parameters

The unknown parameters of a LSS are directly related to its model
representation. The LSS model is usually obtained through the finite
element analysis which results in two equivalent ways of describing the
LSS dynamics, each Teading to a different set of parameters.

One model is the physical representation described in terms of the mass
matrix M and the stiffness matrix K. The parameters of this model is naturally
the elements of the M and K matrices, e.g., Young's modulus, Poisson ratio
and lumped masses. The advantage of physical parameter is that one can
identify the whole structure by estimating only a small number of parameters.
But the estimation process is rather complicated since it iterates upon a
finite element model of the LSS. 1In the current study, computer softwares
are developed to incorporate existing general purpose finite element analysis
program in the identification loop. This reduces some of the difficulties
in estimating the physical parameters.

The other model is the modal representation obtained through an eigen-
value transformation from the physical representation. The parameters
associated with this model are modal frequencies and mode shapes, called
modal parameters. The estimation procedure for this set of parameters is
much simpler but the large number of parameters restricts one to identify
only a few critical modes.

6-20

------------------------------
..........

--------

.......
______________

b



b e ALY M

L a7 W it -

Cla i)

eSS KT LA S LY

6.4.1.2 Maximum Likelihood Identification of Substructure Parameters

To apply the physical parameter estimation technique described in the
previous section to ACGSS-14 test structure, the estimator would need a
detailed finite element model of the Orbiter with the test structure
attached. Some difficulties with this approach are: 1) Orbiter finite
element model is too complicated, 2) errors in the Orbiter finite .element
model degrade the accuracy of estimated test structure parameters, and
3) crew motion acts as unknown disturbance to the test structure. To
circumvent these difficulties, a technique of "substructure identification",
which identifies the test structure parameters independent of the Orbiter
motions/vibrations, is developed.

The key step in substructural identification is to decouple the test
structure dynamic equations from the Orbiter. The finite element model
of the Orbiter with test structure attached can be written in the following
partitioned form:

Mg 1% 18 % Koo ! Ko1 ! % (% Fo
------- d - - - - - - - - bd - _ - —
AR R R S U PR PR | = fify
TR M % Wt Kyt Kypdlap i7
9 = Nodes of Orbiter
where q = Node of Connecting Point
q, = Nodes of Test Structure
Let
% T N Xg = 9
Y I ' . -
-ql- T i -Xl- or Xl ql
9 81 -Kpg Ky ' 1 Ly, Xg = Gy * K33 Ky g
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Combining above two equations, the dynamic equation for the test structure

in terms of the new variables becomes

X + = "oy
My o + Kop % = Fy + My K53 Ky g g
The above equation is independent of the Orbiter (x ). If the accelerations

at the connecting point (il) are measured, one can consider x1 as an input %3
to the test structure and use the above equation to identify the test

structure parameters. g
6.4.1.3 Frequency Response Method ;ﬁ
Many versions of frequency response method exist in the literature. s
The one used in this study is as follows: f]
1) Establish the frequency response curve of an actuator-sensor Eu
pair by using Fast Fourier Transforms (FFT) ;z
H(w) = FFT (Qutput Signal) 5}
= FFT (Input Signal) 5
2) Assume the transfer function of a particular bending mode is ib
of the form (rate sensor) ki
H.(w) = I
1 2 o 2 “.'--
= * el m Ay %
where Gi = transfer function gain; g = damping ratio; iﬁ
w; = modal frequency i,

i

3) For each sufficiently separated spike in the response curve,
measure the frequency W and the magnitude of the spike Mi'

Then jf;
S e WL 2

4) Substitute above equations into Hi(m) and determine the damping ok
ratio g5 by minimizing the cost function A

z 2 ]

Iey) = [IH)] - [H;(w)]]° du 1

where wy and w, are chosen so that only one mode is involved.

-
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5) After determining Ly the transfer function gain is ccmputed

from

Gi = 25w, M,

6.4.2 Simulation Studies

The objective of the simulation studies is to obtain design data for
baselining the identification subsystem hardware and software requirements.

6.4.2.1 Simulation Softwares

Computer software for parameter estimation simulation studies consist
of two major parts - a detailed "true" system model and an identification
algorithm. The true system is simulated using the computer programs
developed in Section 4 for Orbiter dynamic interaction studies. The system
dynamics are obtained by combining Orbiter and test structure modal data
through the modal synthesis program KOMBINE. The DAP logic of firing
vernier jets is also included to simulate Orbiter lTimit-cyclings. As in
Section 5, the Orbiter attitudes are set initially at values shown in
Table 5-4. This initial attitude causes frequent vernier jet firings and

thus creates the worst case structural vibrations of the Orbiter and the
test structure.

The system models used in the identification algorithms are much simpler:
1) the Orbiter and VRCS are omitted since their dynamic influence on the
relative motions of the test structure has been determined to be much less
than that of the test signals, and 2) it is truncated to have only the
first six structural modes (the "true" system contains 30 modes )

A11 three identification algorithms mentioned before are programmed .
The implementations of the frequency response method and the modal parameter
estimation are fairly straightforward. The physical parameter estimation
procedure requires the use of a finite-element modal analysis program in the
identification loop. In previous studies (e.g., AC0SS-8), special
subroutines were developed for the finite-element analysis of the particular
structure of interest-a special subroutine for each structure to be analyzed,
This is a tedious task which had to be repeated every time a new structure
is considered. We resolve this problem by utilizing an existing general
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purpose finite-element analysis program in the identification algorithm.

The block diagram in Figure 6-2 shows how such a program (TRWSAP, TRW =
Structural Analysis Program) is used.

6.4.2.2 Selection of Actuators and Sensors for Parameter Estimation 7l

The parameter estimation subsystem should make as much use as possible -
of the actuators and sensors already selected for the active control sub-
system. The criterion of placing actuators and sensors for parameter :f
estimation is very close to the one for active control, i.e., they should

be placed at locations where all critical modes can be excited and measured. -

Additional actuators or sensors, however, may be required to enhance the

identifiability of certain parameters. :

The Tocations of actuators and sensors for parameter estimation are 3

shown in Figure 6-3 and are also listed in Table 6-4. Other than the follow- \E
ing two exceptions, all actuators and sensors are the same ones used in fj
the active control subsystem. 5%
1) Two additional linear momentum exchange devices are mounted E

at the mid-mast in the XO and Y, directions, These two actuators 53

are used to excite the second-order mast bending modes (22.4 ,ﬁ

and 23.0 H,), which are critical in distinguishing the masses 4

at the secondary mirror and mid-mast. iﬁ

3

2) Accelerometers and gyros are mounted at the base connecting Eﬁ

the structure to the Orbiter. When this acceleration infor- Sﬂ

mation is available, one can isolate the test structure dynamically Lo

from the Orbiter motions, permitting the use of the substructure £
identification technique described earlier.

6.4.2.3 Physical Parameter Estimation Results

Five structural parameters are determined as critical physical parameters
that must be estimated. They are:

1) E Young's modulus of the graphy epoxy material used to

make the mast and most of the primary mirror support
structure




ORBITER
MODAL
DATA

OPTICAL
STRUCTURE
MODAL DATA

KOMB INE

»  MODAL

SYNTHESIS

INPUT

VERNTIER

JETS

DAP ad

TRUE
SYSTEM

QUTPUT

oo ——

ESTIMATED
SYSTEM

ESTIMATED OUTPUT

T

TRWSAP

;

PARAMETER A

FINITE-ELEMENT
MODEL OF
OPTICAL STRUCTURE

ADJUSTMENT e
.._______,J‘ et

Figure 6-2.

Simulation Software for Physical Parameter jn
Estimation ]

6-25

5 ev et
S bl
e
R
AR Y

Lt
H b ket

RO L Kl X £
T e e R T L R e

-----



— — — —— SAMS SENSOR* L0OS
—— - —— - — (CCD SENSOR* LOS
— MOMENTUM EXCHANGE DEVICE

SECONDARY

MIRROR v
com— ™ 2
N
" ' /i

N / - Yl
X ' \ MID-MAST
/ Ve X4 (FOCAL POINT)
' /4

/7
PRIMARY Ay
MIRROR , //
(SIMPLIFIED) /4

arr

-— LOCATION OF

\ ACCELEROMETERS

1 ATTACH TO
ORBITER

* Section 7

oo

Figure 6-3. Actuator and Sensor Placement
for Parameter Estimation

.:;l
=
.
-t
v

6-26

Doyt AT T T T Lt
Lz
5 x

T TeeTe e SuTe S
S SR T SR S TR )

¥ a s
T
M oy =

—

3
2

’~ l‘n

:'-_*r"r"r"'l"“l T



Table 6-4. Summary of Actuator/Sensor Used
for Parameter Estimation

Actuator Location Direction Type
i Mid-mast X Linear Momentum Exchange

o 2 Mid-mast Y E
:3 3 Secondary Mirror X I
EE 4 Secondary Mirror Y :
! ] Primary Mirror Z "
- 6 Primary Mirror Z "
g Sensor Measurement
] - S o=
3 SAMS Distance from mid-mast to points on the Primary mirror
; (Section 7)
i CCD Sensor Motion of Optical Trim (Section 7)
!
| Accelerometers (3) Accelerations at the point connected to the Orbiter
j Gyros (3) Angular acceleration at the point connected to the
i Orbiter
;
5
!
|
3 6-27
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2) v the corresponding Poisson ratio of above material
3) Mtop Tumped mass of secondary mirror

Mmid Tumped mass of instrument at focal plane (including
CCD and SAMS sensors)

Mprim Tumped mass of primary mirror.

The next step is to select a test signal that will make the unknown
parameters more identifiable from structural responses. Table 6-5 1ists
the actuators, and the major structural modes and related physical parameters
they make more identifiable.

There are procedures for computing the "optimal" test signal which
maximizes the Fisher information matrix (high estimation accuracy), while
satisfying some energy constraint. But optimal input design, in general,
is a difficult problem to solve. The results depend on the unknown parameters
and may violate the test structure load constraint or linearity assumption.

The approach taken in this study is to design a test signal which
produces reasonably good estimates. Several test signals were tried. It
was found that the masses of the secondary mirror and the mid-mast are
difficult to distinguish if the second mast bending modes (modes 5 and 6)
are not sufficiently excited. Also, the Poisson ratio and the mass of the
primary mirror are highly correlated if the primary mirror torsional mode
(mode 4) s not excited. A test signal that can excite modes 1-6 is,
therefore, crucial. An example of such signals is shown in Figure 6-4,

Structural responses are measured using the SAMS sensor (Section 7),
which measures the relative range from the mid-mast (focal point) to nodes
8, 14, and 15 of the primary mirror; these measurements are denoted as
Y], Y2, and Y3, respectively. Gaussian white noise of 1 um (1¢) is added
to the measurement signal. The accelerations at the node connecting to the
Orbiter are also measured; this permits one to identify the test structure
parameters in spite of Orbiter structural vibrations and VRCS firings.

The physical parameter estimation technique is applied to 1 second
of simulated data. Figure 6-5 shows the comparison of the measured data
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Table 6-5.

Actuator and Its Related Major Modes
and Physical Parameters

Actuators

Major Modes

Physical Parameters

Secondary Mirror

oo Yy

Primary Mirror
Z1, 22

Mid-Mast

X-I, Y-I

2, 3

Es Mtop

Es v, Mprim

E, Mtop’ mid
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with the data predicted using the final estimated parameters. The differences
are so small one can hardly tell them apart. The residuals which are the N
differences between measured signal and predicted signal are also shown

in Figure 6-5. The estimated parameters in each of the Newton-Raphson
iterations are shown in Figure 6-6.

The shape of the cost function which must be minimized to yield the 2
maximum 1ikelihood estimates depends on both the input signals and the %
ﬁi physical parameters. For the ‘nput signal presented before, the cost function
,:;- for some of the physical parameters are shown in Figure 6-7. 1In each case
@ only one parameter is allowed to vary, all other parameters are fixed at
their true values. As we k-ve studied before in AC0SS-8, the cost function
of Tonger data (2 seconds) has a sharper curve at the minimum point (which
implies greater estimation accuracies) than that of shorter data (1 second).
However, the region of convergence for 2 seconds of data is still very

wide, so one can start the estimation algorithm with poor initial estimates
and it will still converge.
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6.4.2.4 Results of Modal Parameter Estimation

The modal parameters of the first four structural modes are obtained
e using 3 separate tests. In each test only one actuator is energized and X
Gj the corresponding ¢ritical modes are estimated.

The time histories of data involved in a typical modal parameter

;i: estimation is shown in Figure 6-8. The input signal is a rectangular pulse H
Eﬁ with an amplitude of 1 Newton and duration of 0.3 second. The measured iﬁ
ﬁ: output is tha relative rate of deflection of the secondary mirror in the L
%% x direction. The output measurement contains the responses due to Orbiter fj
;: VRCS firings and the dynamic interaction with Orbiter structural modes. i}
tﬁ Also, for the particular case shown, the output measurement has nonzero .;1
o initial dynamic conditions which have to be estimated along with other b
L) modal parameters. The predicted signals are computed using the resulting fﬁ
i, parameters after 5 Newton-Raphson iterations. Both the input and output

kz signals are sampled at 50 Hz and quantized, with proper scaling, to 8 bits.

;z Since it is planned that the parameter estimation be dore on ground, the

: |

predicted signal is generated by a ground computer with a much higher
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quantization level. The impact of sample rate and quantization Tevel
on parameter estimation accuracy will be discussed later.

The results of the three modal parameter tests are summarized in )
Table 6-6. In some c<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>