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An in-depth analysis is presented of the closed-loop results and insights from the on-orbit control experiments
of the Middeck Active Control Experiment (MACE). MACE was flown in the Shuttle middeck on STS-67 in
March 1995 to investigate issues associated with a change in operational environment from ground to space for a
payload pointing spacecraft that cannot be tested in a realistic ground simulation. These results show 1) equivalent
performance can be obtained using finite element-based and measurement-based control design models; 2) the
benefits available from testing the structure on the ground prior to flight, even if these tests are in a different
configuration than that used on orbit; and 3) the performance limitationsassociated with various control topologies.
These closed-loop results provide insight into how future on-orbit closed-loop experiments could be improved, and
they also help build confidence in the on-orbit capabilities of future multipayload spacecraft.

I. Introduction

RACTICAL control design for flexible systems involves many

issues such as the selection of effective controltopologies (sen-
sor/actuator architecture), validation of robust control designs and
techniques, development of robust control design methodologies
for both finite element and identified models, and development of
effective tools for system analysis. The Middeck Active Control
Experiment (MACE) has been designed to be a reusable dynam-
ics and control laboratory that can be used to investigate many of
these issues during both ground- and space-based operations. This
paper presentsan in-depth analysis of the extensive set of (modeling
and) closed-loop control experiments performed on the MACE test
article during 14 days of on-orbit operations on STS-67 in March
1995.

In the past, control system performance has been limited by
flexibility in the system due to a phenomenon known as control-
structures interaction (CSI). CSI occurs when control detrimentally
interacts with flexibility in a system, usually caused by mismod-
eling or lack of consideration of flexibility. One of the typical so-
lutions to the CSI problem on spacecraft has been to analyze the
system dynamics and limit the bandwidth of the control so that
it does not include this flexibility. Therefore, flexibility has typ-
ically placed a limit on the performance of systems, particularly
in space, where rigidizing the structure is obtained at high launch
cost. In addition, many CSI problems are not identified until after
the system has already been placed in operation, thus limiting possi-
ble solutions to operational workarounds. Overcoming this problem
is accomplished by controlling rather than avoiding flexibility, re-
quiring a multidisciplinary approach that combines state-of-the-art
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capabilitiesin modeling and model updating, system identification,
uncertainty model development, linear systems analysis, and ro-
bust control synthesis. This approachis called controlled-structures
technology (CST). The MACE program has been instrumental in
streamlining and validating many of these CST tools so that they
are sufficiently mature to be used reliably and predictably in real-
world systems, including spacecraftin O g.

Although there have been several studies of practical control of
flexible systems' ™ and a very large number of CSI test facilities,’*
the MACE programis uniquein its extensive implementation of on-
orbit experiments. The program objective of MACE was to develop
a set of CST tools that increase confidence in the eventual on-orbit
performance of future spacecraft that cannot be dynamically tested
on the ground in a sufficiently realistic O-g simulation. The primary
control objectives of the MACE flight were to demonstrate robust
control of structural flexibility in the microgravity environmentand
to augment controllers designed prior to flight with on-orbit system
identification and controlredesign. Reference 7 presents an analysis
of the overall flightresults for MACE from a programmatic perspec-
tive. In particular, that paper outlines the five major objectives for
MACE and how these were achieved. As a result, Ref. 7 covers a
wide range of topics, including mission programmatics, testbed de-
sign, and highlights of the technical achievementsin system model-
ing,identification, uncertainty modeling,and controldesign. In light
of the mission summary in Ref. 7, this paper focuses on presenting
a very detailed analysis of the closed-loop control results that were
obtained on-orbit and compares them with predictions made prior
to flight.

The main emphasis of this paper is to present a full comparison
of the closed-loop performance that was achieved on two differ-
ent configurations of MACE. These two configurations share many
pieces of hardware, but only configuration I could be tested on the
ground. The L shape of configuration II was selected so that there
would be strong coupling with gravity and the suspensionsystem. In
this sense, configuration Il was developedto be representativeof the
class of spacecraft that are difficult to test on the ground in a suffi-
ciently realistic simulation. Thus, configuration II can viewed as the
primary space structure for which good closed-loop performanceis
required. Configuration I correspondsto a simple, reasonably sim-
ilar structure that could easily be tested on the ground. This change
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to a different configuration provides a very strong test of the ability
of the CST to model, predict, and account for significant variations
in the system dynamics.

A secondaryobjectiveof this paperis to provide a summary of the
extensive closed-loop results obtained on-orbit and, in the process,
demonstrate the effectiveness and maturity of the CST tools that
were developed for the MACE mission. In addition to the configu-
ration I and configuration II results and comparison, several other
aspects of the control design process and performance are explored
using closed-loop results on configuration I.

The paper is organized as follows. The next section outlines the
primary issues faced during the design of controllers for on-orbit
operations. This is followed by several sections that discuss spe-
cific closed-loop experimental results obtained on-orbit, including
an analysis of different configurations of the hardware, different
control synthesis and analysis methods, different design models,
and different sensor and actuator topologies. Only a very brief de-
scription of the MACE programis given, however, with more details
availablein Refs. 7 and 8.

II. Control Design Issues

Because of the unwavering support of the crew members on the
STS-67 mission, over 400 controllers examining many different
design issues (summarized in Table 1) were implemented during
the 16-day flight. The following sections outline some of the most
important control design issues that had to be addressed to achieve
the overall program objectives.

A. System Configuration

The test article, shown in two configurations in Fig. 1, consists
of a segmented flexible structural bus with integral power and data
connections. The structure of the MACE test article was chosen to
represent a precision-controlled, high payload mass fraction space-

craft, such as Earth observing platforms, with multiple, indepen-
dently pointing or scanning payloads® As such, there is a two-axes
gimbaled payload containing a two-axes rate gyroscope for inertial
pointing angle determination mounted at each end of the structural
bus. A three-axesreaction wheel assembly (RWA) is mounted in the
center to provide attitude control torques. A two-axes piezoelectric
bending strut is located next to the RWA on the primary end of the
structure. Each strut is instrumented with strain gauges measuring
bending strain in two axes. An optical encoder is mounted on each
gimbal axis to measure the angular displacementof the payload rel-
ative to the bus. The only difference between the two configurations
is a 90-deg elbow node between struts 1 and 2. As will be seen, this
small change created very large shifts in both the frequencies and
mode shapes of the structure.

Configuration I in Fig. 1a was used to investigate the primary ob-
jectivesof the MACE program, which were to compare the limits and
predictability of performance achieved using both preprogrammed
and redesigned controllers on a system that could be dynamically
tested on the ground. It was tested for many months prior to flight

Table 1 Primary control design issues for MACE

Design issue Approaches considered

System configuration
Model fidelity

Configuration I, configuration II
Finite element model (FEM)
Measurement models (MM)
Data analysis, p analysis
Parametric, data
Classical, robust, narrow band, Hs /Hoo
Feedback performance variable
z directly or not
Broadband, narrow band, step-stare

Robustness analysis
Uncertainty model
Control design method
Control topology

Disturbance environment
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Fig.1 MACE test article, 0-g configurations.
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using a suspension system. Configuration II in Fig. 1b was used to
demonstrate that lessons learned during ground tests with configu-
rationI could be used to accurately predictthe on-orbit performance
for a differentconfiguration. For thisreason, and because large loads
exerted by the gimbals on the bus structuresignificantly complicated
ground testing, configuration II was not tested on the ground prior to
flight. Note that the same modeling and control design procedures
were used for both configurations.

The use of a second test article configurationis an important step
in the analysis of closed-loop performance because many space-
craft cannot be tested on the ground in the same configuration
that they will eventually be used on-orbit. Comparing performance
achieved for the two configurations corresponds to an important
new step in the modeling and control design procedure developed
for MACE and other future spacecraft. In addition, this step has
also not been accomplished with any of the other CSI ground
facilities.

B. Model Fidelity

Attaining a high level of performance improvementin the point-
ing control of flexible systems requires not only an advancedcontrol
methodology, but also an accurate model of the dynamics. Two
model types were used for MACE: 1) a high-fidelity finite ele-
ment model’ (FEM) developed and updated using insight from 1-g
modeling and analytic predictions of the on-orbit dynamics and
2) a measurement model (MM) created using integrated frequency-
domain observabilityrange space extractionand least square param-
eter estimation technique’ to obtain an extremely accurate fit of the
data.

Two issues in the modeling process became very importantduring
the Shuttle flight experiment. The first was several missing modes in
the analytical model at low frequency. These low-frequency modes
were caused by soft tethers, a necessary step used to position the
test article in the Shuttle middeck, particularly during thruster fir-
ings. Application of tethers was at the discretion of the astronauts
and, thus, could not be accurately modeled prior to flight. How-
ever, it was estimated that the frequency of the tether modes was
lower than 0.01 Hz. As aresult, tether modes were omitted from the
0-g analytical model, and authority of all controllers was designed
to roll up only above 0.01 Hz. The umbilical, on the other hand,
was included in the model, but unfortunately, in the wrong physi-
cal configuration. The model predicted the umbilical modes to be
at 0.45 Hz, whereas the data showed that they were approximately
0.24 Hz; this difference did not substantially affect the designs.
Whereas the measurement models were developed with the teth-
ers in place, the analytic models were updated during the mis-
sion, using observations from the downlinked video, to include
a more accurate representation of both the tether and umbilical
modes.

As discussed in detail in Ref. 7, a second issue involved a slight
amplitude nonlinearity in the system that proved to be a limiting
factorin the control design. The nonlinearity was apparently caused
by friction that locked the gimbals when the input excitation was
quite small. The friction primarily changed the frequency and damp-
ing of modes in the 5-12 Hz frequency range. A detailed postflight
analysis of this effect indicated that the system dynamics in closed
loop were more accurately predicted in this frequency range by the
FE model than by the MMs. This observation plays an important
role in the closed-loop results to follow.

C. Robustness Analysis

Because of the uniqueness of the MACE experiment in
implementing controllersin both 1 g and 0 g, two procedures were
developed to analyze controllers for closed-loop stability and per-
formance. An approach developed during the ground-based exper-
iments, termed open-loop data analysis, is a quick and simple pro-
cedure that utilizes measured open-loop data. This approach works
quite well if the open-loopdata is available. However, the procedure
could only be used for ground experiments and control redesigns
during the mission, when data were available. Therefore, a second
procedure was developed for those controllers designed prior to
flight, termed a mixed-p analysis.

The procedure for the open-loop data analysis is presented in
Ref. 10 and summarizedin the following. With open-loopdata avail-
able in the form of a transfer function matrix

G.u(jo) qu(jw)i|

1
Gro(jo) Guljw) W

G(jw) =[

where z are the performance outputs, y are the sensoroutputs, w are
the disturbance inputs, and u are the actuator inputs, we can close
the loop using this data and the frequency response of the controller.
The model and data predictions can then be overlaid to provide a
prediction of the closed-loop performance, stability, and proximity
to instability.

The system performance is analyzed using the closed-loop state
cost,'! whereas the closed-loop stability is assessed using two tests:
the multivariable Nyquist test and the sensitivity transfer function.
For absolute closed-loop stability, the number of counterclock-
wise encirclements of the critical point (—1, 0) of the multivariable
Nyquist function

H,(jo) = —1+detll +G,,(jo)K(jw)] 2

must equal the number of unstable poles in the open-loop system
and compensator. In a Single input/single output (SISO) system,
the Nyquist function additionally provides measures of proximity
to instability in the form of gain and phase margins. For multi-
input/multi-output (MIMO) systems, however, the margins cannot
be obtained from the Nyquist function. Instead, the maximum sin-
gular value of the sensitivity transfer function

aIS(ja)] = {lI + G, (jo)K (jo)I '} 3)

gives a direct measure of the proximity to singularity. For example,
if model-based and data-based calculations of o[S(jw)] strongly
disagree, and o [S(jw)] > 1 for either case, then the controller is
not robust to model errors and could possibly destabilize the actual
system.

Prior to flight, open-loop 0-g data were not available, and so a
different analysis method had to be used. For structural systems
such as the MACE test article, the most significant model errors and
uncertaintiesare typically in the frequency and damping of the flex-
ible modes.® Therefore, an alternative method was developed'>!'?
that uses a mixed-p analysis along with a model of the parametric
uncertainties to analyze the closed-loop system to check for stabil-
ity and performance over the predicted range of uncertainty. For
MACE, it was necessary to predict the frequency and damping un-
certaintiesin O g based on 1-g testing, a procedurethat is described
in the following section.

The mixed-u analysis used an uncertainty set that included
20 real parametric uncertainties (frequencies and damping ratios of
10 modes) and one complex uncertainty to ensure the problem is
continuousin the problem data.'* Motivated by the open-loop data
analysis, which indicated that significant variation between model
and data predictions of o;[S(jw)] correlated well with poor ex-
perimental robustness, the complex uncertainty block is a weighted
(maximum singularvalue of the) sensitivity transfer function, which
givesa measure of the proximity to instability of the closed-loopsys-
tem. A scaling factor o determined the maximum allowable change
in the perturbed sensitivity. Ground-based experimental tests indi-
cated that @ = 2 led to good closed-loop stability and performance.
As constructed, this p test provides information very similar to the
open-loop data analysis. However, because the  analysisis based
on the predicted uncertainty model rather than data, this approach
could be used to analyze the controllers prior to flight. The full
details of the p analysis are discussed in Ref. 13.

14,15

D. Uncertainty Model

The open-loopdata analysis procedureinherently contains a mea-
sure of the modeling uncertainty. It compares predicted stability and
performance for both model and data, and the difference gives a
qualitative measure of the modeling error, which is very useful for
robust control design. The p analysis, on the other hand, uses an
uncertainty model in the form of predicted parameter variations for
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frequency fy: a) unshifted FEM used for synthesis and large bounds
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closed-loopanalysis. A 1-g uncertainty model, in the form of mean
and variance of parameters, was developed by measuring the differ-
ence in frequencies and damping ratios between several identified
models and the FEM to provide a measure of the modeling error
and the variability of the structure on the ground. The mean and
variance of the 0-g structural parameters were then predicted using
a method described in Ref. 12. The approach uses a perturbation
expansion of the generalized structural eigenvalue problem to con-
vert frequency mean and variance uncertaintiesto mass and stiffness
perturbations. These physicaluncertaintiesare then mappedinto 0 g
using the FEM to predict mean and variance errors for the on-orbit
frequencies. Damping predictions are more tenuous and difficult
to predict, and so the 0-g damping uncertainty model was simply
a scaled version of the 1-g damping uncertainty model, which is
obviously conservative.

Control design and analysis with p utilized a single nominal de-
sign model, along with a range of parameter variations. There are
several approaches to using the predicted 0-g uncertainty model in
the u framework, each with different levels of conservatism. Two
approaches used for MACE are shown for a sample frequency f
in Fig. 2. The first, shown in Fig. 2a, used the 0-g FEM as the
design model, and the predicted mean errors m ; and 30, bounds
for each parameter were combined into a large overbound for anal-
ysis (|m ;| +30). This approach is the most conservative use of
the uncertainty model, reflecting the low confidence in the uncer-
tainty predictionpriorto flight. A second approach,shownin Fig. 2b,
shifted the 0-g FEM by the mean errors m ; of the uncertainty model
to create a new control design model. If the mean errors are accu-
rately predicted, then this model provides improved accuracy over
the FEM. The predicted3o; boundsreflecting variationsabout these
means are then used for analysis. This second option results in less
conservativecontrollers, but is appropriate only if confidence in the
uncertainty model is high.

E. Control Design: Objective, Methods, and Procedure
Objective and Performance Definition

The specific objective of the control designs was to inertially
pointthe primary precision pointing payload while the second scan-
ning payload underwent broadband disturbance (0-50 Hz) or slew
maneuvers. As such, the performance is defined as the two-axes
pointing angle error of the primary payload, along with a small
penalty on the motion of the center node, because a good control
designshould notonly point the primary payload, but also notexcite
the bus. Specifically, the performance is defined as a combination
(square root of the weighted sum of the signals squared) of all five
integrated rate gyros, with a weighting 1 for the two in the primary
payload and 0.1 for the three at the center node.

The most prevalentresults discussed are for the two-axes distur-
bancerejection problem, where two independent white noise distur-
bances enter each axis of the secondary gimbal. The experimental
spectral amplitudes of these disturbances were chosen such that 1)
the sensors did not saturate in open loop and 2) the signal to noise
ratio was large enough in closed loop. For this problem, a scalar
performance metric is defined as the two-axes, root mean square

pointing angle error between 0.5 and 50 Hz, for disturbance inputs
with a scaled spectral amplitude of (1 deg)?/Hz. In the frequency
domain, this scalar rms is

50 3
0, = {2/ tr[RzzSzz(f)] df} )
0.

.5

where z is a vector of five integrated rate gyros, R, is a diagonal
matrix of weightings (1 or 0.1), and S_.(f) is the power spectral
density of z. In subsequent plots, the square root of the integrand
is plotted as a function of frequency (in degree per square root
hertz). The quoted decibel reduction is the rms improvement of the
performance metric in the 0.5-50 Hz range.

As a basis for comparing the CST control, local servocontrollers
between the four encoders and their respective gimbal axes were
used to define the open-loopsystem. A low-bandwidthservo (1/10th
the frequency of the first flexible mode in each axis, 2.1 and 3.7 Hz)
was used as standard industry practice for pointing control because
it avoids interaction with the structural flexibility. Two layers of
control were added from this open-loop case. First, the bandwidth
of the servos was increased to approximately 2 Hz to perform nom-
inal payload pointing with respect to the spacecraft bus. The over-
all pointing performance was then improved further by designing
higher authority CST controllers that reduced the impact of the
structural vibrations of the spacecraft bus.

Methods

Many different control techniques 0 were analyzed on the
MACE test article prior to flight'®!!2! and ranked in terms of three
important criteria.

1) Conservatismin the performance/fobustness trade off was de-
termined. As discussed,the robustcontroldesigns typicallyincluded
error models with 20 real parametricuncertainties. Thus, robustcon-
trol techniques were tested to determine how much performance
would be sacrificed to provide the required levels of parametric
robustness.

2) Computational effort and degree of user input required during
the design was rated. For fixed, ground-basedexperiments, compu-
tational requirements and the degree of user input required during
the control design are typically not key parameters in the selection
of a synthesis algorithm. However, for MACE it was required to
redesign MIMO controllers in a 12-h period during the flight for
implementing during the next mission day. This design cycle was
repeated several times during the 14-day mission.

3) Performance during ground-basedtests was ranked. Numerous
ground-based experiments were used to compare predictability and
effectiveness of the robust control techniques.

Together, these criteria were used to identify methods and a pro-
cedure suitable for designing parametric robust compensators for
MACE. Here, the comparison and selection of the control design
methods is summarized; a more detailed discussion is given in
Ref. 10.

Four types of control design methods were used during the mis-
sion. The first method used a set of design rules for the synthesis of
low-order robust MIMO controllers. These rules were developed by
interpreting robust optimal designs in a classical manner, termed
classically rationalized controllers?! The second method blended
several robust H, techniques to synthesize controllers. The third
type of designs were developed for narrow-band disturbances us-
ing frequency-shaped’, cost functionals. The final type of designs
optimized a weighted H, measure of the performance objective.

Because the H, design approach demonstrated higher perfor-
mance and robustness during ground testing, it was the tool
most used of the four. As the name implies, this method blends
three different techniques that optimize the overall H, perfor-
mance objective. These included linear quadratic Gaussian (LQG)
controllers’? and two robust H, designs: sensitivity weighted LQG
(SWLQG)'*!% and multiple model techniques,'® implemented in
that order. Within this framework, the LQG design approach was
used to identify key robustnessissues using lower control authority
designs, made easier by the closed-form solution that can be com-
puted rapidly. The SWLQG technique was then used to determine

10, 16—2
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how best to account for these robustness problems, i.e., which pa-
rameters should be treated as uncertain, and in the process, increase
control authority. Finally, the multiple model approach was used
to push performance to the limits of controller authority. Ground
tests using the multiple model technique showed that the approach,
although only an approximation, provides a very good perfor-
mance/robustness tradeoff (objective 1) and controllers performed
very well on the test article (objective 3). In addition, using a numer-
ical optimization discussed in detail in Ref. 18, the iteration time
for these controllers was quite short (objective 2).

Procedure

For complicated systems such as MACE, good closed-loop per-
formance requires a design procedure that systematically allows
comparison and selection of a large number of performance, sen-
sor, actuator, and noise weights. Furthermore, for robust control
synthesis, there are many additional degrees of freedom, such as
the selection of uncertain model parameters and robustnessbounds.
To complete these MIMO designs on a reasonabletimescale (objec-
tive 2), the overall design problem was splitinto several independent
control problems for particular parts of the structure.

1) Design independent SISO (X, Y, and Z axes) bus rate gyro to
reaction wheel local loops.

2) Design independent SISO (X and Z axes) primary rate gyro
to primary gimbal local loops.

These two steps were used to designinitial componentcontrollers
to provide insight into issues associated with the more complex
MIMO control synthesis, such as the determination of relative per-
formance weights, actuatorusage, and robustnessrequirements. The
insights and results from these analyzes were then used to initialize
the design of MIMO controllers.

3) Design each full XY (3 x 3) and Z (2 x 2) axes controllers
with insights from steps 1 and 2.

4) Design the full XY Z (5 x 5) controller using insights from
steps 1, 2, and 3.

The principlebehind this methodologyis that a betterunderstand-
ing of the effects of the design parameters and faster iteration time
can be obtained by studying simpler problem subsets, rather than
the whole set. During the MACE flight, each member of the control
design team examined a particular component of the overall design
(steps 1-3). The resulting information was then used to initialize the
more complex MIMO designs (step 4). This uncoupled design phi-
losophy provided many insights into robustness issues and control
authority allocation and, as such, greatly improved the initializa-
tion of the MIMO control designs. It was a crucial factor in being
able to produce enough MIMO controllers during flight that could
be uploaded for the next mission day. A total of 180 multivariable
controllers were redesigned and implemented during the first eight
days of the mission.

A further procedural aspect of the control synthesis for MACE
was that controllers were designed and grouped in families. Each
family consisted of 1-8 control experiments that used the same
control topology, design method, analysis method, model, and
disturbance input. The members of the family only differed in con-
trol authority, which was increased from very low authority (highly
likely to be stable) to high authority (predicted to have question-
able stability or performance). For instance, a family of eight con-
trollers designed with the H, method would typically consist of (in
order): two LQG controllers (low authority), three SWLQG con-
trollers (medium authority, medium to high robustness), and three
multiple model controllers (high authority, high robustness).

F. Control Topology

The MACE test article was also designed to investigate the im-
pact of various sensor and actuator topologies on closed-loop per-
formance. The nominal sensor/factuator suite consists of five in-
puts (two-axis primary gimbal and three-axis reaction wheels) and
five outputs (two-axes rate gyros in the primary payload and three
rate gyros at the center of the bus). With this suite, the derivative of
the performancemetric is part of the measured outputs (primary rate
gyros). It is well known that feeding back the performance metric
simplifies the control design immensely and allows very large per-

Table2 Summary of MACE closed-loop results discussed

Section  Configuration = Model, analysis ~ Topology Comment
LA C-1 FEM PP* 1% C-I families
FEM RDP
MM RD®
II.B C-1 FEM PP* 1% Topology

NpV¢
I1.C C-1 FEM PP* 1% SM
SM PP?
IVA C-I FEM PP* 1% C-II families
FEM RDP
MM RDP
IVB C-I, C-IT FEM PP* 1% C-1/C-1
FEM RD comparison
MM RDP

2Controllers using 4 analysis/uncertainty model.
bControllers using open-loop data analysis.
€Pointing performance z fed back.

dPointing performance z not fed back.

formance improvement?! Several other sensor/actuator topologies

were also investigated that did not feed back the performance met-
ric to determine the impact of this type of constraint on the control
design.

G. Summary of MACE Closed-Loop Results Presented

Table 2 shows a summary of the MACE closed-loop results to
be presented in the following two sections, as a function of the
designissuesdiscussedin this section. Section III.A compares three
controllers for configuration I: FEM preprogrammed (PP), FEM
redesigned (RD), and MM RD. Section III.B demonstrates how
much performance can be attained when the performance variable
(PV) is not fed back (NPV). Section III.C shows the benefits of
using the shifted model (SM) for control design (SM PP, FEM PP).
Section IV.A compares three controllers for configuration II: FEM
PP, FEM RD, and MM RD. Finally, Sec. IV.B compares the results
and lessons learned on both configurations I and II.

III. On-Orbit Configuration I
Closed-Loop Experiments

The following sections discuss closed-loop control results from
several stages of the MACE mission, including FEM- and MM-
based designs, different control topologies, and the use of a shifted
design model. All results shown are for the two-axes disturbance
rejection problem described in Sec. IL.E, where independent white
noises enter each axis of the secondary gimbal. The scalar perfor-
mance metric, the square root of the weighted sum of the five inte-
grated rate gyros squared, is plotted. A decibel reduction is quoted
to measure the rms improvement of the performance metric in the
0.5-50 Hzrange. All controllerspresented,exceptthosein the topol-
ogy section, used a nominal set of five actuators (three reaction
wheels and two axes of the primary gimbal) and five sensors (rate
gyros at the center of the bus and in the primary payload). In the
figures presented (for example, see Figs. 3 and 4), open-looprefers
to the system response with the low-bandwidth (industry standard)
servos and servos only refers to servos designed with a bandwidth
at approximately 2 Hz for each gimbal-encoder pair.

A. Configuration I Results

Configuration I was the system configuration that was most uti-
lized duringthe MACE flightand is shownin Fig. 1a. During the first
day of the mission, an identification of the dynamics of configura-
tion I was performed, downlinked, and used to create measurement
models. A family of PP controllersdesigned prior to flight using the
FEM were then implemented, whereas controllers were redesigned
using the FEM and MM and uplinked on the third day. Two addi-
tional MM redesigns were also implemented later in the mission.

The PP controllers were very dependenton the conservatismand
accuracy of the uncertainty model. Table 3 shows a summary of the
results for both the unshifted model and SM approachesto using the
uncertainty model (explained in Fig. 2), along with the FEM fre-
quencies. The A f refers to a shiftin the FEM to create the nominal
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Table 3 Data showing the predicted 0-g uncertainty model for configuration I

Uncertainty model 1 Uncertainty model 2 Data
Mode type frem, Hz  Af, % Af, % Af,% Af,% Af,% Af,%
Ist Vertical 2.26 0.0 4.7* -1.5 3.2 3.8 4.1
1st Horizontal 3.73 0.0 8.12 —4.3 3.8% -2.9 4.6
2nd Horizontal 9.46 0.0 5.5% 3.6 1.9 5.5 2.3
2nd Vertical 16.1 0.0 3.7% 1.4 2.3 —-2.1 2.7
3rd Horizontal 17.8 0.0 1.4% 0.3 1.1 —-14 0.2
4th Horizontal 25.0 0.0 1.6* 0.8 0.8% -1.6 2.9
3rd Vertical 39.6 0.0 7.5% -3.0 4.5% —-32 2.9
4th Vertical 49.2 0.0 5.6 —4.1 1.5 -9.0 2.0
5th Horizontal 49.7 0.0 5.0° -2.1 2.9% -25 2.3
6th Horizontal 57.0 0.0 4.8 -3.7 1.1 —12.8 3.2

@Mean data frequencies within predicted bounds.
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Fig. 3 On-orbit FEM based results for MACE configuration I; pre-
dicted uncertainty model and p-analysis used to test for robustness.
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Fig. 4 On-orbit measurement model based results for MACE config-
uration I; open-loop data analysis used to test for robustness.

design model. For uncertainty model 1, the most common and con-
servative form, the FEM is used as the design model and is not
shifted (A f = 0). For uncertainty model 2, the shift is nonzero in-
dicatingthatthe SM is used for design(A f = m ;). The A f refersto
the variations in the modal frequency about the shifted mean value,
used in both control design and analysis. The parameter variations
for uncertainty model 1 are much larger than those for uncertainty
model 2 because they combine the mean errorsand 30, bounds from
the predicted uncertainty model (Af = |m| + 30,), whereas the
variations from uncertainty model 2 only use the predicted bounds
themselves (Af = 307).

The superscriptin Table 3 denotes those parameter variationsthat
coverthe actual frequenciesofthe system, accordingto the measured
on-orbit data. For uncertainty model 1, 8 of 10 measured frequen-
cies were covered by the predicted uncertainty model. Two high-
frequency modes were not covered by the predictions, but because
the controllers were designed to be very robust in this frequency
range, these were not limiting factors in the on-orbit performance.
Uncertainty model 2 was not as accurate, with the SM and vari-
ations covering only 5 of the 10 frequencies. However, the mean
of the errors of the frequencies of the nominal design model was
reduced from 4.6 to 3.1%.

Figure 3 shows the (open- and) closed-loop performance for the
best XY Z results for configuration I. The scalar performance cost,
which is the square root of a weighted sum of the five integratedrate
gyros squared, is plotted. The solid line in Fig. 3 shows the best PP
controllerbased on the FEM control design model. This controller,
as with all FEM PP controllers, was analyzed using the predicted
uncertainty model (see Table 3) and u analysis. This particularcon-
troller was designed using the multiple model technique. A 31-dB
(factor of 35) performance improvement was achieved over a broad
frequency band, and the controller has significantly modified the
dynamics up to approximately 30 Hz. The limiting factor in the PP
designs was the unmodeled tether modes discussedin Sec. I1.B. The
dominant tether mode at approximately 0.14 Hz was destabilized
by the next higher authority controller.

A family of FEM-based controllers were RD using the open-loop
data analysis. In addition, a second-order shaping filter on the con-
trol effort was added that substantiallyincreased the control penalty
below 0.5 Hz to avoid interaction with the tether modes, while still
achieving performance over the 0.5-50 Hz range. The best of these
closed-loop results is shown in Fig. 3. The FEM RD controllers
noticeably improved the performance up to 20 Hz, resulting in a
35.2-dB improvement (factor of 58). These controllers also pro-
vided more robustnessto high-frequency model errors, as indicated
by the sensitivity analysis (not shown). Because this is a pointing ex-
periment, it is also important to evaluate the time-domain response
for various disturbance commands. Time-domain analysis of this
controller for broadband and step commands is given in Ref. 7,
showing remarkable improvement. This performance improvement
is also demonstrated in Fig. 5 with a narrow-band disturbance that
consists of a sine wave at 3.65 Hz in the X directionand one at 2.10
Hz in the Z direction. As Fig. 5 clearly shows, the CST control pro-
vides a factor of 15-20 reduction in pointing error over the servoed
system.

Controllers were also designed using the MM and were analyzed
using open-loopdataanalysis (MM RD1-MM RD3). Because MMs
are typically much more accurate than the FEM, robustness levels
for these controllers were much smaller than those used for the
FEM-based controllers. This approach resulted in many success-
ful control designs during the extensive ground tests prior to flight.
Figure 4 shows performance results using MM-based controllers
(MM RD3), demonstrating significant broadband improvement in
the pointing objective, correspondingto a 33-dB (factor of 45) im-
provement in performance. This surpasses the performance levels
of the FEM PP controllers, but not the FEM RD controllers. This
result is quite surprising because numerous ground tests indicated
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Fig. 5 Angular displacement trace of open- and closed-loop perfor-
mance for narrow-band disturbance in each axis.

that control based on the identified models consistently gave better
closed-loop performance than the FEM-based designs.?®

The symptom of the difficulties experienced on-orbit was that
the MM RDI1 controllers drove the Z-axis dynamics unstable near
10 Hz. This was clear from the measured closed-loop data, but did
notappearin the open-loopdata analysis. A variety of methods were
used to compensate for what apparently were differences between
the measured/identified dynamics on the first day of operations and
the testarticledynamics on laterdays. One approach was to redesign
controllers with significant amounts of robustness on three modes
near 10 Hz. These attempts to robustify the compensators stabilized
the system, but also limited performance improvement. A second
approach was to use an additional set of open-loop data for control
analysis, but this was not available until later in the mission.

A postflight comparison of three system identification tests taken
at different input amplitudes and different points in the mission
confirmed that changes occurred in the system response in this fre-
quency range. This indicated that a previously unobserved stiction
nonlinearity in the gimbals modified the boundary conditions of the
structure and resulted in changes in the dynamics near 10 Hz (Refs.
9 and 13). Thus, the MM very accurately fit the measured data,
but did not provide a good control design model for high-authority
controllers because of the amplitude-dependentnonlinearity in the
system. Furthermore, the postflight analysis demonstrated that the
actual response of the system was more accurately represented by
the FEM than by the MM. A complete summary of the issues asso-
ciated with the nonlinearity is given in Refs. 9 and 13.

The performance results from the MACE flight for configura-
tion I are succinctly summarized in Fig. 6. This plot compares the
predicted (o) and actual (x) closed-loop performance obtained by
the MIMO compensators designed using the predicted (FEM) and
measured (MM) dynamics and analyzed using u for PP controllers
and data analysis for RD controllers. Each curve corresponds to a
family of compensators with increasing control authority (achieved
by decreasing the control penalty and the sensor noise in the robust
‘H, design). The asterisk indicates that a second set of data was used
in the open-loop data analysis procedure.

The FEM PP compensators were designed with increasing con-
trol authority until the i analysisusing the predicted0-g uncertainty
model indicated potential instability from a perturbation within the
uncertaintyset. In this case, the first four MIMO controllers were de-
signed using SWLQG, and the remainder were designed using the
multiple model technique. The closed-loop results show that per-
formance improvement was predicted quite well, except for the last
controller, which destabilized the low-frequency (0.14 Hz) tether
mode. The presence of the tether mode and its gradual deteriora-
tion in performance were the primary cause for divergence in the
prediction accuracy for the FEM PP family.

The FEM RD controllers included a shaping filter on the con-
trol effort, substantially increasing the control penalty below 0.5
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Fig. 6 Configuration I performance comparison.

Hz to avoid interaction with the tether modes. These controllers
were designed using the multiple model technique and analyzed
using open-loop data. Because the open-loop data analysis more
accurately reflects the actual dynamics of the system and is less
conservative than the uncertainty model/u analysis, the FEM RD
controllersextendedthe performanceimprovementto 35.2 dB (com-
pared to the 31.0 dB of the FEM PP). The predicted performance
matches the actual performance very well for all cases. The limiting
factors in these designs were phase loss (due to the sensor dynamics
and computational delay) and sensor noise.

The first MM controllers (MM RD1) did not fare as well. The
predicted and actual performance diverged with increasing author-
ity, with the final controller destabilized the system near 10 Hz.
These poor predictions, caused by a deterioration in the stability
and performance near 10 Hz, were the result of two factors. First,
the MM was an excellent fit to the open-loop data, so that there were
no significant deviations between the model and data predictionsin
either H,(jw) or a[S(jw)]. As a result, there was very little indi-
cation of how the controller should be robustified, and confidence
from numerous ground tests gave little reason to expect any signifi-
cant robustness issues. The second, more important, factor was the
failure of the linear open-loop analysis to predict the problems at
10 Hz caused by the nonlinearity.

Several redesigns of the MM-based controllers were also per-
formed. The MM RD3 controllers used the same model as the MM
RD1 controllers but had the added benefit of a second set of mea-
sured open-loop data downloaded from the Shuttle for performance
analysis. (Note that several operational and communication con-
straints limited our ability to obtain and download additional open-
loop data. These factors, combined with the physical remoteness
of the experiment, placed significant limitations on the analysis of
the nonlinearity that could be performed during the mission.) As
shown (Fig. 6), the predictions matched the actual results much
better. In addition, the 10-Hz problem was addressed in the robust
control designs to prevent destabilization of the actual system. The
best achievableperformance was increased to 33.0 dB (comparedto
the 28.9 dB of MM RD1). The performance levels, however, were
still lower than those obtained with the FEM. This difference is at-
tributed to both a lack of design heritage (9 months for FEM, 9 days
for MM) and performance degradation associated with the conser-
vative techniques used to avoid destabilizing the system at 10 Hz.

These results clearly indicate that the robust control design and
analysis methods worked quite well for the FEM-based controllers.
Of the 130 FEM PP configuration I controllers that were imple-
mented, only seven destabilized the system. Of these seven, three
were predictedto be unstable(designedusing LQG), and the remain-
ing four destabilized the low-frequency tether mode. Comparable
performance was eventually achieved using the identified models,
but model refinement and controlredesign process were constrained
by the limited amount of data that could be downlinked during the
mission. The difficulties experienced with control designs based on
the identified models illustrate the importance of furtherresearchin
the fields of system identification and model unfalsification 2423

B. Sensor/Actuator Topology
Tests were also conductedto study the impact of controller topol-
ogy on the achievable performance. In particular,several controllers
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were designed that did not feed back the rate gyros in the primary
payload (the performance metric), as this is a topology thatis known
to be capable of higher performance, but is not always realistic.”!
Many different designs were attempted using a variety of actuators
and sensors including strut strain gauges to measure the structural
vibrations,bus rate gyros to provide bus orientation,and primary en-
coders to measure relative gimbal pointing angles. For these cases,
the structural flexibility that exists between the measurements on
the bus and the relative measurements at the gimbal typically plays
a larger role in determining the feedback gains and, ultimately, the
performance.Consequently, controllers for these topologies depend
heavily on the system model and are often plagued with robustness
concerns.!!

Because of the hindered performance and robustness concerns
caused by not feeding back the performance metric, two design de-
cisions were made. First, the encoders appearedto be the best sensor
in terms of achievable performance, primarily because of their rela-
tively close location to the payload rate gyros. The use of encoders
and bus rate gyros would allow the design to infer the inertial posi-
tion of the gimbal. Second, to increase the robustness of the loops,
a high-authority control/low-authority control (HAC/LAC)* archi-
tecture was employed. A low-authority controller consisting of two
independent integral feedback controllers was closed between the
two axes (X and Z) of the active strut and collocated strain gauge
pairs. The LAC was designed to add stability robustness to the sys-
tem by increasingdampingin the 10-, 17-, and 25-Hz modes. These
modes were targeted because the p analysis indicated robustness
problems may exist without this added damping. The HAC was
based on a MIMO (five inputs and five outputs) robust multiple
model controller using the primary gimbal and reaction wheel actu-
ators and the primary encoders and bus rate gyro sensors. Note also
that the HAC/LAC design was a PP controller, designed using the
FEM, predicted uncertainty model, and p analysis.

Figure 7 shows the best XY Z closed-loop results obtained us-
ing this HAC/LAC approach and not feeding back the performance
metric (NPV), along with the best FEM PP design (from Fig. 3)
that does (PV). The impact of the local loop, although not com-
pletely apparent in the NPV closed-loop results, was quite large,
resulting in heavy damping of the 10-, 17-, and 25-Hz modes. How-
ever, because the performance was dominated by the low-frequency
response, primarily the 2.26- and 3.73-Hz modes, which were diffi-
cult to control without the rate gyro measurement, the overall NPV
pointing error performance was 3.5 times worse than the best per-
formance achieved by the FEM PP design (21.8 dB vs 31.0 dB).
This performance degradationis to be expected given that the NPV
controller does not use a direct measure of the performance metric.
The asterisk in Fig. 7 indicates the controller was designed with the
HAC/LAC method.
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Fig. 7 Closed-loop performance results for configuration I showing
degradation when the performance metric z is not fed back (NPV) as
compared to the best FEM PP controller that utilizes z (PV). The *
indicates that this controller was designed with the HAC/LAC method.
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Fig. 8 Comparison of a shifted-model-based controller (SM PP) with
an original FEM-based controller (FEM PP) on configuration I.

It is common in many systems that the PV cannotbe directly fed
back. These representative closed-loop results on MACE indicate
thatthe achievableperformance will degrade. However, the small set
of results clearly shows that reasonable performance improvements
and robustness can still be obtained using robust controllers that do
not have direct access to the performance metric.

C. SM

A family of PP controllers was designed on configuration I us-
ing uncertainty model 2 (Table 3), which includes an SM and small
parameter variations, as shown in Fig. 2. As discussed earlier, it is
appropriateto use this approachif there is high confidence in the pre-
dicted uncertainty model. Because of the reduced size in uncertainty
boundsaboutthe shifted means, use of uncertaintymodel 2 in analy-
sis and synthesisshould resultin higher authority controllers. Exper-
imental performancewill, however,depend more strongly on correct
predictions of the mean variations in the error model (Table 3).

Figure 8 shows the results of two PP controllers. The FEM PP
controller is the best PP controller using the FEM and uncertainty
model 1 and is identical to that in Fig. 3. The SM PP result cor-
responds to the best PP controller using the FEM shifted by the
predicted mean errors of the uncertainty model.'>!3> The SM PP
controller performed 30% better than the best FEM PP controller.
However, because higher authority FEM PP controllers were desta-
bilized due to the unmodeled tether mode (and were not in the SM
case), the results are inconclusive on whether this improvement of
the SM PP performance was due to unmodeled dynamics, reduced
conservatism, or both. However, comparisons between the SM and
measuredopen-loopdatado indicatethat this formof the uncertainty
model can be very useful for on-orbit control design.

IV. On-Orbit Configuration II
Closed-Loop Experiments

Configuration II (the L shape) was used to investigate a set of
hardware in 0-g that had only been tested on the groundin a differ-
ent configuration, i.e., configurationI. This change in configuration
was included in the MACE program to provide a strong test of the
ability of the CSTs to model, predict, and account for significant
variations in system dynamics. PP controllers were designed for
configuration II using appropriate versions of the FEM, uncertainty
model, and p analysis. In addition, an MM was also developed on-
orbit, and both FEM- and MM-based controllers were redesigned.
The primary difference between the on-orbit operations for the two
configurations was the extentof experimentsand redesignsthat were
implemented.

A. Configuration II Results

The process of determining the analytical model of configura-
tion II was different from that used for configuration I. Although
the configuration I model was updated using ground test data, there
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Table4 Data showing the predicted 0-g uncertainty model
for configuration IT

275

Uncertainty model Data
Modeno.  feem,Hz  Af, % Af,% A% AF,%
1 2.45 0.0 4.8 1.1 2.2
2 5.35 0.0 3.8 3.1 1.9
3 8.41 0.0 6.4* 1.8 3.0
4 17.6 0.0 0.7¢ -0.4 1.3
5 19.0 0.0 7.4% -2.2 1.5
6 26.0 0.0 1.4 —-14 0.5
7 31.8 0.0 5.4 —12.4 0.5
8 37.0 0.0 1.1 —6.8 0.6
9 42.7 0.0 43 -53 23
10 49.9 0.0 3.5¢ -3.5 2.8

#Mean data frequencies within predicted bounds: 7 of 10.

was no direct correlation with measured open-loop data possible
prior to flight for configuration II. An alternative method had to
be developed in which the updated parameters from the configu-
ration I model were used as the starting point for configuration II.
The differencesbetween the two structural configurations were then
included in the configuration II model. If the physical parameters of
configurationI have been updated correctly during 1-g testing, then
the resulting 0-g model for configuration II should be quite accu-
rate. The configuration II 0-g model was used for 0-g identification
experiment design, controller design, and performance prediction
prior to flight. The relatively large changes in the modal frequencies
from configurationI to configurationII are shown in Tables 2 and 3.

As shownin Ref. 9, the accuracy of the configuration Il FEM and
MM are comparable to that for configuration I. This was expected
for the identification model, which was directly fit to the measured
MIMO data. However, given the potential errors in the modeling
process for configuration II, this level of accuracy was not necessar-
ily expectedfor the FEM. The closenessof the FEM to the measured
data for configurationII confirmed that a highly accurate model of a
0-g structural configuration that cannot be tested on the ground can
be constructed from a similar configuration that was tested in 1 g.

As with the FEM, the configuration II uncertainty model was
based on the configuration I uncertainty model, but with an added
step linked to the rotation of the physical degrees of freedom of
the L configuration. Details of this prediction are given in Ref. 27.
Table 4 summarizes the uncertainty model for configurationII. Only
the more conservative form of the uncertainty model is shown be-
cause no SM controllers were designed for this configuration. Of the
10 frequenciesshown, 7 of the mean errors were predicted correctly.
These results are quite good considering the uncertainty model de-
velopmentcontains an additionalstep in the predictionprocess (con-
figuration I to configuration II).

The closed-loop results for configuration II are shown in Figs. 9
and 10 (analogousto configurationI results in Fig. 3 and 4). Figure 9
shows the performance results for FEM designs with the nominal
topology of the five rate gyros, three reaction wheels, and primary
gimbal. The multiplemodel designmethod was used for these partic-
ular controllers. The solid line in Fig. 9 shows that the best FEM PP
design (using u analysisand uncertainty model in Table 4) achieved
28.0-dB improvement, with significant broadband disturbance re-
jectionup to 20 Hz. It also shows, however, a lightly damped closed-
loop resonance at 8.5 Hz, which was not predicted by the u analy-
sis, and a slight amplification in the 20-30 Hz range. The FEM RD
controller (using open-loop data analysis) was designed to increase
robustness of the FEM-based designs in the 8 and 20-30 Hz ranges.
As shown in Fig. 9, these frequency ranges are much improved, but
performance was sacrificed (26.9 dB).

Performance improvement of the best MM RD-based controller,
shown in Fig. 10, is slightly worse than the FEM-based controllers
up to 15 Hz. The 8-Hz amplificationis much lower, however, and the
20-30 Hzregionis better. Note also the slightamplificationat 40 Hz,
a result of robustness problems with the HAC. Overall, the higher
authority FEM PP controllers achieved the best overall numerical
performance. However, H, performancealoneis not necessarily the
best measure of the closed-loop system response.
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Fig. 9 On-orbit FEM-based results for MACE configuration II; pre-
dicted uncertainty model and p-analysis used to test for robustness.

-~ Open Loop
- - Servos Only (6.6 dB)
"""" MM RD CST (25.7 dB) |

Performance (deg/NHz)

v

' 1o
R
LI

10 . .
10’ 10
Frequency (Hz)

Fig.10 On-orbit MM-based results for MACE configuration II; open-
loop data analysis used to test for robustness.
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Fig.11 Configuration II performance comparison.

The configuration II performance summary is shown in Fig. 11.
As in Fig. 6, these curves show predicted and achieved perfor-
mance for several families of controllers designed before (PP) or
during (RD) the mission. The 8.5-Hz problem identified in Fig. 9
caused a divergencebetween the PP predicted and measured closed-
loop responses. This divergence is even more dramatic than was
seen for the configuration I PP controllers. In addition, the closed-
loop performance of the last controller in the FEM PP family de-
graded significantly. The best PP design, which s the second-to-last
controller in the FEM PP family, corresponds to FEM PP shown in
Fig. 9, where the 8.5-Hz problem is already apparent.

With these PP performance results and the nonlinearity prob-
lems from configuration I already known, the emphasis for the
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configuration II FEM RD controllers was to develop more robust
controllers that avoided difficulties near 8.5 Hz and yielded more
predictableresults. As shown in Fig. 11, these objectives were par-
tially achieved. The problems at 8.5 and 20-30 Hz have improved
in the FEM RD controllers, but at the expense of approximately
1-2 dB in performance. Although this corresponds to only a small
deteriorationin performance,the equivalentdesigniteration for con-
figuration I resulted in a 4-dB improvement. The FEM RD curve
shows some disagreement between the predicted and achieved per-
formance values, which is again a result of the 8.5-Hz problem.
Unlike the PP case, however, these two curves do not diverge with
increased control authority.

The measurement based configuration II controllers (MM RD)
were designed after the problems on configuration I had been ob-
served and partially resolved. Thus, similar problems were antic-
ipated with the configuration I MM RD controllers because only
one data set was available for this configuration at that point in the
mission (when the controllers were designed). As a result, the MM
RD controllerswere designed very conservativelyto avoid problems
similar to the ones on configuration I. Figure 11 shows that perfor-
mance improved within the family of the MM RD controllers, but
did not achieve the performance levels of the FEM-based designs.
In addition, there is a large discrepancy between the predicted and
actual results caused by the use of only one data set for both the
model generation and open-loop data analysis. The performance
prediction discrepancy and the FEM performance surpassing the
MM RD are consistent with the configuration I results.

B. Comparison of Configuration I and Configuration II Results

The objective of control design on configuration II of MACE
was to determine the extent to which ground testing of an alternate
configuration for a structure would aid in obtaining reliable control
performance on a structure that could not be tested in 1 g. From this
perspective, configuration II can be viewed as the primary space
structure for which good closed-loop control is required. Configu-
ration I corresponds to a simple, reasonably similar structure that
could be cheaply built and tested on the ground. In light of this ob-
jective, the most important results for configuration II are the first
family of PP control designs. It is this family of control designs that
relied entirely on knowledge from the ground testing of the simpler
alternative (configuration I) and modeling of the actual structure
(configuration IT). As such, the following comparison concentrates
on the results of the PP controllers for these two configurations.

The FEM PP family of controllers for configuration I in Fig. 6
shows results obtained from a structure that was rigorously tested
on the ground and then flown on-orbit. In comparison, FEM PP
controllers for configuration Il in Fig. 11 show results obtained for
a structure that has never been tested on the ground, but shares the
structural heritage of a system that has been tested extensively. The
goal of control designs for each configuration was similar. Predicted
performance in each of these plots shows a family of controllers in-
creasing in expected performance from about 20 dB to over 30 dB.
As shown in the two graphs, the achieved performanceis also quite
similar. Furthermore, in both configurations, the achieved perfor-
mance for the lowest authority controller is close to the predicted
value (<20 dB). For both configurations, the gap between the pre-
dicted and achieved performanceincreasesfor higher authority con-
trollers. This trend demonstrates that, in both cases, the higher au-
thority controllerstend to accentuatedifferencesbetween the control
designmodel and the actualstructure.It is clear that the performance
gapislargerfor configurationIl than for configurationl. This perfor-
mance reduction is primarily due to the lack of ground testing with
this exact configuration and clearly shows that ground testing is an
essential part of control system design for high-performance space
applications. However, Fig. 11 shows that the overall performance
on configuration II was nearly 30 dB. This result clearly demon-
strates that good performance can still be achieved if the ground
testing is not performed on exactly the same structure, but instead
on a similar structure that may be easier and cheaper to test on the
ground. Thus, these comparisons provide some good insights on
the important role that ground testing played in the configuration II
results.

In summary, the good results obtained on configuration II do not
imply that ground testing is an unnecessary step in control design
for space applications. On the contrary, configuration II control de-
sign models and selection of performance weights were very heavily
dependent on parameters obtained from ground testing of config-
uration I. In fact, it was the ground testing of configuration I that
enabled accurate modeling and effective PP control of configura-
tion II. These results show that even if the actual structure cannot be
ground tested, useful information can be obtained by using a similar
structure that can be tested on the ground.

V. Conclusions

The objective of this paper was to present an in-depth analysis
of the extensive closed-loop results from the on-orbit operations
of MACE. The nominal straight configuration for MACE, which
was tested on the ground, was used to demonstrate excellent per-
formance improvement using both PP (31.0 dB) and RD (35.2 dB)
controllers. The MM-based redesigns, however, did not perform as
well (33.0 dB) primarily because of a lack of design heritage and
the errors associated with the identification of a system that con-
tains nonlinearities. Similar levels of performance were achieved
on a second L configuration that was not tested on the ground prior
to flight. These results clearly showed the benefits of ground test-
ing the system, even if it must be tested in a different configuration
than it will be used in operation. In summary, the MACE mission
1) successfully demonstrated that robust control techniques can be
used to design controllers that achieve good on-orbit performance
based on predicted models of the dynamics and the errors in these
dynamics, 2) confirmed that this performance can be improved and
made more predictable using an on-orbit redesign sequence based
on analysis with measured on-orbit data and control design based
on the refined or identified on-orbit dynamic, 3) demonstrated that
techniques and design proceduresdeveloped as part of the CST can
be used to develop controllers for a configuration of the system that
had never before been tested on the ground, and 4) demonstrated
that good performance improvement can still be achieved when the
performance metric is not directly fed back.

In conclusion, these results summarize a very successful inves-
tigation of control design issues associated with a contemporary
solution to the CSI problem. It is now hoped that these experimen-
tal on-orbitresults, combined with the extensive ground-basedtests
that have already been published, will improve the confidence in
these advanced analysis and synthesis techniques so that they will
be applied to future spacecraft that cannot be tested on the ground
in a sufficiently realistic 0-g environment.
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