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Many large space system concepts will require active vibration control to satisfy critical performance require-
ments such as line-of-sight pointing accuracy and constraints on rms surface roughness. For these concepts to
become operational, it is imperative that the benefits of active vibration control be practically demonstrated in
ground-based experiments. This paper describes an experiment conducted on the Mini-MAST test bed, a
structure located at NASA Langley Research Center that has features dynamically traceable to future space
systems. The results of this experiment demonstrate the successful application of a modern control design
methodology to active vibration control for a flexible structure. To maximize traceability to current flight system
technology, the controllers were designed and implemented using sensors (four accelerometers and one rate gyro)

that are actually mounted to the structure.

1. Introduction

ANY future space missions will require active vibration

control to satisfy critical performance requirements
such as line-of-sight pointing accuracy and constraints on rms
surface roughness. An important step in the development of
this technology is demonstration in ground-based experiments.
This paper discusses an experiment conducted on the Mini-
MAST test bed at NASA Langley Research Center. This exper-
iment required control design and implementation for the
Mini-MAST structure and successfully demonstrated active
structural control technology. References 1 and 2 describe the
application of a similar methodology to control design for the
Active Control Evaluation for Spacecraft (ACES) structure at
NASA Marshall Space Flight Center.

The Mini-MAST structure, shown in Fig. 1, is a beamlike
truss structure. This structure can be viewed as the secondary
support tower of a precision optical structure. To achieve high-
accuracy line-of-sight pointing in such a structure, it is impor-
tant to minimize the relative displacement of the tip of the
beam with respect to the base. Hence, the primary objective of
this experiment was to design controllers that provide substan-
tial reduction of the displacement of the tip of the Mini-MAST
structure. Particular emphasis was also placed on controller
simplicity (i.e., decentralized and reduced-order controller ar-
chitectures). Complexity reduction in control law implementa-
tion is of paramount interest due to stringent limitations on
throughput of even state-of-the-art space-qualified processors.

To maximize traceability to current flight system technol-
ogy, only the (acceleration and rate) sensors that are mounted
on the Mini-MAST structure were used. Five sensors were
used: four accelerometers and one rate gyro. Ground-mounted
displacement sensors were available but were used only for
performance evaluation.

The performance objective required control of the low-
frequency modes without destabilizing the higher-frequency
modes (which is a standard structural control problem). Be-
cause of the use of accelerometers, which tend to emphasize
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higher-frequency modes more than do displacement or rate
sensors, it was very important to ensure that the control laws
rolled off sufficiently to avoid destabilizing the higher-fre-
quency modes. In this experiment, the rolloff was enforced by
using a precompensation strategy. That is, practical rolloff
filters were first designed using classical insights and included
as part of the plant. Linear quadratic Gaussian (LQG) and
full-order maximum entropy control laws?7 were designed us-
ing the modified plant. The order of these controllers was then
reduced using balanced controller reduction.?® The rolloff fil-
ters were then appended to the reduced-order LQG and maxi-
mum entropy control laws to obtain the control laws that were
actually implemented. As will be seen in the subsequent re-
sults, this methodology proved to be very effective for achiev-
ing the control design objectives for the Mini-MAST.

The paper is organized as follows. Section II provides a brief
description of the Mini-MAST test bed and describes the Mini-
MAST models provided by NASA Langley. Section III re-
views maximum entropy control design. Section IV defines the
basic control design problem and discusses the precompensa-
tion methodology used for control design. Section V describes
the control design strategy used in this experiment and the
reduced-order models that were used to develop the control
laws. This section also discusses some of the key design details
such as the dynamics of the precompensator filters and the
weighting schemes that were used. Sections VI and VII de-
scribe, respectively, the decentralized and centralized designs
that were implemented and the resultant performance im-
provement. Finally, Sec. VIII presents the closing discussion.
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Fig.1 Mini-MAST test article.
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II. Description of the Mini-MAST
Test Article and Models

This section provides a brief description of the Mini-MAST
experimental test bed, located at NASA Langley Research
Center. A more detailed description is provided in Ref. 9.

The basic Mini-MAST test article is a generic space truss
designed and manufactured by Astro Aerospace Corporation.
The tubing members of the truss are made of graphite epoxy.
The truss beam is deployable and retractable and has a triangu-
lar cross section. The total height of the truss is 20.16 m and
the truss consists of 18 bays, each of which is 1.12 m in height.

The actuators and sensors available for control design im-
plementation, disturbance generation, and performance evalu-
ation are shown in Fig. 1. The only actuators available for
control are three torque wheel actuators that are mounted on
the tip plate (top of bay 18) parallel to the global x, y, and z
reference axes. The torque wheels provide both torsional and
bending torque loads to the Mini-MAST. These dc permanent-
magnet motors have a rated peak output of 50 ft-lbs at 50 V
and 9.6 A.

The available control sensors are six Sundstrad QA-1400
servo accelerometers and three Watson angular rate gyros.
Four accelerometers are located at the beam tip (bay 18) and
two are located on the midplatform (bay 10). These sensors
measure linear acceleration in the global x and y directions.
The three rate sensors are located at the beam tip (bay 18) and
measure pitch (about the x axis), roll (about the y axis), and
yaw (about the z axis).

Fifty-one Kaman KD-230 proximity probes (i.e., displace-
ment sensors) are installed on the support structure along the
Mini-MAST. These devices can be used for control but were
primarily intended for structural dynamic testing and perfor-
mance evaluation. Our experimentation used the three Kaman
sensors at bay 18 for performance evaluation. These sensors
are oriented normal to the faces of the truss at each of the three
vertices.

Three Unholtz-Dickie 50-1b shakers are attached at bay 9
for disturbance generation. These shakers have the same orien-
tation as the Kaman sensors at bay 18.

Two models of the Mini-MAST were provided by NASA
Langley Research Center. The first model was used to generate
the reduced-order models that were used to design the decen~
tralized controllers and had good correspondence to experi-
mental data below 10 Hz. A second model that had even better
correspondence to experimental data under 10 Hz was pro-
vided later in the program and was used to generate the re-
duced-order model that was used to design the centralized
controllers. The final evaluation model for each of the control
designs was the full-order second model, discretized at 80 Hz,
the sample frequency chosen for control law implementation.
Delay states were included in the evaluation model to account
for the one sample period computational delay.

Both of the models consisted of essentially three parts: the
torque wheel dynamics, the finite element generated structural
dynamics, and the 20-Hz analog Bessel filters used to filter the
sensor outputs. The dynamics of the three torque wheels were
quite similar to one another and significantly contributed to
the plant dynamics over a wide bandwidth. For example, the
dynamics of torque wheel X provided 75 deg of phase lead at
0.8 Hz, the frequency of the first bending modes, and provided
a magnitude variation of over 50 dB from 1 to 100 Hz. The
20-Hz Bessel filters were chosen instead of lower-frequency
Bessel filters to allow better control of the second bending
modes, which had frequencies of around 6 Hz. Only one
shaker at bay 9, shaker A, was used to disturb the structure,
and the three Kaman sensor measurements at bay 9, displace-
ments A, B, and C of bay 18, were used for performance
evaluation. The inputs used for control law implementation
were the three torque wheels at bay 18—torque X, torque Y,
and torque Z. The outputs used were two bay 18 accelerome-
ters—acceleration 1X and acceleration 2Y; the bay 10 ac-
celerometers—acceleration X and acceleration Y; and the

torsional rate gyro at bay 18—rate gyro Z. As opposed to
model 1, which contained 18 structural modes, the structural
dynamics for model 2 were composed of 28 modes. Most of
the additional modes are a set between 15-20 Hz, involving the
diagonal members and the tip plate.

The first five modes of model 2 were as follows. The first
two modes were both at 0.83 Hz and were the first bending
modes in the X and Y directions. The third mode was the first
torsional mode (at 4.37 Hz). The next two modes were the
second bending modes in the X and Y directions and were
located at 6.44 and 6.38 Hz, respectively. This model con-
tained 23 additional modes from 14.72 to 73.34 Hz.

III. Maximum Entropy Design

The maximum entropy approach to control design was de-
veloped particularly to allow high-performance robust control
law design for flexible structures and appears to be closely
related to recent results on parameter-dependent Lyapunov
functions and variations of the Popov criterion.!® Maximum
entropy design®-7 assumes an uncertain plant of the form

X(1y = (A +AA)x(t) + Bu(t) + Dyw (1) n
Y(t) = Cx(t) + wa?) @
z(t) = Evx(2) &)

where x € R, ue ®R™, y e R, z € ®™, w; € ®R"* is white
disturbance noise with non-negative definite intensity V,,
w, € ®™ is white observation noise with positive definite in-
tensity V5, and w; and w, are uncorrelated. The state matrix 4
is assumed to be in real normal form such that 4 is block
diagonal with scalar blocks corresponding to the real poles of
the system and 2 x 2 blocks of the form

v W
—@r TV

corresponding to the flexible modes. It is assumed that the
uncertainty AA is of the form
AA = Eé;A,-, |5,| =o;, Q; =0 (4)

i=1

where n, denotes the number of uncertain modes, and each A4;
is of the form

0 1
A; = block diag{O,...,O, [ ] 0] ,0,...,0} 5)
corresponding to uncertainty in w;, the frequency of the ith
mode.
Full-order maximum entropy design allows the synthesis of
an n,th-order dynamic compensator,

X(t)=Acx.(t) + B.y(r) ©
u(t) = —Cx.(t) Q)
that minimizes the steady-state performance criterion

J(Ac,Be,Ce) £ ImE [x (O Rx (1) + uTRyu (1)]

R, =E[E|, R,>0 . ®
subject to a constraint on a modified closed-loop Lyapunov
equation, which is a function of §; and A4; %7 The computation
of the maximum entropy controller requires solving a set of
four coupled equations: two Riccati equations and two Lya-
punov equations. These equations can be solved using a homo-
topy algorithm.’ If we assume perfect knowledge of the system
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(i.e., 8; =0 for i =1,...,n,), then the four equations decouple
and the Riccati equations become the standard LQG Riccati
equations.

IV. Problem Definition and the Introduction of a
Precompensation Methodology for Control Design

As mentioned in the Introduction, the basic control objec-
tive was to minimize the displacements at the tip of the Mini-
MAST. It was assumed that the Mini-MAST would be sub-
jected to a 0.1-s pulse of 50-N amplitude from shaker A. It was
evident from the magnitude Bode plots from shaker A to dis-
placements A, B, and C of bay 18 that, if shaker A is used to
excite the Mini-MAST with a pulse of infinitesimal duration,
then the open-loop displacements at the tip are primarily due
to the excitation of the first bending modes of the X and Y axes
(at 0.8 Hz) with minor contributions from the first torsional
mode (at 4.4 Hz) and the second bending modes of the X and
Y axes (at 6.1 and 6.2 Hz). Since the disturbance pulse was
actually of finite duration, the contributions of the latter three
modes were even further reduced.

From this analysis it was apparent that the performance
objectives required the control of no more than five modes
with the first bending mode pair being the two most important
modes to attenuate. The control design thus required the con-
trol of these five modes without destabilizing the remaining
higher-frequency modes, all of which are above 14 Hz. Recog-
nize that the experimental data discussed in Sec. II that was
used to verify the accuracy of the two models was only valid
below 10 Hz. Thus, we did not have confidence in our models
above 10 Hz and wished to ensure stability of these modes by
having the compensators roll off these modes to achieve gain
stabilization.

An additional motivation for using a rolloff strategy for
achieving the desired high-frequency stabilization was that we
used continuous-time models and design theory for the control
designs. The controllers were then discretized for implementa-
tion at 80 Hz. This discretization tends to distort the higher-
frequency dynamics of the continuous-time compensators,
which can cause instability when the discretized controllers are
implemented. The use of compensator rolloff for high-fre-
quency stabilization was used to reduce the importance of
high-frequency compensator dynamics.

It is important to note that, for this problem, the desired
rolloff could not be achieved by a straightforward application
of LQG design theory. This fact is illustrated by Fig. 2, which
shows an LQG compensator designed using a reduced-order
model of the torque X to acceleration 2Y transfer function.
The reduced model included only one mode above 10 Hz, a
20.3-Hz mode. The LQG compensator was designed to at-
tenuate the first bending mode at 0.8 Hz. The compensator
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signed without using precompensation.

G (s

i
C\"2 (s) 2 ")
PSR Ol pera B A0 Go® u (s) i (s)
{c9] e o}
i
$(s)
a1
{ Heo

z(s) wi (s)
A yo(s) Gy (s)

H(s)

Fig. 4 Imi)lementation configuration for the precompensation meth-
odology.

shown in Fig. 2 has sufficient gain at the first bending mode to
achieve significant performance improvement, but the gain
stabilizes the 20-Hz mode by notching it and has enough gain
above 20 Hz to potentially destabilize the unmodeled modes.
This type of compensator was clearly undesirable.

The desired rolloff could have been ensured by assuming
norm-bounded uncertainty and using either H,!'-!6 or p-syn-
thesis!”"!8 control design. Alternatively, one could have used
frequency weighted LQG!61%2 to attempt to achieve the de-
sired rolloff. In this experiment, a precompensation strategy
was used, which, like frequency weighted LQG, is heuristi-
cally based. However, the precompensation methodology does
have some attractive features. In particular, it avoids the great
increase in dimensionality of the design model that is some-
times resultant from using H,, p synthesis, or frequency
weighted LQG methods. Also, this methodology is very easy to
implement.

The basic idea behind the precompensation methodology
is very simple and is illustrated in Figs. 3 and 4. As shown in
Fig. 3, one simply embeds the precompensation filters (in this
case, rolloff filters) C,(s) and C,.(s) in the plant a priori and
designs the modern controller (e.g., an LQG or maximum
entropy) H(s) for this modified design plant. Then, as illus-
trated in Fig. 4, the precompensation dynamics are included in
the implemented compensator H(s). It is not difficult to show
that the closed-loop transfer function G.(s) satisfying

z(s) wi(s)

[y '(s)] [6a(s) [ u(s)] ®
is identical in Figs. 3 and 4. Hence, this methodology ensures
that if H(s) is stabilizing in the feedback loop of Fig. 3, then
H(s) is stabilizing in the feedback loop of Fig. 4. In addition,
Eq. (9) also guarantees that the transfer function between z(s)
and w,(s) is preserved, thus ensuring the preservation of atten-
uation from w, to z. However, it is necessary to check after the
design process as to whether the compensator achieved the
desired rolloff (or robustness to high-frequency unstructured
uncertainty). The actual rolloff filters used are described in the
next section. This precompensation was also used in the design
of controllers for an important benchmark problem.?!

V. Control Design Strategy and Models

A very practical control design and implementation strategy
was used in this experiment. First, controllers with simple
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architectures (i.e., controllers that are decentralized, reduced
order, and use few sensors) were developed. Decentralized
designs are more desirable for actual flight implementation
because they ease the processor requirements, but can be more
difficult to design because decentralization requires a careful
analysis of the physics of the structure. Subsequently, central-
ized control laws were developed in an attempt to improve the
performance. The centralized design with the best perfor-
mance did significantly improve the performance of the best
decentralized design.

The subcontrollers of the decentralized designs were each
single input, single output (SISO). Although the advantages
usually stated for modern control usually center around multi-
input, multi-output (MIMO) control problems, there are also
advantages for SISO systems. In particular, whereas classical
control design relies heavily on the designer’s intuition and
experience to design the feedback filter and is very iterative,
modern control helps to automate the design of the feedback
filter, generating a filter, which for many problems (including
the problem considered here), is in a meaningful sense optimal.
In addition, modern control methods do generalize naturally
to MIMO control problems. Hence, in a strategy that employs
first decentralized control (involving possibly SISO control
design) and then centralized (MIMO) control, it is natural to
make primary use of one design tool.

The transfer function from torque Z to rate gyro Z was
dominated by the first torsional mode at 4.4 Hz. Hence, it
appeared feasible to use simple decentralized constant gain
feedback from rate gyro Z to torque Z to achieve high attenu-
ation of the torsional mode. A full-order discrete-time model
of the system was developed using model 1 to represent the
system at the 80-Hz sampling frequency. This model was used
to perform a root locus, and it was determined from this root
locus that the optimal gain was K = 10. All of the implemented
controllers were designed assuming that this feedback loop
was closed. These designs added feedback loops that use only
the accelerometers and the X and Y torques. The use of the
rate gyro Z to torque Z feedback essentially eliminated the
influence of the torsional mode on the remaining loops, as
illustrated by the dotted line in Fig. 5. The resultant perfor-
mance improvement in the torsional motion is shown in Fig. 6.

Next, we considered controlling the first bending modes in
each axis by feeding back accelerometer outputs to the X and
Y torque wheels. Since acceleration 1X and acceleration 2X
provided essentially the same information about the accelera-
tion of the Mini-MAST tip in the X direction, we decided to
use only one of these accelerometers: acceleration 1X. Like-
wise, we chose to use acceleration 2Y instead of both accelera-
tion 2Y and acceleration 1Y. The remaining accelerometers,
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Fig. 5 Effectiveness of constant gain rate feedback in eliminating the
influence of the torsional mode (without feedback = solid; with feed-
back = dashed).
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Fig. 6 Open- vs closed-loop rate gyro Z response for constant gain
feedback from rate gyro Z to torque Z.

acceleration X and acceleration Y, were located near the center
of the Mini-MAST at bay 10.

It was apparent from the frequency responses of the models
that the first bending modes were not very prominent in the
four transfer functions from torque X and torque Y to acceler-
ation X and acceleration Y. However, the first bending modes
were prominent in the four transfer functions from torque X
and torque Y to acceleration 1X and acceleration 2Y. Hence,
we initially chose to feed back only the latter two accelerome-
ters to control the first bending mode. Furthermore, it was
evident that the dominant transfer functions were from torque
X to acceleration 2Y and torque Y to acceleration 1X. We thus
chose to design feedback laws for the two loops corresponding
to these transfer functions.

Reduced-order continuous-time models were developed for
the transfer functions torque X to acceleration 2Y and torque
Y to acceleration 1X. First-order all-pass filters were included
in each model to account for the phase lag due to the one
sample period computational delay. Precompensation dynam-
ics were added to each reduced-order model to yield the models
actually used to design the reduced-order LQG and maximum
entropy controllers. The torque X to acceleration 2Y design
model and the torque Y to acceleration 1X design model each
contained 20 states.

The precompensation for each of the two control problems
was chosen so that the modified design plant appeared to have
a rate measurement and a true torque input within the control
bandwidth. The precompensation thus consisted of dynamics
to integrate the accelerometer output and dynamics to cancel
the effects of the actuator dynamics below 10 Hz. This choice
of precompensation added the desired rolloff to the original
design plant and also allowed us to develop a baseline rate-
feedback design. Because the transfer functions for each of the
two control problems were so similar, we decided to use the
same precompensation for both. Referring to Fig. 3, the pre-
compensation used is given by

s+62.8
524 0.628s +0.3944°

Cu(s) = Cy(s)=1 (10)

Because of the requirements of maximum entropy design,
each of the modified design models was placed in real normal
form. Thus, the 4 matrix of each of the modified design
models was block diagonal with one of the blocks of the form

st w)

— Wy — ¥
corresponding to the first bending mode. The disturbance
weighting matrix V| and the performance state weighting ma-
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trix R, were each chosen to be block diagonal with the only
nonzero block corresponding to the position of the first bend-
ing mode in the A matrix. The nonzero block of V| is given by

o

and the nonzero block of R, is given by

5 3

0 0

where « is a scalar parameter that was used to determine the
controller authority. This choice of weighting matrices was
equivalent to assuming that the system was disturbed by a
force actuator and the performance output was a displacement
sensor that sees only the first bending mode when an impulse
is placed in the system by the force actuator. Also, we chose
R2 = Vz = 1 .

The centralized designs used a reduced-order continuous-
time model that contained 12 structural modes. This model
also included first-order all-pass filters to account for the
phase lag due to the one sample period computational delay.
Precompensation dynamics were added to the reduced-order
model, which yielded a design model with 54 states.

It should be noted that each of the models used for (cen-
tralized or decentralized) control design included modes with
frequencies above the first five modes in the bandwidth of
interest. These modes were included to increase the accuracy of
the first five modes in the reduced-order design model. That is,
if none of the higher-frequency modes were included, the
phases and magnitudes of the first five modes were signifi-
cantly distorted.

The precompensation dynamics that we used for the cen-
tralized controllers differed from that used for the decentral-
ized controllers. The reason for this change was primarily an
attempt to eliminate some of the low-frequency oscillation that
appeared in the output of the displacement sensors and ulti-
mately limited the achievable performance of the decentralized
designs. We initially attributed this low-frequency oscillation
to the migration of the low-frequency poles of the precompen-
sation dynamics toward the right half-plane, although subse-
quent control design and analysis revealed that this was not
actually the case. Referring again to Fig. 3, the precompensa-
tion used is given by

Cu(s) = diag{C, 1(5),Cua(8)],  Cy(s)=1 (1n

where

39.0625 x 10*
(s%+18.8755 + 62.5)(s2 +45.969 + 625)
(12)

C,(s) and C,,(s) are 4-Hz Butterworth filters and, hence,
provide rolloff between the first and second bending modes.

The weighting scheme used for the centralized controllers is
very straightforward. Let the state-space representation corre-
sponding to the modified design plant G(s) in Fig. 3 be given
by

Cun(s) = Cup(s) =

%(£) = Ax(t) + Ba(t) + Dywi(¢) (13)
Y() = Cx(1) + Wy(2) (14)
2(t) = E\x(1) (15)

where the basis of Eqgs. (13-15) is chosen such that A4 is in
real normal form. Here, it is assumed that w; € & denotes the
input corresponding to shaker A and

o S
b

E ,

where z, € ®® denotes a performance vector whose elements
correspond to displacements A, B, and C of bay 18; and
7, € B3 denotes the performance vector whose elements corre-
spond to displacements A, B, and C of bay 10. The weights
Ry, R,, Vi, and V, in the control problem of Sec. III were
chosen as

Ri=aElE ,+BE[,E\;,, Vi=al, Ry=V,=1(17)

where the scalar parameter o was used to determine the con-
troller authority. The scalar parameter 8 was chosen to be
zero for the initial designs but was given a finite value in later
designs in order to penalize the bay 10 displacements. The
use of the parameter 8 was motivated by the fact that the
dominant behavior at bay 10 was due-to the second bending
mode pair. Thus, 3 was essentially used to reduce the influence
of the second bending modes on the displacement responses at
bay 18.

V1. Decentralized Control Designs

This section describes in more detail the decentralized
controllers discussed in the previous section and presents the
resultant performance improvement. Four controllers are de-
scribed, each of which was designed using the precompensa-
tion methodology of Sec.IV. Each controller was also de-
signed assuming that a decentralized constant gain feedback
loop from torque Z to rate gyro Z (with gain K =10) was
closed. This feedback loop essentially eliminated the effects of
the first torsional mode. Hence, although the controllers de-
scribed used only acceleration 1X, 2Y, X, and Y for sensing
and torques X and Y for actuation, it is important to keep in
mind that they were implemented in cenjunction with the con-
stant gain feedback law from torque Z to rate gyro Z.

Each of the four decentralized controllers included at least
two subcontrollers, one fed back acceleration 2Y to torque X,
whereas the other fed back acceleration 1X to torque Y. These
two subcontrollers were designed using the precompensa-
tion methodology of Sec. IV with precompensation dynam-
ics given by Eqgs. (10). Controller 1 consisted of two sub-
controllers. Referring to Fig. 3, these subcontrollers were
designed by simply choosing H (s) equal to a constant. Since
the precompensation was chosen to make the design plants
G(s) a C,(s)G(s)C,(s) for each subcontroller appear to have
a rate measurement and a true toraue input within the control
bandwidth, controller 1 approximated a rate feedback con-
troller and was used as a baseline design. Controller 2 also
included only two subcontrollers and was designed without
assuming uncertainty in any of the first five modes. Control-
ler 3 was similar to controller 2 except that it was designed
assuming uncertainty in the second bending mode pair. Con-
troller 4 consisted of controller 3 plus two additional subcon-
trollers designed using classical control concepts that fed back
accelerometers at bay 10. One of these subcontrollers fed back
acceleration Y to torque X, whereas the other subcontroller
fed back acceleration X to torque Y. The subcontrollers were
discretized using the bilinear transformation with ‘requency
prewarping to match the continuous-time and dis:rete-time
representations of the subcontroller at the frequency of :he
second modes (about 6 Hz). At implementation, the gain of
each of the five decentralized controllers was increased as
much as possible to maximize the performance.

Controller 1: Pseudo-rate Feedback Controller

This controller consisted of two subcontrollers, one from
acceleration 2Y to torque X and one from acceleration 1X to
torque Y. This controller was our least complex and, as previ-
ously mentioned, was used as a baseline design. Although this
controller did provide substantial increase in the performance,
it will subsequently be seen that more complex controllers
achieved much better performance.
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Controller 2: Reduced-Order Linear Quadratic Gaussian Controller
Using Bay 18 Accelerometers

Like controller 1, this controller consisted of two subcon-
trollers, one from acceleration 2Y to torque X and one from
acceleration 1X to torque Y. However, the feedback laws in
this case were designed using LQG. The decentralized feed-
back laws for each loop were each of order 9 (including the
precompensation) so that the implemented controller was of
order 18.

Controller 3: Reduced-Order Maximum Entropy Controller Using
Bay 18 Accelerometers

This controller was a robustified version of controller 2
and was of order 20. It was designed assuming uncertainty in
the second bending mode pair and, as illustrated by Fig. 7,
the maximum entropy design robustified the corresponding
notches for these two modes. This uncertainty description was
originally motivated by an analysis of controller 2, which indi-
cated that the controllers were sensitive to uncertainties in the
second bending modes. However, due to the high fidelity of
the models provided by NASA, subsequent analysis revealed
that robustness was not really needed. Nevertheless, the maxi-
mum entropy design yielded useful gain margin at the fre-
quency of the second bending modes and allowed us to scale
the subcontrollers to further attenuate the influence of the first
bending modes on the performance. Also, note that the small
20-Hz notch appearing in Fig. 7 was not needed to gain stabi-
lize the corresponding 20-Hz plant mode. This notch appeared
solely as a consequence of optimality and contrasts with the
large 20-Hz notch of Fig. 2, which was needed to gain stabilize
the corresponding plant mode.

Controller 4: Controller 3 Plus a Classical Controller Using Bay 10
Accelerometers

This controller consisted of controller 3 plus two simple
subcontrollers, H(z) and H,(z), which were designed using
classical control concepts. H,(z) was used in the feedback path
from acceleration Y to torque X, and H,(z) was used in the
feedback path from acceleration X to torque Y. These two
subcontrollers were designed to further attenuate the second
bending modes and are given, respectively, by

H\(z) = K12/(2 —0.9245)
Hy(z) = K>z/7(z —0.9245)2
where K and K, are constant gains. The implemented compen-

sator was of order 24. It should be noted here that the only
reason that all other controllers were designed in the s domain

ME and LQG Compensators for Torque X to Accel 2Y Loop
40 TTT

35

]
IS

Mag (dB)
G
5

101 100 10! 102
Frequency (Hz)

Fig. 7 Comparison of the magnitude Bode plots for the acceleration
2Y to torque X H (s) subcontroller of controller 2 and 3 (controller
2 =solid; controller 3 = dashed).

was the greater maturity of the theory and design tools avail-
able for continuous-time robust control. Classical control was
used here because of the simplicity of the design problem.

Figure 8 shows the performance for each of the control-
lers as evidenced from displacement A of bay 18. The results
were very close to the predicted results. As desired, each suc-
cessive controller improved on the performance of the prior
controllers.

VII. Centralized Controllers

This section further describes three of the centralized con-
trollers discussed in Sec. V and presents the resultant perfor-
mance improvement for each controller. As was the case for
the decentralized controllers, controllers 1-4, each of these
centralized controllers was designed assuming that a decentral-
ized constant gain feedback loop from torque Z to rate gyro Z
(with gain K = 10) was closed, which effectively eliminated the
effects of the first torsional mode. These controllers were
designed after the decentralized controller experiments had
been performed. It was during those experiments that we
discovered we could rely more on the provided models (below
10 Hz) and that robustness in the control bandwidth was not
a significant issue.

Each of the five controllers was designed using the precom-
pensation methodology of Sec. IV with precompensation dy-
namics given by Eqs. (11) and (12). The design weights are
given by Eqs. (17), with « and 3 being the design parameters.
The first centralized controller, controller 5, fed back bay 18
acceleration 2Y and 1X to torques X and Y. Controllers 6 and
7 also fed back bay 10 acceleration Y and X to torques X and
Y. The difference between these two controllers was due to the
amount of performance penalty that was placed on the dis-
placements at bay 10. None of these latter three controllers was
designed assuming uncertainty in the first five modes. The
controllers were discretized using the bilinear transformation
with frequency prewarping to match the continuous-time and
discrete-time representations of the controller at the frequency
of the second bending modes (about 6 Hz). As with the decen-
tralized controllers, at implementation, the gain of each of
these controllers was increased as much as possible to maxi-
mize the performance.

It is of interest to note that, although the centralized con-
trollers were designed assuming 20-Hz Bessel filters to process
the sensor outputs, each of the controllers was originally in-
advertently implemented with 10-Hz Bessel filters, which pro-
vided substantial phase delay in the controller bandwidth.
Nevertheless, each controller was able to stabilize the system
and obtain substantial performance improvement after the
controller gain was reduced by a factor of 2. In addition, one
of the controllers, controller 6, was stabilizing without reduc-
ing its gain.

Controller 5: Reduced-Order Linear Quadratic Gaussian Controller
Using Bay 18 Accelerometers

This controller was the least complex centralized controiler
that was implemented and was designed to feed back accelera-
tion 2Y and 1X to torques X and Y. The displacements at
bay 10 were not penalized in the design process [i.e., =0 in
Eqs. (17)1. No uncertainty was assumed in the first five modes.
The controller is of order 26. The performance of this compen-
sator, which uses two sensors, was comparable to the per-
formance of controller 4, a decentralized controller that used
four sensors, and had better performance than the decentral-
ized controllers using only the two sensors employed by con-
troller 5.

Controller 6: Reduced-Order Linear Quadratic Gaussian Controller
Using Bay 10 and Bay 18 Accelerometers

This controller was designed to feed back acceleration 2Y,
1X, X, and Y to torques X and Y. The displacements
at bay 10 were not penalized in the design process [i.e., 3=0
in Egs. (17)] and no uncertainty was assumed in the first five
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Fig. 8 Open- and closed-loop responses of displacement A of bay 18
for the decentralized controllers (controllers 1-4) and the centralized
controllers (controllers 5-7).

modes. The controller was of order 25. This centralized con-
troller yielded significantly better performance than the
highest performance obtained by a decentralized controller.

Controller 7: Final Reduced-Order Linear Quadratic Gaussian Con-
troller Using Bay 10 and Bay 18 Accelerometers

This controller used the same four sensors and two actuators
as controller 6. The design process was essentially identical to
that of controller 6 except that « and 8 in Eqs. (17) were chosen
so that 8/«a = 5. The controller was of order 33. This controller
yielded the best performance of any of the decentralized or
centralized controllers that were implemented.

The increasing performance improvement of controller 4
(the highest performace decentralized controller) and con-
trollers 5-7 is shown in Fig. 8 by viewing the response of
displacement A of bay 18. These responses are very close to the
predicted performance.

VIII. Discussion

This experiment successfully demonstrated high-perfor-
mance control law design and implementation for the Mini-
MAST test bed, a flexible structure that has features represen-
tative of future spacecraft. The controllers were designed using
LQG and full-order maximum entropy design and balanced
controller reduction in conjunction with a precompensation
methodology.

The precompensation methodology used in this experiment
allows the designer to use classical insights to precompensate
the original plant model at the inputs and outputs to develop
a “‘nice”’ design plant for modern control design. The precom-
pensation is appended to the modern controller to obtain the
controller that is to be implemented. In this experiment, the
precompensation was chosen to provide high-frequncy rolloff
(i.e., robustness with respect to unstructured uncertainty) and
was also used to make the design plant appear to have rate
sensors and torque inputs. This precompensation methodol-
ogy allows the designer to obtain controller configurations
that might be difficult or impossible to obtain using straight-
forward applications of modern control theory. This strategy
appears to be a useful means of integrating classical control
concepts with modern control. In fact, it has already proven
useful in designing controllers for an important benchmark
problem.

The control design and implementation approach used was
to start with simple controllers (i.e., reduced-order controllers,
decentralized controllers, and/or controllers using relatively
few sensors and actuators) and increase controller complexity
to increase performance. This strategy was effective. The first
four controllers each had a decentralized structure. The first
controller was our simplest and did achieve some performance
improvement. As the complexity of the controllers was in-
creased by first adding order and then using additional sensors
and controller order, the performance progressively improved.
The performance was further improved by allowing the con-
trollers to have a centralized structure.
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