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The performance of many spacecraft can be improved by using closed-loop control and command-shaping
techniques. However, because little information exists about the operation of controlled structures in zero gravity,
it is dif� cult for designers to anticipate and place con� dence in the on-orbit performance of their ground-based
control designs. To address this issue, the middeck active control experiment was conducted aboard the Space
Shuttle Endeavor in March of 1995. The results of the command shaping experiments implemented during the
mission are presented, and guidelines for using command shaping to suppress unwanted vibration in � exible space
structures are proposed.

I. Introduction

T HE combination of stringent performance speci� cations and
lightly damped structuralmodes makes the effectiveoperation

of many space systems vulnerable to vibration. To attack this prob-
lem, closed-loop control and open-loop command-shaping tech-
niques are often enlisted. However, with only ground-based testing
available prior to on-orbit implementation, uncertainty about zero-
gravity (0-g) behavior can hamper the success of these 0-g control
designs.

The Massachusetts Institute of Technology (MIT) middeck ac-
tive controlexperiment(MACE) is a SpaceShuttle � ightexperiment
designed to expose critical issues associatedwith the design of con-
trollers and shaped commands for 0 g. As part of this experiment,
data were collected from a � exible structure on-orbit, and results
illustrated that both the control and command-shaping strategies
employed on the test article could effectively reduce problematic
vibration. Additionally, as a result of careful ground-based mod-
eling efforts, predictions of 0-g behavior were accurate enough to
achieve high-performance control and command shaping without
on-orbit redesign. After introducing the MIT MACE project and
the MACE command-shapingefforts, this paper presents the results
from a speci� c subset of the mission experiments: the MACE input
shaping tests. Based on these results, key points are summarized
and conclusions are drawn.

II. MACE Project
A. MACE Mission

The purposeof MACE is to developand verify a set of techniques
that can be used to give designers of spacecraft, which cannot be
testedadequatelyon theground,con� dence in eventualon-orbitper-
formance. To achieve this objective, the MACE hardware (Fig. 1)
was � own aboard the Space Shuttle Endeavor in March of 1995. As
shown in Fig. 1, two different hardware con� gurations were tested
during this mission, and three main taskswere performedon each to
investigatemodeling and controldesign in a 0-g environment.First,
controllers and shaped inputs, which were designed prior to � ight
using ground-based modeling efforts, were implemented. Second,
a system identi� cation (ID) was performed on-orbit, and the result-
ing ID data were downlinked and used to formulate new controllers
and shaped inputs. Last, these new controllers and inputs were
uplinked during the mission and implemented on the MACE hard-
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ware. A more detailedoverview of the MACE project is available in
Ref. 1.

B. MACE Hardware Description
The MACE test article was designed to be representative of a

typicalprecision-controlled,high payload-mass-fractionspacecraft,
suchasanEarth-observingsatellite,with multipleindependentscan-
ning or pointing instruments. As a result, the MACE hardware
(Fig. 1) consists of a long � exible bus with a gimbal at each end.
Actuated by direct-drive dc torque motors, each of the two gimbals
can move its payload around two perpendicular axes. The MACE
bus is constructed from four tubular polycarbonate struts, one of
which contains piezoelectric material to actuate bending strain in
the structure. In addition to these actuators, a reaction-wheel as-
sembly is located in the center of the MACE structure to provide
attitudecontrolof the test article.This assemblyis composedof three
orthogonallymounted inertia wheels driven by dc servomotors.

To closely monitor open- and closed-loop performance, the test
article is out� ttedwith a varietyof sensors.Speci� cally,each gimbal
axis has a laser rotary encoder to measure the angle of the gimbal
relative to the bus. Also, a two-axis rate-gyro platform is mounted
on the payload arm of the primary gimbal while a three-axis rate-
gyro platformmeasuresbus rotationat the reaction-wheelassembly.
Last, eight pairs of strain gauges are mounted on the bus links, two
per strut, to monitor the vertical and horizontal bending strains in
the structure.

All electronics for collecting sensor data and controlling actu-
ators reside in the MACE experiment support module (ESM). In
addition to harboring a digital-signal-processing (DSP)-based real-
time control computer to implement control algorithms, the ESM
contains analog servos for the reaction wheels, rate-gyro notch � l-
ters, and sensor antialiasing � lters, as well as all data-acquisition
electronics. Using the DSP board and feedback from encoder rate
signals, all four gimbal motors are controlledby single input/single
output proportional-integralservos. For some experiments, the con-
trol computer is also used to send shaped and unshaped disturbance
commands to the gimbal actuatorswhile a multi-input/multi-output
(MIMO) high-performance controller attempts to regulate the in-
ertial position of the primary gimbal. All controllers are run at a
500-Hz sampling rate.

Prior to � ight, con� guration 1 of the MACE hardware was
ground-testedthoroughly.In an attempt to replicate0-g behaviorin a
1-g environment,the entire structurewas supportedon a pneumatic-
electricactivesuspension.This suspensionsupportedthe structureat
thebuscenterandbothendsandwas designedto have low-frequency
rigid-body modes well below 1 Hz.

C. MACE Modeling
The designof high-performancecontrollersand shaped inputs for

the 0-g MACE tests relied heavily on the development of accurate
0-g models. Because the exact behavior of the MACE structure in
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Fig. 1 Schematic of the MACE � ight hardware in both con� gurations.

0 g could not be measured prior to � ight, a � nite element model
(FEM) to predict the on-orbit behavior was created using ground-
based testing of the � ight hardware. Speci� cally, a parameter-based
FEM was developed to replicate the behavior of con� guration 1
of the MACE hardware as supported by the active suspension in
1 g. The open- and closed-loop behavior of this model was then
comparedto that of theactualstructureto re� ne the modeland verify
its validity. When the 1-g FEM was suf� ciently accurate, the 0-g
model was created by removing gravity and the suspension system
from the 1-g model. The resulting 0-g model, which contained130
states and 13 modes below 20 Hz, represented the best available
predictor of real on-orbit behavior for MACE con� guration 1. The
0-g model of MACE con� guration 2, like the one of con� guration
1, was created from a parameter-based FEM. However, unlike the
model of con� guration 1, the con� guration 2 0-g model was never
re� ned using 1-g testing data. A detailed account of MACE � nite
element modeling work can be found in Refs. 2 and 3.

The second aspect of the MACE modeling effort was the creation
of measurement-basedmodels using actual on-orbit data. Because
these measurement-based models were derived directly from the
experimental data, they proved to be highly accurate predictors of
system behavior.As a result, they were also used as a baseline from
which the accuracy of the 0-g FEMs could be measured. In partic-
ular, the measurement-basedsystem-ID to be performed on MACE
employed the frequency-domain observability range space extrac-
tion technique, as described in Ref. 4, to convert frequency-domain
data into a state-space system model. During the MACE mission,
this algorithm was applied to on-orbit data to create highly accu-
rate 0-g models, which were used to design some of the controllers
and shapers implemented during the � ight. The results of these re-
designed experimentswere used to understandthe value of on-orbit
system identi� cation for maximizing 0-g performance.

D. MACE Control
The success of MACE was evaluated in part on its ability to

exhibit high-performance structural control in a 0-g environment.
Reaching this goal depended not only on accurate 0-g models but
also on control-synthesis techniques that were robust to errors in
these models. To address this issue, modern MIMO robust-control
algorithms, such as sensitivity-weightedlinear quadratic Gaussian
(LQG) and multiple model control, as described in Refs. 5 and 6,
were implemented during the MACE mission. The performance of
these controllerswas measuredby their ability to isolate the primary
gimbal from vibrations in the test article excited by the secondary
gimbal. Results from these experiments can be found in Ref. 7.

E. MACE Command Shaping
As a second metric for evaluating the success of MACE,

command-shaping techniques were employed to reduce problem-
atic vibration in the test article. Unlike the closed-loop control ap-
proaches, command shaping (Fig. 2a) is an open-loop or feedfor-
ward technique inasmuch as it does not rely on sensor feedback.
Instead, command shapinguses modal informationfrom the system
model to modify actuator commands to suppress residual vibration
and ensure rapid system response. Performance of these command
shapers was assessed based on their ability to minimize the settling
time of the MACE structure. As a primary candidate for on-orbit
evaluation,acommand-shapingtechnique,calledinputshaping,was

Fig. 2a System with a shaper.

Fig. 2b Creating a shaped command using convolution.

implementedduring themission.The remainderof thispaper is ded-
icated to discussingthe goalsand resultsof the MACE input shaping
experiments.

III. MACE Input Shaping Experiments
A. Background

Because of their ability to adjust to unforeseen disturbances,
closed-loop controllers are often indispensable for ensuring ade-
quate performance. However, in many cases, such as when good
closed-loopcontrol is infeasibleor when unknown disturbancesare
minimal, feedforward techniquesprovide a simple and effective al-
ternative to feedback. Additionally, even with systems that already
employ closed-loop control, command shaping methods can typi-
cally be used in parallelwith the controllersto gain an extrameasure
of performance.

In the past 20 years, researchers have proposed many methods
for creating shaped commands to reduce vibration in � exible space
structures. The researchers include Farrenkopf,8 who used calculus
of variationsto generate command pro� les designed to minimize vi-
bration in a simple � exible spacecraft model. Addressing a similar
problem, Swigert9 proposed a method for minimizing modal vibra-
tion in a � exible satellite system by using shaped torque commands
constructed from � nite trigonometric series. Turner and Junkins10

considered a model of a spacecraft with � exible appendages and
derived command pro� les designed to minimize vibration using
optimal control techniques. Each of these researchers, as well as
many others, demonstrated the potential of feedforward commands
for reducing vibration in space-borne systems.

From the many methods that have been proposed for generating
spacecraft slewing maneuvers that minimize unwanted vibration,
the technique called input shaping has received much attention due
to its simplicity and ability to maximize the speed of system re-
sponse. Input shaping is a strategy for generatingshapedcommands
for controlledmechanical systems using only informationabout the
problematic system modes of vibration. In this approach, shaped
commands are created by convolving an actuator command with a
series of impulses, called the input shaper (Fig. 2b). The impulse
sequencecan be derivedby numericallysolving a set of simple con-
straint equations or, in some cases, by using a closed-formsolution.
Singer and Seering11 � rst explored this area of research seven years
ago,andsince then, it has receivedconsiderableattentionfrommany
researchers, including Magee and Book12 and Tzes et al.13 As one
of the many explored applicationsof this technology, the control of
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� exible space structures using input shaping has been the subject
of much recent research. In particular, Singhose et al.,14 Singh and
Vadali,15 Liu and Wie,16 and Rogers17 proposedstrategiesfor apply-
ing input shaping techniques to spacecraftwith on-off thruster jets.
Banerjee18 used a similar approach to reduce vibration and de� ec-
tion in a model of a large space-based antenna. Using a simulation
of the Space Shuttle robot arm, Singer and Seering19 proposed new
methods for improving robustness in the theory. In some early work
on MACE, Hyde and Seering20 and Chang21 used nonlinearsimula-
tions and experimental 1-g data to reduce multiple-mode vibration
in preliminary versions of the MACE test article. In each of these
cases and others, input shapinghas demonstratedgreat potential for
improving the performance of � exible space-based systems. With
the completion of the MACE mission, actual 0-g experimentaldata
are available for the � rst time to verify these results and assess the
suitability of input shaping for space-borne systems.

B. Designing Input Shapers for MACE
Input shapers for MACE were designedusing time-responsesim-

ulations produced by the MACE models. From these simulations,
modes present in the residual vibration were identi� ed and the in-
put shapers were targeted to eliminate vibration from these modes.
For the shapers designed prior to � ight, the 0-g FEM was used to
make modal predictions, and, for the shapers that were designed
during � ight, vibration modes were determined from the measure-
ment model derived from the on-orbit system identi� cation. When
available,down-linkedexperimentaldata were used to evaluate and
improve shaper performance.

The techniques used to derive the impulse sequences used on
MACE are described in Refs. 11, 22, and 23. By convolving these
sequences with step commands, shaped commands were generated
that reduced residual vibration in the system response. For the most
part, the slewing maneuvers implemented on the MACE structure
excited only the � rst one or two structural modes of the MACE
hardware, and as a result, most � ight experiments used either one
or two mode shapers. Also, because the MACE models proved to
be accurate predictors of actual on-orbit performance, many of the
shapers were designed with the minimum level of robustness to
modal uncertainty, referred to as zero-vibration (ZV) robustness.

C. Experimental Approach
The MACE test article was designed to be representativeof space

systems with pointing and scanning instruments,and consequently,
the MACE inputshapingexperimentsincorporatedtwo typical tasks
performed by such spacecraft. The � rst task, called the one-gimbal
task, attempted to explore the performance tradeoffs for a single
scanning instrument mounted on a � exible space structure. In these
one-gimbal experiments, the performanceobjectivewas to slew the
primary gimbal and bring it to rest in a new position as quickly as
possible. Unfortunately, vibrations excited in the MACE structure
by the slewing maneuver tended to corrupt the positioningaccuracy
of the primary gimbal payload.To remedy this problem, commands
sent to the primary gimbal were shaped to minimize vibrationwhile
ensuringmaximum slewing speed.Several different typesof shaped
slews were implemented during the MACE mission and evaluated
based on their ability to minimize the settling time of the primary
gimbal payload after a slewing maneuver.

The second task studied during the MACE mission was aimed
at understandinghow to improve the performanceof space systems
containing multiple scanning or pointing payloads. Referred to as
the two-gimbal task, this type of experiment employed a MIMO
controller to regulate the primary gimbal at a constant inertial angle
while the secondarygimbal performedslewing maneuvers.Because
of the vibrations excited in the structure by the secondary-gimbal
motions, the positioning accuracy of the primary gimbal can be
compromised.To improve the pointing performanceof the primary
gimbal by minimizing its settling time, a variety of shaped slews
were executed on the secondary gimbal.

For both the one-gimbal and two-gimbal tasks, three different
classes of experiments were implemented. First, for each task,
experiments were implemented using shapers designed prior to
� ight, as well as shapersdesignedafter � ight data were collected.By

comparing the results of these two types of experiments, statements
can be made about the bene� ts of designing shapers using actual
0-g experimental data as opposed to 0-g predictions. Second, to
generalize about ground-based shaper designs for 0-g, predictions
of 0-g behavior were generated using the FEM and compared to
actual 0-g data. Third, for each task, experimentswere evaluatedon
both con� gurations1 and 2 of the test article.Because the con� gura-
tion 2 model was developed without any ground-basedveri� cation
or testing, comparing the results of the two types of tests can lend
insight into the importance of ground testing for ensuring maxi-
mum on-orbit performance. The remainder of this paper is devoted
to discussing the mission results for both the one-gimbal and two-
gimbal tasks, and in this discussion, observations will be made to
address the three issues just outlined. A more detailed discussionof
the experimental approach can be found in Ref. 24.

IV. Results for the MACE One-Gimbal Task
A. Experiment Description

As already described, the one-gimbal task involves slewing the
MACE primary gimbal and measuring the resulting pointing accu-
racy uponcompletionof the move. In these tests, the input command
is sent to the primary gimbal z-axis actuator servo, whereas the ab-
solute angle of the primary gimbal z axis, as measured by the rate
gyro, is used to recordthe systemresponse.This sectionpresentsand
discusses the results of these experiments for both MACE con� gu-
rations 1 and 2. For all of these results, the settling time is evaluated
based on an envelopeof §0.01 deg around the response � nal value.

B. Con� guration 1 Results
The results from the MACE con� guration 1, one-gimbal task

are shown in Figs. 3–5. In particular, Fig. 3 illustrates the time
response of the primary gimbal that results from four different mo-
tion commands: a step command (Fig. 3a), a trapezoidal-velocity-
pro� le command (Fig. 3b), a shapedstep designedbefore � ight (BF)
(Fig. 3c), and a shaped step designed after a � ight system ID (AF)
was performed (Fig. 3d). In each of these four plots, both the input
command and the experimental response are shown as solid lines
and the predicted open-loop response is shown as a dashed line. As
plotted, the input command for each test is designed to transition
the gimbal angle relative to the bus by 3 deg. Because the gimbal
response is measured as an absolute rather than relative angle, the
recorded distance of the gimbal slew, as shown in Fig. 3, is slightly
less than 3 deg.

As the experimentalresponsein Fig. 3a demonstrates,a step com-
mand to theopen-loopsystemexcitessubstantialvibrationprimarily
at the � rst bending mode of the test article. This residual vibration
is so lightly damped that it takes about 20 s for the response to settle
within the desiredperformanceenvelopeof §0.01.When a standard
trapezoidalvelocitypro� le is used instead (Fig. 3b), the vibration is
reducedby two-thirds, but the settling time is still about 16 s. Using
the FEM model of con� guration 1 to design a 1-mode, ZV input
shaper prior to � ight, Fig. 3c illustrates that both the settling time
and the residual vibration in response to the shaped step are dramat-
ically reduced. Finally, by updating the 1-mode ZV input shaper
during the MACE mission to match the measured on-orbit modes,
the residual vibration performance is improved slightly (Fig. 3d),
but the settling time remains the same.

By comparing the experimental response to the predicted re-
sponse in Fig. 3, it can be seen that the predicted and actual per-
formance show fairly good agreement. Quantitatively,as best illus-
trated in Figs. 3a and 3b, the predictions made prior to � ight using
the FEM indicated that the � rst bending mode would occur at a fre-
quencyof 2.10 Hz with a dampingratio of 0.02.As the experimental
results indicate, the actual frequencywas measured at 2.19 Hz with
a damping ratio of about 0.01. This relatively close agreement ac-
counts for the excellent performance shown in Fig. 3c. Figure 3d
demonstrates that the performance can be improved only slightly
when the shaper is updated to account for the actual on-orbitsystem
modes.

Figure 4 illustrates the experimental (solid line) and simulated
(dashed line) frequency response magnitude of the MACE con-
� guration 1 test article for the one-gimbal task. In this plot, both
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a)

b)

c)

d)

Fig. 3 Time-response results for the con� guration 1, one-gimbal task.

Fig. 4 Frequency-response results for the con� guration 1, one-gimbal
task.

the open-loop frequency response and the open-loop frequency re-
sponse with the same 1-mode, ZV input shaper from Fig. 3d are
shown. The experimental data in this plot were collected using a
white noise input command, and the simulated data were generated
using the measurement model developed after the on-orbit system
ID. By comparing the unshaped to the shaped transfer function in
this � gure, it can be observed that the input shaper suppressesvibra-
tion by greatly reducing the amount of energy seen by the system
around the � rst mode of 2.19 Hz. As an artifact of the input shaping
algorithm,the transfer functionmagnitude is also reducedat regular
intervals along the frequency axis. By comparing the experimental
andsimulateddata in Fig. 4, it canalsobe seen that themodel predic-
tions matched closely with the experimental performance.Because
the input shapers were derived using modal information from the
MACE models, the excellentperformanceof the shaped commands
in Fig. 3 can be largely attributed to this model accuracy.

Unshaped multistep

Shaped multistep

Fig. 5 Time-response results for a slewing maneuver.

To givean exampleof theeffectivenessof inputshapingfor a more
realistic input command, Fig. 5 illustrates the shaped and unshaped
time response for a multiple-step gimbal slewing maneuver. This
command pro� le could be used, for example, to position a satellite
instrument through a series of pointingcoordinates.As the � rst plot
in Fig. 5 demonstrates, substantial vibration is excited every time
the gimbal locates to a new setpoint using an unshapedcommand. If
pointing accuracy is essential to the performanceof the satellite in-
strument, several secondsor perhaps even minutes must pass before
this vibrationdecays to acceptable levels. For the shaped command,
however, Fig. 5 illustrates that, at the cost of a small delay in move
time, the instrument can be moved to a new setpoint with almost no
vibration.

In addition to the data shown in Figs. 3–5, several other shaped
inputs were evaluated on-orbit. From these experiments, it was ob-
servedthat single-modeinputshapersprovidedthebestperformance
for the con� guration 1, one-gimbal task. Because the second mode
of the test article in con� guration1 is above 7 Hz and most of the en-
ergy in the input commands occurs at low frequencies, little energy
in the slewing commands was available to excite higher modes.
From the multiple-mode shapers evaluated during the mission, it
was observed that the additional modes in the shaper formulation
added a small delay in the rise time of the system response while
providing only a negligible improvement in the residual vibration
reduction.

Several experiments were also run during the MACE mission to
evaluate the advantages of increasing the robustness of the shaped
commands to modal uncertainty.From these results, it was observed
that, for the speci� ed settling accuracy used in these tests, input
shapers with minimal, i.e., ZV, robustness provided the best per-
formance. Many shapers with higher-order robustness were also
implemented, but due to the accuracy of the MACE models, the
extra robustness did not reduce residual vibration appreciably and
only added an undesirable lag to the shaped command pro� les. For
systems that have tighter accuracy requirements or greater uncer-
tainty, increased robustness may become critical for keeping vibra-
tion within acceptable levels.

C. Con� guration 2 Results
The results from the MACE con� guration 2, one-gimbal task are

shown in Figs. 6 and 7. In a format similar to Fig. 3, Fig. 6 illustrates
the time response of the primary gimbal that results from three
different motion commands: a step command (Fig. 6a), a shaped
step designed BF (Fig. 6b), and a shaped step designedafter a � ight
system ID was performed (Fig. 6c). In each of these three plots,
both the input command and the experimental response are shown
as solid lines and the predicted open-loop response is shown as a
dashed line. For each test, the input command is designedto slew the
gimbal by 4 deg relative to the bus, and the resulting responseof the
gimbal, as measured as an absolute angle, is slightly less than this.
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a)

b)

c)

Fig. 6 Time-response results for the con� guration 2, one-gimbal task.

Fig. 7 Frequency-response results for the con� guration 2, one-gimbal
task.

As was the case with the con� guration 1 results, Fig. 6a shows
that, due to the lightly damped, low-frequency vibration that is ex-
cited by the step command, the pointing performance of the pri-
mary gimbal is greatly compromised. A fast Fourier transform of
this time-domain data reveals that the vibration in the response ap-
pears predominantly at the � rst two system modes: 2.28 and 4.39
Hz. Consequently, the shaped command in Fig. 6b employs a two-
mode ZV shaperderived from FEM frequencyestimates made prior
to � ight. As a result of this shaped command, the residual vibration
is dramatically reduced and the settling time is improved over the
unshaped response by about a factor of 60.

By comparing the on-orbit experimental data with the simulated
predictions for con� guration 2 of the test article, it was found dur-
ing the mission that the � rst two modes varied by less than 3%
from their predicted values. Given this small frequency discrep-
ancy, simply updating the two-mode ZV shaper to account for the
new frequencieswould provide little performanceimprovement.In-
stead, because the vibration in response to the shaped step designed
BF (Fig. 6b) appeared predominantlyat the second mode, the input
shaper was redesigned to include ZV robustness at the � rst mode
and extra robustness at the second mode. The resulting response to
this updated shapedcommand (Fig. 6c) demonstratedslightly lower
residual vibration but a longer settling time due to the shaper delay
introduced by the added robustness at the second mode.

Similarly to Fig. 4, Fig. 7 illustrates the experimental and sim-
ulated frequency response magnitude for con� guration 2 of the

MACE test article. The experimental data in this plot were col-
lected using a white noise input command, and the simulated data
were generated using the FEM developed prior to � ight. From the
open-loop response, the � rst mode at 2.28 Hz is clearly visible;
the second mode at 4.39 Hz, on the other hand, is obscured by a
neighboring zero and by the fact that it is more heavily damped.
The shaped response is for the two-mode ZV shaper designed prior
to � ight, and not surprisingly, this shaper effectively reduces the
transfer function magnitude around the � rst two system modes. As
was the case for con� guration 1, because model predictions match
closely the experimental data in Fig. 7, the excellent performance
of the shaped commands derived from this model is not surprising.

V. Results for the MACE Two-Gimbal Task
A. Experiment Description

As described in Sec. III, the two-gimbal task involves slewing the
MACE secondarygimbal while a MIMO controllertries to maintain
the pointing angle of the primary gimbal. In these tests, a shaped
or unshaped input command is sent to the secondary gimbal z-axis
actuator servo while the absoluteangular rate of the primary gimbal
z axis, as measured by the rate gyro, is used to record the system
response.Additionally, to monitor the structuralvibrationpresent in
the test articleduringeach experiment,the z-axis straingaugeon the
bus link nearest the secondary gimbal was used to record the strain
in the bus. This section presents and discusses the results of these
experiments for both MACE con� gurations 1 and 2. For all of these
results,the settling time of the gimbal angular rate is evaluatedbased
on an envelopeof §0.4 deg/s around the � nal value, and the settling
time of the bus strain is evaluated using an envelope of §0.0002.

B. Con� guration 1 Results
Figures 8–10 illustrate the results for a typical set of two-gimbal

tests that employ a single controller and shaped command. The
controller used in this set of results is a medium- to high-authority
sensitivity-weighted LQG controller (as described in Ref. 6) that
was designed based on actual � ight ID data. The input shaper used
in these tests is a two-mode, ZV shaper also designed during the
mission using the on-orbit system ID data.

Figure 8 illustrates the time responseof the primary gimbal in re-
sponse to slew of the secondary gimbal for three different cases:
the open-loop (OL) response to a step command (Fig. 8a), the

a)

b)

c)

Fig. 8 Time-response results for the con� guration 1, two-gimbal task.
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a)

b)

c)

Fig. 9 Measured bus strain for the same three trials shown in Fig. 8.

Fig.10 Frequency-response results for the con� guration1, two-gimbal
task.

closed-loop(CL) response to a step command (Fig. 8b), and the CL
response to a shaped step command (Fig. 8c). In each of the three
plots, the input command and experimental response are shown as
solid lines and the predicted response is shown as a dashed line.
Note that in the OL case, the gimbal servos remain active, and in the
CL cases, the high-performancestructuralcontroller is used as well.
It can be seen that the controllergreatly reduces the vibration levels
and settling time of the primary gimbal. The remaining vibration
occurs primarily at the � rst two lightly damped system modes of
2.24 and 6.60 Hz. Consequently, when a two-mode shaper target-
ing these frequencies is added to the controlled system, the residual
vibration and settling time can be further reduced (Fig. 8c).

Figure 9 illustrates the time response of the bus strain for the
same three trials in Fig. 8. It can be seen that substantial vibra-
tion is excited in the MACE structure by the step command. With
the controller active, this vibration is somewhat reduced. However,
because the controller was not designed to reduce bus vibration,
potentiallyproblematicvibration levels exist in the structure,which
might corrupt the performance of other instruments on the bus. As
Fig. 9c illustrates, the addition of a shaper to the controlled system
providesa simple and effectiveway to quiet structuralvibrationand
improve performance.

Figure 10 illustrates the experimental and simulated frequency
response magnitude for the three cases shown in Fig. 8. The experi-

mental datawere collectedby measuringthe responseof the primary
gimbal to a white noise disturbance at the secondary gimbal. The
simulated data were generated using the FEM developed prior to
� ight, for the OL case, or the measurement model derived from
actual � ight data, for the other two cases. By comparing the three
sets of data, it can be seen that the controller effectively reduces
vibration levels over the OL, and the shaper improves the response
further.By comparingthe experimentaldata to the simulateddata in
this plot, it can be seen that, in the OL case, the FEM proves to be an
accurate predictor of the actual on-orbit behavior. In particular, the
model predicts the � rst bending mode to be at 2.11 Hz, whereas the
actual data reveal it to be at 2.24 Hz. For the CL case, the simulation
also shows fairly good agreement with the mission data. However,
around the � rst and second modes, 2.2 and 6.6 Hz, the experimen-
tal response shows some remaining residual vibration that was not
captured in the CL predictions.Because the shaper was designed to
suppress vibration around these two lightly damped CL modes, this
residual vibration is greatly reduced in the shaped response.

In addition to the results shown in Figs. 8–10, several other
two-gimbal experiments were run on-orbit to evaluate different
controllers and shapers. For instance, controllers with a range of
authority were tested, and it was noticed that the performance
advantages afforded by input shaping ranged from very substan-
tial, for low-authoritycontrollers,to slight, for the highest-authority
controllers. Additionally, several different types of input shapers
were tested,and itwas observedthateitherone-or two-modeshapers
with minimal robustness delivered the best performance.Given the
prescribedsettlingband and the high accuracyof the model, shapers
with additionalmodes or robustness reduced residual vibration lev-
els very little but added a noticeable delay to the system response.
Last, experiments were run using shapers and controllers designed
both before and after � ight ID data were collected. Because the
FEM used to make the � ight predictions was very accurate, the ex-
periments designed before � ight delivered excellent performance.
As a result, upon redesign during � ight, only a small performance
improvement for the two-gimbal task could be achieved.

C. Con� guration 2 Results
In addition to the con� guration 1 experiments,a few experiments

for the two-gimbal task were performed on MACE con� guration 2.
Similarly to the results for the one-gimbal task in Sec. IV, because
the con� guration 2 model was comparably accurate to the con� g-
uration 1 model, the observations made from the con� guration 2
experiments were almost identical to those for con� guration 1.

VI. Summary of Results and Conclusions
Based on the results of the input shaping experiments for both

the one-gimbal and two-gimbal tasks, a few signi� cant points can
be summarized.

1) For the one-gimbal task, the shaped commands effectively
reduced residual vibration resulting from slewing maneuvers.

2) For the two-gimbal task, the shaped commands always aided
controller performance, and for the controllerswith medium to low
authority, this performance improvement was substantial.

3) In both the OL and CL cases, the input shapers that delivered
the best performance were either one- or two-mode shapers with
minimal robustness.

4) In general, the performance predicted prior to � ight using the
MACE FEMs agreed very closely with the experimental results for
both con� gurations 1 and 2.

5) Because of the accuracy of the MACE 0-g FEMs for both
con� gurations 1 and 2, the on-orbit redesign afforded only slight
performance improvements over the shaped commands that were
designed prior to � ight.

6) Despite the lack of ground-based model veri� cation for con-
� guration 2, the FEM for con� guration 2 was comparably accurate
to the con� guration 1 model, and, as a result, the performance of
the input shaping experiments for con� gurations 1 and 2 was also
comparable.

From these results, it can be concludedthat inputshapingis a sim-
ple and effective strategy for reducing vibration in � exible space
structures. It can be used by itself or with CL control techniques
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to enhance the performance of satellite systems with slewing and
pointing instruments. Additionally, if careful ground-based mod-
eling procedures are followed, results indicated that it is possible
to achieve excellent and predictable performance in 0 g without
conducting an on-orbit redesign.
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