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Robust Multivariable Flutter Suppression for Benchmark Active
Control Technology Wind-Tunnel Model
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The Benchmark Active Controls Technology project is part of NASA Langley Research Center’s Benchmark
Models Program for studying transonic aeroelastic phenomena. In January 1996, the Benchmark Active Controls
Technologywind-tunnelmodelwas used to successfully demonstrate the applicationof robust multivariablecontrol
design methods (H- 1 and µ -synthesis) to � utter suppression. This paper addresses the design and experimental
evaluation of robust multivariable � utter suppression control laws with particular attention paid to the degree to
which stability and performance robustness was achieved.

Nomenclature
F(¢ )(s) = antialiasing and time-delay � lters
Gg(s) = gust-model transfer matrix
G0(s) = nominal-plant transfer matrix
g = gravitationalacceleration
M = Mach number
q = dynamic pressure
Wc(s) = control weighting function
Wp (s) = performance weighting function
Wy(s) = output weighting function
W0(s) = uncertainty weighting function
D = uncertainty model
¯r = maximum singular value
r = minimum singular value

I. Introduction

A CTIVE control of aeroelastic phenomena, especially in the
transonic speed regime, is a key technology for future air-

craft design.1 The Benchmark Active Controls Technology(BACT)
project is part of NASA Langley Research Center’s Benchmark
Models Program1,2 for studying transonic aeroelastic phenomena.
The BACT wind-tunnelmodelwas developedto collecthigh-quality
unsteadyaerodynamicdata (pressuresand loads)near transonic� ut-
ter conditions.Accomplishingthis objectiverequiredthe design and
implementationof active � utter suppression.Two spoiler-typecon-
trol effectorswere used to investigatethe potentialfor using spoilers
to suppress wing � utter. In addition, multiple control surfaces and
sensors enabled the investigation of multivariable � utter suppres-
sion. An added bene� t of multivariablecontrol laws was to provide
an opportunity to evaluate the effectivenessof an on-line controller
performanceevaluation(CPE) tool3 to assess open- and closed-loop
stability robustness of multivariable systems.

The control law designs were performed in two stages. The
� rst stage involved the design and test of single-input/single-output
(SISO) controllers to demonstrate and assess the potential for us-
ing spoilers to suppress wing � utter. Because similar designs have
been successful in the past,4 this approach also served to reduce the
risk of implementingactive � utter suppressionand thereby increase
the probabilityof achieving the program objectives.The SISO con-
trol results also provided a benchmark for evaluating the bene� ts
of multi-input/multi-output (MIMO) control. The second stage in-
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volved the design and test of MIMO controllers to demonstrate the
potential for enhanced performance and robustness afforded by the
robust multivariable design methods.

The design strategy involved using a single � xed control law to
suppress � utter over the anticipated range of wind-tunnel operating
conditions (rather than using a scheduled control law, for exam-
ple). This served to simplify the controller implementationand data
analysis and is representative of how � utter suppression could be
effectively implemented on an actual aircraft. This same strategy
was applied to both the SISO and MIMO control law designs.

Before the design and analysis of the control laws is discussed,
a short description of the wind-tunnel model and the mathematical
modelused for the controldesign is presented.The designobjectives
are then discussed followed by discussionsof the SISO and MIMO
design efforts. Finally, analysis and wind-tunnel test results will be
presented.

II. BACT Wind-Tunnel Model
A. Physical Model

The BACT system consists of a rigid wing section and a � exible
mounting system5 as shown in the photograph in Fig. 1. The rigid,
rectangular wing has an NACA 0012 airfoil section. It is equipped
with a trailing-edge control surface and upper- and lower-surface
spoilers,which are controlledindependentlyby hydraulicactuators.
The lower spoiler(not visible) is identical in size, shape,and relative
location to the upper spoiler.The wing section is instrumentedwith
pressure transducers, accelerometers, control surface position sen-
sors, and hydraulicpressuretransducers.The accelerometersare the
primary sensors for feedback control and are located at each corner
of the wing.

The wing is mounted to a device called the pitch-and-plungeap-
paratus(or PAPA), which is designedto permitmotion in principally
two modes—rotation (or pitch) and vertical translation (or plunge).
The PAPA is instrumented with strain gauges to measure normal
force and pitching moment and is mounted to a turntable that can
be rotated to control the wing angle of attack. During operation, the
mounting system is isolated from the wing section by a splitter plate
and from the air� ow by a faring that is secured to the splitter plate
and the wall of the test section.

The combination of the BACT wing section and PAPA mount
will be referred to as the BACT system. The BACT system was
precisely tuned to � utter within the operating range of the NASA
Langley Transonic Dynamics Tunnel6 in which the system was
tested.The rangeof Mach number and dynamicpressureover which
� utter testing was performed permits the study of transonic aeroe-
lastic phenomena. The transonic � utter dip for the BACT system
occurs for a range of Mach numbers from about 0.70 to 0.85. For a
Mach number of about 0.77, the � utter frequency is approximately
4 Hz (25.1 rad/s), and the � utter dynamic pressure is approximately
148 psf. More detailed descriptionsof both the BACT wing section
and the PAPA mounting system can be found in Refs. 5 and 7.
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Fig. 1 Photograph of BACT wing section and � exible mount.

The feedbackcontrolsystemfor theBACT was implementedwith
a digital computer running at 200 samples per second. First order
25-Hz antialiasing � lters were provided as part of the wind-tunnel
model systemfor eachaccelerometerchannel.These � ltersprovided
an acceptable level of attenuation at frequencies beyond the 100-
Hz folding frequency and had the virtue of introducing relatively
little phase lag at frequencies near � utter. The digital controller
implementation also generated a 0.005-s computational delay that
introduced additional lag into the system.

B. Mathematical Model
A mathematical model of the BACT system was developed from

� rst principles expressly for application to control system design.
The emphasis of the modeling process was to accurately represent
the dynamic characteristics of the BACT system in the frequency
range near � utter and over a wide range of wind-tunnel operat-
ing conditions.The developmentof the mathematical model is pre-
sented in Ref. 8. The model includes the structural dynamics, aero-
dynamics, and actuatordynamics. In addition,a simple model of the
wind-tunnel turbulencewas developedfrom experimentaldata.The
complete state-space design model is parameterized by dynamic
pressure and has 10 states: the four states associatedwith the pitch-
and-plungedegreesof freedom, two states each for the trailing-edge
surface and upper spoiler actuators, and two states associated with
the wind-tunnel turbulence.A third-orderPade approximation� lter
was used to model the effect of time delay in the controller. The
units on the control inputs are in degrees, and the units on the accel-
eration outputs are in g. Stability and control derivativeswere only
available for a single Mach number of 0.77 but produce dynamic
response characteristicsthat are representativeof the Mach-number
range over which the wind-tunnel tests were performed.

III. Flutter Suppression Design
The active � utter suppression design was performed in two

phases: a SISO design phase and a MIMO design phase. This paper
will focus on the MIMO designs; however, the SISO designs will
be reviewed to provide a basis for comparison.

There were essentially four main design objectives for all of the
� utter suppression control designs: 1) maintain stability over the
entire range of operation (robust stability), 2) signi� cantly reduce
pitch-and-plunge accelerations at all operating conditions (robust
performance), 3) minimize required control activity (both de� ec-
tions and rates), and 4) use a single, low-order controllerto simplify
implementation and reduce risk.

A. SISO Designs
Two SISO control lawswere designedand implemented:onecon-

trollerused the trailing-edge� ap and the otherused the upper spoiler
for control.The trailing-edge� ap control law design is described in
Ref. 9. The design essentially sought to maximize robustness over
the range of dynamic pressures using a single, � xed dynamic com-
pensator element and with a � xed blending of the inboard leading-
and trailing-edgeaccelerometerssignals(LEI and TEI, respectively)
for feedback.A plot of the control law frequency response is shown
in Fig. 2a. The only difference in phase between the two accelerom-
eter channels is caused by the sign on the blending ratio.

The upper spoiler SISO controller was designed using classical
design concepts similar to those used in Ref. 4. The difference of
the two inboard accelerometer signals is used to produce the con-
troller input. In addition,a controllerwas sought forwhich phaseand

a) Trailing-edge controller

b) Upper-spoiler controller

Fig. 2 SISO controllers: ——, TEI accelerometer, and - - - -, LEI ac-
celerometer.

gain could be altered independently to introduce speci� c gain and
phase variations to assess the ability of the CPE tool3 to effectively
determine stability margins from experimental response data. This
was accomplished by making the controller all-pass. A � rst-order
high-pass “washout” � lter was added to make the controller insen-
sitive to biases and low frequencydisturbances(e.g., ampli� er drift
in the accelerometer signals). Additional attenuationat frequencies
far above the � utter frequency, was provided by the antialiasing
� lters (and actuator dynamics). A plot of the controller frequency
response is shown in Fig. 2b. The high-frequencyroll off provided
by the antialiasing is not shown. A state-spacerepresentationof the
upper-spoiler control law is shown in the following equation:
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B. MIMO Designs
The MIMO designsusing the trailing-edgeand upper-spoilercon-

trols and the two inboardaccelerometersweredevelopedusingH-1
and l -synthesis design methods.10,11 These methods produce mul-
tivariable control laws that provide stability robustness to modeled
uncertainties in the former case and stability and performance ro-
bustness to modeled uncertainties in the latter case and are very
amenable to � utter suppression applications,where robust stability
subject to limited control activity is a key requirement. The multi-
variable control law designswere performed after the SISO designs
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Fig. 3 P-D model for the BACT system.

were implementedand tested on the BACT wind-tunnelmodel. The
MIMO designsbene� ted greatly from the lessons learnedduring the
SISO design and test phase. In addition, the results of the SISO tests
were used to assist in the development of the design speci� cations
for the MIMO control laws.

P-D Model Structure
The application of the H-1 and l -synthesis methods require a

special model structure that isolates key input and output response
variables associated with the various performance and robustness
requirements.The P-D model structure shown in Fig. 3 was devel-
oped to combine the basic plant dynamics with various weighting
functions associated with the required levels of performance, con-
trol power, and uncertainty in the plant model. Each of the elements
in this structure will be discussed brie� y.

Plant model. The plant model is associatedwith threeof the block
elements in Fig. 3: the nominal BACT system including actuator
dynamics G0(s), the turbulence model Gg(s), and the antialiasing
� ltersandcontrollertime-delayapproximationF(s).The turbulence
model Gg(s) and the � lters F (s) are state-space realizations of the
models described in Ref. 8.

The nominal BACT system model was developed to address the
objective to design a single control law that would maintain stability
over the entire range of anticipated wind-tunnel operating condi-
tions (Mach and dynamic pressure variations). A model-averaging
approach12 was used. This approach generates a single model that
passes through the “middle” of the frequency responses of a given
ensemble of models and provides a means by which an uncertainty
model can be formulated. The model averaging approach was ap-
plied to an ensemble of plant models corresponding to the range of
dynamic pressures associated with unstable conditions so as not to
change the number of right-half-planeeigenvalues of the perturbed
plant relative to the nominal plant.

A key step in the model-averaging approach is order reduction
because the averagingprocess results in potentiallyvery high-order
systems—the order of the design model multiplied by the number
of models in the ensemble.The approachused here differs from that
used in Ref. 12 in that, even though internally balanced reduction
was used in bothcases,frequencyweighting13 was requiredto ensure
that the frequency response of the averaged model had the proper
slope at low frequencies. In addition, the reduced-order average
model was chosen to exhibit two aeroelastic modes like the actual
BACT system. As a result, the model that resulted only approxi-
mates the full-orderaveragemodel. Figure 4 shows a representative
frequency response plot (trailing-edge acceleration as a result of
trailing-edgecontrol) for the reduced-order average model and the
ensemble upon which it is based. The other input-output pairs are
similar.

Uncertainty representation. An unstructured output multiplica-
tive uncertainty model was obtained from the average model
and the ensemble. The uncertainty model represents an upper
bound on the maximum singular values of the difference be-
tween the average model and the ensemble. A simple fourth-order
transfer function was selected so that j W0(s) j ¸ maxi {¯r [G i (s) ¡

Fig. 4 Averaged design model frequency response compared to ensem-
ble set (——, average, and - - - -, ensemble: M = 0.77, q = 155, 165, 175,
185, and 195 psf ).

Fig. 5 Uncertainty model frequency response compared to ensemble
set (——, uncertainty, and - - - -, ensemble: M = 0.77, q = 155, 165, 175,
185, and 195 psf ).

G0(s)] r [G0(s)]} ¸ ¯r ( D ), where i is the number of models in the
ensemble. Figure 5 depicts the frequency response magnitude for
the uncertainty model.

Weighting functions. The performance, control, and output
weighting functions, Wp(s), Wc(s), and Wy(s), respectively, were
chosen to achieve similar levels of performance and control activity
as were achieved by the SISO controllers.Two sets of performance
and control weights were considered:a simple set chosen primarily
to achieve desired acceleration response and control activity and a
more complex set chosen to shape more precisely the frequencies
over which the controller would operate.

The simple weights set the maximum accelerationlevel and con-
trol de� ections over a range of frequencies from zero to beyond the
folding frequency.Data from the SISO controller experiments indi-
cated that attenuation to rms levels of 0.03 g was achievable with
rms control activity around 0.3 deg. The performance weight was
chosen so that the peak acceleration level for either pitch or plunge
would not exceed 0.1 g. The control weight was chosen so that peak
control de� ections of the trailing-edge� ap and upper spoiler would
not exceed 1.0 deg.

The complex weights put more emphasis on keeping control ac-
tivity limited to the frequencies near � utter by penalizing acceler-
ation and control activity in a narrower frequency band (roughly
1–100 rad/s). The performance weight was again chosen to keep
accelerationsbelow about0.1 g. The control weight in this case was
less stringentand limited peakde� ections to approximately3.0 deg.
Figure 6 shows the two setsof performanceand controlweights used
in the MIMO designs.

The output weighting function Wy (s) is required for the H-1
algorithms to work. The accelerometers were believed to be quite
accurate, and so the weights were chosen to be a small constant
value 1e-04. (In retrospect, it would have been desirable to select
this weight to re� ect large accelerometer errors at low frequencies
to generate washout in the controller rather than adding it after the
fact as was done.)
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Fig. 6 Control and performance weighting functions for H- 1 and
µ -synthesis applications (——, simple weights, and - - - -, complex
weights).

H- 1 Designs
The H- 1 control law designs were computed using the l -

Analysis and Synthesis Toolbox10 for use with MATLAB®. Two
controllers were designed with the H-1 approach using the plant
model, the two sets of performance and control weights, and out-
put weight. However, the design algorithm was unable to obtain a
control law when the uncertainty model derived from the average
plant model was used. As a result, a simple unit-ball uncertainty
W0(s) =1 was used instead and resulted in acceptable designs.

Once the control laws were obtained, washout � lters (identical
to those used for the SISO spoiler control law) were added to make
the controller insensitive to biases and low-frequencydisturbances.
The added washout � lters were required even for the design based
on the complex weights because suf� cient attenuation (especially
near zero frequency) could not be achieved. This was particularly
importantbecause the ampli� ers associatedwith the accelerometers
used for feedbackexhibitedsigni� cant bias and low-frequencydrift.

Control law H- 1 #1, based on the simple weights, was 29th
order. Control law H-1 #2, based on the complex weights, was
37th order. The addition of two � rst-order washout � lters further
increased the controller order by two. The largest control law that
could be accomodated by the digital controller was 26th order, so
both of these control laws were too large to � t within the digital
controller. As a result, controller order reduction was employed to
reduce the order. Internallybalanced reduction13 was used to reduce
the model order without sacri� cing frequency response accuracy
near � utter (10–100 rad/s). The � nal order for control laws H-1
#1 and H-1 #2 was 7 and 12, respectively. Figures 7 and 8 depict
the frequency responses of the two reduced-ordercontrol laws that
were tested in the wind tunnel.

l -Synthesis Designs
The l -synthesis control law designs were also computed using

the l -Analysis and Synthesis Toolbox.10 Three controllers were
designed with the l -synthesisapproachusing the same plant model
and performance, control, output, and unit-ball uncertaintyweights
used for the H-1 designs.

The solutionof the l -synthesisprobleminvolvesan iterativepro-
cess, D-K iteration.10 This iterativeprocess does not, however, con-
verge to a unique controller. The designer must choose the number
of iterations needed, whether or not the desired level of robustness
(i.e., l ·1) can be achievedand if the robustnessof the current iter-

TE control

US control

Fig. 7 H- 1 #1 frequency response: ——, TEI accelerometer, and - - - -,
LEI accelerometer.

ate is acceptable.Sensitivityof the D-K iterationprocedureto initial
conditionsand parameterselections(e.g., c and D-scale approxima-
tions) resulted in dif� culty arriving at acceptable l -synthesis con-
trollers, but the � nal full-order l -synthesis control laws did have
structured singular values that were all near unity.

Control laws l #1 and l #2, based on the simple weights, were
31st and 29th order, respectively. These designs differ because of
the choices for c and D-scale approximations. Control law l #3,
basedon thecomplexweights,was 35th order.Once the control laws
were obtained, washout � lters (identical to that used for the H-1
control laws) were again added to reject biases and low-frequency
disturbances. The addition of the � rst-order washout � lters further
increased the controller order by two. These control laws were also
too large to � t within the digital controller. As a result, internally
balanced controller order reduction13 was once again employed to
reduce the order. The level of reduction that could be achieved was
much less for these controllers than for the H-1 controllers be-
cause of the more complex � lter structure. The � nal order for con-
trol laws l #1, l #2, and l #3 was 22, 26, and 24, respectively.
Figures 9–11 present the frequency responses of the three reduced-
order l -synthesis control laws that were tested in the wind tunnel.

IV. Analysis and Experimental Results
A. Analysis

Each of the control designs just presented was able to achieve
the design objectives to varying degrees. In this section the degree
to which each of the control law designs accomplished the design
objectiveswill be discussed.All of the analysespresentedhere were
obtainedusing the P- D model in Fig. 5 and the mathematicalmodel
of the BACT system presented in Ref. 8.
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TE control

US control

Fig. 8 H- 1 #2 frequency response: ——, TEI accelerometer, and - - - -,
LEI accelerometer.

The SISO control law designs were predicted to have excellent
analytical stability margins over the entire range of operating con-
ditions, but the margins for the trailing-edge � ap control law were
generallybetter than for the upper spoiler control law. Similarly, the
MIMO control laws had excellent predicted stability margins (as
indicated by the fact that each design had structured singular val-
ues near unity). However, the process of adding washout � lters and
reducing the controller order affected the robustness of the MIMO
control laws by reducing the stability margins relative to the full-
order designs.

Structured singular values (SSVs), based on the simple perfor-
mance and control weights, are used as a basis for stability robust-
ness comparisons among the various controllers. The uncertainty
model is the constantunit-balluncertaintyused to perform the H-1
and l -synthesisdesigns.Table 1 summarizes the structuredsingular
values for the various SISO and MIMO control laws.

Notice that none of the control laws had SSVs below one, which
would guaranteestability subject to arbitraryuncertaintiesbounded
in magnitude by the uncertainty weight. In fact, although the l -
synthesis controllers were initially designed to have SSVs of ap-
proximately one for unit uncertainty, the process of adding washout
� lters and reducing the controller order increased the SSVs to val-
ues above those for the H-1 designs. However, the robustness was
better than that achieved by either the trailing edge (TE) and up-
per spoiler (US) designs or their combination (TE + US). The l -
synthesis control law based on the more complex performance and
control weights (i.e., l #3) demonstrated the worst robustness of
the MIMO designs.This controlleralso incurred the most reduction
error during the controller reduction process.

Table 1 Predicted robustness properties of MIMO
controllers (M = 0.77, q = 175 psf)

SSVs
Controller Stability Performance

Control law order robustness robustness

TE 3 4.3 6.5
US 3 4.2 4.6
TE+US 6 5.8 6.2
H- 1 #1 7 1.4 1.5
H- 1 #2 12 1.3 1.4
l #1 22 2.4 4.2
l #2 26 1.6 2.0
l #3 24 4.6 5.3

TE control

US control

Fig. 9 µ #1 frequency response: ——, TEI accelerometer, and - - - -,
LEI accelerometer.

SSVs can also provide a measure of performancerobustness.Us-
ing the sameweights anduncertaintymodel, the MIMO control laws
were assessedfor their ability to keeppeak accelerationlevelsbelow
0.1 g and peak controlde� ectionsbelow1.0deg.An SSV ofunity in-
dicates that the performanceobjectiveis met by all systemsbounded
by the unit-ball uncertainty model. Table 1 summarizes the SSVs
associated with performance robustness. Because the performance
measure is very closely related to the stability measure, the perfor-
mance results parallel the stability results. The SSVs indicate that,
though the speci� c performance objective was not met, the MIMO
designs were clearly superior to the SISO designs and successfully
reduced acceleration levels with acceptable control activity.

Simulation studies of both the SISO and MIMO control laws
were also conducted. Each of the control laws maintained stability
over the entire range of simulatedwind-tunnel operating conditions



152 WASZAK

TE control

US control

Fig. 10 µ #2 frequency response: ——, TEI accelerometer, and - - - -,
LEI accelerometer.

¡ M = 0.77, 0 < q < 225 psf. The performance levels of all of the
control laws were very similar with rms accelerations on the order
of 0.03 g. In addition, the MIMO designs were generally able to
suppress large initial condition perturbationsmore effectively (i.e.,
exhibited shorter settling times).

One other design objective was to keep the controller order as
small as possible in order to simplify the implementation and en-
sure that the limits of the digital controllerwere not exceeded.This
proved to be a dif� cult task for the MIMO designs. Order reduc-
tion was required for these controllers to � t in the digital controller
(Table 1). As a result, some of the robustness bene� ts of the l -
synthesis approach have been lost as is evident by the larger than
unity SSVs for the reduced-order controls laws evaluated with the
unit-ball uncertainty. This is most apparent for controller l #3.

B. Experimental Results
The control laws were implementedin the BACT’s digital control

computerand used to control the BACT system over the entire range
of wind-tunnel conditions: 0.5 < M < 0.95 and 100 < q < 200 psf.
These conditions represent both open-loop stable and open-loop
unstable conditions. All of the control laws were successful in sup-
pressing � utter and maintaining closed-loop stability when the sys-
tem was open-loop stable. In addition, the acceleration levels asso-
ciated with the various controllers were quite acceptable with the
MIMO designs somewhat better than the SISO designs. Table 2
summarizes the performance of the various control laws in terms
of rms accelerations and control surface activity for an open-loop
unstable condition.

Table 2 Experimental rms performance data for BACT
control laws (M = 0.77, q = 175 psf)

TEI LEI TE US
acceleration, acceleration, command, command,

Control law g g deg deg

TE 0.033 0.042 0.35 ——
US 0.038 0.045 —— 0.55
TE + US 0.029 0.038 0.22 0.44
H- 1 #1 0.03 0.03 0.31 0.34
H- 1 #2 0.03 0.03 0.32 0.29
l #1 0.03 0.03 0.2 0.28
l #2 0.03 0.03 0.25 0.17
l #3 0.04 0.04 0.25 0.23

TE control

US control

Fig. 11 µ #3 frequency response: ——, TEI accelerometer, and - - - -,
LEI accelerometer.

The basic differencebetween the variouscontrollerswas the con-
trol activity required. This was not particularly evident during nor-
mal operations because all of the controllers required much less
than 1.0-deg rms control inputs. However, when large oscillations
were allowed to develop by disengaging the controller at an open-
loop unstable condition, the control activity and system response
that resultedwhen reengagingthe controllerwas signi� cantly lower
for the MIMO designs. This can attributed to both the added con-
trol power associated with multiple control surfaces and the fully
coupled nature of the MIMO control laws as demonstrated by the
superiorityof the MIMO control laws compared to the combination
of the two SISO control laws.

Robustness was assessed experimentally using the CPE tool3

to compute generalized robustness measures from response data.
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Table 3 Experimental robustness
data for BACT control laws (M =

0.76–0.79, q = 174–180 psf)

Min SV @

Control law Input Output

TE 0.84 0.45
US 0.36 0.08
TE + US 0.42 0.24
H- 1 #1 0.34 0.32
H- 1 #2 0.43 0.24
l #1 0.6 0.67
l #2 0.55 0.68
l #3 0.4 0.29

Table 3 summarizes the robustness of the various control laws ob-
tained from the CPE results in terms of the minimumsingularvalues
of the return difference matrix at the plant input and output. The
l -synthesis control laws have generally better robustness than the
others.

V. Conclusions
The H- 1 and l -synthesis robust multivariable control design

methods have been successfully applied to the problem of wing
� utter suppression for a simple wind-tunnel model. These methods
have been shown to result in control laws that have similar nominal
performance and better stability and performance robustness than
more traditional SISO designs. In addition, a constant control law
was able to maintain closed-loopstabilityover a very wide range of
(open-loop stable and unstable) wind-tunnel operating conditions.

However, some of the bene� ts associated with robust multivari-
able control design were not fully realized. Controller reduction
was required to � t the control laws into the control computer, and
washout � lters had to be added a posteriori to reject sensor biases.
In addition, attempts to use uncertaintyrepresentationsbased on ac-
tual plant differences caused by dynamic pressure variations were
unsuccessful for both the H- 1 and l -synthesis designs. Each of
these practical implementation issues reduced the performance and
robustness of the resulting multivariable control law designs.

Besides the demonstrationof robustmultivariablecontrolfor � ut-
ter suppression, the BACT project has had several other valuable
outcomes. Spoilers have been demonstrated to be an excellent op-
tion for applications to active � utter suppression.The BACT wind-
tunnel model system has proven to be a very reliable active control
testbed and offers excellent opportunities for future research. The
mathematical model of the BACT system used for control system
design has been extensively documented and is available for aca-

demic and research applications. The extensive database that has
been collected is available to further develop aeroelastic modeling
methods and control system design methods.
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