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Open- and closed-loop tests for a strain-actuated active aeroelastic wing are summarized. Linear quad-
ratic Gaussian (LQG) control laws as well as robust control laws are designed using sensitivity weighted
LQG, classical rationalization, and multiple models. Significant vibration suppression and load alleviation
are demonstrated, reducing the power spectral density of the first mode's response by an order of mag-
nitude. The flutter dynamic pressure is increased by 12%. The three major performance limitations are
the saturation limit of the piezoelectrics, the choice of performance metric or output sensor, and the
changes in the dynamic response of the test article.

I. Introduction

T HE application of aeroelastic control to aircraft offers the
promise of smoother rides, larger flight envelopes, and

lower root loads, with benefits to life and aircraft size. Nu-
merous investigations have used active control techniques,
usually employing articulated trailing-edge control surfaces as
actuators.1"3 The choice of articulated control surfaces is pri-
marily because of the availability of flap actuators on the ma-
jority of current aircraft and not their desirability as aeroser-
voelastic actuators.

The current program seeks to develop and demonstrate a
new aeroelastic control actuation method: direct strain actua-
tion. Strain actuators, such as piezoelectrics, provide direct
control of the structure with no appreciable lags. The use of
flap and aileron actuators for aeroelastic control could impinge
upon the primary use of flap and aileron actuators for ma-
neuvering. Strain actuators do not impose any such maneu-
vering limitations and are not subject to reversal of authority
with dynamic pressure. In addition, the easily discretized and
distributed nature of piezoelectric actuators provides a flexi-
bility in actuator placement and grouping unavailable with
other actuators.

The objective of this work is to demonstrate the use of strain
actuation technology for aeroelastic control, specifically flutter
suppression and gust alleviation. Significant analytical4'5 and
small-scale experimental work has been done for strain-actu-
ated aeroelastic control. Initial experimental applications have
included the use of piezoelectrics as helicopter flap actuators6

and on the spring support of a rigid two-degree-of-freedom
wing model used in flutter suppression.7 The direct precursor
to this experiment was a 1-ft span flat plate with piezoelectrics
bonded to the top and bottom surfaces.8'9
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This article discusses the two wind-tunnel entries of the
strain-actuated active aeroelastic wing test program. An initial
description of the wing test article is given followed by a brief
summary of the open-loop tests conducted during the first
wind-tunnel entry. The control design procedure is outlined
with a description of the control laws designed. The experi-
mental results of these control laws and those from a midentry
redesign are discussed. The final section discusses the factors
that limited the performance of the control laws and provides
suggestions for future work to alleviate these limitations.

II. Wing Design and Open-Loop Testing
The wing test article was designed to maximize piezoelectric

control authority while maintaining the desired passive aero-
elastic behavior.10 A composite sandwich structure, 2% thick-
ness-to-chord ratio, was selected as the primary load-carrying
element of the wing. Piezoelectrics are bonded to the top and
bottom surfaces and accelerometers and strain gauges are used
as sensors. The wing is not dynamically scaled.

An aft geometric sweep of 30 deg was selected as well as
a graphite/epoxy (IM7G/3501-6) laminate of [-20/-20/0]s
with reference to the quarter chord line (see Fig. 1). These
parameters create a desirable washout configuration that causes
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Fig. 1 Schematic of wing.
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the wing to flutter before it diverges. In addition, both param-
eters provide bend-twist coupling that enables in-plane iso-
tropic piezoelectric actuators to effect the angle of attack or
torsional motion of the wing.

The surface area, thickness, and approximate location of the
piezoelectric actuators were selected to maximize the authority
for a fixed actuator mass. The piezoelectric actuators are com-
posed of two 10-mil layers of piezoceramic (G-1195) and ex-
tend from the root to approximately 60% of the span. The
actuators are paired on the top and bottom surfaces and are
actuated in a bender configuration. They have been hard-wired
into 15 individual actuation groups (see Fig. 2).

A flutter stopper with a spring-loaded moveable tungsten
mass was designed to provide a safe condition for the testing
of flutter suppression controllers. In the undeployed configu-
ration, the mass is held at the trailing edge by an electromag-
net. At the onset of flutter, the mass is deployed to the leading
edge. This is known as the deployed configuration. The de-
ployment of the flutter stopper mass alters the wing properties
such that the flutter dynamic pressure is increased.

The airfoil selected was a NACA 66-012 made of fiberglass.
To ensure that it did not add appreciable stiffness, it was seg-
mented spanwise. Soft rubber tape was used to cover the gaps
between the aerodynamic sections. The frequencies of the first
three modes for the undeployed configuration at zero airspeed
were 2.45, 12.46, and 17.32 Hz, respectively. A more complete
description of the wing and modeling can be found in Ref. 11.

The wing test article was tested in air at atmospheric pres-
sure in the NASA Langley Research Center's Transonic Dy-
namics Tunnel. The objectives of the first wind-tunnel entry
were to clear the flutter boundaries of both the undeployed and
deployed configurations and to take transfer functions from the
piezoelectric groups to the 14 sensors at several dynamic pres-
sures. The transfer functions were taken to support the control
design effort, improve finite element models, and estimate the
flutter speed more accurately. Based on extrapolation of iden-
tified frequencies to the coalescence of the first two modes,
the actual flutter dynamic pressures were determined to be 95
and 85 psf for the deployed and undeployed configurations,
respectively.

Prototype piezoelectric supergroups were created and tested
to examine the authority of a typical actuation group and its
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Supergroup D
Supergroup E includes all

individual actuators

signal-to-noise ratio (SNR), as well as potential nonlinearities
involved in combining the piezoelectric groups. A total of five
groups was created (see Fig. 2), based upon their contributions
to the controllability of the first three modes at zero airspeed.

Transfer functions for the individual piezoelectric groups
and the piezoelectric supergroups were taken. For a given ac-
tuator, transfer functions were taken from input voltage to 14
outputs (see Fig. 3). Turbulence response autospectra, which
recorded the sensors' response with no actuation input, were
also taken at several dynamic pressures for both configura-
tions. The complete data set is summarized by Heeg et al.12

Since combinations of the piezoelectric groups other than
the prototype supergroups tested could be desirable for control
design, the validity of superposition of the individual piezo-
electric transfer functions was examined. The transfer func-
tions for the individual actuators that comprise a supergroup
were summed and compared to a supergroup transfer function
(see Fig. 4). Although there are nonlinearities associated with
the higher modes, the contribution of the individual piezoelec-
tric s to the first three modes superposed linearly. A large por-
tion of the discrepancy is caused by the low coherence of the
individual transfer functions. The most likely cause of the
nonlinearities was the rubber tape that covered the gaps be-
tween aerodynamic sections. This provides stiffness when the

•• Strain Gauge
• Accelerometer

Fig. 3 Location of strain gauges and accelerometers.

Fig. 2 Schematic of piezoelectric actuation groups and prototype
supergroups tested during open-loop testing. Individual piezoelec-
tric groups indicated on diagram. Supergroup 5 includes all 15
individual groups.

- - - - Equivalent summation of individual piezoelectric grou
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Fig. 4 Comparison of actual supergroup transfer function data
to the equivalent summation of individual piezoelectric group
transfer function data.
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skin is in tension and none when it is in compression. Com-
parison of these transfer functions provided two warnings to
the control designer: 1) to avoid control designs that depend
on exact knowledge of the higher modes and 2) to be cautious
when using the individual actuator transfer functions to create
larger groups. For these reasons, the control laws were de-
signed using the prototype supergroups.

III. Control Law Design and Closed-Loop Testing
A. Control Actuator, Sensor, and Performance Selection

The initial set of control laws was designed based upon the
open-loop data taken during the first wind-tunnel entry. The
first step in any control design is to specify the performance
metric. For aeroelastic control, three objectives are of impor-
tance: 1) flutter suppression, 2) ride comfort, and 3) load al-
leviation. An appropriate performance sensor for flutter sup-
pression is one that has a high response for the flutter mode.
Without an accurate model of the flutter mode, the choice is
difficult, but may be guided by the modal response in the sub-
critical data for each sensor. The objective of ride comfort is
the acceleration at the passenger location. For a cantilever
wing model, a combination of the tip accelerometers or the
root strain gauges may be reasonable substitutes. For load al-
leviation, the root strain gauges can be used to represent the
root loading. When the autospectra of the accelerometers' re-
sponse to turbulence were examined, the modal responses did
not rise above the noise floor, except for data taken near flutter.
For this reason, the following control designs focus on the root
strain as the performance metric. Strain gauges 1 and 2 are
used because of their high modal responses.

The next step was to choose the actuator complement. Ac-
tuator and sensor choices had to be made to limit the number
of topologies considered in control design. As seen from the
open-loop testing and transfer functions, individual piezoelec-
tric groups could not provide sufficient authority. In addition,
the superposition of individual piezoelectric group transfer
functions was suspect for creating new, untested supergroups.
The five supergroups tested during the first entry for the con-
trol designs were used.

To maximize total actuator authority, the single input/single
output (SISO) designs used supergroup E. Because the strain
node lines of the higher modes lie within supergroup E, this
supergroup can only exert significant authority over the first
mode. However, it has been previously shown that a single
actuator can only control one mode well, even if it has signif-
icant authority over more than one mode.13 Therefore, choos-
ing supergroup E for the SISO control laws did not limit the
overall performance and was likely the best choice, given the
first mode's contribution to the overall power spectral density.

The multiple input/multiple output (MIMO) designs used the
other four (A-D) supergroups, which together include all 15
individual piezoelectric groups. With four independent actua-
tors, the first four modes could be independently controlled.

The measurement sensor complement was determined
through a qualitative examination of the transfer function data.
The 70 transfer functions were rated on their level of collo-
cation (i.e., degree of alternating pole/zero pattern), the modal
residues or pole/zero spacing, and the SNR of the transfer
function data. Those sensors that ranked high in this rating
were chosen for the control law designs. Each control law
design included at least one of the performance metric sen-
sors.14 SISO designs used strain gauge 2 (located at the root)
as the sensor. MIMO designs used strain gauges 2, 3, 6, and
7 or 1, 2, 6, and 7 as sensors. No accelerometers were used
because of the low coherence of their transfer functions, par-
ticularly at low frequencies.

Following the selection of actuators and sensors, the dynam-
ics of each of the control loops were identified. The method
used for identification employs the frequency domain observ-
ability range space extraction (FORSE) algorithm.15'16 This al-
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Fig. 5 Comparison of measurement model with transfer function
data from supergroup A to strain gauge 6.

lows frequency domain data to be automatically fit with a
parametric, but nonphysical, state-space model. To further im-
prove the fidelity of the model, a logarithmic tuning step is
used. This method allows the control designer to obtain an
exceptional fit to the data with a relatively small number of
states, even for a MIMO system. Because the measurement
model is fitted simultaneously across all of the transfer func-
tions in a MIMO system, a set of poles common to all of the
transfer functions is selected. A sample transfer function fit for
a four input/four output measurement model identification is
shown in Fig. 5.

B. Initial Control Design
A family of SISO control laws was designed to examine

several different robust control methods. The baseline control
law was a linear quadratic Gaussian (LQG) design. Three
robustified designs included a sensitivity weighted LQG
(SWLQG), a classically rationalized, and a multiple model
control law. The goal was to gain a better understanding of
the properties of the aeroelastic control problem and some of
the existing control tools. The nominal design point was cho-
sen to be a dynamic pressure of 50 psf and the control laws
that utilized strain gauge 2 as the feedback and performance
sensor.

The LQG design methodology is an output feedback scheme
that utilizes the linear quadratic regulator (LQR) for a full-
state feedback control law and a Kalman filter as the state
estimator.17 The state weighting matrix for LQR is chosen to
reflect the weighting of the states in the performance metric
and the control weighting matrix is determined by the maxi-
mum control. The process noise contribution to the Kalman
filter is generally modeled as the effect of the external distur-
bance on the states. Since the disturbance (wind gust) to sensor
transfer functions were not measured during the test and no
adequate models existed, the process noise weighting matrix
was left as a design parameter. Selection of this matrix can
greatly affect the resulting control design and performance.
However, no systematic method for choosing an optimal or
near-optimal matrix is known. Thus, the selection was based
on engineering judgment through an iterative process.

The three robustification techniques are variations on the
LQG theme. Sensitivity weighted LQG alters the weighting
matrices of both the LQR and Kalman filter portions by adding
a sensitivity to parameter variation.18 In this design, the fre-
quencies of the first two, and sometimes three, modes were
weighted. Classical rationalization attempts to mitigate some
of the drawbacks of the LQG design technique.14 Examining
an LQG controller, the control designer uses physical intuition
and insight to- reduce the controller size and remove unnec-
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Table 1 Summary of SISO control law designs
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Fig. 6 Comparison of SISO controller transfer functions.

essary and potentially harmful dynamics, such as inverted ze-
ros that appear in the compensator as poles. The multiple
model technique minimizes a weighted average of the LQG
cost functionals for a discrete set of plants.18 An added benefit
is that the resulting control law will be stable for those partic-
ular plants. Drawbacks include the large computational effort
required and the need for an initial guess that is stable for all
of the plants.

Using these four methods, control laws were designed for
the SISO topology using piezoelectric supergroup E (i.e., all
of the piezoelectrics) and strain gauge 2 as both the measure-
ment and performance metric at a nominal dynamic pressure
of 50 psf. The four controllers that form the full family can
be seen in Fig. 6 and Table 1. All of these are stable and roll
off before 50 Hz when combined with the plant transfer func-
tion. The LQG control law inverts the lightly damped zero
between the first and second modes and has many extraneous
states. The SWLQG design controller transfer function virtu-
ally overlays the LQG design. Very high sensitivity weights
were tried with little result. This is because the sensitivity
weighting increases the importance of a particular mode in the
cost functional. This discourages LQG from notching that par-
ticular mode and works well for poorly modeled modes in the
crossover region.14 However, since the modes that were sen-
sitized in this problem are already significant in the cost func-
tional, the sensitivity weighting did not change the compen-
sator transfer function. The classically rationalized design has
relatively few states and essentially mimics the LQG design
without the inverted zero at 10 Hz and the notch at 45 Hz.
The multiple model design used a SWLQG control law de-
signed at a dynamic pressure of 75 psf as an initial guess and
the plant at dynamic pressures of 50 and 75 psf as the multiple
models. Note that it resembles the classically rationalized de-
sign more closely than the LQG or SWLQG designs.

To predict performance, expected closed-loop power spec-
tral densities of the performance sensors were calculated. The
calculation required the open-loop power and cross-spectral
densities of the performance sensor with only the external dis-
turbance acting, the actuator to sensor transfer function, and
the control law. The equations can be seen in the Appendix.
The performance improvement is calculated as follows:

dBlmp = 10 Iog10
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Fig. 7 Open-loop power spectral density and predicted closed-
loop power spectral density for classically rationalized control law.
Strain gauge 2 is the performance variable.

where &ZwZw is the open-loop autospectrum of the performance
metric and <£„ is the closed-loop autospectrum.

The open-loop autospectrum and the predicted closed-loop
autospectrum for the classically rationalized control law can
be seen in Fig. 7. There are several important features to note.
The first is that only the first mode is effectively suppressed.
This is because the actuation group includes all 15 groups and
can only effectively control the first mode, as well as the fact
that a single actuator can only effectively control a single
mode. The performance of the other control laws is similar.
The multiple model does not perform as well at 50 psf because
it is also robustified to 75 psf.

The MIMO designs proceeded in a similar manner. A dy-
namic pressure of 50 psf was used as the nominal design point
and LQG was used as the baseline control design technique.
In addition to the LQG control laws, SWLQG control laws
were designed for the same topologies. Two SWLQG designs
were tested: one that used strain gauges 2, 3, 6, and 7 for
feedback and one that used strain gauges 1, 2, 6, and 7. For
both cases, the four piezoelectric supergroups (A-D) were
used and the performance metric consisted of strain gauges 1
and 2.

C. Initial Closed-Loop Testing
Of the SISO control laws, only the SWLQG and the clas-

sically rationalized control laws were tested during the second
wind-tunnel entry. The first step of the testing procedure for a
given control law was open-loop controller performance eval-
uation at the design point.19 If the controller were predicted to
be stable, the loop would then be physically closed and the
dynamic pressure could be slowly increased.

The first control law tested was the SWLQG design. Based
upon the open-loop controller performance evaluation, the
SWLQG was determined to be unstable at a dynamic pressure
of 50 psf. Because of the prediction, the loop was not closed.
The predicted instability was traceable to the fairly significant
changes in the plant between the first and second wind-tunnel
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entries, which are described in greater detail later. The inverted
zero in this compensator at 10 Hz (see Fig. 6) caused it to be
very sensitive to changes in the frequency of that zero and the
frequency of the second mode. Because of its great similarity,
it was assumed that the LQG compensator would have been
similarly unstable.

The second SISO control law tested was classically ration-
alized. Because the zero-inversion was eliminated, this design
was predicted to be stable and the loop was physically closed.
The experimental performance autospectrum can be seen in
Fig. 8. The qualitative characteristics match those of the pre-
dictions. The spike at 20 Hz was an anomaly in the data-taking
mechanisms and not a part of the physical plant.

The first MIMO design, using gauges 2, 3, 6, and 7, was
predicted to be unstable based upon the open-loop controller
performance evaluation. This compensator failed for reasons
similar to the SISO SWLQG compensator: the compensator
transfer functions had fairly sharp notches at the second mode.
The second MIMO design using gauges 1, 2, 6, and 7 had
much smoother behavior over the frequencies near the second
mode and was predicted to be stable. The experimental closed-
loop performance autospectra can be seen in Fig. 9. As with
the SISO control law, these results qualitatively match the pre-
diction very well. Quantitatively, the predicted performance
improvement was 4.26 and 5.22 dB for strain gauges 1 and 2,
respectively, and the experimental performance improvement
was 2.53 and 4.13 dB, respectively.

D. Discussion of Initial Control Design Results
The testing of the initial control designs met several of the

overall project objectives. Load alleviation was demonstrated
on the model. Both the successful SISO and MIMO control
laws were able to reduce vibrations at the root.

The results of the MIMO control law showed that effective
modal control of the first three modes, and thus the torsional
motion, was obtained. This confirmed that effective torsional
control can be obtained using isotropic actuators on a bend-
twist coupled laminate. It also showed that the grouping of the
piezoelectric actuators is crucial for modal control. In Lazarus'
experiment,9 the piezoelectric actuators were grouped span-
wise, even on the graphite/epoxy bend—twist coupled plate.
This spanwise grouping was not effective in achieving tor-
sional control.

Furthermore, although both the SISO and MIMO designs
accomplished their performance objectives of lowering strain
levels at the root, visual observation of wing motion indicated
little to no performance improvement. In addition, neither con-

strain Gauge 2: Experimental Broadband Improvement 2.8 dB

trol law was able to alter the flutter speed. Visual observation
tends to reflect tip motion, and the performances for the trail-
ing-edge tip accelerometer for the SISO and MIMO control
laws were -0.59 and -1.86 dB, respectively. The negative
values indicate that the motion was exacerbated at the tip by
these two control laws.

This observation led to two conclusions: 1) Damping of the
first three modes does not delay the onset of flutter. These two
control laws were designed primarily with damping of the first
three modes as the primary goal. Therefore, a more appropriate
performance metric should be chosen. 2) The root strain
gauges may not have been the best sensors to use to quiet the
wing as a whole or to move the flutter boundary.

The other difficulty encountered in testing the initial control
laws was the substantial changes in the open-loop plant be-
tween the two wind-tunnel entries. Most noticeably, the open-
loop flutter speeds for both configurations were lowered. The
test article fluttered at 76 psf for the undeployed configuration
and 86 psf for the deployed configuration during the first entry
vs 85 and 95 psf during the second, respectively. Furthermore,
the transfer functions at a dynamic pressure of 50 psf, still
well below the flutter speed, were significantly altered (see Fig.
10). The most problematic change in the transfer function
shown is the frequency of the second mode and the immedi-
ately preceding zero. With these values shifted down by ap-
proximately 10%, the LQG and SWLQG compensators, which
either inverted the zero or placed a notch filter at the pole
frequency, experienced stability problems.

Strain Gauge 1: Experimental Broadband Improvement 2.53 dB

20 25 30
Frequency (Hz)

Fig. 8 Experimental open- and closed-loop power spectral den-
sities for classically rationalized control law. Strain gauge 2 is the
performance variable.

Strain Gauge 2: Experimental Broadband Improvement 4.10 dB

5 10 15 20 25 30 35
Frequency (Hz)

Fig. 9 Experimental open- and closed-loop power spectral den-
sities for MIMO control law. Strain gauges 1 and 2 are the per-
formance variables.
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While the changes at speed were marked, the plant at zero
airspeed seemed to be relatively unchanged. The frequencies
did not alter significantly between the two entries (see Table
2). This leads to the conclusion that the plant changes are
caused by the shell attachments and the overall twist of the
wing. Through different attachment tightnesses or fatigue over
the months, these two factors could have slightly altered the
distributed angle of incidence. This would change the aero-
dynamic behavior without dramatically affecting the structural
modes.

E. Controller Redesign
Because of the changes in the plant and the realization that

the chosen output feedback sensors and performance metric
were suboptimal, a redesign of control laws was completed
during the second entry. The open-loop transfer function data
taken at the beginning of the second entry were used to iden-
tify new state-space models to be used in the redesign. These
control laws were tested in lieu of the remaining control laws
in the original set.

The first step was to determine a new performance metric
and output feedback sensors. During the testing of the previous
control laws, strain gauge 8 had the clearest response of the
flutter mode and was therefore selected as the primary perfor-
mance metric and used as the feedback sensor. The trailing-
edge outboard accelerometer was used during the closed-loop
experiments to gauge the success of control laws at sup-
pressing the overall motion.

Both SISO and MIMO designs were attempted. The SISO
designs used a single actuator that was comprised of all 15
individual piezoelectric actuation groups and strain gauge 8 as
the sensor and performance metric. The MIMO designs used
supergroups A and D and strain gauge 8. These groups were
chosen for their effectiveness at controlling the first two
modes.

Instead of concentrating on damping at the possible risk of
bringing the first two frequencies closer together, the new de-
signs focused on separating the two frequencies to increase the
flutter speed with some loss of overall vibration suppression
performance. While this objective was not codified in the per-
formance metric, it was used in the decision process of the
control design iteration. This effect can be seen in the perfor-
mance autospectrum for a SISO LQG control law in Fig. 11.
Note that this autospectrum is now of strain gauge 8 and not
strain gauge 2 as the previous SISO designs were.

Four SISO control laws were tested in all, two LQG designs
using varying control authority, a SWLQG, and a classically
rationalized design. A MIMO LQG control law was also

20 25 30
Frequency (Hz)

Fig. 10 Comparison of open-loop transfer function data from
March and November tests. Input is supergroup 5 and the output
is strain gauge 2.

tested. The most successful of the five control laws was the
SISO LQG with the lower control weighting. This control law
was able to adequately separate the poles without sacrificing
too much damping. Only this SISO control law will be dis-
cussed in detail.

F. Redesigned Controller Closed-Loop Testing
Open-loop controller performance evaluation was performed

at a dynamic pressure of 50 psf and the control law was
deemed stable. The loop was closed and the experimental per-
formance improvement at 50 psf was 2.70 dB (see Fig. 11),
which corresponds well to the predicted improvement of 2.92
dB. The dynamic pressure was increased to 75 psf, just under
the nominal open-loop flutter dynamic pressure. The vibration

Table 2 Summary of frequencies at zero airspeed
for undeployed configuration

Mode, Hz

Test

First entry
Second entry

First

2.51
2.56

Second

13.45
13.75

Third

17.67
18.00

Strain Gauge 8: Experimental Broadband Improvement 2.69 dB

10 15 20 25 30 35 40 45 50

Fig. 11 Experimental open- and closed-loop power spectral den-
sities for LQG control law at 50 psf. Strain gauge 8 is the perfor-
mance variable.

Strain Gauge 8: Experimental Broadband Improvement 9.44 dB

10 15 20 25 30 35 40 45 50

Fig. 12 Experimental open- and closed-loop power spectral den-
sities for LQG control law at 75 psf. Strain gauge 8 is the perfor-
mance variable.
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reduction at 75 psf was significant (see Fig. 12). The modes
in the closed-loop plant are still somewhat separated as op-
posed to the clear single peak in the open-loop plant. Further-
more, at 75 psf, the response of the trailing-edge outboard
accelerometer at the flutter frequency was reduced by an order
of magnitude with a broadband reduction in power spectral
density of 1.1 dB. Not only was the output sensor quieted, but
the vibrations of the remainder of the wing were also sup-
pressed.

Because this control law performed well at 75 psf, the
closed-loop system was taken above the open-loop flutter
point. The tunnel dynamic pressure was increased to 85.5 psf
at which the model encountered hard flutter. The approximate
total deflection of the test article during this hard flutter was a
peak-to-peak tip displacement of 20 in. Visual inspection and
frequency rap tests did not indicate any severe damage to the
model following the hard flutter.

IV. Analysis of Control Limitations
The closed-loop testing during the second wind-tunnel entry

proved to be very successful, with control laws demonstrating
significant vibration suppression and flutter suppression.
Equally as important as successful vibration and flutter sup-
pression are the reasons why certain control laws did not work
and the identifications of performance limiters. There were
three major performance limiters: 1) the saturation of the pie-
zoelectrics, 2) the choice of performance metric and output
feedback sensor(s), and 3) the high plant variation between the
two wind-tunnel entries.

The main limitation on authority was the saturation of the
piezoelectrics. Several of the control laws reached the maxi-
mum input voltage to the piezoelectrics when the loop was
closed. This maximum input voltage was established to pre-
vent actual saturation of the piezoelectrics and utilized the full
potential of the piezoelectric actuation range. Even the control
laws that did not saturate generally used 80-90% of the max-
imum voltage.

In addition to the limitation on authority, the near-maximum
commanded voltages on the piezoelectrics prevented any ef-
fective closed-loop controller performance evaluation. To as-
sess the stability of a control law while closed loop and, more
importantly, the stability margins, an additional excitation sig-
nal was sent to identify the plant. However, with only 10—
20% of the piezoelectric authority available to be used to iden-
tify the quieter closed-loop plant, coherent transfer functions
were unobtainable. This effectively eliminates adaptive control
techniques that require constant identification of the plant.

Two main methods exist to improve this authority: 1) To
increase the coverage of the piezoelectrics or 2) to increase
the actuation strain of the piezoelectrics. The test article is only
partially covered even within the desired region of coverage.
If fuller coverage of this region could be obtained, that would
certainly increase the authority. Increasing the thickness would
not be of much benefit, as the thickness of these actuators was
chosen to be near optimal for this test article.10 The second
method is straightforward; if the materials had a higher strain
capacity, the effectiveness of these actuators would be
greater.20

While the authority of the individual patches on the current
test article cannot be altered, the authority of the actuation
groups used may be improved. The most successful control
law (S8) used only one actuator composed of all of the indi-
vidual patches. Previous studies have shown that to control
two modes, two independent actuators are necessary.13 For
aeroelastic control, control of at least the first two modes is
desirable. The resulting conclusion is that the piezoelectric ac-
tuators could be grouped differently to achieve effective modal
control of the first three modes.

Supergroups A-D represent one approach to a multiple ac-
tuator grouping. However, these supergroups were chosen
based upon the open-loop transfer function data with no air.

The individual transfer functions even at zero airspeed were
fairly noisy and made the choices somewhat unreliable. In ad-
dition, the mode shapes become complex with increasing air-
speed, so that effective groupings at 0 psf may not be as ef-
fective at 50 psf or higher.

The second performance limitation was the appropriate
choice of performance metric and output feedback sensor for
vibration and flutter suppression. To completely quiet the wing,
a distributed set of sensors would be most appropriate. How-
ever, if a limited number of sensors were available, choosing
one or two sensors that would most dramatically alter the first
two wing mode shapes if their response is suppressed would
likely be the most effective. If altered mode shapes are the
goal, obtaining a high-fidelity aeroelastic model of the wing is
vital to selecting appropriate performance and feedback sen-
sors. The model would need to be particularly accurate for the
first three modes for the sensor location choice.

The appropriate choice and use of a MIMO system with a
distributed sensor complement is emphasized. A MIMO con-
trol law was the only control law able to reduce the response
of each of the first three modes, which indicates that a MIMO
control law should be most effective for flutter suppression as
well. The MIMO control laws were not tested above the nom-
inal design speed of 50 psf because of the test director's con-
cerns for the safety of the model based on visual observation.
None of the MIMO control laws were tested in flutter sup-
pression. The two causes are the lack of robustness in the
MIMO control laws and the visual judgment of the test engi-
neers. More effective means of robustifying the MIMO control
laws are necessary.

The selection and codification of an appropriate performance
metric for flutter suppression poses another problem. Ideally,
one would like the first two modes to be damped and sepa-
rated. This is highly unlikely, with one of those objectives
generally coming at the expense of the other. Modal damping
is a straightforward performance metric to codify for optimal
control algorithms. However, as clearly demonstrated during
the control law tests, increased modal damping does not in-
dicate that flutter has been postponed. In fact, it is likely that
with increased damping, the first two modes are actually closer
to coalescence. Frequency separation holds more promise as
the correct flutter suppression metric. Unfortunately, the sep-
aration of the two frequencies is not an easily codifiable con-
cept for optimal control algorithms.

A third avenue is the alteration of mode shapes to make the
first two mode shapes more orthogonal to each other. This is
likely the most difficult concept to implement in an optimal
control algorithm. In addition to these difficulties, none of
these performance metrics provides a guarantee that if
achieved, the flutter speed would be increased.

The third important limitation of performance during these
closed-loop tests was the high plant variation between the two
wind-tunnel entries. This variation is in many ways similar to
the variation caused by the changing dynamic pressure. While
the quantitative values of the modal frequencies changed, the
structure of the transfer function (i.e., pole/zero pattern) did
not. If the pole/zero pattern had changed, it would be extraor-
dinarily difficult to design any single control law for the plant.
With the structure the same, control laws from optimal design
techniques are obtainable; however, the performance on the
second mode will necessarily be degraded because of the lack
of information about the exact location of the mode.

These changes in the plant indicate that some adaptation
would benefit the effectiveness of the control laws. However,
as mentioned before, adaptation that requires constant identi-
fication using the piezoelectrics is not possible. Therefore, lim-
ited adaptation that does not need continual identification of
the plant holds promise.

V. Conclusions
This article summarizes the closed-loop testing of the wing

test article. Significant vibration and flutter suppression were
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demonstrated on a strain-actuated wing test article. Effective
control of the first three modes, which include the torsional
mode, was achieved through the actuator grouping strategy.

There were several factors that limited performance. These
included the authority of the piezoelectric actuators, the choice
of actuator/sensor complement, the choice of performance met-
ric, lack of robustness in the MIMO control laws, and the high
plant variation. Avenues for future performance improvement
were indicated in the preceding section.

Appendix: Performance Prediction
Assume the following system of equations:

i — Gzww + Gzuu

y = Gyww + Gyuu

u= - Ky

(Al)

where z is the performance variable, y is the output variable,
w is the disturbance, u is the control input, and K is the control
law. Then the closed-loop expression is

z= (Gzw - GaGyw}w
Ga = GZUK[I + GyilKYl

(A2)

The closed-loop power spectral density <£„ can then be ex-
pressed as

(A3)

<£,- = [Gzw(ja>) -

X [Gzw(-ja>) - Ga(-ja>)Gyw(-j<o)]T

This simplifies to the following expression:

(A4)

where <E>W-.W-. represents the power spectral density of the dis-
turbance to the performance variables, 3>WM.v represents the
power spectral density of the disturbance to the output varia-
bles, and 4>M.vU.. represents the cross-spectral density of the dis-
turbance to the performance and output variables. Note that
wz = Gzww and wv = GVM.w.
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