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Active Suppression of Aircraft Panel Vibration
with Piezoceramic Strain Actuators

Jonathan D’Cruz*
Defence Science and Technology Organisation, Melbourne, Victoria 3001, Australia

The out-of-plane vibration of a panel on an aircraft tailplane, excited by random noise in the 100-
500 Hz range, was suppressed by an active controller that used four piezoceramic patches, two as strain
actuators and two as strain sensors. The strain energy levels at these sensor locations were significantly
reduced. Three accelerometers at arbitrarily chosen locations elsewhere on the panel demonstrated that
the out-of-plane vibrational energy levels were also reduced there. The multi-input, multi-output digital
controller, designed by a physically meaningful technique, also resulted in a system with good robustness

properties.

Introduction

N the interests of increased performance and efficiency, air-

craft structures contain thin panels with relatively few sup-
ports. Because of this, these panels are prone to vibrate at
excessive amplitudes. In view of the low cost of computing
power, digital controllers, implemented with suitable actuators
and sensors, are an attractive proposition as a means by which
these vibrations may be actively suppressed. The readily avail-
able piezoceramic strain actuator is compact and lightweight
and does not need a support structure for reaction purposes.
Therefore, digital controllers, implemented via piezoceramic
strain actuators, are a seemingly ideal solution to such panel
vibration problems.

Over the past decade, there have been numerous studies in
the field of active vibration suppression with piezoelectric
strain actuators. Beams' > have often been the subject of these
studies, as have plates and shells.®™ "

More recently, the concepts thus developed have been ap-
plied to more complex problems, many of these applications
being aeronautical. The problems examined include the control
of panel flutter,'>"* as well as rotary'* and fixed-wing'>™'® aero-
elastic responses with strain actuation. Weisshaar" provides an
extensive survey of the research that has taken place in the
field, with an emphasis on fixed-wing and shell structures. It
is pointed out there that more experiments need to be con-
ducted to verify the concept of aeroelastic control with strain
actuation.

To address the relative scarcity of research programs that
demonstrate active control via strain actuation on actual air-
craft structures, the study reported in this paper was initiated.
In this study, one of the panels on the fin of a CT-4 (an aircraft
previously used by the Royal Australian Air Force as a basic
trainer) was excited by random noise with a bandwidth of
100-500 Hz. Several modes were excited as a result, and suit-
able locations were determined for the attachment of two lead
zirconate titanate (PZT) piezoceramic strain sensors and strain
actuators to control these modes.

A two-input, two-output digital feedback controller with di-
rect feedthrough was then designed and implemented, with the
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result that the vibration levels were significantly attenuated.
Three accelerometers were attached to the panel at arbitrarily
chosen points to ensure that the attenuation was not confined
to the locations of the two PZT strain-feedback sensors; the
accelerometers confirmed this. Furthermore, the control design
technique was a physically meaningful one that resulted in a
system with good robustness properties.

It should be noted that the purpose of this paper is not to
provide a new technique of controller design; rather, it is to
provide an insight into the application of digital feedback con-
trol with piezoelectric strain actuators and sensors to an actual
aircraft structure.

Experimental Setup

Figure 1 shows the fin suspended horizontally by three soft
springs. Random-force input was provided by an electromag-
netic shaker attached to the lower surface at a web-spar junc-
tion. Four PZT patches and three accelerometers may be seen
in Fig. 1. Figure 2 is a schematic of the closed-loop system
with the external noise source. The digital control law was
implemented by a 133-MHz Pentium personal computer.

The four PZT patches, each 1.25 X 1.5 X 0.0075 in., were
adhesively bonded to the fin panel. The patches consisted of
a layer of PZT, with nickel electrodes on the top and bottom
surfaces. Electrical contact was established via silver-loaded
epoxy between the lower PZT electrode and the metal fin
structure, which then provided the earth-return path.

Determination of Suitable Sensor
and Actuator Locations

The locations of the sensors and actuators are dependent on
the modes being controlled. For an isotropic structure, the sen-
sors and actuators respond and impart a quantity proportional
to the sum of principal strains, i.e., the bulk strain. The struc-
ture under test is assumed to be thin-walled, with zero through-
the-thickness stresses or strains. Therefore, the bulk strain is
proportional to the curvature. It is therefore important to attach
the actuators and sensors at points where these quantities are
nonzero, and preferably where they are at a maximum.

However, it is a difficult task to obtain a full-field measure
of the bulk strain. (A thermoelastic techniquem would, in the-
ory, yield such a measure, but the strain levels involved here
were deemed too low for such a technique to be usable in
practice.) It was therefore proposed that the bulk-strain distri-
bution be inferred from visualizations of the displacement
mode shapes.

Figure 3 shows the power spectra of the three accelerometer
signals when the panel was excited by the shaker with random
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a)

b)

Fig. 1 Experimental apparatus: a) view of fin with shaker from
outboard top, and b) view of fin from inboard trailing edge.

noise in the 100- 1000 Hz range, the accelerometer positions
having been arbitrarily chosen. The first four dominant modes
have frequencies of approximately 320, 370, 380, and 440 Hz.
The panel was consequently excited sinusoidally at these fre-
quencies in turn (with a small degree of modal tuning), to
obtain the nodal-line patterns appearing in Fig. 4.

To provide a guide by which the bulk strain distributions
may be inferred from the modal displacement patterns, a dy-
namic finite element analysis was conducted on a panel of
nominally similar configuration. For the purposes of this anal-
ysis, the edges of the panel were assumed to be clamped, with
the two chordwise edges being of constant curvature. Also,
structural damping was taken to be zero in view of the light
damping present in the actual structure. Figure 5 shows one
of the modal patterns obtained, and Fig. 6 the corresponding
bulk-strain field. Four hundred four-node plate elements (20
chordwise and 20 spanwise) were used for the finite element
model.

To accurately predict the complicated, high-frequency
modes of the panel, such as those illustrated in Fig. 4, it will
be necessary to, at a minimum, 1) accurately represent the
riveted-edge panel boundaries; 2) obtain the appropriate edge
curvatures; and 3) model more of the structure, including ad-
jacent panels, ribs, spars, stringers, etc. This is a task of sig-
nificant difficulty. Nevertheless, in view of the assumptions
made, the displacement modal frequency and pattern of Fig. 5
were not unlike those illustrated in Fig. 4.

From Figs. 5 and 6, it may be seen that, away from the
edges, the displacement and bulk-strain fields had local ex-
trema at very similar points on the panel. This fact was used

BAND-PASS FILTER > RANDOM NOISE
(100-500 HZ) GENERATOR

AMPLIFIERS

INBOARD
TRAILING-EDGE
OF FIN PANEL

ANTI-IMAGING ANTI-ALIASING
FILTERS (400 HZ) FILTERS (400 HZ)

3 E——

D/A 0 A/D 0 jetll——-

Fig. 2 Closed-loop system with external noise source (AC = ac-
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Fig.3 Power spectra (A = shaker amplifier input; B, C, D =AC2,
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to infer the distribution of the actual bulk-strain fields from
the displacement nodal-line patterns of Fig. 4. Figure 7 shows
the thus-deduced locations, where the bulk strain was expected
to be a (local) maximum or minimum, and the locations con-
sequently chosen for the PZT sensors and actuators.

With the actuators and sensors on the panel as shown in Fig.
7, a 100-500-Hz random signal was sent to the shaker. The
power spectra of the resulting three accelerometer and two
PZT sensor signals appear in Figs. 8 and 9. An examination
of Fig. 8 (in relation to the 0- 500-Hz portion of Fig. 3) reveals
that the attachment of the PZT sensors and actuators did not
significantly alter the spectral content of the accelerometer sig-
nals.

According to the preceding argument, PS1 should have been
sensitive to the 366.7- and 445.5-Hz modes, with PS3 respond-
ing to the 317.8-, 377.2-, and, to a smaller extent, 445.5-Hz
modes. (The slight differences in these frequencies from 320,
370, 380, and 440 Hz may be attributable to the attachment
of the PZT patches to the structure.) As may be seen from Fig.
9, PS1 did respond to the 366.7-Hz mode, whereas PS3 reg-
istered strong 317.8- and 377.2-Hz components in its response.
The 445.5-Hz mode, although excited by the shaker [see the
power spectral density (PSD) plot for AC2 in Fig. 8], did not
appear to be present to any great extent in the signal from
either PS1 or PS3. A possible reason for this is that the 445.5-
Hz mode, with its higher density of nodal lines, was less tol-
erant to any mislocation of the strain sensors. A solution to
this is to more accurately determine the whole-field modal dis-
placements (and hence the bulk strain distribution), for in-
stance with a scanning laser- Doppler vibrometer.
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d)

Fig. 4 Visualization of nodal lines (dark areas) for various
modes. a) 317.8, b) 366.7, ¢) 377.2, and d) 445.5 Hz.

In view of the preceding discussion, it was decided that no
attempt would be made to control the 445.5-Hz mode. The
antialiasing and anti-imaging filters were therefore set to 400
Hz.

System Identification and Controller Design
The technique used to identify the system and to design the
controller was based on that detailed by D’Cruz.”' Briefly, the
two-input, two-output system was decoupled into two single-
input, single-output loops, one contained within the other. Such

Fig. 5 FEA displacement modal pattern at 349.3 Hz (white =
maximum, black = minimum).

iz

Fig. 6 FEA bulk-strain modal pattern at 349.3 Hz (white = max-
imum, black = minimum).

Fig. 7 Panel with sensors and actuators (x, +, O, b = 317.8-,
366.7-,377.2-, and 445.5-Hz mode local displacement extrema).
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Fig. 8 Power spectra of accelerometer signals for 100-500-Hz
shaker excitation.

an approach is mathematically less complex and physically
more intuitive than a full multivariable design. Nevertheless,
as will be seen from the analysis of the system properties later
in this paper, the closed-loop system that resulted also had
good robustness properties.

Each set of adjacent PZT patches acted as the sensor and
actuator for one of the single-input, single-output loops. PS1
and PA2 were the sensor and actuator for the inner loop, with
PS3 and PA4 serving the same purpose for the outer loop. In
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Fig. 9 Power spectra of PZT sensor signals for 100-500-Hz
shaker excitation.
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tation).
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Fig. 11 Continuous time transfer function for inner loop.

view of the frequencies of the modes being controlled, the
sampling rate selected was 2000 Hz.

The inner loop was first identified by exciting the panel via
PA1 with known random noise and measuring the response of
PS2. Figure 10 shows, in the discrete time domain, the poles
and zeros for this loop, with Fig. 11 being the continuous time
representation of the transfer function (based on the model
variance, a 20th-order representation was used). There were
three lightly damped poles with the following frequencies: 1)
pole 1: f=191.0 Hz, 2) pole 2: f = 264.9 Hz, and 3) pole 3:
f = 373.1 Hz. An examination of Figs. 8 and 9 reveals that
there were panel response components close to the frequencies
of poles 1 and 3. (A reason for the discrepancy is that a transfer
function is now being considered.) It was therefore concluded
that only these two poles would be moved in the process of
the inner-loop pole placement procedure.

To restrict the number of possibilities under consideration,
it was decided that only the damping factor of the poles would
be varied (increased). The damping factor is given by a =
(€n R)/IT, where R is the distance of the pole from the origin,
and T is the intersample time. Additionally, the relative
amounts by which each pole was moved were such that the
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Fig. 12 Poles and zeros for outer loop (discrete time represen-
tation; zeros at z = 7.92 and 1.17 + 2.93i not plotted).
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Fig. 13 Continuous time transfer function for outer loop.

control energy per unit increase in damping factor (with the
other pole in its open-loop position) was the same for both
poles. With this strategy, the closed-loop pole positions for the
inner loop finally settled upon were such that the damping
factors increased to 5.50 times the open-loop value for pole 1,
and 5.11 times the open-loop value for pole 3.

With this inner-loop controller operating, the outer loop was
identified by feeding a known random signal to PA4 and cap-
turing the response of the panel as measured by PS3. Discrete
and continuous time representations of the outer loop with the
closed inner loop appear in Figs. 12 and 13, respectively. A
20th-order model was again found to have a sufficiently small
variance when compared to the mean square sensor signal and
was therefore again used. The frequencies of the four lightly
damped poles of Fig. 12 are 1) pole 1: f = 153.1 Hz, 2) pole
2: f = 248.0 Hz, 3) pole 3: f = 327.6 Hz, and 4) pole 4: f =
386.5 Hz. If these frequencies are examined in relation to Figs.
8 and 9, it will be seen that the panel responded to the 100~
500-Hz shaker excitation at frequencies close to those of poles
3 and 4. (An additional reason for the discrepancy here is that
there was a closed loop in operation when the poles were de-
termined.) Although there was an insignificant level of re-
sponse at pole 1, it is desirable to increase its level of damping
to avoid exciting that mode. Hence, the outer-loop controller
was designed by increasing the damping of poles 1, 3, and 4.

The methodology adopted to limit the number of possibili-
ties for the outer-loop controller was identical to that used for
the inner-loop controller design, i.e., only damping was varied,
with the control energy per damping-factor unit increase the
same for each pole (with all other poles in their original open-
loop positions). The outer-loop controller settled upon had
25.00, 1.47, and 6.05 as the respective ratios of the prescribed
damping factors of poles 1, 3, and 4 to the original damping
factors.

Closed-Loop System Behavior

The open-loop and closed-loop systems may be compared
by examining the power spectra of the three accelerometer and
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Fig. 15 Power spectra of unfiltered PZT sensor signals.

two PZT sensor signals without and with the two-input, two-
output controller in operation. Figures 14 and 15 provide such
a comparison.

It is evident from Fig. 14 that the controller reduced the
overall vibrational energy at each of the three accelerometer
locations. There is a relatively small increase in the response
at about 440 Hz for both AC2 and AC3. A possible cause of
this is that the shape of the 440-Hz mode was altered in such
a manner by the controller as to place AC2 and AC3 at loca-
tions where the contribution from this mode to the acceleration
response was higher. Another possibility is that a small amount
of spillover is occurring. Nevertheless, the overall (accelera-
tion) vibrational energy seen by AC2 and AC3 was signifi-
cantly reduced.

Figure 15 shows that the controller again significantly re-
duced the overall (strain) vibrational energy at both PS1 and
PS3, in spite of a slight increase at the former location of the
response at approximately 320 Hz.

Robustness Properties

It is important that the controller be able to cope with var-
iations in the system characteristics. A controller that can do
this well is termed robust. Two measures of robustness (or,
more specifically, relative stability) are the gain margin and
the phase margin. The former is a measure of how much the
gain of a system can increase before the onset of instability,
and the latter is a measure of the amount of additional phase-
lag that can be tolerated before instability results.”

The gain and phase margins, G,, and &,, were computed
for each single-input, single-output loop. For the inner loop,
G, = —9.5 dB and ¢,, = —74 deg. For the outer loop, G,, =
10.4 dB and & = 73 deg. As these values were significantly
different from O dB and O deg, both control loops may be seen
to have good robustness properties.

Conclusions

A technique for actively suppressing the random vibrations
of an aircraft panel has been presented. This included a method
for selecting suitable locations for sensors and actuators and a
physically intuitive means for designing the digital controller.
What resulted was a system that produced significant reduc-
tions in the vibrational energy at the locations of the feedback
sensors as well as at other arbitrarily chosen locations. Fur-
thermore, the system had good robustness properties.

Possible improvements to the previously described tech-
nique include 1) obtaining a more accurate measure of the
whole-field modal displacements and, consequently, the modal
bulk-strain distributions, hence improving the accuracy of the
suggested sensor and actuator locations; 2) increasing the num-
ber of sensors (a technique for achieving this that uses a phys-
ically meaningful linear design technique for the controller is
described by D’Cruz™); 3) weighting the pole movements so
that the relative levels of response at particular frequencies are
taken into account; and 4) configuring the PZT patches so that
genuine sensor-actuator colocation is attained. The benefits
that may be obtained by more accurately modeling the struc-
ture are probably unjustified in view of the high level of com-
plexity a model would need to have to properly predict the
high-density modes being controlled.
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