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Active Control of Panel Flutter with Piezoelectric Transducers

Kenneth D. Frampton,* Robert L. Clark,f and Earl H. Dowell$
Duke University, Durham, North Carolina 27708-0302

This article investigates the active control of panel flutter with piezoelectric transducers and including
linearized potential flow aerodynamics. The aerodynamic modeling is accomplished by approximating the
aerodynamic generalized forces with infinite impulse response filters. These filters are coupled to the in
vacuo panel dynamic system in feedback, thus, creating a coupled, aeroelastic system. The panel model
is developed from a Rayleigh-Ritz approach and includes the mass and stiffness effects of a piezoelectric
transducer. Acting as a self-sensing actuator, the piezoelectric transducer is used to implement direct rate
feedback control. Results of an analytical implementation of this control system demonstrate a significant
increase in the flutter boundaries.
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Nomenclature
state-space matrices
panel length, chord
speed of sound
panel width, span
piezoelectric capacitance matrix
Ell (I - A stiffness
aerodynamic influence coefficient
piezoelectric constant
aerodynamic influence function
thickness
aerodynamic influence function
output current vector
stiffness matrix
Mach number
structural mass matrix
piezo mass matrix
number of expansion modes
approximate z-transfer function
aerodynamic pressure
generalized force
generalized coordinate

aerodynamic influence coefficient
piezo area moment of inertia
tUJa
time
freestream velocity
state-space input vector

= piezo saturation voltage
= input voltage
= panel displacement
= Cartesian coordinates
= state vector
= output vector
= Fourier transform variables
= d^vm93ia2EpSpIDphs(\ - v,)
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@ = electromechanical coupling matrix
A = paU2

aa3/D
V*a = paalpshs

p - density
o- = DPIDS
T = integration dummy variable
</>(*, y, z, t) = fluid velocity potential
^«(^» y) = modal expansion functions

Subscripts
a
m, n
P
s

= aerodynamic
= modal indices
= piezoelectric
= structural

Introduction

THE recent emergence of technology capable of perform-
ing the necessary computational and actuation tasks has

led to the application of active control to many problems in
dynamics. However, while much attention has been focused in
the literature on active control of wing flutter, very little has
been done in the area of panel flutter control. The phenomena
of panel flutter has been studied for many years, but the few
available references that apply active control to panel flutter
use piston theory or quasisteady aerodynamics as the working
model.1'2 The use of piston theory is not without good reason
since it is reasonably accurate at higher Mach numbers and
modeling the effects of linearized potential flow (which is nec-
essary for Mach numbers below 1.5), in a state-space repre-
sentation suitable for control investigations is difficult. How-
ever, it is the transonic and low supersonic range that is usually
most critical for flutter. For this reason, the inclusion of full
potential flow aerodynamics is important to effective control
system design.

This article investigates the active control of panel flutter
including linearized potential flow aerodynamics. Develop-
ment of the aeroelectroelastic model consists of combining the
electroelastic panel model developed by Hagood et al.3 with
the aeroelastic panel model introduced by Frampton et al.4 The
electroelastic panel model combines the dynamics of a plate
with the dynamics of piezoelectric transducers through a Ray-
leigh-Ritz formulation. The aeroelastic panel model is created
by coupling a set of aerodynamic force approximating filters
in feedback with an in vacuo panel model. The set of filters
is constructed from the aerodynamic influence functions as de-
veloped by Dowell,5'6 using Prony's method.

The control scheme used in this investigation is direct rate
feedback (DRFB). This is implemented by using a piezoelec-
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trie transducer simultaneously as a sensor and actuator as de-
scribed by Anderson et al.,7 Dosch and Inman,8 and more re-
cently Cole and Clark.9 The piezoelectric transducer sensor
signal, which is proportional to the strain rate, is amplified and
fed back to itself as a control signal.

The effectiveness of this control system in delaying the onset
of flutter is presented. In addition, the importance of consid-
ering full potential flow aerodynamics in a control system de-
sign is demonstrated. Also, the effect of piezoelectric trans-
ducer saturation is addressed.

Aeroelectroelasticity
Panel and Piezoelectric Transducer Dynamics

The panel in this investigation combines the aeroelastic
modeling introduced by Frampton et al.4 with the electroelastic
modeling described by Hagood et al.3 This method employs a
Rayleigh-Ritz formulation to discretize the coupled equations
of motion for the piezoelectric sensor/actuator and the aero-
elastic panel. The combination of the two, which includes the
mass and stiffness effects of the panel and the piezoelectric
transducer, is referred to as an aeroelastic piezostructure.

This method assumes a separable solution using the in vacuo
panel eigenfunctions and generalized coordinates of the form

f) = , y)qn(t) (1)

and a linear voltage distribution across the piezoelectric thick-
ness. The resulting actuation equations of motion with no
structural damping are

- PaU2
a{Q} (2)[Ms + Mp]{q] + [K, + Kp}{q}

and the rate sensor equations are

[®f{4] + [Cp]{v] = {1}

where

{?} = {<7i q* '" qn}T

{Qi Q2 • • ' Qn}T

{vl v2 "- vn}T

(3)

(4)

(5)

(6)

The aerodynamic generalized forces Qn are a function of the
aerodynamic pressure

pb fa

QM = /K*'yV) *•(*• y) a* *> (7)
Jo Jo PaUQ

Definitions of the previous matrices can be found in Ref. 3.
The coordinate system for the panel is shown in Fig. 1.

Full Potential Flow Generalized Forces
Consider the case of a simply supported panel with the fol-

lowing eigenfunctions (only one mode in the y direction is
used for simplicity):

= sm[(n7r/a)x]sm[(7r/b)y] (8)

In this case the panel equation of motion [Eq. (2)] can be
expressed nondimensionally as

[A3r, 4 &, {r}

(9)

Fig. 1 Panel coordinate system.

where the hat ["], indicates that all dimensional terms have
been pulled out of the matrix and included in the nondimen-
sional coefficients.

The generalized forces Qn(t) are found by solving the partial
differential equation describing the velocity potential in an in-
viscid, irrotational fluid moving parallel to the x axis

subject to the boundary conditions for a panel embedded in an
infinite baffle

dz

I dw dw— + Ua — on the panel1 dt dx (11)
o off the panel

and a finiteness or radiation condition as z approaches infinity.
The solution can be obtained by taking a Laplace transform

with respect to time and a double Fourier transform with re-
spect to the x and v spatial coordinates. The transformation is
applied to Eqs. (10), (11), and Bernoulli's equation:

d4> d(f
i+U^x (12)

while incorporating Eq. (1). Details of the solution process can
be found in Refs. 5 and 6.

The solution yields the generalized aerodynamic forces on
the panel that are given here as

(13a)

where

I
Jo ^

s -&mn """.
0 0

—- ^» d v <dx n y

= ̂ T7\ \ *-*•MUa$0 J0
>dx

(13b)

(13c)

(13d)
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X _/,[eUVa + y ] da dy

X /^OcofVa* + y2] da dy

Vm(x, y)e~i(ax+yy) dy dx

X Vn(x, y)e*ax+yy) dy dx

(13e)

(13f)

(13g)

The integrals in Eqs. (13c), (13d), and (13g) can be per-
formed analytically for most panel eigenfunctions. Equations
(13e) and (13f), which define the aerodynamic influence func-
tions, must be evaluated numerically.

Piston Theory Generalized Forces
Piston theory is presented here for comparison with the full

potential flow solution developed previously. Piston theory as-
sumes that the pressure acting on the panel is equivalent to the
pressure acting on a piston in a tube:

p = \*w dwl
[dt Ua dx\

(14)

The total piston velocity includes a convection term Ua(dw/
dx), as well as a direct velocity term dw/dt. Here the plate is
the equivalent piston and the tube is perpendicular to the plate.

Combining Eqs. (1) and (14) and inserting into Eq. (7)
yields the piston theory generalized aerodynamic forces

QnW =

where

Dmn MUa
dy dx

(15a)

(15b)

(15c)

(15d)

Note that this result is identical to that obtained from full
potential flow analysis if the influence functions [H^t) and
7^(0] are ignored.

Approximate Generalized Forces
Since the generalized aerodynamic forces represented in Eq.

(13b) are a function of the panel generalized coordinates, they
can be viewed as dynamic feedback on the panel. These feed-
back dynamics are characterized by the influence functions
7/^(0 and 7^(0, which represent aerodynamic impulse re-
sponses, and the influence coefficients 5^ and D^, which are
instantaneous or feed-through dynamics.

Since there is no closed-form solution for the generalized
forces some approximation must be made. The approach sug-
gested here is to construct digital filters that approximate these
dynamics. A reduced order recursive filter may be constructed
by applying Prony's method to the aerodynamic influence
functions.10*11 Prony's method approximates an impulse re-
sponse (in this case the influence functions) with a set of ex-
ponential functions in a least-squares sense. These exponential

Aerodynamic System

Fig. 2 State-space schematic of the complete aeroelastic system.

approximations to the influence functions can be readily trans-
formed into an 7th order infinite impulse response (IIR) filter
of the form

(16)

As an example, suppose the values of the influence function
77 ,̂0'r) are used to solve for the filter coefficients in Eq. (16).
When provided with an input signal that represents the panel
generalized coordinate qm(iT), this filter would output an ap-
proximate convolution of qm(iT) with H^iT). Similarly, a fil-
ter could be constructed from I^iT) and provided with a sig-
nal representing qm(iT). Summing the outputs of the two filters
would yield an approximation to the dynamic portion of Eq.
(13b). Details of this process may be found in Ref. 4.

An approximate filter can be found, as shown previously,
for each aerodynamic influence function H^t) and I^t). A
complete set of these filters can then be summed according to
Eqs. (13a) and (13b). This would yield a dynamic system that
has the generalized coordinates qm(t) and qm(t) as the inputs
and the generalized aerodynamic forces Qn(t) as the outputs.
This system is then coupled as feedback on the panel resulting
in a complete aeroelastic system. This is shown schematically
(in state-space notation) in Fig. 2.

State-Space Formulation
The actuation equations of motion for the panel described

in Eq. (2) can be expressed in state variable form as

xs = Asxs + Bsus

ys = Fsxs

where

(17a)
(17b)

(17c)

(17d)

(17e)

(17f)

The approximate filters of Eq. (16) can be converted to state-
space form.12 Each approximate filter associated with the in-
fluence function HM(t) and 7,̂ (0 has a state-space represen-
tation with matrices {AHnm, BHmn, FHim, GHm} and {A,m, A/^,
Flim, G,m}, respectively. The complete set of state-space repte-
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sentations can be assembled to form the approximate aerody-
namic system as follows:

where

xa = Aaxa

ya = Faxa

Q2(t)

Baua

Gaua

0
0

Qn(t)}T

qn qn]
0
0

0
0

0
0

0
0

0

*••
0
0

(18a)
(18b)

(18c)

(18d)

(18e)

3Hml 0
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0
0

0
0

0
0

0
0

0
0

0
0

(18f)

Giml

(18g)

(18h)

and the influence coefficients are incorporated as follows:

G / /"•* i Q
H^ - ^H^ + ^mn

The aerodynamic states xa are of mathematical construct and
have no physical significance. The panel and aerodynamic
state-space models can then be coupled together as shown in
Fig. 2.

The accuracy of this model can be demonstrated by com-
paring the flutter boundaries with those reported in the litera-
ture.5'6'13'14 The flutter boundaries are determined by increasing
the nondimensional dynamic pressure A while holding all other
parameters fixed. Flutter occurs when one of the system ei-
genvalues moves into the right-half-plane.

A comparison of flutter dynamic pressure vs Mach number
is shown in Fig. 3. Results are illustrated for a panel with mass
ratios of ^a = 0.1 and /^ = 0.5, a = 1.2, e = 130, and dimen-
sion ratio alb = 1, using a four-mode panel model. The figure
shows the flutter boundaries for the plate with and without a
piezoelectric transducer for both full potential flow and piston
theory aerodynamics. Note that the presence of the piezoelec-
tric transducer slightly increases the flutter boundary. This is
because of the increased panel mass with the transducer. Also
note that the two aerodynamic theories approach each other
asymptotically as the Mach number increases. However, for
Mach numbers below 1.5 the theory incorporating linearized
potential flow aerodynamics predicts flutter boundaries well

Potential Flow, With Piezo
Potential Row, No Piezo
Piston Theory, With Piezo
Piston Theory, No Piezo1

1.4 1.6
Mach Number

Fig. 3 \f\sM for a panel aspect ratio of alb = 1.

below that predicted by piston theory. These results are con-
sistent with those obtained by Dowell.5'6 A more detailed dis-
cussion of the model validity can be found in Ref. 4.

Collocated Direct Rate Feedback Control
Collocated direct rate feedback control is a well-documented

form of control which, in the absence of sensor/actuator dy-
namics and rigid body modes, has guaranteed stability for any
positive feedback gain.15

Collocation is achieved by using a piezoceramic transduc-
tion device as a sensoriactuator,9 i.e., simultaneously as a sen-
sor and actuator.7'9'16 By applying the appropriate circuitry to
the piezoelectric transducer, the portion of the piezoelectric
output that is proportional to the structural velocity can be
isolated. This is equivalent to rendering Eq. (3) as

= w (19)

Direct rate feedback control consists of feeding back a signal
proportional to the sensor current i from Eq. (19) as the voltage
input v to Eq. (2).

Results
The effectiveness of collocated direct rate feedback control

is demonstrated by applying the control to the aeroelastic panel
model and finding the flutter instability boundaries. All results
in this section are for the following parameters: JJLP = 0.5, fjia
= 0.1, o- = 1.2, e = 130, and alb = 1.0. These parameters
correspond to typical values for G-l 195-type piezoceramic and
a steel panel. Previous investigations have shown that mass
ratio has relatively little effect on the flutter boundaries,14

therefore, the mass ratios JJLP and fjia are held constant.
Selection of the piezoelectric transducer location is very im-

portant for a successful control system design. Formal opti-
mization of transducer location was not performed, however,
investigation into the aeroelastic mode shapes suggests a good
location. It is well known that piezoelectric transducers are
most effective when located in regions of high strain (i.e., high
panel curvature). Since the goal is to control flutter, the flutter
mode shapes must be considered when looking for advanta-
geous locations. This approach was also considered by Scott
and Weisshaar.1

The normalized flutter mode shapes in the chordwise direc-
tion are shown in Fig. 4 for various Mach numbers. Note the
strong influence of the 1st and 2nd in vacuo modes on the
flutter mode. The region of maximum strain at each Mach
number occurs very near xla = 0.7. For this reason a transducer
coverage of 0.6 < xla < 0.8 and 0.4 < ylb < 0.6 was selected.
This chordwise location also corresponds to the maximum de-
lay in the migration of open loop zeros into the right-half-
plane. The importance of the zero migration delay will be dis-
cussed in more detail later.
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Results from this analysis are shown in Fig. 5 for the full
potential flow model and several feedback gains. Figure 5
demonstrates that, except near M = 1.0, the use of direct rate
feedback control is equally effective at all Mach numbers in
terms of a percentage increase in flutter dynamic pressure.
Note in Fig. 5 that there is a maximum flutter boundary that
direct rate feedback can achieve. This is demonstrated by the
coincidence of the flutter boundary for feedback gains of 0.1
and 0.2.

This behavior is better illustrated in Fig. 6, which shows the
change in flutter nondimensional dynamic pressure with in-
creasing feedback gain for three Mach numbers. Also included
in Fig. 6 are similar results for a piston theory aerodynamic
model. It is apparent in Fig. 6 that the piston theory model
overpredicts the control effectiveness, particularly at lower
Mach numbers, compared to the full potential flow model.
Also note that the difference between the full potential flow
model and the piston theory model increases with increasing
gain.

An important result demonstrated in Fig. 6 is that, at a fixed
Mach number, there is a maximum flutter dynamic pressure
that direct rate feedback control can achieve. This is evident
in the asymptotic behavior of the flutter boundaries with in-
creasing gain shown in Fig. 6. In other words, for a fixed Mach
number, there is a limiting nondimensional dynamic pressure
A, beyond which direct rate feedback control cannot stabilize
the system.

This limitation is because of the mechanism by which direct
rate feedback control stabilizes the system. Stabilization is ac-
complished by moving the open-loop poles toward the open-
loop zeros. This is demonstrated in Fig. 7, which shows the
closed-loop root locus for a four-mode panel (aerodynamic
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2.0

poles are omitted for clarity). Results in Fig. 7 are for a Mach
number of 2.0 and dynamic pressure A = 1300, which is greater
than the open-loop flutter dynamic pressure, but less than the
limiting dynamic pressure. Note in Fig. 7 that as the feedback
gain is increased the unstable poles are drawn toward the open-
loop zeros that are located in the left-half-plane. Therefore,
given enough feedback gain, the system can be stabilized.

Unfortunately, it is not always the case that the open-loop
zeros, toward which the unstable poles are drawn, lie in the
left-half-plane. The location of these open-loop zeros is a func-
tion of M, mass ratio /xfl, the sensoriactuator location, and most
strongly a function of the dynamic pressure A. This depen-
dence is demonstrated in Fig. 8, which shows the locus of the
system zeros as a function of A. This plot is for a Mach number
of 2.0. Note the migration path of the zeros. At a dynamic
pressure of A = 1593, a pair of zeros moves into the right-half-
plane. Piston theory predicts that the zero will move into the
right-half-plane at a dynamic pressure of A = 1903. This ac-
counts for the large difference in maximum flutter dynamic
pressure depicted in Fig. 6.

A root locus similar to that in Fig. 7, but with A = 1630, is
shown in Fig. 9. Note how the pair of unstable poles is moved
toward a pair of zeros in the right-half-plane. Therefore, no
amount of feedback gain could stabilize the system. The point
at which the open-loop zeros moves into the right-half-plane
is the closed-loop flutter boundary. Beyond this point, even
with direct rate feedback control, the panel will flutter.
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Fig. 7 Root locus of the full potential flow model (A = 1300) with
feedback gain varying from 0 (corresponding to the open-loop
pole, x) to » (corresponding to the open-loop zero, o).
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Fig. 8 Zero locus of the full potential flow model with nondi-
mensional dynamic pressure varying from A = 0 to A = 1600
(o = zero).
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Fig. 9 Root locus of the full potential flow model (A = 1630) with
feedback gain varying from 0 (corresponding to the open-loop
pole, x) to oo (corresponding to the open-loop zero, o).

Although this demonstrates a limit to the amount that direct
rate feedback control can increase the flutter boundary, other
feedback control techniques could potentially increase the
boundary further. Since the migration of the open-loop zeros
is, in part, a function of the location of the sensoriactuator, its
size and location on the aeroelastic panel could be formally
optimized to further delay the zero migration into the right-
half-plane.

A second limitation in the effectiveness of DRFB flutter con-
trol is the saturation of the piezoelectric transducer. The ap-
plied control signal voltage is proportional to the strain rate
and is therefore a function of the panel disturbance. In a re-
alistic situation the disturbance would result from externally
applied pressures such as turbulent boundary-layer (TBL) pres-
sures. For simplicity in this investigation an initial displace-
ment in the first mode of ^ = q\lhs =1.0 was used as the
disturbance. The time history of the control signal was cal-
culated for various Mach numbers and the dynamic pressure
at which the maximum allowable piezoelectric voltage was
reached was noted.

Results for transducer saturation are shown in Fig. 6. Note
that for M = 1.2 the saturation curve corresponds with the
potential flow flutter curve. Not until higher Mach numbers
does the piezoelectric saturation significantly limit the ability
to delay flutter onset. Considering piezoelectric saturation ef-
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Frequency, k = a>(psh,,a4 I Ds) 2

Fig. 10 Open- and closed-loop transfer functions.

fects the flutter dynamic pressure is increased by 55% at M =
1.2, 28% at M = 1.5, and 26% at M = 2.0, as shown in
Fig. 6.

Also note that while the application of collocated direct rate
feedback control is effective for panel flutter control it is also
effective for disturbance rejection. This is demonstrated in Fig.
10, which shows the open- and closed-loop transfer functions
for three Mach numbers. In each case the dynamic pressure is
just below the corresponding flutter dynamic pressure for that
Mach number. The effect of direct rate feedback control in this
case is to add damping to the near flutter poles, thus reducing
the spectral peak.

Conclusions
The active control of panel flutter has been investigated in-

cluding full linearized potential flow aerodynamic theory ap-
propriate for the full transonic and supersonic Mach number
range. Direct rate feedback control from a sensoriactuator pi-
ezoelectric transducer was modeled and its effectiveness in
controlling flutter instability was demonstrated. It was shown
that this type of control is capable of significantly increasing
the flutter nondimensional dynamic pressure. It was also
shown that this type of control is limited by the migration of
the open-loop zeros into the right half-plane, thus, beyond a
certain dynamic pressure, preventing the system from being
stabilized. This zero migration to the right half-plane defines
a new flutter boundary for the closed-loop aeroelastic panel.
A second limitation was demonstrated in the saturation of the
piezoelectric transducer.
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