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Panel Flutter Suppression Using Adaptive Material Actuators
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Piezoelectrics and shape memory alloys may be used as integrated actuators to control supersonic flutter of
flat panels because panel strain and stiffness can be actively controlled. This article uses a Rayleigh-Ritz panel
flutter model to analyze the effectiveness of integrated segmented actuators to control panel bending deformation
and in-plane forces, and increase the flutter speed of the panels. A nondimensional parameter for actuator
effectiveness is presented to help evaluate the effectiveness of different materials and their placement in the
panel. These studies suggest that creating and controlling in-plane panel forces will provide the most effective
control of panel flutter. In addition, tradeoffs between actuator stiffness and electromechanical properties are
illustrated.

Nomenclature
a = panel streamwise dimension
[Bij\ = aerodynamic stiffness matrix
b = panel width
Dfj = plate bending stiffness element
dfj = piezoelectric strain/charge constants
Ep - Young's modulus of adaptive material
Es = Young's modulus of substructure material
£3 = electric field, voltage per unit length, VITP
£* = maximum electric field before depoling
[Kjj] = panel stiffness matrix
M = freestream Mach number
m0 = panel mass per unit area
NC = number of panel actuators
P = nondimensional piezoelectric effectiveness

parameter
q = dynamic pressure, 2pU2

T = panel total thickness
Tp = thickness of actuator layer
U = freestream velocity
Ucr = flutter velocity
£/sat = control saturation velocity
us = nondimensional control parameter
V = voltage across acuator surfaces
w = panel displacement out-of-plane
A = actuation strain
A = dynamic pressure parameter, 2q/D(M2 — 1)1/2

\cr = value of A at flutter
Asat = control saturation value of A
p = freestream air density

Introduction

H IGH-SPEED cruise aircraft and re-entry vehicles op-
erate in an extreme environment that places severe ther-
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mal and structural demands on thin, external aerostructural
surfaces. Surface skin panels are designed for strength, buck-
ling, and fatigue resistance, and checked for panel flutter.
Panel flutter is a self-excited, dynamic instability of thin plate
or shell-like components of flight vehicles in the supersonic
flight regime. Prevention of panel flutter may require addi-
tional weight to increase the panel stiffness. If panel flutter
is discovered during a flight test, a micro-actuator, such as
that discussed in this article, might quickly cure the problem
without extensive redesign.

The objective of this article is to examine the use of pie-
zoelectric materials and shape memory alloys to control the
flutter dynamic pressure of a flat, simply supported rectan-
gular panel with one panel surface immersed in a supersonic
flow. Two specific questions will be addressed. The first is
how to integrate the actuator materials into the structure ef-
fectively, i.e., where to place them and how to segment them
over the surface. The answer to this question requires the
study of tradeoffs between the effectiveness of adding a com-
plex actuator to the panel or simply increasing its thickness.
The second question to be addressed is how to control the
panel response, i.e., whether to control panel stiffness by
changing the panel bending stiffness or whether to control
response by controlling in-plane stiffness.

Background
Modern aerospace vehicles have a multitude of different

design requirements, some of which conflict with each other.
As a result, to satisfy requirements in one area, performance
in another often must be sacrificed. Ultimately, the various
design objectives are prioritized for the given aircraft mission.
The final multifunctional design will reflect these priorities
and the tradeoffs between wide-ranging design objectives. As
a result, the vehicle design may not be optimal in any one
area.

Advanced composite materials have helped designers to
reduce the penalties introduced by multifunctional require-
ments. These materials provide additional design freedoms
to tailor load paths and stiffness, and allow balancing of op-
posing design goals by optimizing or "tailoring" the structural
layout.1 On the other hand, no matter how effective design
optimization strategies may be, they have limits. Structural
optimization also provides a structural design that is time
invariant and cannot respond or adapt to changing flight con-
ditions.

Adaptive designs—designs whose configuration changes
during flight—can resolve some conflicting design require-
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ments. For instance, military aircraft may use variable sweep
wings to be efficient in both subsonic and supersonic flight.
At low speeds, most aircraft use flaps to change wing camber
at flight conditions requiring different geometry, such as land-
ing and cruise. To be adaptive, wings use mechanical actua-
tors, hydraulic fluid, and movable parts to change their con-
figuration.

A relatively new concept in structural design incorporates
so-called "adaptive" or "smart" materials into the structure.2

These active structural elements sense structural response and
then respond to the multifunctional requirements of the de-
sign. The result has been called a smart structure, an intel-
ligent structure, or an adaptive structure. Whatever the name,
the result is an active structure with integrated sensors, ac-
tuators, and special processors that allow the structure to take
on functions beyond the traditional mission of carrying a load
or providing a volumetric shape. We will use the terms adap-
tive material and adaptive structure in this article to identify
materials and structural forms that actively control the struc-
tural response.

Adaptive material actuators include piezoelectrics, shape
memory alloys, magnetostrictors, electrostrictors, and elec-
trorheological fluids. Piezoelectric materials are used as sen-
sors and actuators in active structures and use electrical field
as a stimulus. On the other hand, shape memory alloys, or
SMAs, use a phase change triggered by temperature change
to change their shape and stiffness. Adaptive material actua-
tors that modify the stiffness and shape of the structural ele-
ment to which they are attached also function as an integral
part of this structure because they also resist some of the
internal loads.

Adaptive material actuators are used in roles where no
efficient mechanical alternative exists. Vibration control using
integrated active materials in a structure has been considered
for orbiting space structures. As early as 1981, Swigert and
Forward3 suggested the use of piezoelectric transducers to
damp bending vibration of a flexible mast.

Only recently have active adaptive materials been consid-
ered for atmospheric flight vehicle design. Proposed uses of
adaptive materials for atmospheric flight vehicles have ranged
from the control of a helicopter rotor blade using a piezo-
electrically actuated trailing-edge flap4-5 to use of piezoelectric
materials for static aeroelastic control of a laminated com-
posite wing.6 7

The earliest study of adaptive structure aerodynamic load
generation is due to Crawley et al.8 This study examined the
use of piezoeletric actuators embedded in advanced composite
plates to control lift on a surface with hypersonic flow over
the upper and lower surfaces. Reference 9 expanded these
studies to examine the response of piezoelectrically activated
plates in an airstream. Chordwise curvature of the plate was
used to generate aerodynamic loads, but no aeroelastic in-
teraction was considered. Scott10 examined the use of pie-
zoelectric actuators for controlling the flutter of low-aspect
ratio, high-speed wings. Reference 11 examined the use of
piezoelectrics for dynamic control of a wing section.

The effectiveness of such schemes has been a subject of
intense debate and research. Reference 7 discusses nondi-
mensional parameters that can be used to evaluate effective-
ness of active materials for changing wing lift effectiveness.
A novel scheme for arranging piezoelectric elements to obtain
twist and bending of beams was suggested by Lee.12 Barrett
has developed and demonstrated devices to control twist of
helicopter blades.5-13

These flight vehicle structural control schemes generally use
aeroelastic phenomena—created by mutual interaction be-
tween shape-dependent aerodynamic loads and structural de-
formation—to control the flight of the vehicle or to stabilize
elements of the vehicle in flight. The control devices, e.g.,
ailerons, are called aeroservoelastic devices, and the control
itself falls under the heading of aeroservoelasticity.

Aeroservoelasticity deals with the control of aeroelastic
instabilities through the programmed use of integrated, con-
trolled actuation forces, and moments. These control forces
and moments are usually produced by moving aerodynamic
surfaces such as ailerons. However, in the case discussed in
this article, the aerodynamic forces are produced by imbedded
adaptive material elements that move the entire aerodynamic
surface.

Scope
This article is subdivided into four sections. The first de-

scribes adaptive materials and presents a brief background
designed to acquaint the unfamiliar reader with basic concepts
that must be integrated together to control the panel. The
second section describes the structural model, together with
the integrated active material actuators. The third section then
focuses on the development of a method of control law de-
velopment to link the actuators to the panel response. Finally,
the results are discussed and parameters developed to help
assess the effectiveness of different actuators for the control
of panel flutter.

The origin of the panel flutter control problem will be dis-
cussed first. A Rayleigh-Ritz analytical model to analyze panel
flutter with an adaptive material will be developed. The prop-
erties of the two adaptive materials 1) piezoelectrics and 2)
shape memory alloys will be described to give the interested
reader a background necessary to understand the issues of
actuator integration. Finally, several examples will be con-
sidered to illustrate the use and effectiveness of these mate-
rials in integrated panel design.

Panel Flutter Control Microactuation
Innovative design uses for adaptive materials require cu-

riosity about which phenomena lend themselves to effective
control with this concept. Studies have indicated that replace-
ment of existing aeroservoelastic devices with active, adaptive
materials has limitations.7-8 The use of large control surfaces
to control aeroservoelastic response of large lifting surfaces
may be categorized as macroactuation. Macroactuation re-
quires large-scale changes in flow over a lifting surface. These
large-scale changes are provided by aerodynamic surfaces that
are usually preexisting for some other purpose. Questions
about system complexity and cost effectiveness of adaptive
material concepts have posed an obstacle to using adaptive
structure concepts for macroactuation, because the materials
must be added to an existing design.

On the other hand, adaptive material actuators also have
been proposed for microactuation and microcontrol of aero-
dynamic phenomena. Microactuation uses small control de-
vices to control flow over small critical parts of the structure.
An example of passive microactuation might include a small
vortex generator on a wing surface. Active microactuation
concepts range from control of the pressure distribution on
the upper surface of a transonic airfoil to reduce drag to the
present study of controlling panel flutter on small portions of
a flight structure.

Panel flutter is a much studied phenomenon that depends
upon diverse factors such as local flow Mach number, flow
angle with respect to the panel (sweep or yaw), edge support
conditions, curvature, in-plane stress, and cavity effects.13 It
is primarily a supersonic flow phenomenon, although, in sub-
sonic flow, it can take the form of static divergence or "aero-
elastic buckling." Panel flutter is caused by the interaction
between certain vibration modes created by the aerodynamic
pressures on the panel as it oscillates. This aeroelastic inter-
action tends to draw certain natural frequencies of vibration
together to coalesce. When this coalescence occurs, the panel
becomes unstable.

In terms of the number of archival publications it has gen-
erated during the past four decades, panel flutter ranks among
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the most interesting and the most studied of all aeroelas-
tic phenomena. Reference 15 refers to panel flutter as a
" . . . problem which has caused analytical difficulties out of
all proportion to its apparent complexity. . . . " The surveys
in Refs. 14 and 16 contain about 250 panel flutter publications;
additional studies continue to appear to this day.

Reference 16 credits the first recognition of panel flutter
to in-flight failures of 60-70 German V-2 rockets due to
aeroelastic instabilities in the outer skin of this rocket. The
first analytical study of panel flutter in 1949 was an investi-
gation of the behavior of buckled panels exposed to supersonic
flow. Shortly thereafter, in 1950, Miles17 presented the first
credible study of panel flutter as a dynamic phenomenon. The
studies that appeared over the next 25 yr read like a Who's
Who in aeroelasticity and unsteady aerodynamics.

Panel flutter has been well-researched, and analytical meth-
ods for its' study are well-developed. These methods have
ranged from simple linear models of so-called two-dimen-
sional models with an infinite dimension in the crossflow di-
rection, to more complicated models that include structural
and flow nonlinearities.18'19 Design criteria for panel design
are also well-developed and are covered in Refs. 16 and 20.

The amplitude of panel flutter oscillation is limited by geo-
metric nonlinearities, created by out-of-plane deformation,
that augment plate bending stiffness resistance to out-of-plane
motion.21 As a result, when a panel flutters, the stresses are
small enough so that limit cycle oscillations of the panel occur
instead of the explosive failure associated with lifting surface
flutter.

Because skin panels have low bending stiffness, there is a
possibility that microactuators could be effective aeroservo-
elastic devices to control panel response. This idea was first
examined by Scott.10 A study of optimizing the panel weight
by proper placement and controlled thickness of piezoelectric
devices that changed panel in-plane stiffness was done later
by Hajela and Glowasky.22 One problem with this concept is
that flutter speed can be raised by simply increasing the panel
thickness. On the other hand, there may be other instances
where actuator sensor combinations are attached to the panel
for other reasons and can also be multifunctional and control
flutter.

The rectangular panel used in this study is shown in Fig.
1. Supersonic flow over the upper surface is directed in the
x direction. A thin piezoelectric actuator with electrodes at-
tached top and bottom is shown in Fig. 2. Piezoelectric ma-
terials accumulate an electric charge proportional to a me-
chanical stress imposed on the material and, conversely, an
electric field across the electrodes will cause the material to
expand or contract.23-24

Applying a voltage across the electrodes in Fig. 2 creates
an electric field E3 perpendicular to the poling direction of
the material across the thickness of the piezoelectric material.

Fig. 1 Flat panel with flow and crossflow dimensions.

Electrodes
Voltage

The electric field is simply the voltage divided by the distance
between the electrodes. This electric field causes the material
to expand or contract, unless it is prevented from doing so
by a neighboring material or restraint. There is a maximum
allowable electric field that can be applied in the poling di-
rection of piezoelectrics; fields of greater magnitude destroy
the piezoelectric properties of the material. The electrome-
chanical coupling constants and the depolarizing voltage
(maximum voltage) are important material parameters for
actuator design.

Piezoelectric materials can develop compressive or tensile
strain, depending upon the polarity of the applied electric
field or voltage. For relatively low electric field strength, the
relationship between electric field and strain is linear. For
larger fields, the relationship is nonlinear and the materials
show significant hysteresis effects as the voltage across the
material is cycled.25 '

The relationship between the stress and strain in directions
1 and 2 (x andy), shown in Fig. 2, and the transversely applied
electric field, E3, in direction 3 (z) reads

*n\ r°T" •TV) L
Gii G« o

= - | G l 2 G22 0.
0 0 Q66

The coefficients dtj determine the material strain developed
per unit of electric field applied across the actuator thickness.
The coefficients Qu are orthotropic material stiffnesses. This
relationship is similar to the relationship between stress, strain,
and temperature change in a conventional orthotropic ma-
terial.

When a piezoelectric layer of material is prevented from
straining, the relationship between stress and piezoelectric
strain is

fG,, G,2 0 -i rd31-j
= - On 622 0 N d M l

L O O Q66J [ o J
(2)

Poling Direction

Fig. 2 Piezoelectric actuator.

Piezoelectric

Note that, when the piezoceramic material is isotropic, the
d3l and d32 terms are equal, and there is no coupling between
normal stress and shear strain unless the material is. applied
in some special manner, such as suggested and demonstrated
by Lee12 or Barrett.13 In addition, the combination of elastic
moduli and piezoelectric constants dtj determines the actuator
strength, as indicated in Eq. (2). The larger the product (?,//,,,
the more effective will be the actuator.

Two piezoelectric actuator materials are considered in this
study, lead zirconate titanate (PZT) and polyvinylidene fluo-
ride (PVDF). PZT is a brittle piezoceramic material whose
elastic modulus is close to aluminum. It has isotropic piezo-
electric behavior. PVDF is a piezopolymer with a relatively
low elastic modulus compared to aluminum. The ratio of d3l
to d32 is about 10, so it can be reoriented to couple together
normal stress and shear strain.24 Strain actuators are most
effective when their stiffness is nearly the same as the structure
they are trying to control.26 Since piezopolymers are inher-
ently much less stiff than piezoceramics, and piezoceramics
have stiffnesses similar in magnitude to conventional panel
materials like aluminum, piezopolymers are generally less ef-
fective actuators for panel flutter applications.

A second type of microactuators for panel flutter are the
so-called shape memory alloy materials, or SMAs. Shape
memory alloy actuators have the ability to return to a "mem-
orized" shape because of a phase change caused by heating
the material. Nitinol®, developed in 1965,27 is the most com-
mon shape memory material. Nitinol has two unique capa-
bilities. First, plastic strains up to 8% can be fully recovered.
This means that the material, when heated, can reduce its
dimensions as much as 8%.
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Adaptive Material
Host Material

Actuator Set

Fig. 3 Panel with adaptive actuators.

If the material is fixed at its boundaries and cannot expand
or contract, then stresses are set up in the material equal to
the strain recovery value times the Young's modulus of the
material. Theoretically, stresses of up to 100,000 psi can be
generated by constraining a shape memory alloy actuator from
returning to its memorized shape.

When heated, the Young's modulus of Nitinol increases by
a factor of 3-4. The temperature change required to cause
the material to return to its memorized shape, and increase
its elastic modulus, can be obtained by resistive heating of
Nitinol fibers.18 Supersonic panels have their own heat source
provided by the flow.

As indicated in Fig. 3, piezoelectric materials and Nitinol
can be embedded or surface-mounted. Advantages of embed-
ding adaptive materials in the host structure include increasing
the efficient load transfer from the actuator material to the
host structure and reducing surface contamination of the
structure with fragile components and connections. In at-
mospheric vehicle applications, embedded installation is re-
quired to protect the components from damage by the airflow
and to avoid destroying the surface geometry characteristics
that affect lift and drag.

While both piezoelectric and SMA actuators can be embed-
ded in panels, they have very different capabilities. Piezo-
electric materials respond quickly to an applied voltage, while
SMAs like Nitinol require a longer time to respond, because
temperature changes occur slowly. This means that piezo-
electric materials have a large bandwidth, making them more
suitable for feedback control schemes, while Nitinol is more
appropriately used in on/off control situations.

Analytical Model
This study requires a model that can capture the essential

features of the panel flutter control problem, but still generate
results that can be understood. The flat panel model uses
laminated plate theory to model the plate bending response
to aerodynamic loads normal to the plate. The model has four
essential elements: 1) the panel inertia, 2) the panel stiffness,
3) the panel airloads, and 4) the panel actuators. Each of
these elements is represented by a matrix of elements.

The purpose of this section is to illustrate the development
of these four arrays of elements and to document the equa-
tions of motion. The airloads are represented using linearized
theory.15 A Rayleigh-Ritz approach was adopted to solve the
partial differential equations for the system eigenvalues. These
eigenvalues contain the required stability information for the
panel.

The equations of motion are represented in nondimensional
matrix form, using modal coordinates and assuming simple
harmonic motion at frequency w, are as follows:

(3)

where £ is the generalized coordinate for the /th mode, and
{Qi} represents the generalized forces due to the actuators.
Part of the aerodynamic forces information is contained in
[/y, while the effect of the airspeed and Mach number of
the supersonic airstream is contained in the parameter A.
When the terms on the right side of Eq. (3) are zero and A
is also equal to zero, Eq. (3) provides the equations for a
conservative system vibrating in a vacuum. In this case, the
natural frequencies (eigenvalues) co are real numbers.

Panel flutter is due primarily to a coalescence of two natural
vibration modes created by aerodynamic coupling. When A
is not zero, the equations of motion are non-self-adjoint and
the "frequencies" may be either real or complex conjugate,
depending upon the value of A. This parameter may be in-
creased from zero until two of the frequencies coalesce or
become identical. This value of the pressure parameter that
creates coalescence is the critical value of A for the panel.
Above Acr, these two frequencies will be complex conjugates
of each other. Because of the assumption of simple harmonic
motion, this signals panel dynamic instability.

Which two panel modes coalesce, and how many modes
are required to obtain an acceptable solution for flutter, de-
pend on the panel length to width ratio, alb, and the bending
stiffness of the panel. Reference 18 suggests at least four
normal modes of vibration as appropriate for defining flutter
accurately. On the other hand, for orthotropic panels, or for
panels with large values of alb, more modes are necessary to
create an accurate solution. Reference 28 indicates that for
panels where 0 < alb < 1, four modes are sufficient for pre-
dicting Acr.

When the actuator terms on the right side of Eq. (3) are
functions of the displacement, they will affect the eigenvalue
problem and will either stabilize or destabilize the panel. To
solve the controlled panel problem, let us first develop the
expressions for the mass and stiffness matrices in Eq. (3).

Referring to Fig. 1, the out-of-plane deformation w is as-
sumed to be given by the following series expression:

0 = (4)

The functions ^ represent the spatial distributions of orthog-
onal vibration mode shapes when the panel is vibrating in a
vacuum. These modes are given by

il/i(x, y) = sm(mi'7TX/a)sm(ni'jry/b) (5)

Because we will use full-state feedback to generate actuator
feedback control laws, a premium is placed upon the size of
the analytical model. Our panel model retains the first four
vibration modes of the plate (ra, = 1, 2, 3, 4 and «,- = 1, 1,
1,1). While more modes could be included in the computa-
tion, convergence studies with our model and our aspect ratios
indicated that these four were sufficient to illustrate the effects
we intended.

Elements of the mass [M] and stiffness [K] matrices are
obtained by applying Lagrange's equations to expressions for
the plate kinetic energy and the plate strain energy, respec-
tively. The general expressions for the elements of these ma-
trices are

j due dy (6)
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dy2

dx2 Nvy dy2 -dxdyj , dx dyJ
(7)

where m0 is the plate mass per unit area (this mass changes
when actuators are substituted for primary plate structure),
Z)n, D22, Z)12, and D66 are the integrated plate and actuator
bending stiffnesses, and Nx, Ny9 and Nxy, are in-plane forces
per unit length (positive for compression).29 The in-plane loads
are assumed constant and are not functions of panel displace-
ment.

For an isotropic material, Dn = £>22 = £T3/[12(1 - z^2)],
£12 = vDu, and D66 = GTIYl, where E, G, and v are the
material properties of the plate material, and Tis the thickness
of the plate. Note that the plate mass per unit area and the
plate stiffness will depend on the cross-sectional arrangement
of the plate, in particular the thickness and arrangement of
actuator and plate structure material in the plate cross section.

Integrating Eqs. (6) and (7) and dividing the results by Dnbl
a2, nondimensional equations for the mass and stiffness ele-
ments become

The adaptive material actuators are arranged in a sandwich
configuration in the upper and lower halves of the panel, as
shown in Fig. 3. To cause bending of the plate, the upper and
lower actuators are stimulated simultaneously by voltages with
opposite signs. Laminated plate theory is used to compute
the moments generated by embedded active actuator layers
in the plate.29

The actuator layers are segmented in the y direction. The
theory used here does not account for any decreased stiffness
because of this discontinuity between actuator segments. It
assumes that a perfect bond exists between segments.

The plate resultant normal forces and moments are related
to the plate midplane strains s and plate curvatures K by

where {N} and {M} are vectors of forces and moments per unit
length, respectively.30 The A, B, and D matrices are those
defined in laminated composite theory. Note that the [Bi}]
matrix in Eq. (13) has a different meaning than it does in Eq.
(12).

The terms NA and MA in Eq. (13) represent the actuator
forces and moments, respectively. NA and M A are written as

(14)

M,, = 0 i *
(8)

(15)

(9)

where Rxx and Ryy are nondimensional in-plane loads in the
x and y directions, respectively.

To include the effects of air moving supersonically over one
side of the panel, piston theory is used to calculate the pres-
sure loading on the panel A/?. This expression for the pressure

The Bw/dt term in Eq. (10) provides a relatively small damping
effect on panel flutter speed and is not included in this anal-
ysis.15

The matrix [£/y] in Eq. (1) relates the aerodynamic forces
to the panel generalized displacements. Using the relation in
Eq. (10), we define elements

dx
i dx dy (11)

and divide the elements by D^b/a2 and A to obtain

1 1

Here, tk is the thickness of the Ath actuator layer, while zk is
the distance from the midplane to the centroid of the Ath
actuator layer. For piezoelectric materials AJ = E3d3l and A2
= E3d32, while for SMA actuators, Aj and A2 represent the
recovery strain. In this case these magnitudes are less than
0.08. Equations (14) and (15) also include the matrix of ac-
tuator elastic constants [Q,y] and the transformation matrix of
direction cosines [Ts] to transform [Qi}] to the global coor-
dinate system. In this study the actuator material is assumed
isotropic so that [T£] is an identity matrix.

To control panel flutter with active bending moments, the
/th nondimensional generalized force is found by using Eq.
(15) and the mode shapes to create the following expression:

a =
a*2

~d^
-2 dxdy

{MA} dx dy (16)

- m,)] cos[-7r(m, + m,)]
i+j

i = J
(12)
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Substituting for the elastic constants in Eq. (15), we have 30.0

{MA} = 2TPZP

1 - v2 1 - v2

1 - v2 1 - v2 d32\E3 (17)

0

The applied voltage V = E*tk is an actively controlled input
to the panel actuators.

Static in-plane tensile forces increase the panel out-of-plane
stiffness to increase flutter speed. Either piezoelectrics22 or
SMAs may be used to produce in-plane forces, written as

1 - v2 1 - v2

1 - v2 1 - v2

0 0

(18)

Actuator Generalized Forces
Using Eqs. (16) and (17), the expression for the ith gen-

eralized force due to the actuators is

a.=
^ m. / ra,/?*2 — cos ——n, \ a

2
•~ ni a:2 — I -m, \b cos

1 + v-

(19)

In Eq. (19) the control input E3 has been replaced by us\ us
is the fraction of the maximum allowable field E3 applied to
the 5th actuator set. An absolute value of us greater than unity
means that the input field will depolarize the piezoelectric
materials. NC is the number of actuator sets (in this case
two), while xs and xs_ l define the location of the edges of the
5th actuator set. Equation (19) can be written as

(20)

20.0-

(T/a)

0.0 0.1 0.2 0.3 0.4 0.5

10.0

0.0 «

Fig. 4 Values of P [Eq. (21)1 for an aluminum panel with two different
actuator locations.

grated plate stiffness and host material stiffness properties
(D, ,/£,).

Note that the ratio (Tp/T) refers to the thickness of one of
the actuator layers divided by the total panel thickness. As a
result, the maximum value of this parameter is 0.5 when the
panel is constructed solely of an adaptive material.

Values of P for the two extreme actuator locations (at the
midplane and at the outer surfaces) are shown for PZT and
PVDF in Fig. 4. The host material is aluminum, so that
EPIES = 0.9 for PZT and EJES = 0.028 for PVDF. P is
proportional to the moment arm of the actuators with respect
to the midplane of the panel, and inversely proportional to
the bending stiffness of the panel. Thus, when a low modulus
material like PVDF is used, a large value of P can be obtained
because of the reduction in panel bending stiffness caused by
replacing part of the host material with low modulus actuator
materials.

Control Law Formulation
Control laws to drive the panel actuators are obtained by

solving a linear quadratic regulator (LQR) problem for the
gain matrix that stabilizes the system at a given design airspeed
or Mach number. In this case, the parameter A is fixed to a
specified design value. The equations of motion, written in
state-space form are

(22)

(23)

(24)

where [F], [G], and {*} are defined as

rn - f1 J ~ -

where

P =

Here, [g] is a N x NC matrix (in this case, a 4 x 2), while
{11} is the NC x 1 (in this case, a 2 x 1) vector of control
inputs. Ep and Es are the Young's moduli for the adaptive
material and the host panel material, respectively.

P measures the strength or capability of the piezoelectric
actuator. This parameter depends on actuator layer placement
with respect to the midplane (ZP/T), actuator to host material
modulus ratio (EP/ES), electromechanical properties (the
maximum value of the applied field E* and d3l), and inte-

r T

2r

(21)

.{*} = (25)

The eigenvalues of [F] determine whether or not the open-
loop system is stable or unstable. The critical value of non-
dimensional dynamic pressure parameter, above which the
open loop panel is unstable, is referred to as Acr.



SCOTT AND WEISSHAAR: PANEL FLUTTER SUPPRESSION 219

The full-state feedback control problem is defined when
the control input vector {11} is equal to the product of a feed-
back gain matrix [k] and the state vector {*}:

{u} = ~[k]{x} (26)

The gain matrix [k] in Eq. (26) is obtained by solving the
continuous-time LQR problem and the associated algebraic
Riccati equations. If a solution to this problem exists, stability
of the panel is guaranteed. The LQR feedback gain matrix
[k] is one that minimizes the cost function

= Jo(WtGlM + {u}T[R]{u}) dr (27)

subject to the constraint of Eq. (23), where [Q] and [R] are
weighting matrices. Note that the [Q] matrix in Eq. (27) has
an entirely different meaning than when used for the laminate
elastic moduli matrix in previous equations. When [Q] is set
to [0] the minimum control solution is obtained. If more than
one actuator is used, the values of [R] are selected to force
all actuators to be used at their fullest capacity.

Control law development requires a design airspeed and
altitude condition. This means that A must be specified in Eq.
(23). For a given panel geometry and value of P, the open-
loop (control off) nondimensional flutter dynamic pressure
\cr is used as a starting point. The value of A is then increased
slightly, and the LQR control law represented by [k] is ob-
tained to stabilize the system. The system response is checked
to see if the actuator voltages are within bounds. The value
of A can be increased until, at some special value of A, the
actuators cannot stabilize the panel without becoming satu-
rated. The value of A for which the elements of {u} reach a
magnitude of unity and become ineffective is defined as Asat.

Two points about this model should be emphasized before
continuing. The control law design approach requires a system
perturbation or disturbance. The saturation level of the ac-
tuators depends on the size of this perturbation. In practice,
the perturbation would be provided by the turbulent boundary
layer next to the panel. Model complexity is minimized if an
initial panel deflection is used as a perturbation instead of a
more complicated disturbance. The perturbation used to ex-
cite the panel is an initial deflection of the panel in the first
mode so that ^/a is between 0.005-0.010.

The second point is that, while nondimensionalization is a
useful tool to identify parameter combinations, it can cause
misinterpretations of analytical results if not examined prop-
erly. To illustrate this potential difficulty, Fig. 5 presents the
results of an analysis displayed two ways: 1) nondimension-
ally, and 2) in terms of airspeed at constant Mach number.
The upper half of Fig. 5 compares nondimensional flutter
dynamic pressure (Acr) and control saturation dynamic pres-
sure (Asat) of two different panels. One panel has piezoelectric
layers (TPIT> 0), while the other (TPIT = 0) has none. The

flutter airspeeds for the two panels are shown in the lower
half of Fig. 5.

The panels considered for this study hold the cross-sectional
thickness fixed so that we substitute actuator material for
panel host material. Until the panel becomes active, such a
substitution may reduce, not increase, the open-loop flutter
speed. To understand this, notice that in Fig. 5 two conditions
apply to a panel with piezoelectric actuators: 1) the open-
loop (OL) case with no control activation, and 2) the closed-
loop (CL) case with active piezoelectric actuators.

The parameter Acr, by definition, is the same for both the
open-loop piezoelectric panel and the nonpiezoelectric panel.
On the other hand, the flutter dynamic pressures and air-
speeds of the two panels are different because they have dif-
ferent cross sections and different bending stiffnesses. In-
creases in flutter velocity (at a constant Mach number) occur
only when the product \Dn is increased, since dynamic pres-
sure is proportional to the product of panel bending stiffness
Du and the nondimensional dynamic pressure A.

Because Ep of most piezoelectrics is less than typical panel
materials such as aluminum, the OL flutter airspeed of a panel
constructed with piezoelectrics is less than that of a nonpie-
zoelectric panel, even when the parameter \cr is the same for
both. In Fig. 5, active control is effective until Asat. The gray
area shown in Fig. 5 represents the range of values where the
actuator(s) become saturated. The actuator saturation veloc-
ity Kat may be less than (lower part of gray area) or greater
(upper part of gray area) than Ucr of the nonadaptive panel
without piezoelectric elements. Therefore, if the saturation
velocity of the actuators is not above the dashed line in Fig.
5 then, with panel thickness constrained, the use of piezo-
electric actuators for controlling panel flutter cannot be jus-
tified.

Discussion of Results
The results of active and passive panel flutter control meth-

ods are presented in this section. The panel host material is
aluminum, and the analysis is restricted to the case of d32/d3l,
equal to unity. The number of actuator segments and their
division points (xs and xs + l) depends on the shape of the
vibration mode to be controlled. An actuator is most effective
for control of a particular mode if the sign of the strain due
to the modal deflection shape is the same over the entire
actuator.

Figure 6 shows the flutter mode displacement and surface
strain profile for an infinite aspect-ratio panel (alb approach-
ing zero). The flutter mode resembles a combination of the
first and second free vibration modes of the panel. This mode
has a change in curvature at xla — 0.58, so that the piezo-
electric actuator is divided into two parts at that point.

Figure 7 plots actuator saturation dynamic pressure pa-
rameter values against values of P when either one or two
actuator sets are used. LQR methods are used to design con-
trol laws. As seen in Fig. 7, for a given value of P, the value

Nondimensional
Dynamic Pressure

Flutter
Speed

-ur -ur

TTTT

Tn/T = 0
OL CL
T p /T>0

Fig. 5 Effects on panel stability of replacing panel material with
actuator material.

Normalized
Displacement

Real Part

-xv ; . _

Normalized
Surface Strain -x/a

1.0

Fig. 6 Flutter mode and corresponding surface strain distribution,
alb = 0.
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of Asat is much larger when the actuation layers are divided
into two sets. While the first mode is equally controllable with
either one or two actuator sets, the second mode is far more
controllable with two actuators. The control of the second
mode is a requirement for controlling flutter. As a result, the
rest of the discussion is confined only to panels where the
actuator set is divided into two actuators at x/a = 0.58.

The effect of panel aspect ratio bla on the ability to control
flutter is shown in Fig. 8. Here, Asat is plotted against P with
four different panel aspect ratios. When panel aspect ratio is
reduced (alb increased), the percentage improvement in the
flutter value of A from \cr to Asat is increased. Equation (19)
shows that smaller aspect ratios (larger alb terms) lead to
larger piezoelectric generalized forces. On the other hand,
the aerodynamic stiffness terms in Eq. (12) are not increased
for smaller aspect ratios. Therefore, the actuators are rela-
tively more effective for panels having smaller aspect ratios.

Figures 9 and 10 plot the normalized flutter airspeed vs
thickness ratio for two panel thicknesses, assuming that all
other parameters are held constant. Figure 9 (Tla = 0.01)
shows that the only case where the flutter speed is increased
is where PZT is used with the smaller initial deflection. Even
then., this increase is very small.

For a thinner panel (Tla = 0.005), Fig. 10 indicates that
the flutter airspeed increases when PZT actuators are used,
particularly when a small initial disturbance is used. These
figures demonstrate that integrating the piezoelectric mate-
rials into the panel, i.e., reducing the amount of host material,
while adding actuators, particularly PVDF, will reduce the
open-loop flutter airspeed. In this study, only PZT showed
potential for increasing panel flutter airspeed once the loop
is closed. The detrimental effects of PVDFs low modulus far
outweigh any "increases" made in the flutter velocity from
its open-loop condition.

The parameter P appears to be a good indicator of an
actuator's ability to increase the closed-loop flutter airspeed
above the open-loop flutter velocity. On the other hand, a
large value of this parameter is no guarantee to improved
performance, because it may correspond to situations where
the open-loop flutter velocity is reduced significantly due to
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Fig. 9 Normalized flutter velocities vs thickness ratio, Tla = 0.01
and alb = 0.
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Fig. 10 Normalized flutter velocities vs thickness ratio, Tla = 0.005
and alb = 0.

the removal of panel material and replacement by piezoelec-
tric material.

Control of Panel In-Plane Forces
The panel flutter speed can be increased by using adaptive

materials to create in-plane tensile forces. These in-plane forces
change the in vacuo panel natural frequency spacing and in-
crease the flutter speed. With passive in-plane stiffness con-
trol, only an on/off command is required, and there is no need
for a complicated control law.

When using piezoelectrics materials to create in-plane forces,
an applied voltage creates the same actuation strain on both
upper and lower actuators. No net moments are created. Both
the nondimensional in-plane forces and the panel stiffness
matrix are changed, as shown in Eq. (9). The placement of
the adaptive layers with respect to the panel midplane has no
effect on the size of the in-plane forces. Therefore, the ac-
tuator layers are placed at the midplane of the panel so that
changes in panel bending stiffness due to the adaptive ma-
terials are reduced. Using Eq. (14), the nondimensional in-
plane force in the flow direction due to piezoelectric materials
is calculated to be

_ 2(Ep/Es)E*3d3l(Tp/T)[l + v(d32/d3l)]
(T/a)2(Dn/EsT3) ( }

The expression for Ryy is similar. The nondimensional inplane
force for a shape memory alloy actuator is

R,, =
2(EP/ES)(TP/T)\X (29)

where A,, is the free strain that the SMA can recover when
heated.
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The general effect of panel inplane loads on \cr is shown
in Fig. 11. Positive values of Rxx (compressive loading) cause
a reduction in Acr, and eventually cause the panel to buckle
if they are too high. Negative values of Rxx (tensile loading)
created by adaptive materials will cause \cr to increase. Ab-
solute values of R^/TJ2 vs thickness ratio for three panels with
Tla = 0.01, and each constructed with a different adaptive
material, are shown in Fig. 12. These results assume that the
maximum electric field is applied to the piezoelectric mate-
rials. Initial strains of 1 and 8% are assumed for Nitinol. A
stiffness increase of 200% is also included when modeling
Nitinol in its "actuated" state. Figure 12 shows that Nitinol
can provide much more in-plane force than piezoelectric ma-
terials.

Recent studies by Weisshaar and Sadlowski31 have used a
NASTRAN finite element analysis to model thin panels with
small shape memory actuators bonded to the lower surface.
These actuators cover only a small portion of the panel sur-
face. Their results show that the panel flutter speed can be
increased substantially. In addition, the studies of Hajela and
Glowasky22 with piezoelectric actuators to increase in-plane
forces support the conclusions of the present study.

Concluding Remarks
The use of adaptive material micrqactuation to control panel

flutter has been suggested as a possible use of smart materials.
Linear analytical panel models examined two flutter control
methods; one method used dynamic active control while the
other uses passive control with shape memory actuators. The
piezoelectric actuators use full state feedback control laws
obtained by solving a linear quadratic regulator problem. Panel
thickness is held constant.

For panels where the first and second in vacuo modes are
the primary contributor to the flutter mode, a minimum of
two actuators are required to obtain significant increases in
flutter speed over the open-loop condition. Piezoelectric ma-
terials have lower elastic moduli compared to the panel ma-

terials (aluminum or composites) that they replace. This re-
sults in a reduction in the open-loop flutter speed when
piezoelectric materials are substituted for the original panek
material. Active control increases the panel flutter speed, but
it may not increase it above the original uncontrolled speed.
As a result, it may be better to increase the panel flutter speed
by simply adding more structural material.

It is important to note that in this study of actively con-
trolling panel flutter, the controller saturation point was di-
rectly related to the perturbation used to excite the panel.
The larger the perturbation, the lower the controller satu-
ration velocity. The perturbation used in this system provided
a means of determining how best to apply piezoelectric to the
control of panel flutter. It did not, however, provide a defin-
itive answer to the question of whether piezoelectrics should
be used to control flutter at all. Future research utilizing high-
fidelity analytical models using a turbulence model to excite
the panel will provide this answer.

For the passive control method, piezoelectric materials and
shape memory alloys were used to create in-plane forces to
increase the panel out-of-plane stiffness. These in-plane forces
increase and separate the frequencies of the in vacuo vibration
modes, thereby delaying the modal coupling and increasing
the flutter speed. The analysis showed that the shape memory
alloy Nitinol can induce much larger in-plane forces than can
the piezoelectrics. The stimulus for activating Nitinol is heat.
Since aerodynamic heating creates compressive stresses that
reduce panel flutter speed, Nitinol may provide a very simple
and effective means of controlling of flutter in heated panels.
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