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Suppression of Nonlinear Panel Flutter at
Supersonic Speeds and Elevated Temperatures

R. C. Zhou,* Chuh Mei," and Jen-Kuang Huang*
Old Dominion University, Norfolk, Virginia 23529-0247

Coupled structure-electrical nonlinear panel flutter equations of motion are derived using the finite element
method for composite panels with embedded piezoelectric layers subjected to thermal loads. The von Kirméin
large-deflection strain-displacement relations, quasisteady first-order piston theory aerodynamics, quasisteady
thermal stress theory, and linear piezoelectricity theory are used. Following a modal transformation and reduction,
a set of coupled nonlinear modal equations of motion is obtained. By using the linear optimal control design for the
linearized modal equations, an optimal shape and location of piezoelectric actuators can be determined. Numerical
simulations based on the nonlinear modal equations show that the maximum flutter-free dynamic pressure with
the linear optimal control can be increased as high as six times of the critical dynamic pressure. The panel’s large-
amplitude limit-cycle motions, as well as periodic and chaotic motions at moderate temperatures, are shown to be
completely suppressed within the maximum flutter-free dynamic pressure region. Flutter suppression on composite
panels with different aspect ratios, boundary conditions, and thermal effects are also studied. The results reveal
that piezoelectric actuators are effective in nonlinear panel flutter suppression.

Nomenclature

fA],[B],[D] = extension, coupling, and bending panel stiffness
matrices

[A.] [a.] = system and element aerodynamic influence
matrices

a,b = panel length and width

Cy = modal aerodynamic damping matrix

Cq = air-panel mass ratio over Mach number

Ds, Es = electric displacement and field

{d} = electromechanical coefficients

F = modal force vector

[G1, [g] = system and element aerodynamic damping
matrices

8a = nondimensional aerodynamic damping

by, h = thickness of piezoelectric layer and panel

K = modal stiffness matrix

[K], [k] = system and element linear stiffness matrices

[K1], [k1] = first-order nonlinear stiffness matrices

[K2], k2] = second-order nonlinear stiffness matrices

k = feedback control gain matrix

M = modal mass matrix

[M], [m] = system and element mass matrices

o = Mach number

{P}, {pr} = system and element load vectors

Pa = aerodynamic pressure

Q. R = penalty matrices

q = modal amplitude vector

qa = dynamic pressure

t = time

U, v, w = displacement

(W}, {w} = system and element nodal displacement vectors

X = state space vector
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Xy = width of piezoelectric material placed at the
leading edge

{x} = thermal expansion coefficients

AT = temperature change

g,y = strain components

8], [Olu = linear and nonlinear electromechanical
coupling matrices

{«} = curvature vector

A = nondimensional dynamic pressure

7 = air-panel mass ratio

0 = density

0,7 = stress components

W, @ = modal matrix and normal mode

wy = reference frequency

Subscripts

a = air

b = bending

cr = critical

m = membrane

AT = thermal

0 = nonlinear

¢ = electrical

Introduction

ANEL flutter is a self-excited, dynamic instability of thin plate

or shell-like structural components of flight vehicles. It is a su-
personic/hypersonic aeroelastic phenomenon that is often encoun-
tered in the operatjon of aircraft and missiles. The airflow is only on
one side of the panel. Because of the large-deflection geometrical
structural nonlinearity, limit-cycle oscillations will occur beyond the
critical dynamic pressure. When a flight vehicle travels at high su-
personic speeds, it not only will experience flutter due to the dynamic
pressure but also will be affected by increased temperature owing to
the aerodynamic heating. The presence of high temperature load re-
sults in a flutter motion at lower dynamic pressures. In addition, the
temperature rise may also cause large aerodynamic-thermal deflec-
tions of the skin panels, which affects flutter response and can lead
to chaotic motion. The mode of failure for panel flutter is fatigue due
to limit-cycle oscillations. To increase the critical dynamic pressure
or to suppress the limit-cycle oscillations is, therefore, one of the
many important factors that a designer should consider. Conven-
tional design is to increase the panel stiffness, which, in turn, may
result in additional weight. With the development of high-speed
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flight vehicles such as the high-speed civil transport (HSCT), the
National Aerospace Plane (NASP), and the YF-22 Advanced Tac-
tical Fighter (ATF), panel flutter thus becomes one of the important
issues to be considered.

An earlier and excellent survey article on linear and nonlinear
panel flutter through 1970 was given by Dowell.! Flutter of sim-
ply supported isotropic panels® was investigated using first-order
quasisteady piston theory.? The analytical limit-cycle results agreed
well with the wind-tunnel testing data.! Gray and Mei* conducted
a complete survey on various theoretical considerations and ana-
Iytical methods for the investigation of nonlinear panel flutter up
to 1991. Most recently, Zhou et al.’ conducted a survey on various
approaches, including finite element methods, on nonlinear panel
flutter analysis.

Many researchers have investigated the effectiveness of using
smart materials for passive or active control of flexible structures.
Only a few research papers have been reported in the area of con-
trol of panel flutter response using adaptive materials. Scott and
Weisshaar® were the first to study controlling linear panel flutter us-
ing piezoelectric materials. Only four modes in the x direction (one
in y direction) were retained in the study using the Ritz method.
Hajela and Glowasky’ applied piezoelectric elements in supersonic
linear panel flutter suppression. Finite element models for panels
with surface bonded and embedded piezoelectric materials were
created to determine the response. The optimal panel configuration
with minimum weight and optimal sizing and layout of piezoelec-
tric elements for maximum flutter dynamic pressure were deter-
mined by a multicriterion optimization scheme. In both studies,®’
the bending moment induced by the piezoelectric materials is not
effective in controlling linear panel flutter since there is no bend-
ing behavior in the linear case. On the other hand, the induced
in-plane force is not sufficient in panel flutter control because of
the low modulus and limited ability of the piezoelectric materials
to create large panel in-plane stress. Lai et al.? studied to control
the nonlinear flutter of a simply supported isotropic plate by using
piezoelectric actuators. The Galerkin’s approach was adopted in ob-
taining the nonlinear modal equations of motion. They concluded
that the bending moment was effective in flutter suppression. Xue
and Mei® recently studied the feasibility of the application of shape
memory alloy (SMA) in linear panel flutter control. The finite ele-
ment equations of motion were developed for panel flutter including
thermal and SMA effects. The results showed that the SMA was ef-
fective in passive control of panel flutter at high temperatures. Zhou
et al.'” employed the finite element method to the nonlinear flutter
suppression of isotropic panels with surface bonded piezoelectric
materials.

In this paper, a coupled structural and electrical finite element for-
mulation is presented for suppression of nonlinear flutter motions
of composite panels at supersonic speeds and elevated tempera-
tures (AT /AT, > 1, but within the piezoelectric material Curie’s
point). The nonlinear finite element equations of motion, based on
von Kdrmdn’s large-deflection theory, are developed for compos-
ite panels with embedded piezoelectric layers subjected to acrody-
namic and thermal loads. A modal transformation and reduction
is then performed to obtain a set of equations of motion in modal
coordinates. The norm of feedback control gain (NFCG) based on
the optimal control method is employed to determine the shape and
location of the embedded actuators. Beacuse of the limitation of
the maximum operating electric field of the piezoelectric actuator
(set at one-half of depolarization in this study), there is 2 maximum
dynamic pressure beyond which the flutter motion can no longer be
suppressed. It is referred to as the maximum flutter-free dynamic
pressure Anm... Numerical simulations based on the nonlinear modal
equations are performed to demonstrate the effectiveness of panel
flutter suppression under the piezoelectric actuation. The maximum
flutter-free dynamic pressure is investigated and presented for com-
posite panels of different stacking sequences, aspect ratios, and sup-
port conditions at ambient and elevated temperatures.

Finite Element Formulation
First-Order Piston Theory Aerodynamics
For panel flutter at high supersonic flow, the quasisteady

first-order piston theory!~3 is usually employed. The aerodynamic
load can be expressed as

2q, [ dw M2 -2\ 1 3w
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whereg, = p, VOZo /21s the dynamic pressure, p, the air mass density,
Vi the freestream airflow speed, 8 = (M2, — 1)'/2, and Dy the
first entry of the laminate bending stiffness matrix calculated when
all of the fibers of the composite layers are aligned in the direction
of the airflow (x direction). The nondimensional dynamic pressure
and aerodynamic damping are given by

2g.a° PaVoo (MZ —2)
= — g - —
BD1o ¢ phanp3
where p is the average mass density of the panel, 4 the panel thick-
ness, and @y = (Dy10/pha*)!/? is a convenient reference frequency.

Other commonly used nondimensional parameters are the air-panel
mass ratio and aerodynamic damping coefficient, which are defined

as
’ M2 -2\’
Pad Ca:( %) )ﬁ (3)

2
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From Egs. (2) and (3), g, = +/(Acy) and ¢, = u/M,, for My, > 1.

Modified Rectangular Plate Element

The plate bending element employed in the present study is the
C! conforming rectangular element with an additional electrical
potential at the center of each piezoelectric layer. The 16 element
bending and the 8 in-plane nodal displacements at the four vertices
are

{wp} = {w1, w2, w3, Wa, Wyp, W2, Wy, Wi, Wy

t
Wy, Wy3, Wyg, Wyyt, Wiy, Wyys, wxy4} (4)

{wi} = {1y, U, uz, ug, vy, va, v3, v}’ &)

The electrical degree of freedom is assumed to be constant through-
out the plane of each piezoelectric layer and to vary linearly
through the thickness. The electrical degrees of freedom can thus be
written as

{w¢} ={Vi, Vo, ..., Vnp}r ©)

where V; are the electrical potentials applied or detected in the center
of each piezoelectric layer, and np denotes the number of piezoelec-
tric layers.

Constitutive Eqnations

In the derivation of equations of motion, it is assumed that the
panel is thin; i.e., the ratio of length or width over thickness of
the panel is greater than 50. The rotary inertia and transverse shear
deformation effects are thus negligible. The von Kdrman nonlinear
strain-displacement relationships are given by

2

u w
93 1 X
{8} = qu + 5 w%v
u,+v, 2w w,y
w,XX
—Zy Wy ¢ = {821} + {Sg} + z{x} @)
2wy

where u and v are the in-plane displacements. The membrane strains
{82, }and {83} are due to in-plane displacements and large deflections,
respectively.
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For an aircraft panel consisting of fiber-reinforced composite lay-
ers and piezoelectric layers subjected to a temperature change of
AT(x, v, z), the stress-strain relationships for a general kth layer,
either the fiber-reinforced composite (set E, = 0) or the piezoelec-
tric layer, can be expressed as'!12

Oy Q i le Q 16 Ex

oyt =|0n 0On O £y

Tey ) & Qs 0z Qesd, L7
o dy

~AT oV —Ey{d, (8a)
Oy ) dy ),

For piezoelectric layers, the corresponding electric displacements
are only detected along the poling axis. The electric displacement
for the kth layer can be expressed as ’

Oun QOn O
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O Q2 Qesl,
Ex
x 3 &
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where [ O]y is the transformed reduced lamina stiffness matrix.
The stress resultants, per unit length, are defined as

n/2
({N},{M})=/ {oh(l,z)dz ; )]

—h)2

which lead to the constitutive relations for a laminated panel:

R R

The laminate stiffness matrices are given by

hj2
([A],[B],[D])-:/ [QL(1,z,2%) dz (1

—~hf2

Equations of Motion

In the derivation of the finite element equations of motion for
the laminated composite panel with piezoelectrically coupled elec-
tromechanical properties, the generalized Hamilton principle is
adopted from Crandall et al.!!:

B
/ S(T-U+W,—W,+W)dt =0 (12)

3

where T and U are kinetic energy and strain energy of the system,
W, is electrical energy, W,, is magnetic energy, and W is the work
done due to external forces and the applied surface charge only. For
piezoceramics the magnetic term W, is negligible. By evaluating the
energy terms in Eq. (12) with the consideration of piezoelectric and
thermal effects, one can simply obtain the variational equation as

f[p({Sw}'{w} + {8u} {u} + {80} ()
74
— {86} {0} + {SEY (D} + (sw) {F,} dV

+ | {sw}{F,}dS — / 3Vo'dS + (Swy{F.} =0 13)
S1 Sz

where {Fy} is the body force, {F;} is the surface traction, {F,} is
the concentrated load, S; is the surface area, and ¢’ is the surface
charge.

The volume integral can be reduced to the area integral by first
integrating the integrands along the thickness direction and then
applying the constitutive equations. With the use of finite element

expressions, the equations of motion for a rectangular plate ele-
ment subjected to a dynamic pressure, temperature change, and
electric field with aerodynamic damping are obtained and can be
expressed as

1 myp 0 0 II)[, g 0 0 'Li}b
1o m ofdint+2t0 0 of{uwn,
w? .. wy .
510 o o | 0 0 o] {w,
a, 0 0 kb kbm kb¢ kNAT 0 0
0 0 0] |y kpm ke 0 00
_klNe(w¢) 0 0 k2,(wp) 0 0
— 0 0 0]+ 0 0 0
| 0 o000 0 00
klyp(wp) + klym (Wn)  klpa(wp)  klpg(wp)
+ ki (wp) 0 0
kg (wp) 0 0
Wy PoaT
X W, ¢ = § PmAT (14)
Wy P¢

where [m], [gl], [a,], and [k] are the element mass, aerodynamic
damping, aerodynamic influence, and linear stiffness matrices, re-
spectively; [k1] and [k2] depend linearly and quadratically on the
element displacements respectively; [k1y,] is the stiffness matrix
that linearly depends on the electrical degrees of freedom and be-
comes a constant matrix when the electric field is known; and {p}
is the element load vector. All of the element matrices are sym-
metrical except the aerodynamic influence matrix [a,], which is
skew-symmetric. The detailed derivation and expressions of these
element matrices can be found in Ref. 12.

By summing up the contributions from all of the elements and
taking account of the kinematic boundary conditions, the system
equations of motion for a given rectangular panel can be written
into two sets of equations, namely, the actuator equation and the
sensor equation.

Actuator equation:

(1/@R)IMUW} + (ga/00) [GHW) + (MA,] + [K]
— [Knar] = [K Ly} + [K 11+ [K2D){(W)

+ ([©], +[©].){ W} = {Par} (152)
Sensor Equation:
(O + [O1) {W} + [KyH{Wy) = {Py) (15b)

where (W} = (W, W, ), (Wy} = {{wy}1, ..., {wg}n}', N ispiezo-
electric actuator/ sensor sets in the x—y plane, and [®]; and [©],; are
the linear and nonlinear electromechanical coupling matrices that
have the form

Ky [kpg] L
@ = = e 16
(e [Km] 2 [[kmul 2 [[km]N (o

piezo “plezo
elements elements
K1y [k1p4] [k154]
[®1nl=[ 0 ]: > [ 0 } >,
piezo 1 piezo N
clements elements

an

Equations (15) represent the general equations of motion for a flut-
tering composite panel with the thermal and piezoelectric effects.
The electrode arrangement and piezoelectric geometry could be
arbitrary.
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Modal Transformation and Reduction

Unsymmetric Panel

The system equations of motion, Eqs. (15), are not suitable for
control design because 1) the order of degrees of freedom of the sys-
tem displacement vector is too large, and 2) the nonlinear stiffness
matrices are functions of system displacement vector. Therefore,
these equations have to be transferred into a set of properly chosen
modal coordinates with much smaller and manageable degrees of
freedom. This is accomplished by a modal transformation'*'?

W=y g 0¢ =Yg (18)

r=1

where g is the modal coordinate vector, and n is generally less
than 10.

With the modal transformation of Eq. (18), the system equations
of motion, Egs. (15), are thus transferred into the reduced modal
coordinates as

m¥ Y kK yR)g-KV=F (%)
dr? ‘dr 1 TR TR =

Kiq + K,V =F, (19b)

where © = wy is the nondimensional time, and the modal mass M
and aerodynamic damping C; matrices both are diagonal; K, and
K,, are linear and quadratic in terms of the modal coordinate ¢,
respectively; K, is the piezoelectric capacitor matrix; and K, is the
electromechanical coupled modal matrix. The terms F; and F; are
the mechanical and electrical modal load vectors, respectively.

Symmetric Panel

Figure 1 shows a typical laminated composite panel containing
the embedded piezoelectric layers of equal thickness placed sym-
metrically with respect to the midplane of the panel. For a symmet-
rically laminated panel configuration under a steady-state uniform
temperature distribution AT, the stiffness matrices due to the lam-
inate stiffness [ B] and the thermal bending load vector are all nuil;
that is,

[Klpm = [K]mp = [K Inpl = {Poar} =0 (20
Then Egs. (15) can be simplified by neglecting the in-plane inertia
and then substituting the in-plane displacement {W,,} in terms of

transverse displacement {W,}. The dynamic equations of motion
can be expressed, by collecting the terms, as

(1/@2) MWy} + (24 /00)[GYHW,}
+ ([K] + [K1] + [K2D){W,} + [K.J{Ws} =0 (21a)

[K 1 (W) + [Ky U Wy} = {Py) (21b)

Composite
Laminate

Piezoelectric
Material /
h A A
/ v/

NN

AN

o

\

_Fig. 1 Configuration of a compoesite panel with embedded piezoceram-
ics.

where [M,] and [G] are the panel mass and aerodynamic damping
matrices, respectively.

Since the bending ¢, and the membrane ¢,,, mode shapes in
Eq. (18) are uncoupled, a properly chosen modal transformation
will have the form!>

W} =Y ar0gn = Vg 22)

r=1

The system equations of motion in this symmetric case reduce to

d’q dg
Ma?z"‘}'C,[d—I"‘}‘(K"'qu)q_KeVzO (23a)
K'q+ K,V =Fy (23b)

The detailed expressions for the modal matrices and vector in the
preceding equation can be found in Refs. 12 and 13.

The piezoelectric layers (top and bottom) of the present design in
Fig. 1 can be stimulated such that one layer contracts, another ex-
pands, to create bending moments and in-plane forces if the strains
or stresses induced by electric fields in both layers are not balanced.
The bending moment has been proved to be more effective to sup-
press the nonlinear flutter motions than the in-plane force®; there-
fore, only bending moment is considered in the present analysis.

The coupled modal equations of motion for the symmetric case,
Egs. (23), differ from the unsymmetric case, Eqs. (19), not only in
their different expressions for the modal matrices, but also in the
vanishing of the quadratic nonlinear term K, q that will normally
have the soft spring effect. Furthermore, the right-hand side of Eq.
(23a) is zero since no thermal bending moment is created for the
symmetric case.

Controller Design
An optimal control approach based on linear optimal control
theory'* is presented. The linear model is obtained by ignoring the
nonlinear terms from the modal equations of motion, Egs. (19), as

d’q dg
M- ic,L +Kg=K,V+F, 24
a2 +Cam Ry 1V + F, (242)
K\qg+K;V=F, (24b)

where the matrix K,; is the linear part of the electromechanical
coupling matrix

K, =-V'[©)] (25)

The in-plane force induced by piezoelectric materials on nonlinear
panel flutter suppression has been dropped in this study. Thus the
control variable V induces bending moment only. The equations of
motion, Eq. (24a), can be expressed in state space form as

dx

— =AX+BU (26)
dr

q 0 I
X=14dq¢, A= _yk —-M-'C,
dr

0 0 F;
B = , U=
M MK, \ %4

The linear quadratic performance index for optimal control can
be formulated as

where

1 e
J= 3 / X'QX + U'RU)dt @27
0

where Q is a positive semidefinite state penalty matrix, and R is
a positive definite control penalty matrix. From the optimal con-
trol theory, the optimal controller for this linear quadratic regulator
problem is

U=-R'BPX=—-kX (28)



ZHOU, MEL, AND HUANG 351

where P is a positive definite matrix obtained from the Riccati
equation.'* The feedback control gain from Eq. (28) is defined as

k=—R"'B'P 29)

The norms of feedback control gain (NFCG) are used to determine
the optimal shape and location of piezoelectric actuators, and the
NFCG can be defined as

NFCG = @=12,...,N) 30)

where 2n is the total number of state variables defined in Eq. (26)
and N is the number of piezoelectric actuator sets.

Results and Discussions

The piezoelectric materials are assumed to behave isotropically
and are embedded within the composite panel at top and bottom
layers. The C* conforming rectangular element is used in the finite
element model and the panel is modeled as 10 x 6 (10 in x and 6 in
y direction, total 60 elements) mesh for simply supported condition
and 12 x 6 mesh for clamped condition. The in-plane displace-
ments at the edges are considered to be immovable, ie.,u =v =0
for all boundaries. The panels considered are square or rectangular
[0/45/ —45/90], and [0/90] graphite/epoxy composite. The geom-
etry of the panel is ¢ = 12 or 24 (in.), b = 12 (in.), & = 0.05 (in.),
and h, = 0.00625 (in.) (see Fig. 1). The material properties of the
composite panel and piezoelectric material are as follows.

Composite lamina:

E; = 22.5Msi (155 GPa)
E, = 1.17Msi (8.07 GPa)
Gz = 0.66 Msi (4.55 GPa)
vip = 0.22
a; = —0.04 x 107%/°F (=0.07 x 1075/°C)
ay = 16.7 x 1079 /°F (30.1 x 1076/°C)
p = 0.1458 x 1072 1b-s?/in.* (1550kg/m>)

Piezoelectric layer (PZT):

E = 9.0 Msi (62.1GPa)
v=203
p = 0.7101 x 1072 1b-s?/in.* (7549 kg/m?)
a=3x10"51/°F(5.41 x 107%/°C)
dy = —7.51 x 10°in./v (—1.9 x 1079 m/v)
Eimax = 1.52 x 10% v/in. (6.0 x 10° v/m)

Figure 2 shows the convergence of limit-cycle results by retaining
different numbers of modes () in the modal transformation equa-
tion, Eq. (22). It can be seen that a six-mode model will give con-
verged results. Limit-cycle results by Dowell! and by finite element
frequency domain method!® using 48 discrete Kirchhoff triangular
(DKT) elements (half-plate modeled with 8 x 3 x 2 mesh) are shown
in Fig. 3 for comparison. It demonstrates the excellent agreement of
three approaches. Thus, six modes are used for all of the simulations.
Furthermore, the nonlinear modal equations of motion are used for
all of the numerical simulations, and the Runge-Kutta method is
used for numerical integration.

Symmetric [0/45/ —45/90]s Panel

A simply supported square [0/45/—45/90], graphite/epoxy com-
posite panel (referred as type I panel) is first investigated. The panel
becomes less stiff when piezoelectric materials are embedded in,
and thus the critical dynamic pressure A, is decreased. As the piezo-
electric materials replace the top and bottom graphite/epoxy layers
completely, the composite panel then becomes [Piezo/45/—45/90],
(referred as types II panel). The Dy in Eq. (2) for both types of
panels are still the same for comparison purpose. The A, for types
T 'and II panels are found to be 298 and 227, respectively.

Table1 Comparison of maximum flutter-free dynamic
pressure Apay for one-set actuator placed at the

leading edge
xg/a Amax(R =500 x I) Amax (R = 1000 x I}
0.0 298(=Xer) 298(=%¢r)
0.1 600 616
0.2 819 878
0.3 877 975
0.4 1157 1262
0.5 1100 1171
0.6 1037 1150
1.0 597 (her = 227) 596 (Ao = 227)
L0 ro7as 451901,
AT =0
08
= 0.6f
i :
£ Mode, n H
B oah i
e 2 i
_____ 4 ::
——— 6 H
021
|
0.0 L -
0 100 200 500

Fig. 2 Convergence of limit-cycle amplitudes for a simply supported
square [0/45/—45/90]); panel (11/Ms = 0.01).
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02 (DKT Elements)
Time Domain-Modal
9 (Rectangular Elements
and 6 modes)
0.0 X L L
0 200 400 600 800 1000

Fig. 3 Comparisen of limit-cycle amplitudes for a simply supported
square isotropic panel (11/M, = 0.1).

Table 1 shows the values of Ay, for the different sizes of one-
set actuator design placed at the leading edge (see Fig. 1) and
two constants for R matrix in Eq. (27). For the small-size actua-
tor design (x;/a < 0.3), Ay 1S low due to the limited moments
induced by the piezoelectric material. When piezoelectric layers
completely replace the top and bottom layers of the composite lam-
inate (x;/a = 1.0), Apax drops since the panel reduces to type II
with smaller critical dynamic pressure. It can be concluded that
more piezoelectric materials do not guarantee to have better perfor-
mance for flutter suppression. The A, can be increased slightly
with larger R. The time to suppress the flutter motions, however,
will be longer for this case.

For the type I [Piezo/45/—45/90], panel, a two-set piezoelectric
actuator design would lead to a better performance than the one-
set actuator at the leading edge due to the flexibility of two control
variables. The A, varying with the normalized separating position
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Fig.4 Maximum flutter-free dynamic pressure vs normalized separat-
ing position for a simply supported square [piezo/45/—45/90]; panel.
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Fig. 5 For a simply supported square [0/45/—45/90]; panel: a) NFCG
and b) optimal location for one-set partially covered piezoelectric ac-
tuator.

for one-set (dotted line) and two-set (solid line) actuator designs
of this type of panel is shown in Fig. 4 (R = 500 x I). The result
clearly shows a better performance for the two-set actuator design.
It is also shown that the A, reaches to its maximum at about x,/a
at half of the panel. The two-set actuator design will increase the
critical dynamic pressure about three times (Amax /A = 3) for this
type of composite panel.

One of the objectives of this study is to use as little piezoelectric
material as possible to achieve a higher Anax. The shape and location
of the piezoelectric actuator then become crucial. The type II panel
with fully embedded piezoelectric material is first divided into a
number of small patches that equal the number of finite elements
used. The NFCG values are then calculated for each set at A = 1000
and R = 1000 x I and the result is shown in Fig. 5a. The higher the
value is, the more control influence of the corresponding patch is for
the flutter control. By connecting these small patches, the optimal
shape and location of the actuator can be determined. Figure 5b il-
lustrates four actuator configurations of one-set design based on the
NFCG. The size of piezoelectric material is limited to 18 elements
for the sake of keeping the panel close to the type I. The critical

dynamic pressure A, for the type I panel without piczoclectric ma--

terials is 298. Table 2 compares the A, and the ratio of Ap.x to
A for three different sizes of actuators (6,12, and 18 element size)
based on two types of designs. The advantage of using the NFCG
to design the actuator rather than simply placing the actuator at the

Table 2 Comparison of Apax of two different designs

Actuator at the leading edge

Actuator based on NFCG

xs/a Amax Amax/Aer Size Amax Amax/Acr
0.1 616 2.1 6 870 2.9
02 878 2.9 12 987 33
0.3 975 33 18 1170 39

|| NFCG>700 % : NFCG>500

| 2 |

“Amax = 320 @ | Amax = 450
hmax /o =4.0 A | | dar /2 =5.6

NFCG>440 NFCG>400
Amax = 491 Amax = 546
Ammax [ hce =5.7 Amax/ Ao =6.2
G>290]
|__INFCG>300]
}.max = 647 kmax = 609
Amasx /A er =6.22 Amax [/ her =5.85

Fig. 6 One-set partially covered piezoelectric actuator designs for a
simply supported square [0/90] panel.

leading edge can be clearly seen from the table. For example, the
Amax 18 increased from 616 to 870 when using the NFCG for the equal
area of piezoelectric material in both designs. Furthermore, the X,
is increased about four times as compared with that of the panel
without piezoelectric actuator. The optimal shape and location for
maximizing the dynamic pressure without flutter are thus obtained
based upon the NFCG. In the following examples, therefore, the
actuators are all designed based on the NFCG criterion.

Unsymmetric [0/90] Panel

A simply supported square unsymmetric [0/90] composite panel
is considered as well. The maximum amplitudes of the panel trans-
verse deflection will no longer be symmetric with respect to the
midplane of the laminate due to the presence of coupling matrix
[B]. The actuator configurations determined based on the NFCG
are illustrated in Fig. 6. The maximum flutter-free dynamic pres-
sure Anay is increased first as more piezoelectric materials are added
to a certain extent and then drops. Based on the NFCG, the optimal
piezoelectric shape and location for suppressing this unsymmetric
panel can be determined (300 < NFCG < 400), and the A, can be
increased as high as six times the A,.

Aspect Ratio

A simply supported rectangular (aspect ratio a/b = 2) [0/45/—
45/90], composite panel is investigated. The NFCG values are taken
at the dynamic pressure equaling 1000 and with the aerodynamic
damping of 0.1. The R matrix is 1000 x I. Based on the NFCG and
Amax values, the optimal designs for the piezoelectric actuators can
be found in Fig. 7.

Boundary Conditions

A square [0/45/—45/90], composite panel with all edges clamped
is investigated. The panel is modeled with 12 x 6 mesh. Through the
study of convergence of critical dynamic pressure, it is found that
the six Jowest modes (instead of the six modes in x direction used in
the simply supported boundary conditions) are suitable for modal
reduction in the clamped case. Thus all of the results are obtained
based on the modal equations with lowest six modes.

Generally speaking, a clamped panel is much stiffer than the
simply supported one and is harder to be controlled. With the same
piezoelectric material, the maximum flutter-free dynamic pressure
will not be able to increase as much as in the simply supported



Fig. 7 One-set partially covered piezoelectric actuator designs for a
simply supported rectangular [0/45/—45/90]; panel (a/b = 2).

Aomax,= 474
NFCG>50

Amax =464
|__|NFCG>59

Fig. 8 Two-set partially covered piezoelectric actuator designs for a
clamped square [0/45/—45/90]; panel.
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Fig. 9 Thermal buckled deflection and control effort of a simply sup-
ported square [0/45/—45/90]; panel at X = 100 and AT /AT, = 6.0.

case. The NFCG values are obtained based on the nondimensional
dynamic pressure A equaling 1000 and the aerodynamic damping
0.1. The R matrix is 1000 x I. The NFCG values show that the
actuator shapes are not continuous in this case. This suggests us
using two-set actuator instead of one-set for clamped square panels.
The corresponding configurations for two-set actuator design are
given in Fig. 8.

Effect of Temperature
The panel stiffness will tend to reduce with the inclusion of a
thermal effect, which would lower the critical dynamic pressure
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Fig. 10 Control of periodic motion of a simply supported square
[0/45/—45/90]; panel at A = 140 and AT /AT, = 3.0.
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Fig. 11 Control of chaetic motion of a simply supported square
[0/45/—45/90]; panel at A = 220 and AT /AT = 6.0,

(see Fig. 3). This section will address the possibilities of suppressing
flutter motions with the effect of uniform temperatures.

A simply supported square [0/45/—-45/90}, composite panel with
the inclusion of a piezoelectric actuator is studied based on the
configuration (NFCG > 380) shown in Fig. 5b. The critical buckling
temperature is found to be AT, = 19.7°F. The flutter suppression
is examined under two uniform temperature conditions: moderate
temperature (AT /AT, = 3.0) and high temperature (AT /AT, =
6.0). The aerodynamic damping coefficient is 0.01 and the matrix
R is 500 x I. Once the piezoelectric actuator is actuated, the flutter
motions at moderate temperatures and certain dynamic pressures
can be suppressed. However, as the temperature increased, the plate
deflection will not be able to be suppressed due to the large thermal
static deformation of the panel.

Figure 9 shows the panel time history and control effort at a low
dynamic pressure (A = 100) and high temperature (AT/AT,, =
6.0). The thermal shock is clearly demonstrated at the beginning
and followed by small oscillations with a constant value that can be
considered as a static aerodynamic-thermal buckling deflection. It is
shown that the piezoelectric actuator will not be able to suppress the
large static aerodynamic-thermal bending of the panel. In Fig. 10,
the periodic motions of the panel obtained at the moderate tempera-
ture (AT /AT, = 3.0) is shown to be suppressible. The plot is taken
atdynamic pressure A = 140. Figure 11 illustrates that the panel mo-
tion is chaotic at high temperature (AT /AT,, = 6.0) and dynamic
pressures A = 220. With the limited control effort, the panel motion
becomes a limit-cycle oscillation. Using an increased piezoelectric
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actuation by applying higher maximum electric field (say 80% of
the depolarization) with the present actuator configuration or thicker
piezoelectric layer, this limit-cycle motion can be suppressed.

Conclusions

A set of coupled structure-electrical nonlinear modal equations
are derived for the suppression of flutter motions of composite panels
with embedded piezoelectric actuators at supersonic speeds. Only
the bending moments induced by the piezoelectric actuators are used
to control the panel flutter since the induced in-plane forces are not
effective. The linearized modal equations are employed in the linear
optimal controller design; however, the nonlinear modal equations
are used for flutter suppression simulations.

Two types of actuator designs have been studied: 1) the actuators
are placed at the leading edge of the panel, and 2) the actuators
are based on the NFCG to determine the shape and location. Both
types can be either one set or two set. Examples demonstrate that 1)
more piezoelectric material does not always give a larger Apay, 2)
the use of NFCG yields better actuator control performance (high
Amax)> and 3) the two-set actuator design gives better performance
than the one-set due to more flexibility in control. The present stud-
ies show that the maximum flutter-free dynamic pressure Apmay can
be increased as high as four to six times the critical dynamic pres-
sure for the simply supported composite panels and only about two
times for the clamped panels because the clamped panels are much
stiffer.

The high temperature loads can affect flutter response; they may
lead to aerodynamic-thermal postbuckling deflection and periodic
or chaotic motion.'*!6-17 Examples investigated show that at mod-
erate temperature the panel motion is periodic and the flutter motion
can be completely suppressed by the piezoelectric actuation. Athigh
temperature, the panel behavior can be in an aerodynamic-thermal
postbuckling or it may have a chaotic motion. With the limited ac-
tuator action, the large aerodynamic-thermal deflection is reduced
to periodic motions about an equilibrium buckled position and the
chaotic motion is reduced to a limit-cycle motion. Both motions,
periodic and limit-cycle, can be suppressed if stronger piezoelec-
tric actuation is available. Further investigations on panel flutter in
thermal environment are warranted.
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