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Suppression of Nonlinear Panel Flutter with Piezoelectric
Actuators Using Finite Element Method

R.C. Zhou,‘* Zhihong Lai," David Y. Xue,* Jen-Kuang Huang,® and Chuh Meil
Old Dominion University, Norfolk, Virginia 23529-0247

An optimal control design is presented to actively suppress large-amplitude, limit-cycle flutter motions of rect-
angular isotropic plates at supersonic speeds using piezoelectric actuators. The nonlinear panel flutter equations
based on the finite element method are derived for isotropic plates with piezoelectric layers subjected to aerody-
namic and thermal loads. A model reduction is performed to the finite element system equations of motion for the
control design and the time domain simulation. An optimal controller is developed based on the linearized modal
equations, and the norms of the feedback control gain are employed to provide the optimal shape and location
of the piezoelectric actuators. Numerical simulations based on the reduced nonlinear panel flutter model show
that the critical dynamic pressure can be increased three to four times by the piezoelectric actuation. Within the
increased critical dynamic pressure, the limit-cycle motions can be completely suppressed. The results demonstrate
that piezoelectric materials are effective in panel flutter suppression.

Nomenclature

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

a,b = panel length and width

C = modal aerodynamic damping matrix

Cq = air-panel mass ratio over Mach number

ds; = electromechanical coefficient

E = Young’s modulus

es3 = electrical field

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

8a = nondimensional aerodynamic damping

h = thickness

[K1, [k] = system and element linear stiffness matrices

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

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

k = feedback contro! gain matrix

[M], [m] = mass matrices

{M} = moment vector

My, = Mach number

{N} = inplane force vector

{P}, {p} = load vectors

Pa = aerodynamic pressure

q = modal amplitude vector

AT = temperature change

u,v, w = displacements

o = thermal expansion coefficient

{€} = strain vector

{x} = curvature vector

A = nondimensional dynamic pressure

7 = air-panel mass ratio

v = Poisson’s ratio

{o} = stress vector
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T = nondimensional time

o} = modal matrix

Subscript

cr = critical
Introduction

ANEL flutter at supersonic speeds has been encountered in the
operation of aircraft and missiles. The earliest reported struc-
tural failures that can be attributed to panel flutter were the failure
of the 60-70 early German V-2 rockets during World War I} A

" recent panel flutter failure was reported on the F-117A.2 After flight
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tests of the F-117A stealth fighter, cracks due to flutter (also sonic
fatigue) were found in about half of the laminated composite skin
panels. Those panels were then redesigned and stiffened and, thus,
a tremendous weight penalty was paid.

Panel flutter bas received resurgent interest due to the develop-
ment of high-speed flight vehicles such as the YF-22 advanced
tactical fighter, high-speed civil transport (HSCT), and National
Aerospace Plane (NASP). When a flight vehicle travels at high
speeds, the onset of flutter may be imminent, but usually the dy-
namic pressure is not the only form of excitation. The friction from
the surrounding air causes increased heating of the panel. The pres-
ence of high-temperature load results in a flutter motion at lower
critical dynamic pressure (A.). In addition, the temperature rise
may also cause large acrodynamic-thermal deflections of the skin
panels, and, thus, affects flutter response and aircraft performance.
Most recently, Gray and Mei® gave a complete survey on various
theoretical considerations and analytical methods for the investiga-
tion of nonlinear panel flutter up to 1991. The limit-cycle results
obtained from the finite element® and classical continuum methods*
agreed very well with the experiment data by Dowell.® The classical
analytical method employs, in general, Galerkin’s approach in the
spatial domain, and the panel deflection is expressed in terms of the
linear normal modes; direct numerical integration is then applied
in the time domain. Dowell* also determined that four or six linear
modes are required for obtaining a converged limit-cycle amplitude
and frequency.

During the past few years, a significant amount of research has
been reported in the field of control of flexible structures by the
use of smart sensors and actuators.® Piezoelectric materials can de-
velop an electrical charge when subjected to a mechanical strain.
The converse piezoelectric effect, development of mechanical strain
when subjected to an electrical field, can be utilized to actuate a
structure. Thus, actuation of a structure may be accomplished at
the material level. Piezoelectric materials in current use include
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poly-vinylidene fluoride (PVDF), a semicrystalling polymer film,
and Iead zirconate titanate (PZT), a piezoelectric ceramic material.
PZT generally is stiffer and has large electromechanical coupling
coefficients and is, thus, better suited for actuator applications. The
film product (PVDF), on the other hand, has higher voltage limits
withlower stiffness and coupling coefficients and is, thus, better for
sensor applications. Piezoelectric layers bonded to the surface of, or
manufactured and embedded into, flexible structure members can
act as either control actuators or sensors. The effectiveness of using
passive or active control of smart systems has been demonstrated by
many researchers. However, most of the control designs have been
applied to the linear beam-like and truss structures.

In the area of control of panel flutter response using smart ma-
terials, only a few research papers have been reported.”® In Ref. 7,
the linear panel flutter control using piezoelectrics was studied. The
bending moment induced by the piezoelectrics is not effective to
control the linear panel flutter since there is no bending behavior in
the linear case. On the other hand, the induced in-plane force is not
sufficient in linear panel flutter control because of the low modu-
lus and limited ability of the piezoelectrics to create large in-plane
force. In Ref. 8, the panel flutter has been extended to nonlinear.
The induced bending moment, therefore, is effective in the nonlin-
ear panel flutter control. However, the classic continuum approach
was adopted intheit study, which has certain limitations that the pan-
els are of simple geometry and boundary conditions. In addition, the
piezoelectric materials in Refs. 7 and 8 have to cover the ‘surfaces
of the panel completely since the classic modeling techniques were
employed. In the present work, however, the more versatile finite
element method is applied. This method can deal with panels of ar-
bitrary geometry and complex boundary conditions. The actuators
can be designed in arbitrary shape.

This paper presents an optimal control method to suppress the
panel limit-cycle motions at dynamic pressures A > A, using piezo-
electric actuators: The finite element method and the linear optimal
control theory are employed for designing the actuator shape and
location. The nonlinear dynamic equations of motion, based on von
Kéarmadns large-deflection theory, are developed for panels with sym-
metrically placed piezoelectric layers subjected to acrodynamic and
thermal loads. A model reduction and modal transformation is then
performed to obtain a set of coupled nonlinear equations of motionin
the modal-coordinates. By using the optimal control theory, control
actions can be determined based on the linearized modal equations
of motion, and the dynamic system will be stable with small pertur-
bations. Because of the limitation of the maximum operating electric
field (set at one-half of depolarization in this study) of the piezoelec-
tric actuator, there exists a maximum dynamic pressure above which
the flutter motions can no longer be suppressed. The optimal shape
and location of the piezoelectric actuators are determined by using
the norms of the feedback control gain (NFCG). One-set and two-set
completely (x, = a) or partially covered piezoelectric (symmetri-
cally placed) actuators are considered as shown in Fig. 1. Numerical
simulations based on the nonlinear modal equations are performed
to demonstrate the effectiveness of panel flutter suppression under

7 piezoelectric isotropi
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b) Two-set actuator

Fig.1 Panel configurations.

the piezoelectric actuation. The performance of the actuator designs
and the maximum flutter-free dynamic pressure are investigated and
presented. The contributions of the present work are the investiga-
tion of nonlinear panel flutter suppression by an extension of the
finite element method and the determination of optimal actuator
shape and location using the NFCG criterion.

Finite Element Equations of Motion

As disclosed in panel flutter surveys, the aerodynamic theo:
employed the most for panel flutter at supersonic flow (Mo, > «/%
is the quasisteady, first-order piston theory.!>™> The aerodynamic
pressure can be expressed as

2q. 8w M: -2\ 1 dw
pe=——7\7— 757
p \ox "\ M2 =1) v, o

Dow g, Ddw
(== s = 1
(a3ax+woa43t) @

where g, = p, V; /2 is the dynamic pressure, p, is the air mass den-
sity, Voo is the free stream airflow speed, 8 = /M2 — 1, and w is
the transverse displacement of panel. The nondimensional dynamic
pressure is given by

2‘,,3
A=%I—;’— @)

1
where D is the bending rigidity of the panel, and wp = (D/moa*)2
is a convenient reference frequency. Another commonly used nondi-
mensional parameter is the air-panel mass ratio* which is defined
as

B = pga/myg ©))

where my is the average mass density per unit area of panel. For the
aerodynamic damping term, two nondimensional coefficients are
defined as follows:

M -2 *lu
ch=|—>— =1,
ML -1) \B
and ¢, ~ 11/ My for My, >> 1 as in Ref. 4. :

In the derivation of the equations of motion, it is assumed
that the panel is thin, i.e.,the ratio of length or width over thick-
ness of the panel is greater than 50. In-plane inertia, rotary iner-
tial and transverse shear deformation effects are, thus, negligible.

Von Kdrmdn’s nonlinear strain-displacement relationships are given
by

8a = +/ ACy 4)

2

€x Usx 1 W,
fel=1¢ = v,y + 3 w,2
Vay U,y +V,x 2w,x W,y
W, xx
—z4 wy ¢ ={}+{g) +2in) ©)
2w;xy

where the membrane strain components {€2} and {eJ} are due to
in-plane displacements and large deflections, respectively.

For an aircraft panel consisting of an isotropic plate with piezo-
electric layers on both surfaces of the plate subjected to a uniform
temperature change of AT, the stress—strain relationships of the
isotropic plate are given by

oy 1
E
(o}, =1 o =[El,{€e} — (1 z ) 1§ AT (6)
bl
Txy 10

P



1100 ZHOUET AL.: NONLINEAR PANEL FLUTTER SUPPRESSION

and the stress—strain relationships of the isotropic piezoelectric layer
can be written as

Oy E 1
fole=1 oy =[E]e{e}—(1_av) 1 ¢ AT
Ty J, ¢{o
Ed !
—(1_3;) 1le Q)
1o

where the subscripts p and e denote plate and piezoelectric layers,
respectively. The last term in Eq. (7) represents the induced stress
due to the applied piezoelectric field e;. The stiffness matrix is given
as

£ 1 v 0
[E]= T v 1 0 ®
0 0 (1—-v)/2

For a general kth layer, either the isotropic plate (k = 2 and e; =
ds; = 0) or the piezoelectric layer (k = 1, 3), the stress—strain
relations can be expressed as

1 1
E Ed
{O'}k=[E]k{€}—<1_av) 1} AT - (1_3;) 1Y ey
£10 10

The in-plane force and moment resultants, per unit length, are
defined as '

hf2

(N}, (M}) = / {oh(1,2)dz (10)

~h2

which lead to the constitutive relations for a panel consisting of
isotropic and piezoelectric layers as

B RE R

where {€"}(= {€2} + {€}}) is the membrane strain, and the panel
stiffness matrices are given by

n/2

([A],[B),[D]) = f [E(1,2,2%) dz (12)

—h/2

The thermal and the piezoelectric force and moment vectors, per
unit length, are

: h/2 1
) Ea
({NAT},{MAT})=_/ ( ) 1} AT1,z)dz (13)
tlo

—hj2 1—v

b1t ¢ B4 !
(N}, M) = / (1 ”) 1tew(l,)dz  (14)
—h/2 —V/y 0

The element matrices and equations of motion are derived using
the principle of virtual work

SW = 8Wine — §We = 0 as)

The internal virtual work, considered first, is in general
Wi = / [{8°}T (N} + (8K} (M}] dA 16)
A

where A is the element area. The virtual work of the external forces,
due to the inertia force and the aerodynamic pressure, is given by

4)2
Wew = | |sw( pu — mo—s | | dA an
4 ar?

The plate bending element employed in the present study is the C*
conforming rectangular element with total of 24 nodal degrees of
freedom (DOF). The 16 element bending displacements at the four
nodes are

T
{wp}” = {w1, w2, w3, Wa, Wy1, Wy2, Wy3, Wyd,

Wy1, Wy2, Wy3, Wya, Wxyt, Wxy2, Wxy3, wxy4} (18)

The eight element membrane nodal displacements are
{wn}" = {u1, 1, u3, ua, v1, v2, 3, U} 19

and the element membrane displacement functions, # and v, are
both linear function in x and y.

With the application of virtual work, Egs. (15-17), and the use
of finite element expressions, the element equations of motion sub-
jected to a dynamic pressure, temperature change, and electrical
field can be expressed as

1 [mp] O [ wy + 8 [e] O [ wy

@il 0 O0f)om| @ O Of]|thn

+(x [a.] O + ko] [kglom | | kwarl O
0 0 [k3lmy  [kml 0 0

_ [kn.] O + (klnnly + K1yl [K1lpm
0 0 [kl]mb 0

+[[k2] 0]>{wb}={PbAT}+{pbe}+{f} (20)
0 0 W PmAT DPme

where {f} is the internal equilibrium force vector. The subscripts b
and m denote bending and membrane components, respectively;
the subscripts B, NAT, Ne, Nm, NB, AT, and e denote that
the corresponding stiffness matrix or load vector is due to the
extension-bending coupling stiffness matrix [ B], thermal membrane
force {Nar}, piezoelectric membrane force { N}, membrane forces
{N,}(= [A]{e?n}) and {Np}(= [B]{«x}), and thermal AT and piezo-
electric field es, respectively. All of the element matrices in Eq. (20)
are symmetrical except the aerodynamic influence matrix[a,] which
is skewsymmetric. The detailed derivation of element mass, therimal
and piezoelectric geometric stiffness ([ky.] and [kya7] are similar),
nonlinear stiffness matrices, and load vectors ( {py.} and {ppar} or
{Pme} and {p,a7} are similar) are given in Refs. 9-11.

By summing up the contributions from all of the elements and

.taking account of the panel kinematic boundary conditions, the

system equations of motion for a given rectangular panel can be
written as

As] O W] g[LG] O[W,
@2l 0 ol W] @l 0 of]w,

(4] 0 (K]  [Kslm]| [[Knarl O
+()‘[ 0 0]+[[K31m,, (K] ]_[ 0 0]

_| Knel O K ymls + [KDwgly (K llpm
0 0 [K 115 0

[K2] © W | _ | Prar Py,
ROt R P B Vol B

Equation (21) can be simplified considerably if we design the panel
with certain rules. Figure 1 shows panels containing one-set and
two-set piezoelectric layers of equal thickness placed symmetrically
with respect to the midplane of the plate. For the present symmet-
rical panel configurations under a steady-state uniform temperature
distribution AT, the stiffness matrices due to the coupling stiff-
ness [B] and the thermal bending load vector are all null, that is,
[KBlom = [Kplmp = [K1ygly = {Poar} = 0. Then Eq. (21) canbe
simplified by substituting the membrane displacements in terms of
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the bending displacements. The dynamic equations of motion can
be expressed by collecting the terms as

(1/08) M1 W3} + (g4 /c00)[GH{Ws} + (K] + [K1]

+[K2D{W,} = {Py.} (22)

where [M;] and [G] are the panel mass and aerodynamic damping
matrices, respectively, and { P} is the piezoelectric load vector. The
detailed expressions of the matrices [K], [K 1] and [K2] are given
in Appendix A.

Model Reduction and Modal Equations

The system equation of motion presented in Eq. (22) is not suitable
for control design; 1) the order the DOF of the system displacement
vector {W)} is usually too large, and 2) the nonlinear stiffness matri-
ces, [K'1] and [ K 2] are functions of the system displacement vector.
Therefore, Eq. (22) has to be transformed into a set of properly cho-
sen modal coordinates with much smaller and manageable degrees
of freedom (say, less than 10). This is accomplished by a modal

transformation
(W} = Z Z 4rs () (1} 23)

r=1s=

where g,, is the modal amplitude, and {¢,_Y}is the corresponding
(r, s) normal mode which can be obtained from the panel linear
vibration

(wr‘\'/w())z[Mb]{‘ﬁr.\'} = [Kb]{‘br‘\'} (24)

For a rectangular panel with airflow along its length, the proper
mode in the spanwise direction is only the first mode (m = 1),
(Refs. 4 and 7), and Eq. (23) becomes

W)=Y _a.(0l¢,) = q 25)

r=1

The system equations of motion, Eq. (22), are transferred into the
forced Duffing equations in reduced modal coordinates, thus, they
become

dq_ 99

M i +C— I

where T = wyt is the nondimensional time, the modal mass M
and aerodynamic damping C matrices both are diagonal, K and K,
are the linear modal stiffness matrices, K,, is quadratic in terms
of the modal coordinates g, and F is the modal force vector. The
transformation of the system equations from the bending displace-
ments, Eq. (22), to the modal coordinates ¢, Eq. (26), is given in
Appendix B, The piezoelectric geometric modal stiffness matrix K,,,
Eq. (B10), is due to the piezoelectric inplane force only, whereas
the modal force vector F, Eq. (B12), is related to the induced piezo-
electric bending moment.

The piezoelectric actuator configurations of the present design
in Fig. 1 consist of one- and two-set actuations. Each actuator set
(top and bottom layers) can be stimulated such that when one layer
contracts, another expands, to create bending moment and in-plane
force if the stresses induced by electric fields in the top and bottom
layers are not balanced. For the one-set actuator, for example, the
electric field e;, applied to the top layer of the actuator set can be
expressed as

+E+K +K,)gq=F (26)

e = em + & @n

and the electric field es, applied to the bottom layer of actuator set
can be expressed as

ey =en—ep (28)

where e, and ¢, represent electric fields for in-plane force and bend-
ing moment, respectively. If we assume that the top and bottom
piezoelectric layers have the same thickness and material proper-
ties, then the matrix K, is a function of the electric field e,, only,

or its normalized form U,, = en/e3max; F is only a function of the
electric field e, or its normalized form U = e}/ €3 max, Where 3,y
is the maximum operating (set at one-half of depolarization)electric
field of the piezoelectric material. For N-set piezoelectric actuators,
therefore, the reduced modal equations of motion can be expressed
as

mse o4

dr? dr

where G is the control influence matrix which is related to the piezo-
electric actuators and can be found in Appendix C.

+ (K +K,+K,)g =GU, 29

Optimal Control Design

For suppression of panel flutter limit-cycle motions, an optimal
control approach based on the linear optimal control theory is pro-
posed. The linear panel flutter is unstable when A > A, whereas-
the nonlinear panel flutter is a stable limit-cycle oscillation. Since
the flutter is caused by this instability of the linear model, the goal
of control design is to keep the system stable. Thus, the stable non-
linear system would be controllable. The linear model is obtained
by ignoring the nonlinear term from Eq. (29):

2
M%—Z+C£+(K+Ke)q=GU,, 30)

For control design using both in-plane forces and bending mo-
ments, the stiffness matrix K, varies with U,,, and makes the problem
complicated. The problem can be simplified by first using a constant
U,,. Then the control variable becomes U, which induces bending
moment only. The equations of motion can be written as

dx
— =AX+BU : €1}
dr

where

X 1 a 0 I
- g_‘l ’ | -Ml&+K,) -MiC
T

s ©
T MG Y

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

U="U,

1 o0
=3 f XTQX + UTRU) dt (32)
: 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"'B'PX (33)

where P is a positive definite matrix obtained from the following
Riccati equation'?:

ATP+PA—PBR'B'P=—0 34)

There are many ways to select for the weighting matrix Q as long
as it is positive semidefinite. The energy weighting is one of the
common selections. Thus, the matrix @ consists of the kinetic and
potential energy of the system as

[k o 35
2=lo M (35)

Because of the limitation of the maximum electric field that can
be applied to the piezoelectric material, for a given U,,,;, there is a
constraint for the normalized control variable

Uil <1 —|Upml, i=1,2,...N (36)
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where N is the number of piezoelectric actuator sets. For differ-

ent constant U,,, an optimal feedback control gain for U, can be

obtained. Finally, an optimal set of U,, and U,, can be determined.
From Eq. (33), the feedback control gain is defined as

k=-R'B"P €x))
The norms of the feedback control gain are used to determine the

location and shape of the piezoelectric actuators. The NFCG can be
defined as

NFCG = i=12,..,N (38)

where 2n is the total number of state variables defined in Eq. (31).

The piezoelectric layers are first divided into a number of small
patches which are equal to the number of the finite elements used.
The norm is then calculated for each patch using Eq. (38). The
higher the value of norm is, the more control influence that particular
element has. The piezoelectric patch is then placed to that location.
By connecting these patches, the shape and location of piezoelectric
actuator can be obtained. This will be addressed in detail in the
following section.

Numerical Simulations

The numerical simulation is based on a rectangular aluminum
plate with symmetrically placed piezoelectric layers (Fig. 1). All
four edges of the plate are either simply supported or clamped. The
C'! conforming rectangular plate element is used in the finite element
model, and the panel is modeled as 10 x 3 (30 rectangular elements)
mesh for half-plate due to symmetry shown in Fig. 2.

The in-plane displacements at the edges are considered to be
completely immovable, i.e., u(0, y) = u(a,y) = v(x, —b/2) =
v(x,b/2) = 0. The physical parameters and the geometry of the
plate area = 12 or 241in., b = 12 in., h = 0.080in., k, = 0.050
in., A, = 0.015 in., and ¢, = 0.01 or 0.1. The material prop-
erties of the aluminum plate and the piezoelectric material are as
follows. For the aluminum plate E, = 1.0 x 107 psi, v, = 0.3,
pp = 0.2588 x 1072 1b-s%/in.%, and &, = 12.5 x 10~ 1/°F. For the
piezoelectric layer E, = 0.9 x 107 psi, v, = 0.3, p, = 0.7101 x 103
Ib-s24in?, o, = 3 x 107% 1/°F, d3; = —7.51 x 107 in./V, and
e3mix = 1.52 x 10* V/in.

In-Plane Force

Flutter suppression by induced piezoelectric in-plane force only
(no bending moment) with a one-set completely covered piezoelec-
tric actuator is investigated first. Figure 3 shows an increase of the
critical dynamic pressure for a simply supported square panel. The
normalized electric field, e,, /€3 max, varies from 0 to 1. When setting
the electric field e,, to its maximum e3 ,,, the in-plane force reaches
to its maximum. On the other hand, when setting e,, to zero the in-
plane force is also zero. The critical dynamic pressure is increased
less than 25% by setting €,,/e3max to one. This is because the in-
plane force induced by piezoelectric actuators is small. Therefore,
the in-plane force is not efficient in panel flutter control. In the rest of
the simulations, the electric field for in-plane force e, is set equal to
zero. This can be achieved since the voltages applied to the top and
bottom piezoelectric layers can be equal in magnitudes and opposite
in signs. Thus, only bending moment will be produced.

Time History and \pyax

An optimal control theory is applied to achieve the panel flutter
suppression by using piezoelectric actuators with induced bending
moments only. The finite element time domain—modal formulation
for panel flutter!! is first solved to yield a limit-cycle motion by
the use of the Runge—Kutta method. The panel deflection is repre-

sented by six linear modes (n = 6) in Eq. (25). Nonlinear equations.

of motion, Eq. (26), are used for all of the numerical simulations.
Optimal control design is based on linear modal equations of mo-
tion and is performed for every dynamic pressure. The weighting
matrix R is chosen as an identity matrix times a positive constant.

‘ y Element Number
b2 :
31 6[9 f12 131821412730
v 2 sks |l irtaopsasias
7 19p2)25]24]

Fig.2 Finite element mesh, half-plate model.
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(4]
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0.0 0.2 0.4 0.6 0.8 1.0
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Fig. 3 Critical dynamic pressure vs in-plane force for a simply sup-
ported square panel, ¢, = 0.01.
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Fig. 4 Time history of limit-cycle amplitude and control effort with
one-set completely covered actuator for a simply supported square panel
at \ = 1420,¢, = 0.01.

Figure 4 shows the time history of the plate deflection with the one-
set completely covered actuator design. The time response of the
plate deflection demonstrates a limit-cycle motion at A = 1420 in
the beginning. The plate deflection is shown to be suppressed within
several cycles after the controller is activated.

The maximum flutter-free dynamic pressure A, is defined as the
maximum A under which the flutter can be completely suppressed
with piezoelectric actuations. The numerical simulations show that
the flutter can be suppressed completely below A, by using the
constant control feedback gain properly designed at the Anpax. The
ratio of Amax 0 Ay is a good indicator for the performance or effec-
tiveness of the piezoelectric actuator design.

One-Set Actuator

The one-set piezoelectric actuator placed at the leading edge of the
plate is studied first. The percentage of piezoelectric material cov-
ered (x,;/a) can be varied. The critical dynamic pressure, maximum
flutter-free dynamic pressure at x,/a = 0.2, 0.5, and 0.8 are shown
in Table 1. The Ay /A ratios indicate that more piezoelectric ma-
terial does not necessarily improve the performance.

Figure 5 gives the values NFCG for a simply supported squared
isotropic plate (a/b = 1) by considering the piezo at each element
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Table 1 Simply supported square isotropic plate with one-set
piezoelectric actuator placed at the leading edge, ¢, = 0.01

Xg/a 02 0.5 0.8

Aer 165 277 383
Mmax 533 1025 1249
Amax/Aer 32 3.7 33

Table 2 Simply supported square isotropic plate with one-set
partially covered piezoelectric actuator with different
NFCG, ¢, =0.01 )

NFCG=> 50 60 80 100 120 160
(—R‘E&) ©040) (030) (0.23) (0.200 (0.14)  (0.07)

total area

Aer 265 246 215 203 176 163

Amax 845 745 799 813 713 498

Amax/Aer 32 3.0 3.7 4.0 4.1 3.1
ay

28158 14612921 j15(12(9.(7 |3
77 [158[127]81 | 5739 32 {24 {18

106R16[175 [111]78 | 5243 |32 25|11

o

v

A=1000, 60-set piezo, simply
supported isotropic plate, a/b=1

Fig. 5 Norms of feedback control gain for a simply supported square
plate, ¢, = 0.01.

as a single actuator. There are total 30 actuators for 30 elements.
The higher the norm is, the more control influence of that corre-
sponding patch is. Based on this criterion, several boundaries for
the NFCG have been set up. For example, by considering elements
1, 4, 5,7, 8, and 10 (see Fig. 2) as one patch for NFCG greater
than 100, we can generate a shape for the piezo patch. Using this as
a design criterion, an optimal actuator shape for a certain constant
gain has been obtained. A refined actuator shape can be obtained
if we use more elements. Table 2 lists the critical dynamic pres-
sures Ao, maximum flutter-free dynamic pressures Amax, and their
ratios for different norm values of the feedback control gains deter-
mined by Fig. 5. The critical dynamic pressure in Tables 1 and 2
increases as the piezo size increases because the panel is stiffer. Itis
interesting to note, however, that the maximum flutter-free dynamic
pressure does not necessarily increase as the patch size increases.
This is true due to the nonlinearity involved in this region. Because
of variation in A, values, Ay alone is not good enough to judge
the control performance. The ratio Anyax/Ac, is then adopted to de-
termine the optimal design for the piezo patch. The higher the ratio
is, the better is the performance of control. For NFCG > 80, there
are four possible one-set actuator designs. The shape and location
of the piezo patch and the control performance Apmax /A, for the four
designs are shown in Fig. 6. It is clear from the Table 2 and Fig. 6
that the best design in present study is given by the patch consisting
of the elements 4, 5, 7, and 8 (see Fig. 2). The dynamic pressure
can be increased 4.1 times A.,. The results shown in Tables 1 and 2
reveal that the application of the NFCG not only provides the opti-
mal actuator shape and location but also yields higher performance
even for small patch of piezoelectric material (e.g., for piezo/total
area = 0.14, Apax /A = 4.1).

Figure 7 indicates the NFCG values and an actuator design for
a simply supported rectangular isotropic plate (a/b = 2). With
this design the dynamic pressure can be increased 3.9 times of
Acr(= 442).

Two-Set Actuator

The two-set piezoelectric actuator is also investigated for a sim-
ply supported square isotropic plate. The piezoelectric materials are
completely covered and separated into two sets at x,. Figure 8 shows
the Amax/Ae varying with the normalized separation position of the
two-set completely covered actuators. The Ay, /A, reaches its max-
imum at about x, /a = 0.5. It is not surprising to see that the two-set

NFCG>160|
= 31
INFCG>120]
Amax
M 41
A:Cl'

b)

Fig. 6 One-set partially covered piezoelectric actuator designs for a
simply supported square plate, ¢, = 0.01.
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Fig.7 NFCG and one-set partially covered piezoelectric actuator de-
sign for a simply supported rectangular a/b = 2 plate, ¢, = 0.1.
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Fig.8 Performance of two-set completely covered actuator for a simply
supported square plate, ¢, = 0.01.

piezo actuator can reach a much higher A, due to the much higher
stiffness induced by the piezoelectric layers.

The effect of different boundary conditions is also studied. The
NFCG and actuator designs for a clamped square isotropic plate
(a/b = 1) are shown in Fig. 9. The maximum dynamic pressure
Amax is only increased for about two times the -critical dynamic
pressure A, (= 403) because the plate is much stiffer with the
clamped boundary conditions. The piezos are partially covered on
the top and bottom of the plate. Figure 9 shows that two-set piezo-
electric actuator design is slightly better than one-set actuator de-
sign. This is true because the control effort for two-set design can
be much more flexible.

Effect of Temperature

The flutter suppression is also investigated under two uniform
temperature conditions which are moderate (AT/AT, = 3.0)
and high (AT/AT, = 6.0) temperatures, where AT, denotes the
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Fig.9 NFCG and one- or two-set partially covered piezoelectric actu-
ator design for a clamped square plate, ¢, = 0.1.
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Fig.10 Time history of periodic motion and control effort for a simply
supported square panel at AT /AT = 3.0 and X = 100,¢, = 0.1.
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Fig. 11 Time history of chaotic motion and control effort for a simply
supported square panel at AT /AT, = 6.0 and X = 200,¢, = 0.1.

critical buckling temperature. The piezoelectric actuator configura-
tion in Fig. 6¢c (NFCG > 100) is used in this study. The time history
and control effort at AT /AT, = 3.0 and 6.0 are shown in Figs. 10
and 11, respectively. At the moderate temperature, the panel motion
in Fig. 10 is periodic, and the flutter motion can be completely sup-
pressed by the piezoelectric actuation. However, the panel motion is
chaotic with snap-through or oil-canning behavior at high temper-
ature as shown in Fig..11. As the limited control effort is activated,
the panel motion becomes a limit-cycle oscillation, and the peak
amplitude reduces by about one-half. With increased piezoelectric
actuation by using higher maximum electric field (say 80% of the de-
polarization) with the present configuration or thicker piezoelectric
layer, the limit-cycle motion may be suppressed. Further investiga-
tions are warranted.

Conclusions

A finite element time domain—modal formulation is presented for
the panel flutter suppression. The performance of flutter suppres-
sion using piezoelectric actuation is demonstrated by increasing the
maximum flutter-free dynamic pressure Am,x of the ratio of Ay, to
the critical dynamic pressure A.,. The linear optimal control design
is based on the linear modal equations of motion whereas the nu-
merical simulations are obtained by solving the nonlinear dynamic
flutter equations. The numerical simulation shows that the in-plane
force induced by piezoelectric layers is insignificant in flutter sup-
pression. Because the operating electric field is limited (one-half of
depolarization field), the use of in-plane force reduces the remaining
control power for bending moment and degrades the performance.
Therefore, the in-plane force is set equal to zero in all of the simula-.
tions. The optimal shape and location of the piezoelectric actuators
have been determined for one particular weighting constant by con-
sidering the norms of the feedback control gain matrix as a design
criterion. Once the optimal control gain is properly selected at the
maximum flutter-free dynamic pressure Ay, it can be used to com-
pletely suppress the flutter with any dynamic pressure lower than
Amax. The performance of piezoelectric isotropic plate with differ-
ent boundary conditions and aspect ratios has also been studied.
With optimal feedback control through a one-set partially covered
piezoelectric actuator, the critical dynamic pressure can be increased
about four times for simply supported isotropic plates. The critical
dynamic pressure is increased only about two times for clamped
squared isotropic plate because the plate is much stiffer. The two-
set actuator design yields better performance than one-set actuator
design because of more flexibility in control. Suppression of ftutter
motions, periodic and chaotic, at moderate and high temperatures
is also investigated.

Appendix A: Linear and Nonlinear Stiffness Matrices
Linear stiffness terms in {W;} are

[K1{W,} = (A + [Kp] — [Kyar] — [Kn){Ws}
+ (K pmIKnl ™ {Prar} + {Pue)) (A1)

First-order nonlinear stiffness in {W,} is
[K1] = [K1ynls (A2)
Second-order nonlinear stiffness in {W},} is
[K2] = [K2] — [K Upm[Kn] ™' (K 1o (A3)
where all the system matrices in Egs. (A1-A3) have been defined
in Eq. 21).

Appendix B: Nonlinear Modal Equations

The nonlinear stiffness matrices [K1];, and [K2] can be ex-
pressed in terms of the modal coordinates as

(K1l = Y 4, [K 115 ®D)

r=1

and

(k2= Y g kA ®2)

r=1s=1

where the nonlinear modal stiffness matrices [K I]g”)l and [K2]¢%
are evaluated with the normal modes {¢,} and {¢,}. Thus, [K 1],(,'”)1
and [K 2] are known matrices.

The nonlinear stiffness matrix {K1y,,]; is linearly dependent on
the in-plane displacement {W,,} which can be expressed in term of
the modal coordinates as

{Wm} = [Km]_l({PmAT} + {Pme} - [KI]MIJ{WIJ})

= {Wnho+ Zn: Zn: rqs{Wnl}rs (B3)

r=1s=1
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where
(Wm}() = [Km]_l({PmAT} + {Pme]) (B4)
{Walrs = —[Kn] ' [K119) {0} (B5)

This leads to the matrix [ K 1y,,], which is the sum of two matrices:
the first matrix [K y,, ] is evaluated with {W,, }o and the second matrix
[K2xn]79 is evaluated with {Wm }” as.

[Klwml = Knnl + Y ) @, [K2un]™  (B6)

r=1s=1

With the modal transformation equation (25) and Eqgs. (B1-B6),
Eq. (22) becomes

d’q  _dg
M-— — +Kq+Kq+K,;q=F B7
drz+cdr+ q+K.q+K,q ®B7

where the diagonal modal mass and aerodynamic damping matrices
are

M, C) = DT (IM}], 2.,[G])® (B8)
the linear terms in g are

Kq = ®7 ([A] + [K] - [Knar] + [Knn]) ®g

+@7[ > g K11 (Wnlo (B9)

r=1
K.q=—9"[Ky.1Pq (B10)
the cubic term in g is

quq o d Zn: Zn:qrq“'[KzN”'](m) + Zn: i ‘IrQ.v[KZ]("V)

r=1s=1 r=1s=1

= 3> ¢a KUK K1), { og (B11)

r=1s=1

and the modal force vector is

F=o"{P,} (B12)

Appendix C: Control Influence Matrix

The control influence matrix G in Eq. (29) can be determined as
follows:

GU, = &7(P,,} = T P.U, (1

where the control variable vector can be expressed as
Uy={Upn Up - Un}" (€2

and the matrix related to piezoelectric actuators is given by

P.=[P, P,---Py] (C3)

where N in the expressions represents the total number of piezo-
electric actuator sets; P; is a vector assembled from the piezoelectric
element force vector, which can be written as

Pi=(esmadi Y (pe}d), i=12,....N (C4

elements

and

(€5

5 0, when the element does not belong to seti
"7 | 1, when the element belongs to seti
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