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In this study, a passive suppression scheme for nonlinear flutter problem of composite panel,
which is believed to be more reliable than the active control methods in practical operations, is
proposed. This scheme utilizes a piezoelectric inductor-resistor series shunt circuit. The finite
element equations of motion for an electromechanically coupled system is derived by applying
the Hamilton’s principle. The aerodynamic theory adopted for the present study is based on the
quasi-steady piston theory, and von-Karman nonlinear strain-displacement relation is also
applied. The passive suppression results for nonlinear panel flutter are obtained in the time
domain using the Newmark-/ method. To achieve the best damping effect, optimal shape and
location of the piezoceramic{PZT) patches are determined by using genetic algorithms. The
effects of passive suppression are investigated by employing in turn one shunt circuit and two
independent shunt circuits. Feasibility studies show that two independent inductor-resistor
shunt circuits suppresses flutter more effectively than a single shunt circuit. The results clearly
demonstrate that the passive damping scheme that uses piezoelectric shunt circuit can effectively
attenuate the flutter.
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Nomenclature h . Piezoelectric constant matrix
a . Panel length L . Inductance
b . Panel width Da . Freestream aerodynamic pressure
c . Elastic stiffness matrix Q . Charge
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Ds . Electrical displacement (charge/ V5 - Applied voltage
area in the z direction) Vamax . Maximum applied voltage
h . Panel thickness Ve . Freestream velocity
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oflo} . Stress vectors

r . Nondimensional time ( wot)

@ . Normal mode vector
Superscripts

D . At constant electric displacement
S . At constant strain

i . At constant stress

T . Transpose

Subscripts

a D AIr

b . Bending

h . Host structure (composite plate)
m . Membrane

p . Piezoelectric material

1. Introduction

The panel flutter is a self-excited aeroelastic
phenomenon. It is caused and maintained by the
interactions between the motions of an aircraft
structural panel and the aerodynamic load exerted
on that panel. It occurs most frequently in
supersonic/hypersonic flows, and the inclusion of
a thermal effect by aerodynamic heating tends to
reduce the panel stiffness (thermally induced ge-
ometry stiffness decreases when the thermal load
increases), which enables flutter motion to occur
at lower dynamic pressures than in the absence of
the thermal influence.

The linear analysis of the panel flutter can
predict airflow speed at which the panel becomes
dynamically unstable and the amplitude of
oscillation starts to grow exponentially with time.
In reality, the nonlinear effect of the panel starts
to appear after the amplitude has increased to a
certain level, and the vibration level reaches a
bounded value (so-called limit-cycle)

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
piezoelectric materials (Nam and Kim, 1996 ; Lee
et al., 1999).

Many works on the suppression of nonlinear
panel flutter by using the piezoelectric material or
shape memory alloy have been carried out. Scott
and Weissharr (1994) performed an active sup-

pression research on increasing the flutter velocity
by using the piezoceramic and shape memory
alloys based on the linear plate theory and Ritz
method. Zhou et a/ (1995) used the finite element
method to suppress the nonlinear panel flutter
under a uniform thermal loading by applying a
modal reduction scheme and LQR linear control.
The feasibility of passively dissipating mechanical
energy with electrical shunt circuits was
investigated. Hagood and von Flotow (1991)
formulated the equations of the mechanical and
electrical motion with piezoelectric material
shunted with electrical circuits composed of a
resistor alone or an inductor-resistor resonant
shunt to provide damping for the beam.
Hollkamp (1994) showed that multiple modes
could be suppressed by using a single
piezoelectric patch connected to multiple inductor-
resistor-capacitor for a beam model. Tang et al.
(1999) showed that the structural vibration could
be suppressed effectively by using the active-pas-
sive hybrid piezoelectric network for a beam
model. However, most of the previous papers on
resonant-shunted piezoelectrics have a serious
limitation in that the theories are applied to the
case of the uniaxial loading on the beam. For
more complex structures and loading conditions,
the aforementioned works need to be modified to
give reasonable solutions. Hollkamp and Gordon
{1995) investigated a suppression scheme for two~
dimensional planar problems by using a passive
piezoelectric network. Lag mode suppression of
hingeless helicopter rotor blade was investigated
by Kim et al. (1999) using
piezoelectric damping scheme.
studies on suppression of the
nonlinear panel flutter have been carried out by

the passive
Previous

applying active control methods. However, appli-
cation of the active control methods to practical
flutter problems have major disadvantages in that
a large amount of power is required to operate
actuators, and additional hardware such as
sensors and controllers is needed. In this paper,
an efficient piezoelectric passive damper is
devised for suppressing the nonlinear panel flutter
by applying the finite element method. For

effective damping, a genetic algorithm (Goldberg,
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1989) was devised to obtain the optimal shape
and locations of the piezoceramic material (PZT)
that maximizes the modal damping force for the
controlled modes. For a shunted model, there are
two kinds of piezoelectric shunt circuits: one is
composed of a resistor alone and the other is a
combination of a resistor and an inductor. Here
we focus on the electric circuit that consists of
inductor (L) -resistor (R) elements in series, where
the device creates an electrical resonance by
properly tuning the
increases the damping of the system. Its behavior

shunt circuit and also

is analogous to that of a mechanical vibration
absorber. In this study, a single piezoelectric
shunt circuit and two independent shunt circuits
are used in turn for suppression of the nonlinear
panel flutter. Optimal resistance and inductance
values are determined by the pole placement
method. The governing equations of the panel,
connected to an electric circuit consisting of a
resistor and an inductor in series, are derived
from the Hamilton’s principle taking into account
the von Karman plate theory and the thermal
effect by aerodynamic heating. The aerodynamic
force applied is based on the quasi-steady first-
order piston theory. The equations of motion of
the piezoelectrics and shunted circuit as well as
the plate are discretized by the finite element
method. The modal reduction is carried out with
the first few modes in airflow direction and only
the first mode in the spanwise direction. Using the
Newmark-/ method, results of the passive sup-
pression for a simply supported composite panel
are presented in the time domain.

2. Constitutive Equations

The linear piezoelectric constitutive equations
of a piezoelectric material can be written as
follows:

o=c’e—h"D
E=—he+p°D

where ¢ and ¢ represent the mechanical stresses

(1)

and engineering strains in vectorial notations,
respectively. E is the electric field vector {volts/
length along the transverse direction), and D is

the electric displacement vector(charge/area in
the transverse direction). ¢ represents the elastic
stiffness matrix of piezoelectric material, and
superscripts ( )° and ( )© denote that the values
are measured at constant strain field and electric
displacement field, respectively. The superscript
( )7 denotes transposition of a matrix.

For a piezoelectric material polarized in the
thickness direction (“3” direction), impermittivity
components B° are expressed as follows:

ri/en o0 0 1
g= o 1ei o
L o 0

‘ (2)
=

and piezoelectric coefficient h can be expressed as
follows:

T0 0 0 0 Jus07
h=1 0 0 0 hus 0 0 | (3)
L hat s O 0 O

where &€ is the dielectric constant and the mate-
rial is approximately isotropic in the “1” and “2”
directions.

For a piezoelectric material under plane stress,
the piezoelectric coefficient matrix h can be
expressed as follows:

h=[/a ha 0] (4)
where the piezoelectric constant /i3; can be written
as [see Appendix ]

da E”

eL{l—y) (5)

ha=gu(ch+chh) =

and superscript ( )! denotes that the values are
measured at constant stress.

Then, the stress—strain relationships of the
isotropic piezoelectric layer subjected to a tem-
AT(x, vy, 2) due to
aerodynamic heating in the supersonic flow is

perature variation

expressed as follows:

Ox by 0 T orex
{O'y =< 1§12> v 1 0 !{Ey
Ty P L0 0 (1—v)/2 2Ly,
AT ha
~(Ea) far plinl  ®
= AT

and the electric field becomes
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Ex
1
Es-_-*é“rDa—[hsl ha 0]{ €y ] (7
3
Vxy
where subscript p represents piezoelectric materi-
al.
For k-th layer of a composite plate, the
constitutive equations based on the plane stress
state can be written as follows:

Ox Y% Q—ll 0—12 Q—ls 2[{ Ex Qx Yk
{dy} 2{612 522 Q_za} {{ Ey ]"“AT[ Qy } } (8)
o't L Qs Qs Qs 7o 't

where subscript % represents the host structure, a
represents the thermal expansion coefficient, and
Qs matrix denotes the transformed reduced
stiffness.

The dynamic equilibrium equation of the com-
posite plate integrated with the piezoelectric
actuator is derived based on the classical
laminated plate theory (CLPT). According to the
Kirchhoff hypothesis, the displacement field (z,
v, w) is expressed as

wlx, v, 2z, ) =uolx, vy, t) — _‘?).ZL

vix, y, z, t) =wolx, v, £) — %—Z)— (9)

w(x, ¥, 2, t) =wlx, v, 1)

where (w0, v, wo) are the displacement field of a
point on the mid-plane of the laminate. A
laminate coordinate system is assumed such that
x and y are the in—plane axes and the z-direction
coincides with the thickness direction of the
laminate.

By invoking von Karman’s large deflection, we
have the following Green-Lagrangian strain-dis-
placement relations (Chia, 1980):

Ex Uo,x ! wz.x
€={ €y }:{ vo,y }4"7{ wz,y }
Vxy Uo,y T+ Vo,v 2W,xW,y

W, xx

—24{ Wy }=sm+50+zk (10)
2W,xy

where () ; represents the partial derivative of { )

with respect to ith coordinate and & is the linear

membrane strain vector, €y is the nonlinear mem-

brane strain vector due to large deflections, and k
is the bending curvature vector.

3. Aerodynamic Theory

The transverse forces acting on the panel under
a sufficiently high supersonic Mach number (M >
1.7} flow can be suitably described by the quasi
-steady first-order piston theory(Lee et al., 1999)
given by

—_pdVE [ ow | . 40w
pd'—' ﬂ lcos¢axlsm¢ay
ME—2\ 1 dw
(9=t v (11)
=—</%-al~)§cos ¢%+/¥£—3~sm ¢%Z;L
gaDaw
+(Do a" 8t>

where p, is the freestream aerodynamic pressure
and p. is the air mass density. V. is the
freestream velocity, parameter § is defined by 8=
(M2—1)" | M. is the Mach number, ¢ is the
angle between the airflow and panel’s x-axis, and
a is'the panel length. D is the first entry of the
laminate bending stiffness matrix calculated when
all the fibers of the composite layers are aligned in
the direction of the airflow.

The nondimensional aerodynamic pressure
parameter A and nondimensional aerodynamic
damping g. can be expressed as follows:

Vou (sz—z) (1
ohwof

where o is the mass density of the panel, and % is

A:‘:pea szds/BD, ga— pa 2)

the panel thickness.
A convenient reference frequency is defined by

D
Wo™=,/—7 7 13
o=y ohE (13)
Non-dimensional mass parameters such as air
-panel mass ratio and the aerodynamic damping
coefficient are introduced below:

—Pad (M2 p
M= oh’ Ca_< M2 )B (14)
For Mach number M. > 1,
8=+ (Aca) and c.=p/ M- (15)
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4. Governing Equations

For an electromechanically coupled system,
equations of motion can be derived using the
Hamilton’s principle.

sTi=s [“(T=trdi+ ["swdt=0 (16)
1 ca s, v
T=—2~/Vp(u + 240 dV (17)

U=1[c0dv+s [0,V ++ [ DEAV (18)

where 7 denotes the kinetic energy of the
integrated system and {J is the potential energy
which consists of the strain energy and electrical
energy. The virtual work due to the aerodynamic
pressure and electric potential is qiven by

SW=(—L{—RQ) 6Q+fA SwTpadA  (19)

where I and R are inductance and resistance in
the shunt circuit, respectively. € is the charge of
piezoelectric material due to deformation.

Then, the potential energy is given by:

6U=L[6s£ Qen+8ehQes+ 55 Qzk
+08el Qen+ el Qe+ 8el Qzk
+20kTQen+20kT Qes+20kT Qzk
+8eh QA Ta— 8eIATQa
—20k"ATQa~ é‘s;.hTDs— 8elh?Ds
—20k™h"Ds+8Di = =50 (20)
- 8D3 hsléx_ 8D3Th31€y]dv

In Eq. (20), the terms denoted by bars are
derived from the electrical energy.

A 4-node conforming plate element is
employed in this study. There are two in-plane
degrees of freedom (%, v) and four bending
degrees of freedom (w, w.x, Wy, W) at each
node.

wi={ w1, Wix, Wiy, Wiy, Wa, Wax, Wey, Waxy, Wi
Wix, W3y, Waxy, W4, Wax, Way, Waxy }T
wh={ 1, U1, Uz, Vs, U3, Us,Us, Vs }© (21

The Lagrange and Hermite polynomials are
used to interpolate each of the in-plane and

bending displacements, respectively. The dis-

placements (z, v, w) can be expressed by nodal
degrees of freedom as follows:

{ : }z{ E: }wfn:Nman, w=N,w (22)

The membrane strain components and
curvature can be expressed in terms of the nodal

degrees of freedom

Brx
Em= [ Bmy }Wf}z =B,wh

Bm;ol
dw \* dN, 2
(%) (%)
_ L] fowN | _ L 0N, L\
68—2 <ay> 2 <8ywb>
aw Bw GNe, aNb
Yox dy Yo Vg, dy WS
1 (Baxwg)z | Wb BoxBaxWb
=?‘[ (Beyw?$)? }37{ WiTBg,Byxwi }
2B6ngB0ng ZWETngBong
asz
Tox?
B
=1 T ST Wh = Bky =BxW5
zaszWb hiid
d0xox

and the virtual membrane strains and curvature
are expressed as follows:
en=Bndwh
T
Wg ngBaxwg
T
3€o={ w§ Bi,Bedws }(24)
T T
w$ BixBadwi+wi BiyBadwe

Sk=B.dwW}

The electrical displacement, Ds, is the generated
charge per area, Ap, of a piezoelectric material. It
is assumed that Dj is constant along the thickness
direction.

DK;_.Q__ (25)

Ap

By using Eqgs. (22) ~ (25), the element matrices
are obtained and matrices which relates to electric
charge can be written as follows:

- fy SeTh™Dyd V =0w% HmeQ (26)

- / SeTh™Dad V=0wE HireQ+ ows Kiopgws (27)
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- fv 28kTh™Ded V =6wE H O (28)

[oDdeDpav=s0tc@ (29

v 33 P

/;* SDshnex—8Dshae,d V= aQTquanT
+8QTHopws +0Q H wwi’ (30)

where H is the coupling matrix between the elec-
trical and mechanical motion and can be

expressed as follows:

Hi,=- [ 2BI"/ArdV, Hie=— [ BI"/ArdV
! ' (31)
o= |, i (BiBuwS -+ BEBowS) /Ard V

K1%:0(Q) is the stiffness matrix that depends
linearly on the electrical charge and can be writ-
ten as follows:

Kioa(Q) =5 i (BB +B5Bo) /A (32)

After assembling the element matrices, we ob-
tain the following discretized governing equations
for electro~mechanically coupled structures.

M,W+GW,+ [AA + K, +Kuar
+ Kiong (@) +Kioso (Ws) +Kioom (W)
+K2b (W%) ]Wb+ [Kbm +Klbm (Wb) ]Wm
=Poar + HsqQ+ Hisg (W5)

mem + [Kmb +Klmb] Wb +KMWM=PMT+ quQ (34)

LQ‘*‘RQ*‘FQ (HE+Hl (W,) ]W,+HL W (35)

(33)

Equations (33) and (34) describe the equilib-
rium equations of motion for the integrated sys-
tem incorporating a piezoelectric material with
force given by HQ. The mechanical vibration of
the piezoelectric material produces the electrical
charge of the piezoelectric material, and this
charge the piezoelectric force that
suppresses the vibration of structure. Equation
(35) represents the electric circuit which consists
of L-R-C elements in series and clearly shows
that the mechanical deformation generates an
induced voltage H'W across the electrodes of the
piezoelectric material. Equations (33) ((35) can

induces

be expressed in the form of block matrices.

M, 0 0(Wsy GO O-

{o Mmo1wm}+;ooo

o o LINXG) LooRr
Wb AA 0 0 Kb Kbm -‘Hbq
1Wm}+<{ 000+ Kmn Kn —~qu}
Q 0 00J L-HE —-HL, 1/CS

Kuysr 0 0- Klbbq(Q) (URY)
+( 0 00 4{ 0 00}

[

- 0 004
Koo (Wo) +Kisom (Wn) Klbm(wb) “qu(wb)
’{ Kims (W) 0 }
—Hlbq(wb) 0 0 -
bi(W%) Poar
[ R
0 0 0 .

or,
MU+CU+ (AA+K+Knr+Ki+K) U=P (37)

where subscripts b and m indicate the bending
and in-plane motion, respectively. M, G and K
are the element mass, aerodynamic damping, and
linear stiffness matrices, respectively, and Kuur is
the temperature induced geometric stiffness. K
and K are the first-order and second-order
nonlinear stiffness matrices which depend linearly
and quadratically on the element displacements,
respectively. P is the temperature induced load
vector and A is the skew-symmetrical
aerodynamic influence matrix. All the element
maftrices are symmetric except for A. C7° is the
inherent capacitance of the piezoelectric material.

Equation (36) is derived for one piezoelectric
patch, and it can be easily extended to multiple
piezoelectric patches. For example, in the case of
two independent piezoelectric patches of Fig. I,
Eq. (36) can be rewritten as:

~M, 0 0 © W, FrG0 0 0 -
0 Mn, 0 O W,,, +; 000 O
0 0 L; 0 o iooRlo
S0 0 0 L.-l & “00 0 R
W FAA 0004 - K Kim Hi Hi
V'&_{m . ] 0 000],| Kno Kn Hhy H%
& iOOOOJ He Ham 1/Chr 0
&) 0000+ -“H% H:W 0 1/Ca
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Fig. 1 Schematic diagram of a panel with two
piezoelectric patches

~Kyr 00 0~ ;"Klbbq(Q) 000-

i

|
.0 000 . 0 000
+i o 000 T o o000
0 000~ 0 000~
i_Klbbb(wb) +K1bbm<wm/ Klbm(wb> H%bq(wb) H%bq(wb) _‘
+1 Kims (W) 0 0 0
O Hia(W) 0 0 0|
L Hem (W) 0 0 o -
K2, (W3) 00 07- (W, Prar
0 000 )\ Wa|_| Pur
Ho o 000 Nal= (38)
0 000-" | @ 0

5. Solution Procedure

In the development of a flutter suppression
strategy, it is generally impractical to consider all
modeled modes because of large degrees of
freedom of the system involved. This section
describes the methods for modal transformation.
The generation of a large piezoelectric force is
suppress flutter
piezoceramic material(PZT) satisfies this re-

needed to effectively, and
quirement. In the design of PZT, the optimal
placement of PZT is calculated to maximize the
piezoelectric force, and the genetic algorithm is
used as an optimization method.

5.1 Model equations

Equation (37) can be changed to the properly
chosen modal coordinates by the following modal
transformation.

U:gé 777‘3(1”{ ¢rs} (39>

where 7y is the modal displacement vector and
{ ¢rs} is the normal mode vector obtained by

solving the eigenvalue problem of the form

K{ brs }=l‘M{ ¢rs} (40)

It is well known that the response of the panel
flutter produces good results even though only the
first six modes (m=1, 2, 3, 4, 5, 6) are considered
in the airflow direction and the first mode {(n=1)
alone is considered in the spanwise direction
(Dowell, 1966). Then, Eq. (39) becomes

U=TZ’:Il 2-(){ 6, ) =Dy - (41)

Substituting Eq. (41) into Eq. (37), the system
equations of motion (37) can be expressed as
follows:

M7 .+Cn.+ (K+K,+K,,) =P  (42)

where r=wet is the nondimensionalized time
variable, and the modal stiffness matrices and
modal thermal force vector are expressed as
follows:

K=0"(AA+K+Kuwr) @
K,=0’K,®, K»n=0"K. P

P=@"P (43)
The reduced nonlinear modal equation of
motion, Eq. (42), can be solved using time nu-
merical integration scheme such as the Newmark-

S method.
5.2 Optiamal shape and locations of

piezoelectric materials

As the piezoelectric force HQ is increased, the
damping effect induced by the piezoelectric patch
is increased. Additionally, a larger induced
voltage H'W increases the dissipation of the elec-
trical energy through the resistor in the electric
circuit. Moreover, the damping effect can be
effectively augmented if the electro-mechanical
coupling matrix H is designed to increase the
piezoelectric force corresponding to the modes
that are to be suppressed. Note that the electro-
mechanical coupling matrix, H, depends on the
locations of the piezoelectric patch as well as the
piezoelectric material property hs;. Therefore, it is
desirable to place the piezoelectric patch at the
location that maximizes the modal piezoelectric
force. Based on this observation. the optimal
shape and location of the piezoceramic patch can
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be determined through optimization by the
genetic algorithm (Tang et al., 1999), with the
number and sizes of the piezoceramic patches
given as inputs. When an element is covered with
piezoceramic patches, that element is turned on;
when an element is not covered, it is turned off.
The performance index used in the optimization
process can be defined by

J=Min(| $"H| . (44)

where ¢"H is the modal
piezoelectric force per unit charge, and the
subscript ¢ is the mode to be suppressed. ¢ is a
column matrix composed of the eigenvectors of
the modes to be suppressed and it is assumed that
the plate is perfectly bonded to the plate.

ko Koy e @

The maximization of J gives the optimal
design.

After the optimal shape and locations of the
piezoelectric patch are determined, the optimum
magnitudes of the resistance and inductance must

associated with

be determined, and those values can be obtained
by the pole placement method (Hagood and
Flotow, 1991).

6. Numerical Results

Passive suppression of nonlinear panel flutter is
numerically tested. The six-coupled nonlinear
equations of the modes denoted by the modal
indices, (m, n)=(1, 1) and (2, 1)-(6, 1), are
integrated by using the Newmark-A method and
the responses of the panel motion are calculated
at a location with coordinates x=0.75q and y=0.
5b. For the analyses, a simply supported [45°/-45
°/90°/0°]s square graphite/epoxy composite plate
is modeled. The material properties of the
graphite/epoxy composite
materials are summarized

and piezoelectric
in Table 1. The
dimensions of the composite plate are 0.3 X0.3 X
0.001m. The piezoelectric patch is bonded at the
bottom side of the panel to avoid obstructing the
airflow, and the piezoelectric layer thickness is
assumed to be 0.0005m.

The temperature distribution in all cases is

Table 1 Material properties

PZT
Property Gr/Epoxy  (PSI-5A-S4-
ENH)
Elastic property
E\(GPa) 155 66
E»(GPa) 8.07 66
G12(GPa) 4.55 25.38
Viz 0.22 0.3
Thermal expansion(107%/°C)
[42) —-0.07 4
& 30.1 4
Piezoelectric coefficient (1072m/V)
da 0 —190
Electric permittivity
EH/E, 0 1880
( €, =885 x10712
farads/m)
Mass density (kg/m?) 1550 7800

¥ the thickness of composite plate = 0.00i m
T the thuckmess of PZT = 0.0005 m

é |12|wjaalx|x|e |=.1-:-ai:'4:| A
i | T
il
eyl
."lll ’ 3 5 ;
|| i
™ T 121!
| a '-‘f"ld_‘-‘ @2 |
4 b
L | b=05m
Biw|as || ‘
|
|
11 !
2 yf.|4'|57 8 !
| |
| 1 |
3 ".'i-t.'_“:? s 1!
| l .
>
| & I x
' g=03m

Fig. 2 The shape and the locations of piezoceramic
patches

assumed to be AT =T, sin (nmx/a)sin (xy/b),
and the aerodynamic damping coefficient is as-
sumed to be u/M«=0.01.

The critical buckling temperature of the panel
is calculated to be 16.6°C for the panel as shown.
in Fig. 2.

In Fig. 3, the modal frequency and damping
ratio of the plate are calculated as a function of
inductance at a fixed resistance (R=38990hm).
It is found that the optimal inductance, which
produces the maximum damping ratio, is 25



Passive Suppression of Nonlinear Panel Flutter Using Plezoelectric Materials with Resonant Circuit 9
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Fig. 3 Effects of inductance on the modal frequency
and damping ratio for first flutter mode(1, 1)
(R=238990)
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Fig. 4 Effects of inductance on the modal frequency
and damping ratio for first flutter mode(1, 1)

(L=25H)

Henry and that the maximum shifts of the modal
frequencies occur near the point of the maximum
damping ratio.

In Fig. 4, the modal frequency and damping
ratio of the flutter mode (I, 1) are calculated as a
function of the resistance at fixed optimal
inductance value (25 Henry) given in Fig. 3. It is
observed that the optimal resistance, which prod-
uces the maximum damping ratio, is 2800 Ohm. It
is also observed that the maximum shift of the
modal frequency occurs near the point of
maximum damping ratio as in the previous case.

A larger portion of the electrical energy is

dissipated in the resistor during a vibration cycle

L RN N SN DU I FIFINIL PN DU IR .
] 2 3 4 5 L] r B 9 0 1"
Nendimensional Time

"

4 s L] T L] ) w0 "
Nendimensiong! Time

Figure 6. Time history of pancl motion for active control case
{AT/AT=0, A=290).

Fig. 6 Time history of panel motion for active con-
trol case(AT/AT =0, 1=290)

when the optimal inductance and resistance are
used.

Figure 5 shows that the panel motion at the
short circuit condition becomes a limit-cycle vi-
bration under the dynamic pressure A==290 with-
out a thermal load and that the limit-cycle can be
suppressed completely with optimal resistance (2.
8K.Q2) and inductance(25H). Figure 6 shows the
time history of the plate deflection and the control
voltage for the active control case. The plate
deflection is shown to be suppressed within
several cycles after the controllers are activated.
As shown in Figs. 5 and 6, the performance of the
passive damping method is not superior to that of
the active control case(Zhou et al., 1995).

Figure 7 shows that the panel motion at the
short circuit condition becomes a limit-cycle in
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Fig. 8 Optimal shape and locations of piezoceramic
patches

the case of the dynamic pressure A==180 and
temperature load of AT/AT.=1.6. The motion
of panel with shunted circuit changes into a limit-
cycle, and the amplitude of the limit-cycle is
reduced to just one-third of the original
amplitude due to increased passive damping as
shown in Fig. 7.

Next, we design the suppression system with
two independent sets of piezoceramic patches for
multimodal suppression. To obtain the optimal
shape and locations of the piezoceramic patches,
the genetic algorithm is implemented in the com-
puter program we developed. During the design
of the piezoceramic patches, it is assumed that the
size and number of the piezoceramic patches are
constant, and the number of piezoceramic patches
is six for each mode in Fig. 8. The darker area is

.H,ﬂ‘ﬂ”l“i 'u“-!"ll;"!"umpu

A r"“
¥ X

)
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e b et et e b At e
2 3 &« s 8 T @& 9 w v w2
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Fig. 9 Time history of panel motion at short circuit
condition (AT/AT»=0, A=360)

a2 e - - di
E ] 1 2 k] 4 3 L] L 3 9 w o on 12

Fig. 10 Time history of panel motion with shunted
circuits of Li==40H, L»=7.3H, R,=6618%,
R2==30942 (AT/AT =0, A=360)

Fig. 11 Time history of panel motion at short circuit
condition (AT/ATs=3, A=150)

S I N S S S |

T ] ] 10 " A

Fig. 12 Time history of panel motion with shunted
circuits of Li=40H, L,=7.3H, R,=66180,
R;=30942 (AT/AT =3, A=150)

the optimal patch shape for the first flutter mode
(I, 1), and the lighter area is the optimal patch
for the second flutter mode(2,1). For
optimization using the genetic algorithm, the
population is set at 600, the crossover probability
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at 0.9, and the mutation probability at 0.03. Each
independent piezoelectric element is connected
with a L-R series circuit.

Asshown in Fig. 9, the panel vibrates as a limit-
cycle motion when the short circuit condition is
under A=360 and there is no thermal load. The
limit-cycle oscillation can be suppressed com-
pletely by two-resonant shunt circuits with L;=
40H, L,=7.3H, R1=6618.Q2, R,=3094.Q as shown
in Fig. 10.

The chaotic motion of the panel at moderate
temperature conditions can be completely
suppressed by two-resonant shunt circuits as
shown in Figs. 11 and 12.

7. Concluding Remarks

A passive suppression scheme for nonlinear
panel flutter was proposed by using one L-R
series shunt circuit and two independent L-R
shunt circuits. The equations of motion of the
plate including the piezoelectrics and shunted
circuits are discretized by the finite element meth-
od. An optimal

shape and location that

maximizes the piezoelectric force of the
piezoceramic was determined by using the genetic
algorithms. By applying the Newmark- S method,
the effects of passive suppression for composite
panel flutter were investigated in the time domain.
It was shown that the performance of two
independent L-R shunt circuits is superior to that
of single shunt circuit. This study clearly
demonstrates that the passive control using the
piezoelectric shunt circuit is effective in panel
flutter suppression. The active control system has
the advantage of being adaptable to a variety of
system changes through feedback or feedforward
actions and also has a higher performance in
comparison with the passive system. However,
application of the active control method practical
flutter suppression means that a large amount of
power is required to operate actuators. Also, the
active system has the spillover problem and is
sensitive to system uncertainties. Although the
performance of the passive damping is not supe-
rior to that of the active control method, it is
noted that the passive damping scheme is always

robust and there is no need for additional hard-
ware such as sensors and actuators, and there is
also no need for control instruments. Therefore,
the suppression scheme based on passive damping
can be preferable in practice for suppression of
panel flutter.
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Appendix

A.1 Derivation of Piezoelectric Constant hs

The two piezoelectric constitutive equations (g-
form) necessary to find the piezoelectric constant
I are

e=8"0+g*D 0N))
E=—go+8'D (A2)

The derivation of the constitutive equations of
a piezoelectric material in this study is based on
the following assumptions: (1) The 3-direction
(w-direction) is associated with the direction of
poling and the piezoelectric material (PZT) is

approximately isotropic in the other two inplane
directions, and (2) the only nonzero component
of the electric field and displacement is E3 and Ds,
respectively.

Applying assumptions (1) and (2), Egs. (A1)
and (A2) can be written by

Ex Su Si2 0 o[ Ox &
[ & }={Slz Su 0 lldy} +{ga Ds(A3)
Ty 0 0 2(syu—sw) w'? L0
Ox
Ey=—[g g 0]{ Oy }"*‘ﬁ:sts (A4)
Txy
where
Sn=%, Suz—‘%
Adding Eqs. (A3) and (A4) yields
ot ay=-ExT &) — 2D (AS5)

si +sh
Substuting Eq. (A5) into Eq. (A4) yields

o]{ o ]+[—§—g’z—‘—b—+ 4Dy

s tsiz

—| S &1
Es [ sutsi Sﬁ +Slg
Txy

Ex
=—[gu(c+chh) gu(ch+cf) 0]{ Ey }

Txy
+ (284 (cA+ch) +84]Ds (A6)
Ex
=—[ha ha 0]{ Ey }"f‘ﬂ:‘faDa(from Eq.(2))
T

Therefore, the piezoelectric constant /5 can be
written as

ha=gu(cl+ch) (AT)



