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Suppression of nonlinear panel flutter at supersonic speeds has been investigated traditionally with system

equations of motion in terms of in vacuo modal coordinates. For isotropic and symmetrically laminated orthotropic

composite plates, the limit–cycle oscillations convergedwith six in vacuonaturalmodes at a zero yawangle.However,

as laminated composite plates undergo the effect of an arbitrary yawed flow angle, complicated characteristics

emerge by increasing the required in vacuo natural modes for an analysis of limit–cycle oscillations. To design an

effective controller, the large number ofmodes should be reduced. As a result, the small number ofmodes produces a

capability to alleviate the costly computational effort in designing controllers for the suppression of nonlinear panel

flutter. In the present study, aeroelastic modes that provide the reduced order basis are used for panel limit–cycle

motion. Two or six to seven aeroelastic modes are implemented for developing an active controller of panel flutter

with isotropic and anisotropic laminated composite plates at a zero or nonzero yaw angle. Along with the aeroelastic

modal equations of lesser number, a linear quadratic regulator, which is one of the output feedback controllers, is

constructed to suppress nonlinear panelflutter. Anadded extendedKalmanfilter compensates for the nonlinearity of

structuralmotion resulting fromupdating the system information online. Thenorms of feedback control gain and the

norms of Kalman filter estimation gain are employed for the optimal placement of PZT5A ormacro-fiber composite

piezoelectric actuators and sensors. Numerical results show that the designed controller based on aeroelastic modal

coordinates can suppress the large-amplitude panel nonlinear flutter response. The maximum flutter-free dynamic

pressure for isotropic and composite plates is evaluated to measure how much the performance is improved.

Nomenclature
�A, B, C, D = system state-space matrices
[A], [B], [D] = laminate extension, coupling, and bending

stiffness matrices
[Aa], [Ax], [Ay] = aerodynamic influence matrices
Ca = aerodynamic damping coefficient

(Ca � �=M1 forM1 � 1)
F = state transition matrix
[G] = aerodynamic damping matrix
ga = aerodynamic damping
h = panel thickness
[Kb�] = coupled bending and electrical stiffness

matrix
[KL] = linear stiffness matrix
[ �KL] = linear modal stiffness matrix
[KNL] = nonlinear stiffness matrix
[ �Kqq] = nonlinear modal stiffness matrix
[K1], [K2] = system first-order and second-order nonlinear

stiffness matrices
[ �M] = modal mass matrix
Q = symmetric positive semidefinite state

weighting matrix
[ �Q] = transformed lamina reduced-stiffness matrix
Qe, Re = covariance matrices

fqsg = sensor charge output vector
R = symmetric positive definite control effort

weighting matrix.
U = control input
u, v = in-plane displacements
Vi = constant electrical voltage over the ith

piezoelectric layer
V1 = freestream airflow speed
fWg = system node degrees-of-freedom vector
w = transverse displacement
X, X̂ = actual and estimate state vectors
Y, Ŷ = sensor output and estimate output vectors
f"g = bending strain vector
f"og = in-plane strain vector
f�g = curvature vector
� = airflow yaw angle
� = nondimensional dynamic pressure
� = air-panel mass ratio
� = mass density
f�g = stress vector
[�] = eigenvector matrix
!o = reference frequency

Subscripts

a = air
b = bending
cr = critical
m = membrane
NB = stiffness matrices due to fNbg
Nm = stiffness matrices due to fNmg
np = total number of piezoelectric layers per

element
� = electrical

I. Introduction

T HE coupled equations of motion of nonlinear panel flutter at
supersonic speeds have been established by using the finite
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element method in structural node degrees of freedom (DOF). From
an understanding of dynamic characteristics of vibration, a modal
analysis of using eigenvectors has been suggested. It could afford to
reduce the large number of DOF in structural nodes to a set of fewer
numbers ofDOF in vacuo naturalmodal coordinates to analyze panel
vibration response behaviors [1,2]. It has been established that six (or
6 � 1) in vacuo natural modes (NMs) are necessary to have limit–
cycle oscillations (LCO) converged for isotropic plates at zero flow
yaw angle [2,3]. For laminated anisotropic composite plates, 36 (or
6 � 6) or fewer NMs are needed for accurate LCO flutter response
[4]. Recently, the aeroelastic mode (AEM) has been introduced,
which would give much smaller number of equations for LCO
analysis than the traditional NMs [5,6]. It has been validated that
instead of using 36 (or 6 � 6) NMs it could be reduced into two or six
to seven AEMs for converged LCO of isotropic and laminated
composite plates at zero or nonzero flow yaw angle. All four types of
panel behaviors, such as flat and stable, aerothermally buckled but
dynamically stable, LCO, and chaos, have been simulated with the
system equations of motion in aeroelastic modal coordinates [6].

An active control of linear panel flutter was first studied with a
linear quadratic regulator (LQR) full-state feedback by Scott and
Weisshaar [7]. They evaluated the effectiveness of different smart
materials and their placement on the panel. Surace et al. [8]
developed the singular value robust control methodology to suppress
flutter of composite plates based on the linear piston theory for the
aerodynamic loading. Frampton et al. [9] performed the linearized
potentialflowaerodynamics for full transonic and supersonic speeds.
The collocated direct rate feedback controlmethodwas suggested for
the suppression of flutter motion. Zhou et al. [10] achieved the
interaction between electrical and structural equations based on six
NMs modal reduction for isotropic plates bonded with piezoelectric
actuators. They also investigated the symmetric and anisotropic
laminated composite plates subject to thermal loads, and studied
suppression of the flutter response using the linear quadratic
regulator. Doengi et al. [11] performed the output feedback regulator
by placing piezoelectric self-sensing adaptive actuators on isotropic
plates. They showed that �cr could be increased as high as two times.
Abdel-Motagaly et al. [4,12] investigated the influence of an
arbitrary yawed flow angle on LCO characteristics and found that the
large number of in vacuo NMs was needed for converged LCO for
isotropic and laminated composite plates. And they have studied
suppression of panel flutter using 25 NMs. However, Abdel-
Motagaly [4] pointed out the limitation of a simple controller due to
the need for sensing the large number of state variables, and it is
difficult to design optimal state feedback gains resulting from a lack
of precisely estimated state values. Moon and Kim [13] studied the
suppression of LCO for symmetric composite panels under a
temperature effect using six NMs, and they used the hybrid active
and passive piezoelectric controller. Recently, Moon et al. [14]
performed the full-state feedback linearization controller for
suppression panelflutterwith a thermal influence using sixNMs. The
controller they developed considered nonlinear characteristics of
structural behaviors using pseudoinverse in determining control
inputs caused by an underactuated system.

Meanwhile, using in vacuo NMs still has the disadvantage of
having the large number of modes for arbitrary yawed flow angles
and laminated composite panels. That is because the large size of
system matrices causes computational problems in optimizing
feedback gains for panel flutter suppression. Guo et al. [15] studied
the suppression of nonlinear panel flutter using a small number of
AEMs and shapememory alloys. They compared flutter behaviors of
traditional composite plates with shape memory alloy embedded
hybrid composite (SMAHC) plates, and showed that SMAHC plates
enabled to enlarge the desired flat and stable operational region. The
present paper is the first to apply the small number of aeroelastic
modes on an active control of nonlinear panel flutter using self-
sensing piezoelectric actuators. Numerical simulation examples are
shown for three-dimensional isotropic and composite plates at zero
and nonzero yawed flow angles. The von Karman nonlinear strain–
displacement relations, quasi-steady first-order piston for the
aerodynamic pressure, classic laminated composite plate, and linear

piezoelectricity constitutive relations theories are employed for the
coupled electrical–structural finite element formulation of nonlinear
panel flutter at supersonic speeds. The system equations of motion
are then transformed into a set of linear aeroelasticmodal coordinates
with the substantially reduced number of DOF. The PZT5A [16,17]
and macrofiber composite (MFC) [18] piezoelectric self-sensing
actuators are bonded on isotropic plates and embedded into
composite plates, respectively. Optimal shapes and locations of
piezoelectric sensors and actuators are determined from the norms of
feedback control gain [10] (NFCG) and the norms of Kalman filter
estimation gain [12] (NKFEG) methods, respectively. As for a
practical controller design, the LQR and the extended Kalman filter
(EKF) are used to obtain correct state variables and generate real
signals. Simulated results show that the designed LQR/EKF active
controller based on AEM coordinates can successfully suppress
LCO response.

II. Finite Element Formulation

A. System Equations of Motion in Structure Node DOF

Governing system equations of motion for nonlinear panel flutter
are derived for thin flat composite plates with embedded
piezoelectric actuators. The Bogner–Fox–Schmit (BFS) rectangular
C1 conforming plate element [19] is considered. The nodal DOF of
each element are composed of 16 bending fwbg, 8 in-plane fwmg, and
an additional electrical DOF, fw�g, for a corresponding pair of
piezoelectric actuator and sensor patches. The von Karman large
deflection strain–displacement relations are adopted and the classical
laminated plate theory is used as follows:
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where a comma indicates a derivative in terms of the subscript. The
electrical DOF over each piezoelectric layer is generated with the
constant potential voltage, and the electrical field fEg can be
determined with respect to the electrical DOF fw�g given by8><
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where hk is the thickness of the kth piezoelectric layer, and the
polarization of isotropic piezoelectric materials is generated in the 3-
direction. The resultant force and moment per unit length are
calculated from integrating the stress vector over the laminate
thickness with embedded piezoelectric layers. The constitutive
equations are expressed by�
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�A�; �B�; �D�� �
Z
h=2

�h=2
� �Q�k
1; z; z2� dz (4)

The piezoelectric charge constant in the principal axes is
fdgTk � �d31; d32; 0�, d32 � d31 and i� 3 for PZT5A or fdgTk �
�d11; d12; 0� and i� 1 for MFC actuators [18]. For a conventional
composite layer, simply set Eik � fdgk � 0. The first subscript
position refers to the direction of the electric field and the second
refers to the direction of the piezoelectric induced strain. In this
study, the in-plane piezoelectric actuation force fN�g is neglected
because the bending moment fM�g induced from piezoelectric
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actuators is much more efficient in the suppression of flutter motion
[10,12]. The bending moment is produced by applying equal and
opposite voltage to a pair of the top and bottom piezoelectric layers
for each element, which act as an electrical DOF, fw�g. The
aerodynamic pressure is prescribed with the quasi-steady first-order
piston theory at supersonic speeds (1:6<M1 < 5). The transverse
displacement of skin panels of a flight vehicle is associated with the
aerodynamic loading given by [1,3,4,12]
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composite layers in x direction. The nondimensional parameters are
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The coupled electrical and structural nonlinear equations of
motion for a laminated composite plate with embedded piezoelectric
layers are derived based on the Hamilton’s principle and finite
element expressions. Standard procedures of assembling element
matrices are applied with kinematic boundary conditions to obtain
system equations of motion for nonlinear panel flutter with
piezoelectric self-sensing actuators [11,12] as follows.

Actuator equation in structure node DOF:
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Sensor equation in structure node DOF:

fqsg � ���K�b� 0�
�
Wb

Wm

�
(8)

The structure node DOF vector consists of the bending and in-
plane displacements, fWg � fWb;WmgT . The first- and second-order
nonlinear stiffness matrices, [K1] and [K2], are the linear and
quadratic function of unknown displacements fWg, respectively. It is
noted that for isotropic and symmetrically laminated composite
plates, the coupling matrix of bending and in-plane [B] equals zero.
This leads some substiffnessmatrices [Kmb], [Kbm], and [K1NB] to be
void. The aforementioned actuator equation provides a relation
between the actuator voltage and the panel response. Meanwhile, the
sensor equation generates the voltage signal obtained in proportion to
the displacement. In Eq. (7), the in-plane inertial term is neglected
due to high frequencies of in-plane motion. Thus, the in-plane
displacement can be driven in association with the bending
displacement vector as

fWmg � ��Km��1�K1mb�fWbg (9)

The actuator and sensor equations can be rearranged in terms of the

bending displacement as

�Mb�f �Wbg � �G�f _Wbg � 
�KL� � �KNL��fWbg � ��Kb��fW�g (10)

fqsg � ��K�b�fWbg (11)

where the linear and nonlinear stiffness matrices are expressed by

�KL� � �
�Ax� cos�� �Ax� sin�� � �Kb� (12)

�KNL� � �K1Nm� � �K2� � �K1bm��Km��1�K1mb� (13)

The size of the systemmass [Mb] and linear stiffness [KL]matrices
is usually too large to be tractable. It remains an extremely small time
step that consumes laborious computation in a numerical simulation.
In addition, at every time step the nonlinear stiffness matrix [KNL]
needs to be evaluated and updated. To handle these problems, the
modal reduction approachwith fewer numbers ofmodes is presented
in this study. By transforming the equations of motion, Eqs. (10) and
(11), into a set of a smaller number of modal coordinates, it not only
reduces the size of the system equations, but it also increases the time
step of numerical integration.

B. Equations of Motion in Aeroelastic Modal Coordinates

Traditionally, the in vacuo NMs are employed in developing the
coupled nonlinear modal equations [1–4,7,10,12–14]. Most
recently, AEMs have been introduced and used for nonlinear panel
flutter analysis at an arbitrary flow-yawed angle [5] and elevated
temperature [6], as well as flutter suppression using shape memory
alloys [15]. Previous research has shown [5,6,15] the great reduction
in number ofmodes from 36 (or 6 � 6) NMs to six or sevenAEMs for
nonorthotropic laminated composite plates at zero or nonzero flow
yaw angle, and from six (or 6 � 1) NMs to twoAEMs for isotropic or
laminated orthotropic panels for flutter analysis. Consequently, the
application of usingAEMs is emphasized in this paper for the ease of
designing active controllers and for reducing computational time. It
is assumed that the bending displacement of panels can be
represented as linear combinations of some known AEMs defined as

fWbg �
Xn
r�1

qr
t�f�rg � ��R�fqg (14)

where n is the number of AEMs and the maximum component of the
rth right eigenvector f�rg is normalized to unity. The modal matrix
[�R] consists of selected aeroelastic modes. The AEMs and
corresponding frequencies are determined under the linear stiffness
matrix combined with the aerodynamic influence matrix in an
eigenvalue problem given as

!2
r �Mb�f�rg � 
�Kb� � �o�Aa��f�rg (15)

The aerodynamic matrix [Aa] represents �Ax� cos�� �Ay� sin�
taking yawed angles into account, and the �o is a preselected value,
�o < �cr. It has been substantiated that the selected nondimensional
dynamic pressure �o within 10% below �cr is reasonably acceptable
[5]. Because of the skew symmetric aerodynamic matrix [Aa], the
right and left eigenvectors [20] are adopted to derive aeroelastic (AE)
modal equations of motion. The nonlinear stiffness matrices in
Eq. (13) can be directly calculated based on corresponding element
components fwbg
r� from the known system f�rg and expressed as

�K1mb� �
Xn
r�1

qr�K1mb�
r�; �K2� �
Xn
r�1

Xn
s�1

qrqs�K2�
rs� (16)

where superindices denote the corresponding mode shape. Thus, the
nonlinear modal stiffness �K1mb�
r� and �K2�
rs� matrices become
constant known values. The nonlinear stiffness matrix [K1Nm] is
dependent on fWmg, and the in-plane displacement fWmg expressed
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in Eq. (9) can be written as [5]

fWmg � ��Km��1
�Xn
r�1

qr�K1mb�
r�
�
��R�fqg

� �
Xn
r�1

Xn
s�1

qrqsf�rsgm (17)

The in-plane mode shape f�rsgm developed by corresponding AEMs
f�rg and f�sg and the nonlinear stiffness [K1Nm] matrix are

f�rsgm � �Km��1�K1mb�
r�f�sg

�K1Nm� � �
Xn
r�1

Xn
s�1

qrqs�K2Nm�
rs�
(18)

After the modal transfer, �K1Nm� has of quadratic dependency on
AEMs’ coordinates qr and qs and �K2Nm�
rs� becomes a constant
matrix as well. The modal mass, aerodynamic damping, linear
stiffness matrices, and cubic nonlinear modal stiffness matrices are
transformed with left and right eigenvectors as


� �Mb�; � �G�; � �KL�� � ��L�T
�Mb�; �G�; �KL����R�
� �Kb�� � ��L�T �Kb�� � �K�b� � �K�b���R�

(19)

� �Kqq�fqg � ��L�T
Xn
r�1

Xn
x�1

qrqs
�K2�
rs� � �K2Nm�
rs�

� �K1bm�
r��Km��1�K1mb�
s����R�fqg (20)

The left eigenvector matrix [�L] is composed of the certain chosen
AEMs. Notice that [�0L] (square matrix) has a relation with the
original right eigenvector matrix [�0R] as ��0L�T � ��0R��1. The left
eigenvector [�L] can be then established by extracting the
corresponding part from the ��0R��1 [20]. The equations of motion
based on AEM coordinates are given by the following.

Actuator equation, Eq. (10), in AEM coordinates becomes

� �Mb�f �qg � � �G�f _qg � 
� �KL� � � �Kqq��fqg � �� �Kb��fW�g (21)

Sensor equation, Eq. (11), in AEM coordinates becomes

fqsg � �� �K�b�fqg (22)

A modal participation determines which mode and how many
modes are required for the accurate converged LCO solution and it is
defined as [5]

Participation of the rth mode� max jqrjP
n
s�1 max jqsj

(23)

Because of the added aerodynamic influence matrix in Eq. (15),
the AE mode shape has an analogous configuration to the deflection
shape of the LCO dynamic response as shown in Fig. 1 for a simply
supported isotropic square plate. This characteristic of AEMs clearly
indicates that very few (only two for this case) modes are needed for
nonlinear panel flutter analysis.

III. Control Design Scheme

In the purpose of the pragmatic realistic controller, the LQR
accompanied by the EKF is presented to suppress panel flutter
motion. Accurately obtained feedback states can be taken through
the EKF estimator considering a nonlinear system model by which
robustness of a regulator can be increased. For designing output
feedback controllers, the system equations of motion in AEM
coordinates, Eqs. (21) and (22), can be cast into the standard state-
space representation form as follows:

_X� �AX� BU Y �CX�DU (24)

where

X �
�
q

_q

�
; U� fW�g; Y � fqsg (25)

The system state matrices supply the information about an input–
output relationship as follows:

�A�A�Ao �
0 I

�� �Mb��1� �KL� �� �Mb��1� �G�

� �

� 0 0

�� �Mb��1� �Kqq� 0

� �

B� 0

�� �Mb��1� �Kb��

� �
; C� ��� �K�b� 0�; D� 0

(26)

The system state matrix �A consists of the linearA and nonlinearAo

parts. By neglecting higher-order terms in the Tayer series, the
linearization of the system matrix is simply A, which is used for
modern optimal control laws in the following LQR design. The
outline of contriving a controller is separated into two parts, the state
feedback and the state estimation, respectively. The state feedback is

executed with estimated states X̂ observed from the EKF as

U ��KX̂ (27)

The optimal gainKmatrix of the LQR controller can be determined
based on minimizing a quadratic performance index J, which is
associated with the state and input control effort.

J �
Z 1
0

�XTQX� UTRU� dt (28)

K �R�1BTP (29)

The positive definite symmetric matrix P can be calculated from the
solution of the algebraic Riccati equation given by

ATP� PA � PBR�1BTP�Q� 0 (30)

In the EKF [12,21], the state estimator is improved by keeping the
modal nonlinear stiffness matrices. The nonlinear state estimation
and measurement are given as

_̂
X� �A
X̂; t�X̂�BU�Ke
t�
Y � CX̂�; Ŷ �CX̂ (31)

In applying Tayor’s series [21], the first-order linear approximation
coefficients can be described as
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Fig. 1 Normalized AE mode and LCO deflection for a simply

supported isotropic square plate at �� 800 and�� 0 deg.
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where

f 
X; t� � _X� �A
X; t�X� BU

X� �X1 X2 X3 	 	 	 Xn�T
(33)

The linearization technique is adopted over the estimated trajectory
rather than the predefined nominal trajectory. It allows deviation
between the estimated trajectory and the actual trajectory to remain in

sufficiently small ranges.

F 
t� �A�
�
Ao
X; t� �

@Ao
X; t�
@X

X

�����
X�X̂
t�

(34)

The Kalman optimal filter gain Ke can be computed at every time
interval resulting from solving the differential Riccati equation as
follows:

_P e
t� � F
t�Pe
t� � Pe
t�F
t�T � Pe
t�CTR�1e CPe
t� �Qe

(35)

Ke
t� � Pe
t�CTR�1e (36)

Along with preceding equations, the optimal location of actuators
is determined by the norms of feedback gain designed for the LQR
regulator in Eq. (29) and the optimal location of sensors is obtained
by the norms of feedback gain designed for the EKF filter [10–12] in
Eq. (36).

NFCG � kKLQRk2; NKFEG� kKKalmank2 (37)

IV. Numerical Results

The designed LQR controller with the EKF estimator is performed
to suppress large-amplitude nonlinear panel flutter for three different
systems: an isotropic square plate at zero yaw angle and a rectangular
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Fig. 2 Comparison of LCO displacement using two AEMs, six NMs,

and a PDE/Galerkin for a simply supported isotropic square plate at

�� 0 deg.

Table 1 Modal participation values using AEMs andNMs for a simply

supported isotropic square plate at �� 0 deg

Modal participation, %

Wmax=h Modes q11 q21 q31 q41 q51 q61

0.57 AEM 63.93 34.83 0.91 0.21 0.08 0.04
NM 42.12 38.91 11.2 4.81 1.93 1.03

1.07 AEM 67.32 29.43 1.51 1.16 0.44 0.14
NM 30.12 49.96 11.53 6.21 0.80 1.38
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Fig. 3 LCO response using two AEMs for a simply supported isotropic square plate at �� 800 and�� 0 deg.

KIM ET AL. 737



symmetrically laminated anisotropic composite plate at zero and
nonzero yaw angles. The designed parameters ofQ andRweighting
matrices for the controller andQe andRe weighting matrices for the
estimator are chosen as follows:

Q � c � �h � !r 0

0 !r

� �
; R� c � �I� (38)

Qe � c � �I�; Re � �C��C�T (39)

where!r (r� 1; 2; 3 	 	 	 n) are linear frequencies of AEMs, and c is a
constant number. For the simply supported isotropic square plate of
28 � 28 � 0:054 in: at �� 0 deg, the half-plate is modeled with
24 � 3 mesh because of a symmetric configuration. The
aerodynamic damping Ca is set to 0.01. For the clamped rectangular

x
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b)  NKFEG norm of each element for bottom half isotropic square panel using PZT5A 
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c)  Final optimized placement of self-sensing actuators and sensors based on NFCG and NKFEG 

Fig. 4 Optimal location of PZT5A self-sensing actuators and sensors for a simply supported bottom half isotropic square plate at �� 0 deg.
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composite plate of 30 � 24 � 0:048 in: at �� 0 deg and
� ≠ 0 deg, the full plate is modeled with 12 � 12 mesh. The
three-layered graphite epoxy has a lamination of [�40=40= � 40].
The aerodynamic damping Ca is used as 0.01. The material
properties of the isotropic and composite plate, PZT5AandMFC, are
shown in the Appendix, Table A1.

A. Isotropic Square Plate with Zero Yaw Angle (�� 0 deg)

The equations of motion in AEM coordinates, Eq. (21), are
demonstrated first by using the fourth-order Runge–Kutta method in
the time domain without piezoelectric actuators. It is validated that

the LCO maximum deflection vs dynamic pressure � in using two
AEMs has an excellent agreement to that of using six NMs as shown
in Fig. 2 for the simply supported square panel. The result based on
partial differential equation (PDE)/Galerkin using six NMs by
Dowell [3] is also given to make a comparison. The modal
participation values in using six AEMs as well as six NMs are
shown in Table 1. It evidently shows that the first two aeroelastic
modes are dominant for the converged LCO amplitude. The phase
and time history plots at �� 800 are shown in Figs. 3a and 3b and
the time response of modes q11
t� and q21
t� are shown in Figs. 3c
and 3d.

In Fig. 4, the NFCG provides the optimal location of actuators
where the norms of feedback gain K> 2:87, and the NKFEG
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Fig. 6 Optimal location of PZT5A self-sensing actuators and sensors

based on NFCG and NKFEG for a clamped rectangular [�40=40= � 40]

composite plate at �� 0 deg.

0.4 0.8 1.2 1.6 2.0-1.5

0.5

0

1

-1

1.5

-0.5

Time t, s

 W
m

ax
/h

a) Controlled LCO flutter amplitude 

0.4 0.8 1.2 1.6 2-1

-0.5

0   

0.5

1   

Time t, s

 U
1

0.4 0.8 1.2 1.6 2-1  

-0.5

0

0.5

1

Time t, s

U
2

 b) Control input U1                                                         c) Control input U2
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generates the optimal location for sensors where the norms of
estimator gain Ke > 22:5. The self-sensing piezoelectric actuators
are bonded on the top and bottom surfaces of the isotropic panel
along to the final optimal placement determined by both NFCG and
NKFEG, as shown in Fig. 4c. The optimal size of the actuators is
studied with less than 20% of the panel area [12]. Because of the
density of piezomaterials, the critical dynamic pressure�cr is slightly
changed from that without piezo patches.

The control force is activated after the stable LCO response is
reached. The LCO is then completely suppressed after several input

cycles, as shown in Figs. 5a–5c. To evaluate the control performance,
the maximum flutter-free dynamic pressure �max is adopted based on
how much the LCO amplitude can be suppressed with given
piezoelectric actuators [10,12]. The �cr value is changed from 512 to
612 by placing the piezo materials at the leading edge and around
the maximum deflection location (see Fig. 4c). The �max is
evaluated as 1551. The ratio �max=�cr is 2.54 with 15.3% of the
total panel area covered by self-sensing piezo actuators. The
developed controller can increase the dynamic pressure up to 2.54
times the �cr.
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B. Composite Rectangular Plate with Zero Yaw Angle (�� 0 deg)

In the present work, six AEMs are employed for the converged
LCO response of a laminated [�40=40= � 40] composite plate [5].
In Fig. 6, the final optimal location is determined based on the NFCG
in which the norms of feedback gain K> 12:9, and the NKFEG in
which the norms of estimator gainKe > 93:0. The optimal location
results show a nonsymmetric configuration that is different from the
isotropic plate because of the lamination angle of the composite
plate.More piezo actuators or control efforts are expected to suppress
the LCO because composite plates with the clamped boundary
condition are stiffer than isotropic plates with the simply supported
condition.

Figures 7a–7c show the successfully controlled response by using
two input efforts of PZT5A actuators. For the better control

performance MFC piezo actuators are employed. The size of MFC
actuators is 17.4% of the whole plate area, which is the same as the
size of the PZT5A actuators. The most favorable location of MFC
actuators shown in Fig. 8 is slightly different from that of using
PZT5A (Fig. 6), which is attributed to the fiber-reinforced composite
characteristics of MFC actuators compared to the traditional
isotropic ceramic PZT5A. In Fig. 8, the optimized placement for
actuators is obtained from the norms of K> 14:24 and those for
sensors are from the norms of Ke > 13:78.

The control performance of using MFC and PZT5A actuators is
compared at the same level of the LCOamplitude (Wmax=h). Because
the charge constant of MFC is twice as large as that of PZT5A
(d11 > 2d31), it generates the higher strain. From Figs. 7 and 9, the
LCO deflection can be suppressed with the small control input effort
by using MFC as compared to PZT5A. As for the MFC actuators,
a higher maximum flutter-free dynamic pressure can be obtained.
The ratio of �max � 550 to �cr � 243 is 2.26 by using PZT5A, and
the ratio of �max � 710 to �cr � 275 is 2.61 by using MFC.
Figures 10a–10c show that the LCO is completely suppressed at
�max � 710 using MFC.

C. Composite Rectangular Plate with Nonzero Yaw Angle

(� ≠ 0 deg)

The designed controller using AEMs is studied for the composite
plate with a nonzero yaw angle as well. In practical consideration of
the actual flight, the selected AEMs should not be changed
differently for arbitrary varied yawed flow angles. After the
investigation of evenly distributed AEMs over the flow angles, the
limited number of AEMs can be determined for the control strategy.
The optimized LQR/EKF controller is developed using seven AEMs
for the clamped composite plate. The seven AEMs are selected such
as follows: modes q1 and q2, the first and second AEM at
�� 0 deg; modes q3 and q4, the first and second AEM at
�� 90 deg; q5, the first AEM at�� 22:5 deg; q6, the first AEM
at �� 45 deg; and q7, the first AEM at �� 67:5 deg [5].
Therefore, the given set of seven AEMs will cover all possible flow
angles. In Fig. 11, the actuator location can be calculated based on the
norms of K> 19:00 by NFCG, and the sensor location can be
obtained from the norms ofKe > 2:60 by NKFEG. The results with
control inputs using MFC are shown in Figs. 12a–12d. The ratio of
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Fig. 11 Optimal location of MFC self-sensing actuators and sensors
based on NFCG and NKFEG for a clamped rectangular [�40=40= � 40]

composite plate at �� 60 deg.
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�max � 805 to �cr � 480 is 1.68 using 17.4% actuators of the total
panel area. More actuators could be required to improve the control
performance. To deal with multiple yaw angles, an another subject
flow angle, �� 15 deg, is investigated using the identically
constructed controller and optimal location determined at
�� 60 deg. In Figs. 13a–13d, the designed regulator can
completely suppress the large amplitude of the LCO response,
which confirms the pragmatic use of AEM even at any flow angle
0 deg � � � 90 deg [5].

V. Conclusions

Thefinite element nonlinearmodal formulation usingAEmodes is
presented in a time domain for suppressing panel flutter at supersonic
speeds. Using the AE modal analysis is encouraged because it
simplifies the construction of nonlinear active controllers by
replacing the system equations of motion with a small size of system
matrices. The self-sensing piezoelectric actuators are adopted to
suppress large amplitudes of flutter response. The LQR optimal
controller with the EKF is developed for controlling LCO motion.
The proposed extended Kalman filter considers the nonlinear effect

of structural motion and provides optimal estimation of state
variables. As for the efficient location of actuators and sensors, the
NFCG and NKFEG methods are used by calculating the highest
norm of gain values of the LQR controller and the Kalman filter. The
control performance of the simply supported isotropic square plate
with a zero yaw angle is simulated using PZT5A piezoelectric
actuators. The maximum flutter-free dynamic pressure �max can be
increased up to over twice the critical dynamic pressure�cr. Clamped
rectangular composite plates are studied with two different
piezoelectric actuators, MFC and PZT5A, with the slightly changed
optimal location. The numerical simulation shows that the smaller
input power brings better fulfillment of controlling LCO amplitude.
By usingMFCactuators, themaximumflutter-free dynamic pressure
�max is increased up to over twice the critical dynamic pressure �cr as
well. Additionally, the controller is also designed and applied to the
composite panel exposed to yawedflow angle for suppression flutter.
The suppressed control response is achieved by usingMFC actuators
and the ratio �max=�cr is obtained with the high performance.
Furthermore, it is worth noting that the presented control approach
based on the AEMs is effective to the changed yawed flow angles
within 90 deg.

Appendix
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Fig. 13 Suppression of LCO using MFC for a clamped rectangular [�40=40= � 40] composite plate at �� 600 and �� 15 deg.

Table A1 Material Properties of the Isotropic and Composite Plate, PZT5A and MFC

Materials Young’s modulus, psi Shear modulus, psi Poisson’s ratio Density, lb 	 sec2=in:4 Charge constant, in:=V Vmax , V Thickness, in.

Isotropic E� 10:5 � 106 G� 3:38 � 106 �� 0:31 �� 2:588 � 10�4 —— —— ——

Graphite epoxy
E1 � 22:5 � 106 G12 � 0:66 � 106 �1 � 0:22

�� 1:458 � 10�4
—— —— ——

E2 � 1:17 � 106 �2 � 0:011 —— —— ——

PZT5A Ep � 9:00 � 106 Gp � 3:43 � 106 �� 0:30 �p � 7:10 � 10�4 d31 ��7:51 � 10�9 820 hp � 0:009

MFC
Ep1 � 5:29 � 106 Gp12 � 2:12 � 106 �p1 � 0:25

�p � 7:07 � 10�4
d11 � 2:09 � 10�8

2000 hp � 0:009
EP2 � 1:10 � 106 Gp23 � 1:06 � 106 �p2 � 0:05 d12 ��8:27 � 10�9
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