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Suppression of Thermal Postbuckling and Nonlinear Panel
Flutter Motions Using Piezoelectric Actuators
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Active output feedback control of large amplitude nonlinear panel flutter at supersonic speeds with and without
temperature effect is presented. A coupled structural-electrical modal formulation using finite elements is applied.
Suppression of three types of panel response is studied: limit cycle oscillations, static thermal postbuckling, and
chaotic motion. The controller, composed of a linear quadratic regulator and an extended Kalman filter, is developed
and investigated. The extended Kalman filter considers the nonlinear state-space matrix and has a gain sequence
evaluated online. The norms of the feedback control gain are employed for the optimal placement of piezoelectric
actuators, and the norms of the Kalman filter estimation gain are used to validate the best locations for the sensors. A
symmetric laminated composite plate at supersonic speeds with or without the influence of elevated temperatures is
investigated. Two types of piezoelectric materials, PZT5A and macrofiber composite actuators, embedded in the
composite panel are considered to suppress the nonlinear panel flutter. Simulation results show that the linear
quadratic regulator/Kalman filter controller can suppress all three types of panel response with or without thermal

effects.
Nomenclature
A, B,C,D = system state-space matrices
A,B,C,D = observer state-space matrices
[A] = system aerodynamic influence matrix

Q)
|

. = error between desired panel deflection and
observer output

error between analytical and observer model of
the panel

= state transition matrix

= system and modal aerodynamic damping
matrices

= beam or composite plate thickness

cost functional

optimal control and estimate gain matrix
system, combined system, and modal stiffness
matrices

combined system first- and second-order
nonlinear stiffness matrices

modal nonlinear stiffness matrix

system and modal mass matrices

thermal load vector

state weighting matrix

covariance matrices

natural modal coordinate vector

control effort weighting matrix

control input

system input (compensator output)
element and system nodal displacement
vectors

state and estimated state vectors

sensor output and estimated output vectors
system real and estimated outputs

thermal
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{e} strain vector
A = nondimensional dynamic pressure
05 Pp = mass densities
1} = fiber orientation angle
10} = frequency
I. Introduction

T SUPERSONIC environment, high-speed vehicles may

endure severe aecrodynamic pressure and thermal loads. Panel
flutter is one phenomenon caused by airflow acting on one side of the
skin panels of the vehicle. When the dynamic pressure is above the
critical value, the panel motion exhibits bounded limit cycle
oscillations (LCO), and the amplitude of the LCO increase as the
dynamic pressure increases. At elevated temperatures, the panel even
undergoes thermal postbuckling deflection (but dynamically stable)
or chaotic motions. All of these three types of panel response, LCO,
thermal postbuckling, and chaos, are considered for suppression in
this paper.

The review of nonlinear panel flutter by Mei et al. [1] listed that the
optimal control, the rate feedback control, and the active
compensation of aerodynamic stiffness control are the main active
control methods to suppress the linear and nonlinear panel flutter.
Most of those control studies have successfully controlled LCO
without thermal influences. Considering thermal effects, optimal
control of LCO has been discussed by Zhou et al. [2,3]. Moon and
Kim [4] suppressed the LCO under thermal effects with active/
passive hybrid piezoelectric networks. Park and Kim [5] applied
macrofiber composite (MFC) actuators [6,7] to passively suppress
the nonlinear panel flutter under uniform temperature distribution.
They showed that in-plane actuation of the MFC can increase the
critical temperature and the critical dynamic pressure, and decrease
the large thermal deflection. Recently, Moon et al. [§] proposed a
full-state feedback linearization controller to suppress the LCO of
panel flutter under sinusoidal thermal loads. As anonlinear controller
designed based on a nonlinear model, it can enlarge the range of the
maximum suppressible dynamic pressure A, compared with linear
controllers or controllers designed based on linear models. However,
all states might not be available in practical situations, and a
nonlinear estimator may be useful. Furthermore, active suppression
of static thermal postbuckling and chaotic motions under thermal
environments are seldom discussed in the literature in this field.
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Recently, Li et al. [9] used an active output feedback controller
consisting of a linear quadratic regulator (LQR) and an extended
Kalman filter (EKF) [10,11] to provide adaptive control of nonlinear
free vibrations of composite plates using piezoelectric actuators. The
experience gained in [9] is extended to use of this controller to
suppress the nonlinear panel flutter because panel flutter is a self-
excited dynamic behavior. The coupled structural-electrical
nonlinear modal equations of motion using the finite elements are
based on the von Karman nonlinear strain-displacement relations,
the linear piezoelectricity constitution equations, the -classic
laminated composite plate theory, and the first-order quasi-steady
aerodynamic piston theory. For the first time, this paper presents the
suppression of all three nonlinear flutter responses at elevated
temperatures, LCO (including periodic motions), thermal postbuck-
ling deflection, and chaotic motions. Two types of piezoelectric
actuators and sensors are employed: PZT5A and MFC. They were
placed on the panel via the norms of the feedback control gain
(NFCG) and the norms of the Kalman filter estimation gain
(NKFEG) method [2,3,9]. Successful suppression results with time
responses will be shown later.

II. System Modeling
A. Fundamental Theories

Dowell [12] has classified the panel flutter into four categories by
considering the linearity or nonlinearity in structures and aero-
dynamics, and four approaches for flutter analysis. The four analysis
methods include Galerkin’s method [13,14], harmonic balance
method, finite element method [1,15], and perturbation method. In
this work, the finite element method is applied to model the flutter
behavior and investigate the flutter suppression.

The advantages of this approach are that a model of the system can
use von Karman [16] nonlinear strain-stress relations, a linear piezo-
electricity constitution equation, and classic laminated composite
theory together, and still provide accurate results when compared
with other methods [1]. In addition, the finite element method can
model with ease [7] both the traditional monolithic isotropic
piezoceramic wafers (PZT5A) and the high-performance directional
or anisotropic MFC. The most significant result, from a control point
of view, is that by applying a modal transformation to a finite element
model of a system, the size of the system can be reduced to an order of
four or six modes. This reduced-base model makes it much easier for
controller design.

To analyze and control the response of panel flutter at supersonic
speeds, quasi-steady first-order piston aerodynamic theory is applied
[1,12,14]. A finite element model of the rectangular plates was built
based on the Bogner—Fox—Schmit element [17].

B. System Equations

The derivation of the equations of motion for nonlinear panel
flutter at elevated temperatures can be found in [35,8,18-21]. After
assembling the element matrices and applying the kinematical
boundary conditions in standard finite element procedure, the system
equations of motion for an isotropic or symmetrically laminated
composite plate at supersonic speeds and uniformly distributed
temperatures can be expressed as follows:

[ O M Pt
+[[K11 0}[[&1 0}4—){[14] 0}

0 o0 0 O 0 0
[ D

where

[M]:[[M”] 0] [G]:[[Gaa,ca)] o]

0 0 0 0
) el
(Kol = [[Kg”’] 8] [K ] = [[Kgd’]} — (K]

[K11=[[[’,§11:Z]] [Klo”m]]

=100 0] e pan=[ 0 |

In Eq. (1), [K,,] is the linear stiffness matrix, and[K o7] is a stiffness
matrix due the thermal load. The structural node displacement vector
{Wy={W, W, is the combination of bending and in-plane
displacements [18,19], and {W,} ={V;,...,V,,...,V,,}" is the
electric degree of freedom (DOF) in which V, denotes the electric
voltage applied to the kth piezoelectric layer. Matrix [G,] is the
aerodynamic damping, [A,] is the aerodynamic influence, and A =
2¢,a®/Dyo(M} — 1)'/? is a nondimensional dynamic pressure, in
which g, is the dynamic pressure, a is the plate length, D is the first
entry of the laminate bending stiffness matrix [D] determined with all
fibers of the composite layers in the x direction as a reference, and M,
is the Mach number.

A combination of the value of A and temperature ratio (AT/AT,,)
will determine what kind of panel flutter response (flat, buckled,
LCO, periodic but not harmonic, and chaotic motion) can be
expected [1,18]. Governing equations for the PZT/MFC actuators
and sensors embedded in the composite panel are expressed by {W }
DOF [2-5,7,9,20]

Wa
Wy} = { ?} 2
¢ ij
The remaining matrices from Eq. (1) also need to be written as

ool = (5] | = e a0 )= 0] @

Thus, Eq. (1) can be written as two equations:
(MW} + [GUW} + (Ku] + [K1] + [K2D (W)
= {PAT} - [Kw¢]{w¢} )

[Kpul(W} =~ 10, )
where [K ;] can be expressed as
[Kin) = (K, + MAT = [K 7] ©)
Considering Eq. (3) as a sensor equation first
tay =K ]{waf = [ Kz, ]y @)

Since {W;} is the sensor voltage and [K}] is regarded as a capacitance
here, {¢g*} represents the electric charge. The output of the system is
given by the charge of the sensor, and the actuator equation can be
derived from it,

tary = K[ {wa} = [ Kz, o3 ®)

Similarly {¢“} means actuator charge which is not of interest, and so
Eq. (8)isignored. Then Eq. (4) is considered. It gives the relationship
between the actuator voltage, sensor voltage, and the deflection.

MW} + [GIW} + ((Kyi] + [K)] + [KD{W}
= trar = [ ]} = [
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Because the actuator voltage is much larger than the sensor voltage,
Eq. (9) can be reduced to

MW} + [GHW} + (K + [K] + [K2D{W}
= (Par} — K2, |{ W3] (10)
From Eq. (1), the actuator and sensor equations become

I, + G, )+ (K] + [K2) (W, = —[ kg, ] {w)

(11D
ey =Ky (Wi = [ &3 Jom (12)

where the matrices [K] and [K2] can be expressed as
(K] = [Kp] + AA] + [Kazp] + [Kym ({Woi3o)] (13)

[Kz] = [bi] - [Klbm][Km]il[Klmb] - [Kle ({Wm}2)] (14)
{Wm}O = _[K111]71{PmAT} (15)

{Wm}Z = _[Km]_][Klmb]{Wb} (16)

Self-sensing actuators are simultaneously actuators and sensors. This
means {W,}, [K,], [Ky,], and [K,] are not separated into two parts
[20,21]. Then, the equations of motion for self-sensing actuators are

(M JW,} + [GJ(Ws} + (K] + [K2DIW,} = —[K, JiW,} (17)

{q"} = —[Kp{W,} (18)

C. Modal Equations

For a set of modal equations, there is no need to assemble and
update the nonlinear stiffness matrix at each time integration step,
and the number of modal equations is much smaller than the structure
DOF equations [18,20,21]. A modal transformation can be applied to
obtain the system modal equations of motion. The panel deflection
can be expressed as a linear combination of some known function as

W, =>"q,0{y,} =[®lig} (19)

The linear frequencies and corresponding natural modes are obtained
from the linear vibration of the system

M)V} = (K, )Y, } (20)

If tracing back to element matrices of the system [9,18], the
element nonlinear stiffness matrices can be expressed by the element
displacements, in turn, they can be expressed by the linear modes
{¥,}. Thus, the actuation equations of motion in modal coordinates
become:

(MG} + [GU{g} + (K] + (K, Digh = —[Kpl(We} D)
and the sensing modal equation is
gy = —[Kplig} (22)
A modal piezoelectric control force is defined as follows:
[Kys) =[O [Kpg] = [K s]" (23)

The second-order nonlinear modal stiffness matrix in Eq. (20) is
shown by

K] =19" Y "> q,q,(K2,)" + [K2y,]"

r=1 s=1

- [Klbm]r[Km]_l [Klmb]v)[(b] (24)

Then, after defining all components of the stiffness matrix in the
preceding equations, the modal mass, linear stiffness, and
aerodynamic damping matrices can be put together in compact
notation:

([M,). K1, [G]) = [@ (1M,]. [K]. G, C)D[®]  (25)

The modes that are included in the response analysis can be
determined [20,21] from the modal participation value for the rth
mode

(max |g,)/()_ max|q,|)
s=1

It was investigated [1,13,18] that nonlinear panel flutter in modal
formulation achieves sufficient convergence when the contributions
of the first four modes are taken into consideration.

D. Placement of Sensors and Actuators

The placement of sensors and actuators is another important factor
in the suppression of nonlinear flutter. Optimal locations for
placement of the sensors and actuators could make the control very
effective. On the other hand, poorly chosen locations may degrade
the control results and even produce a spillover of the system. Here,
the NFCG and NKFEG methods are used to select the optimal
locations for both actuators and sensors, respectively. The NFCG
norm method [2,3,9,20] performs a sum of the square of the LQR
gain for every element, and can be calculated when an actuator is
placed at each element of the object with

(i=12,....N) (26)

where k;; is the element of the feedback gain K obtained for LQR, 2n
is the total number of state variables defined later in Eq. (31), and N is
the number of piezoelectric actuator sets. If the value for this location
is higher, it has more control authority at this location. When each
NFCG norm is calculated for each location, locations with a higher
NFCG norm are chosen to be the optimal locations for actuators.
Similarly, the optimal sensor locations can be chosen by the Kalman
filter feedback estimation gain [9,20]:

i=1,2,....N) @7)

where ke;; is the element of the feedback gain K, from an EKF filter.
The higher the value for this location, the more sensing ability the
value has for this location. When each NKFEG norm is calculated for
each location, locations with a higher NKFEG norm are chosen to be
the optimal locations for the sensors.

Sensor placement solutions for different plate models are
presented in Figs. A1-A4 in the Appendix. It is shown that in all
cases the same tendency can be observed for the PZTSA and the
MEFC: they should be placed close to the edges of the plate for optimal
performance.

III. Controller Design

The compensator used in this study is the output feedback
controller composed of an linear quadratic regulator and an extended
Kalman filter. The EKF includes the nonlinear part of the model and
can give an accurate estimation of the states of a system. The LQR
controller was chosen due to its flexibility in design, especially for
multivariable systems (in this case a multimodes system).
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Table 1 Material property of the composite plate, PZT5A, and MFC
Materials Graphite-epoxy PZT5A MEFC
Young’s modulus, psi E, =22.50-10° E,=9.00-10° E, =529-10°
N/m? 15.5-10" 6.21- 10" 6.51-10'
E,=1.17-10° e E,, =1.10-10°
8.07-10° —_— 7.58 - 10°
Shear modulus, psi Gy, =0.66-10° G,=3.46-10° Gpin =2.12-10°
N/m? 4.55-10° 2.39-10'° 1.46-10'0
— — G o3 = 1.06-10°
— — 7.31-10°
Poisson’s ratio v; =0.22 —_— v, =0.25
v, =0.011 v =0.30 v,y = 0.05
Density, Ib - s?/in.* p=1458.10"* pp=7.10-107* Ppz =7.07-107
kg/m3 1550 7582 7552
Thickness, in. h =0.054 h =0.009 h =0.009
m 1.37-1073 2.3-107* 2.3-107*
Charge constant, in./V e dy =—7.51-10"° dy; =2.09-1078
m/V —_— —1.91-1071° 5.31-1071°
—_— e dj, =—8.27-107°
— — —2.10- 10710
Electrode space, in. E— h;, = 0.009 h;, =0.042
m —_— 2.3-107* 1.07-1073
Maximum voltage, V e Vinax = 820 Vinax = 2000

A. System State-Space Model

Based on the modal equations of motion, Egs. (21) and (22), a
standard state-space model for control design and simulation can be
formed. The system state vector X consists of the modal amplitudes

and velocities
q
X =" 28
{4l o8)

and as defined in the nomenclature, the control input and the sensor
input are

U={W,} (29)

Y ={q'} (30)

The state-space form for the modal equations of motion is then

N 0 1 0 0
A= [_[Mh]_l[K] _[Mb]_l[é]:| " [—[Mb]*l[I?qq] 0]
0

b= [_[Mh]il[kh(p]] C=[-[Ky]l 0] D=0

(32)

and where A is areal system state matrix. In designing a controller for
the system, we use its linearization form by applying the Taylor
series approach. In fact, the linearized A matrix is the first part of A

0 1
A= [—[Mbr'[k] —[Mhrl[él] 33)

B. Linear Quadratic Regulator Control

Here, a linear quadratic regulator is used for our system. This
method seeks a solution for the linear full-state feedback problem
defined as

Mode (1,1)

Mode (2,1)

X=AX+BU Y=CX+DU 31
where the system matrices are
1.5 3
2
£ 1
T 1 £,<
£ go
= =
0.5 2
400 500 600 700 800 900 0 0.5 1 1.5 2
A Time t, sec
a) Wy,,./h vs dynamic pressure  b) Time history
200 £ -6,
100 < -8
3 % -10
© 0 —
£ =12
> [}
—100 g
£ 16
—209; -1 w 0 h 1 2 g‘ -18 50 o0
max < Frequency, Hz
c) Phase plot d) Power spectrum density

Fig. 1 LCO response of the composite panel at A = 700 using 4 modes.

0
0.5
0 05 1 15 2 1o 05 1 15 2
Time t, sec Time t, sec
a) Mode (191)’ qll(t) b) MOde (2’1)’ qZI(t)
o4 Mode (3,1) Mode (4,1)
0.2 :
é-"_’ 0 i i ! g °
0.2 -0.05
044 05 1 15 2 '0‘1'0 05 1 15 2
Time t, sec Time t, sec
¢) Mode (3,1), g3,(¢) d) Mode (4,1), g4, ()

Fig. 2 Time histories of the 4 modes for the composite panel at . = 700.
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3
2
§ 1
]
£ 0
e -1
-2
0 05 1 15 2
Time, t sec

a) Controlled panel LCO

" 1
0.5 0.5
3 S o
-0.5 -0.5

-1 05 i 5 -1 0.5 1 15

0 . 1. 2 0 . 2
Time, t sec Time, t sec
b) Control input 1 c¢) Control input 2
1
1 05
0.5 < o
S o 2
05 -0.5
1605 1 15 2 B 15 2
Time, t sec Time, t sec
d) Control input 3 e) Control input 4
Fig. 3 Suppression of LCO at A = 700 using PZT5A.
U=-KX (34)

which minimizes a quadratic performance index that is a cost
functional of system states and control effort

J:/ [X"0X + UTRU]dt (35)
0
Minimizing Eq. (35), the controller gain is

K=R'B"P+0=0 (36)

where P is a positive definite symmetric matrix determined from the

1865

05. 1 15 2
Timet, sec
Time history
Fig. 5 Thermal postbuckling of the composite panel at A =430 and
AT/AT,., = 8 using 4 modes.

solution of the algebraic Riccati equation

AP+ PA—-PBR'B’P+ Q=0 37

To apply the LQR control, all the states of the system are to be
known. In fact, it is difficult for the sensor to give the accurate
information for every state. Thus, the state estimator needs to be used
like the linear Kalman filter. Linearized system equations are used
and nonlinear effects are not considered during the process. State
estimation performance for large amplitude limit cycle amplitudes
may be deteriorated as a result [21], and the extended Kalman filter
[22] is thus implemented. It replaces the nominal trajectory based on
the linearized system by the estimated trajectory, then evaluates the
Taylor series about the estimated trajectory. Thus, if the system is
sufficiently observable, the estimated trajectory is close to actual
trajectory sufficiently and makes the estimation valid.

The nonlinear state estimation is

X =ARX.HX + BU + K,()(Y — CX) (38)

Y=CX 39)
The EKF contains the nonlinearity for the system dynamics, which is
linearized according to the traditional Kalman filter, accounting for
the better robustness of the extended Kalman filter. The EKF uses
linear approximation over a very small range of the state space. Then,
the Riccati equation is solved to get the EKF gains. In fact, in our
system, the linear approximation is for every step of the iteration for a
nonlinear system. The resulting linearization’s range is much smaller

4
3
2 0.5 0.5
S 1
E . = = o
=
-1 -0.5 -0.5
-2 -1 -1
0o 05 1 1.5 2 0 0.5 1 1.5 2 0 0.5 1 1.5 2
Timet, sec Time t, sec Timet, sec

a) Controlled LCO

b) Controlled input 1

¢) Controlled input 2

1 1 1
0.5 0.5 0.5
S S 0 = 0
-0.5 -0.5 -0.5
-1 -1 -1

0 0.5 1 1.5 2 0 0.5 1 1.5 2 0 1 2 3 4

Time t, sec Time t, sec Time t, sec
d) Controlled input 3 e) Controlled input 4 f) Controlled input 5

Fig. 4 Suppression of LCO at A = 700 using MFC.
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) Mode (1,1) Mode (2,1)
L
e 0.5
=0 P
o o O
-1
_2| -0.5 -
-3 -1
0 0.5 1 1.5 2 0 0.5 1 15 2
Time t, sec Time t, sec
a) Mode (1,1), g4,() b) Mode (2,1), q,;(t)
Mode (3,1) Mode (4,1)
0.5 0.2
0.1
& 0 o 0
-0.1
05 05 1 15 2 %% 0.5 i 15 2
Time t, sec Time t, sec
¢) Mode (3,1), g3;(9) d) Mode (4,1), g4, (¢)

Fig. 6 Time histories of the 4 modes for the composite panel at A = 430

and AT/AT., =8.

than the linearization of the traditional Kalman filter (which is the
same as the linearization for LQR). Thus, the EKF can have better

state estimation.

The linear approximation of the state matrix (or the state transition

matrix) is

A Ay
dx; dxy  Ox3 ax,
If (x. 1) o o of s,
F() ~ = ol R (40)
X x=Xx(1) .
ity ity iy 05,
ax; dxy  Ox3 dx, x=#(1)
where
fx,) =X =AX +BU (41
X} = [xlvx2vx3sx4sx5’x67x7sx8]r (42)

and the Riccati equation for EKF is
P (1) = F(OP,(1) + P()F (1) = P.()CTR;'CP(1) + Q.
(43)
also the EKF gain

K () =P, ()C'R;! (44)

The preceding equations indicate that the EKF gain is evaluated
online.

IV. Results

A. Material Properties

The system equations of motion of the composite plate are
transferred into modal equations. The time domain numerical
method is employed to obtain the LCO. The fourth-order Runge—
Kutta method [23] is used. Material properties of the composite plate,
PZT5A, and MFC are shown in Table 1.

N w

Whax/h
L4 O a4

1
Time

2 3
t, sec

E>

a) Controlled panel thermal postbuckling deflection

1 1 1
05 05 05
-05 -05 -05
-1 -1 -1
0 12 3 4 0 12 3 4 0 1 2 3 4
Time t, sec Time t, sec Time t, sec

b) Control input 1

¢) Control input 2

d) Control input 3

1 1 1
0.5 0.5 0.5
< 10 © \
> 0 o 0 > 0 Y
-05 -0.5 -0.5
-1 -1 -1
0 1 . 2 3 4 0 1.2 3 4 0 1 . 2 3
Time t, sec Time t, sec Time t, sec
e) Control input 4 f) Control input 5 g) Control input 6

Fig. 7 Suppression of postbuckling deflection at A =430 and AT /AT, = 8 using PZT5A.
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0] 1 2 3 4

Time t, sec

a) Controlled panel thermal postbuckling deflection

—_

0 1 2 3 4
Time t, sec

b) Control input 1

1

0 1 2 3 4 ~o
Time t, sec

c¢) Control input 2

1
0.5 05 0.5

S 0 2 o S o
-0.5 -0.5 -0.5
-1 1 y > -1

3
Time t, sec

d) Control input 3

4 0 1 2 3 4
Time t, sec

e) Control input 4

1 1 1
0.5 0.5 0.5
:m 0 Dw 0 :’h 0
-0.5 -0.5 -0.5
B T S o1 2 3 4 w2 3
Time t, sec Time t, sec Time't, sec
f) Control input 5 g) Control input 6 h) Control input 7

Fig. 8 Suppression of postbuckling deflection at . =430 and AT /AT, = 8 using MFC.

B. Suppression of Panel Flutter

The model considered here is a symmetrically laminated six-layer
[060 —60 —60 60 0deg] rectangular panel. It is simply-
supported on all four edges, and the in-plane boundary conditions

3
2
] 1
£
3
go
E
-2
~o 12 3 4
Time t, sec
a) Time history
200 2
%10
o 100 £
=, 5
© 0 N
E 3
> 2 -15)
-100 s
3
-200 <
-20
(] 50 100 150
Frequency,Hz
b) Phase plot ¢) Power spectrum density

Fig. 9 Chaotic response of the composite panel at A =440 and
AT/AT,.. = 8 using 4 modes.

are u(0,y) = u(a,y) = v(x,0) = v(x, b) = 0. The dimensions of
the panel are 102.87 x 68.58 x 0.1372 cm (40.5 x 27 x 0.054 in.),
and the finite element mesh has been chosen as 12 x 12 for the whole
plate. This model is applied in all the flutter suppression with and
without considering thermal loads.

Mode (1,1) Mode (2,1)
N 1
2
’ 05
& © & 0
-1 _05
2
-1
o 1 2 3 4 0 1 2 3 4
Time t, sec Time t, sec
a) Mode (1,1), q4,(¢) b) Mode (2,1), 5, (?)
Mode (3,1) Mode (4,1)
0.4 0.2
0.2 0.1
& o & 0
-0.2 ~0.1
0% 4 03 3 4

1 2 3 1 2
Time t, sec Time t, sec
¢) Mode (3,1), g3,(¢) d) Mode (4,1), g4,(¢)

Fig. 10 Time histories of the 4 modes for the composite panel at A =
440 and AT/AT.. =8.
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a) Controlled panel chaotic response
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1. Control of Panel Flutter Without Thermal Effects

When the thermal loads are not considered, the panel produces
only LCO. Two piezoelectric materials: PZTSA and MFC are
applied and compared in this paper. The NFCG and NKFEG
methods are used to decide the locations for actuators and sensors.
For PZTS5A, the NFCG method is used to locate the actuators as
shown in Fig. Ala. The NKFEG method is applied to place the
sensors and the result is shown in Fig. Alb. The self-sensing
actuators are placed at the optimal locations for both actuators and
sensors, and Fig. Alc shows the final locations for the PZT5A case.
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The self-sensing actuators are embedded in the top and bottom
surfaces of the composite panel using the NFCG norm >42.7 and
NKFEG norm >0.0681. For MFC, because its stress constant is
twice as large as that of PZT5A (d;; > 2ds,), MFC can provide more
control force than PZTSA. Therefore, theoretically, MFC can
provide better control performance than PZT5A. Figure A2 shows
the optimal locations of MFC where the NFCG norm of the self-
sensing actuators >42.9 and NKFEG norm >1.06. The results show
that less actuators or sensors are needed in flutter suppression when
using MFC.
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Fig. A1 Optimal locations of PZT5A self-sensing actuator on the composite panel based on NFCG and NKFEG norm for LCO.
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When the PZTSA actuators and sensors are placed on the three-
dimensional composite panel using NFCG and NKFEG norms, the
relationship of the dynamic pressure and W, // is shown in Fig. la.
The time history, phase plot, and power spectrum density (PSD) plot
at A = 700 are shown in Figs. 1b—1d. Obviously, the motion is an
LCO. The time histories of the four modes, g, (?), ¢»,(¢), g3, (), and
q41(?) are shown in Fig. 2.

Figures 3 and 4 show the suppression of flutter by using PZTSA
and MFC, respectively. From Figs. Al and A2, it is noted that eight-
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element MFCs are used but ten-element PZT5As are needed to
achieve the similar performance at a dynamic pressure A = 700.
The results show that LQR/EFK can provide good control
performance even if the initial state estimation is not accurate. That is
because aerodynamic damping exists in the supersonic panel flutter
and the damping will make the panel flutter converge to a particular
LCO amplitude no matter what kind of initial states the system has.
With this aerodynamic damping, the estimated states from EKF can
converge to real states much faster than free vibration. Therefore, the
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Fig. A2 Optimal locations of MFC self-sensing actuator on the composite panel based on NFCG and NKFEG norm for LCO.
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LQR/EKF controller has a good performance in the suppression of
panel flutter of all cases (LCO, thermal postbuckling deflections, and
chaotic motions).

2. Control of Panel Flutter with Thermal Effects

At elevated temperatures, flutter response could be one of the
three: LCO (including periodic motions), thermal postbuckling
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deflections, and chaotic motions (e.g., see Fig. 2 of [1] or Fig. 1 of
[18]). Most literatures studied the control of LCO without
considering flutter suppression of the latter two cases. Because the
suppression of LCO with thermal loads is similar to the situation
without thermal effects, only static thermal postbuckling and chaotic
cases will be presented in this section.

The presence of thermal loads results in a flutter LCO motion at
lower dynamic pressure or a larger LCO amplitude at the same
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Fig. A3 Optimal locations of PZT5A self-sensing actuator on the composite panel based on NFCG and NKFEG norm for static thermal postbuckling

and chaotic motion.
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dynamic pressure. In addition, a high temperature rise may cause
large thermal postbuckling deflections of the skin panels, which
could lead to chaotic motions at a certain range of dynamic pressure.
More self-sensing actuators are needed to suppress such static
postbuckling deflections or chaotic motions. It is also noted that the
state estimator plays an important role in the control. Sometimes,
fewer actuators are enough to achieve the suppression, but a lot more
sensors are needed to supply the state information for the controller.
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And so, additional sensors may be needed besides the self-sensing
actuators.

First, the suppression of thermal postbuckling deflection is
considered. The thermal load to this three-dimensional composite
panel is eight times the critical temperature, AT/AT, = 8. The
dynamic pressure is at A =430, which is less than the critical
dynamic pressure in LCO case. And from the time history shown in
Fig. 5, the panel produces a large static thermal postbuckling

114 11.4 13.3| 3.07 1.7 372 2.51 568 | 5.97 m
106 | 107 19| 3.91 “ 106 | 522 2.32 6.58 | a.34

104| 102| 115 ase 10.2| 55a4| =297| 6.3a| a6

102| 9.45| 114 s5.43| am 10.2 57| 385| 587 aa 127 | 5.96
101 | 972| 1o0e| s525| a475| 101 | s568| a=24a| 588 a1s| 320 261
998| 9.99| 104 s5.05| a1 10.2| 586| 4.as5 6.3| 527| 11.4| 263
969| 9.89| 108| 527| a25| 104 603 409

9.99 10 11| 525| as2| 108| .35 az

995| 10.3| 108| a466| asa 11 6.5| 383

972| 10.6| 10e| a477| as83| 11.8| e76| 3.97

9.46| 10.7| 118 4.91 a.97 | 1386 661 4.86

6.02| 9.96| 12.1| 3.75 - 248 67| 7.77

a) NFCG norm of every element of the composite panel

a6 - 1.16 | 0.705 | 3.72 6.76 -

0.33 | 0.144 | 0.141 | 0.065 | 0.322 | 0.474 .
0.131 | 0.047 | 0.038 | 0.029 | 0.129 | 0.154 | 0.011
0.0025 | 0.002| 0.01| 0029 | 0.005| 0.091| 0.02| 0018| 0.018| o0.08| 0.083| c.005
0.0045 | 0.004 | 0.012 | 0.019 | 0.002 | 0.038 | 0.009 | 0.014 | 0.013 | 0.059 | 0.056 | 0.003
0.003 | 0.033 | 0.009 | 0.014| 0.002| 0.025| 0.008 | 0.013 | 0.011 | 0.046 | 0.041 | 0.002
0.0014 | 0.06 | 0.003 | 0.008 | 0.001 | 0.021 | 0.006 | 0.019 | 0.011 | 0.036 | 0.03a | 0.002
0.0022 | 0.004 | 0.002 | 0.007 | 0.001 0.02 | 0.004 | 0.025 | 0.011 | 0.032 | 0.028 | 0.002
0.009 | 0.002| 0.017 | 0.003 | 0.088 | 0.014 | 0.039 | 0.027 | 0.002
0.015 | 0.004| 0.024 | 0.004 | 0.217 | 0.0258 | 0.063 | 0.051 | 0.003
0.043 | 0.015| 0.061| 0.008 | 0.178 | 0.099 | 0.177 | 0.131 | 0.005
0577 | 0.205| 0.932 | 0.103 - 1.44 | 236 163 | o.039

b) NKFEG norm of every element of the composite panel

¢) The optimal locations based on the two norms for the composite panel

Fig. A4 Optimal locations of MFC self-sensing actuator on the composite panel based on NFCG and NKFEG norm for static thermal postbuckling and

chaotic motion.
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deflection response. The locations of actuators and sensors from the
NFCG and NKFEG methods are shown in Figs. A3 and A4 for
PZTS5A and MFC, respectively.

Figures 5 and 6 show the thermal postbuckling response with
PZT5A embedded symmetrically in the top and bottom layers of the
composite panel. The control results are shown in Figs. 7 and 8 for
PZTS5SA and MFC, respectively. More self-sensing actuators are
applied to suppress thermal deflection than the LCO case. The results
also show that MFC is more efficient.

Second, the suppression of chaotic motions is studied. The thermal
load to this three-dimensional composite panel is eight times the
critical temperature. The dynamic pressure A = 440, which is less
than the critical dynamic pressure in the LCO case, and the panel
produces large amplitude chaotic motion. Locations of actuators/
sensors are the same as those for the static thermal postbuckling
suppression.

Figure 9 shows the chaotic response of the maximum deflection of
the composite panel in time history, phase plot, and PSD plot.
Comparing to the corresponding plots for the LCO shown in Fig. 1, it
clearly indicates that the motion at A = 440 and AT/AT, =8 is
chaos. The time histories from the four modes are shown in Fig. 10.
The control results are shown in Figs. 11 and 12 for PZTSA and
MEFC, respectively.

V. Conclusions

Suppression of the nonlinear panel flutter with or without thermal
effects for a three-dimensional composite panel by using the linear
quadratic regulator with extended kalman filter is studied. When
there are no thermal loads, limit cycle oscillations are observed. The
fundamental mode contributes more than 50% to the LCO response,
and the contributions from other modes need also to be considered.
Therefore, more control efforts and sensors are needed for the flutter
suppression. But aerodynamic damping will make panel response
converge to some particular motions no matter what initial states it
has, and it also makes the estimated states from EKF converge to the
real states much faster than the case for the suppression of free
vibration [9].

When there exists thermal loads, the panels become less stiff and
may generate thermal postbuckling deflection, limit cycle
oscillations (including periodic motions), and chaotic motions.
Numerical simulations showed that the LQR/EKF can suppress the
panel motions with proper selection for sensor/actuator locations.
The piezoelectric MFC is more efficient than PZT5A. Sensors used
for EKF also play a more important roll in the overall control
performance. The present investigations have shown for the first time
that all three panel responses (LCO, thermal postbuckling, and
chaos) can be suppressed. When the flow angle, dynamic pressure,
and thermal loads are changing, the panel motion may vary among
the static postbuckling, LCO, periodic, and chaotic motions. In this
case, an adaptive or other intelligent controller will be needed for
future studies.

Appendix: Placement of Self-Sensing Actuators
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