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A coupled structural-electrical nonlinear modal finite-element multiple-mode formulation for laminated
composite shallow shells with embedded piezoelectric sensors and actuators is presented for the suppression of large-
amplitude undamped free vibrations. Composite shells exhibiting both softening and hardening behavior are
investigated. The linear quadratic regulator combined with an extended Kalman filter is employed as an active
controller for the suppression of nonlinear free vibrations. However, when the frequency of limit-cycle oscillations is
suddenly changed from the softening to the hardening response characteristics or vice versa, active controller has
difficulties to adjust the control parameters to cope with the changed structural response. To mitigate this issue, the
currently developed controller is adaptively designed using the system identification which has the ability to identify
the frequency of limit-cycle oscillations. It is shown that the adaptive controller constructed of the linear quadratic
regulator and extended Kalman filter with system identification is suitable for suppression of the sudden change of
shallow-shell response characteristics. The norm of optimal feedback control gain method for actuators and the
norm of Kalman filter estimator gain method for sensors are employed to determine their optimal locations,
respectively. Two different self-sensing actuator types, PZT5A and macrofiber composite, are used and their control
performance for the suppression of the oscillations is compared. The numerical results illustrate that the adaptive
controller can successfully suppress the nonlinear free vibrations, even with unknown sudden changes in the

multimode response characteristic.
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R = radius
r = mode number
K = shear
X = xaxis
y = yaxis

I. Introduction

HALLOW shells are common structural components in aero-

space and other engineering applications. Despite the fact that
most of the practical problems involve a forced response prediction,
the free-vibration studies of shallow shells lend a valuable insight
into their structural dynamic response prediction.

Liew etal. [1] reviewed the vibration of shallow shells, and various
theories have been described. Marguerre curved plate theory was
used by Cummings [2] to study large-amplitude vibration of a freely
supported cylindrical shell segment. Donnell’s shell theory was
applied by Hui [3] for simply supported cylindrical panels with
geometric imperfections. Raouf and Palazotto [4] used the Donnel-
Mushtari-Vlasov shell theory to model curved orthotropic cylin-
drical panel using the Galerkin procedure and perturbation method.
Abe et al. [5] studied nonlinear vibration of clamped laminated
shallow shells by considering the first two modes (first symmetrical
and first antisymmetrical). They investigated the influence of the first
mode on nonlinear vibration of the second mode. Pillai and Rao [6],
and Bhimaraddi [7] were concerned with the softening effect in flat
plates due to antisymmetrical lamination. Interestingly, in the curved
panel the softening effect can be either magnified or suppressed by
the stacking sequence of the symmetric or antisymmetrical lami-
nation. Classical analysis have neglected the in-plane inertia terms
due to mathematical difficulties. Shi et al. [8] studied the coupled
linear bending-in-plane modes to obtain the nonlinear general
Duffing equations. Przekop et al. [9] investigated the differences in a
shallow-shell response prediction when uncoupled versus coupled
linear bending and in-plane modes are used. They also concluded
that the in-plane inertia can be neglected in the nonlinear response
simulation of shallow shells.

To control the global dynamic behavior of the flexible structures,
the active modal controller methodologies have been developed.
Inman [10] established the modal control techniques to manage the
problems of control spillover which is caused by the structural
flexibility. He pointed out the application of numerous sensors and
actuators providing an effective and simple solution to problems
associated with control of flexible structures. Zhang [11] used the
natural second-order form of the equations of motion to design the
optimal vibration control. The optimal control feedback matrices
were obtained by solving a set of linear differential equations. Xie
et al. [12] employed H-infinite control method to suppress the low-
frequency modal vibration of the thin plate covered with a
controllable constrained damping layer. They considered disturb-
ance/output characteristic of the structure in robust control design.
Abdel-Motagaly and Mei [13] investigated the application of the
adaptive feedback linearization controller to suppress the free
vibrations of a simply supported beam. De Abreu and Ribeiro [14]
proposed an online self-organizing fuzzy logic controller to control
of vibrations in flexible structures. Hossain et al. [15] studied genetic
algorithm and adaptive neurofuzzy inference system to develop a
control mechanism for suppression of transverse vibration motion of
flexible beam. Li et al. [16] showed the application of adaptive
control method for nonlinear free vibrations of the flat plate using
piezoelectric actuators.

The free response structural analysis carries its inherent com-
plexities. In particular, obtaining the exact initial condition for the
steady periodic multimode solution is a challenge and, therefore,
most published studies are limited to a single-mode approach. In the
current paper an improved multiple-mode approach is offered and
since the judicious initial conditions are necessary to compute
multimode solution, an iterative procedure is introduced. A shallow-
shell finite element (FE) with the improved shear correction factor is
used in the formulation. Composite curved panels with different
lamination stacking sequences are employed to simulate the

hardening- and softening-dominant vibrations. The von Karman
nonlinear strain-displacement relations, classical laminated compo-
site plate theory, the first-order shear deformation theory, and linear
piezoelectricity constitutive relations are employed in the coupled
electrical-structural FE formulation of nonlinear free-vibration in the
physical coordinates. The system equations of motion are then
transformed into a reduced-size set of equations in the modal
coordinates. As for the self-sensing actuators, PZTSA [17] and MFC
[18] piezoelectric smart materials are applied to composite curved
panels. The norms of feedback control gain [19] (NFCG) and the
norms of Kalman filter estimation gain [20] (NKFEG) methods guide
the favorable location of self-sensing actuators. The linear quadratic
regulator (LQR) combined with the extended Kalman filter (EKF)
are designed to suppress the vibration amplitudes. System ID permits
identification of the nonlinear frequency of the system to facilitate the
control of the qualitatively changing structural response character-
istic. The controller is optimized to suppress corresponding dynamic
motions. To the authors’ knowledge, it is the first study in designing
the multiple-mode adaptive controller for a shallow-shell structure
with the objective of suppressing both hard- and soft-spring
behaviors.

II. Finite-Element Formulation
A. System Equations of Motion in Physical Degrees of Freedom

A fully coupled structural-electric FE formulation is developed to
incorporate isotropic (PZT5A) and anisotropic (MFC) piezoelectric
smart materials in shell structures. The triangular Mindlin [21,22]
(MIN3) FE with the improved shear correction factor and addi-
tionally enhanced with an additional electric potential degrees of
freedom (DOF) to model the embedded piezoelectric actuators and
sensors is developed. The electric DOF is assumed constant over the
each piezoelectric layer. The first-order shear deformation theory for
acurved shallow shell is presented considering the von Karman large
deflection. The large deflection strain-displacement relations of the
Mindlin first-order shear deformation theory are given by [21] as

e} =1{e%} + zi} M
where

{e?) = {en} + {eh} + ek}

u,){ w,z)f w/R)C
1
= v, + 3 w2 + 4 w/R,
Uy +v, 2w1xw,y 0
Yy
1 ’ wy\ V) [u/R
{KI = w,v,_v ) {Vs} = + -
w, U/ v/R,
l/fx,x + 1//y,y

The electrical field-potential relations for the piezoelectric layers
are comparable to mechanical strain-displacement relations. The
electrical field can be written in terms of the electrical DOF defined as

E, hi o 0 v,

=—[Bylwy}=—| : - : 2)
0o ... -1 v,

T

E“P p

where h; is the thickness of the i-th piezoelectric layer, and the
polarization of isotropic piezoelectric materials is generated in the
3-direction, and that of anisotropic materials is in the 1-direction. The
constitutive equations (stress-strain relations) of the k-th layer of a
fiber reinforced laminated composite curved panel with embedded
piezoelectric layers are introduced next. Considering the k-th
piezoceramic layer the coupled stress resultants of force and moment
per unit length are expressed as
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The piezoelectric charge constant in the principal axes is
{d}z = [d31 d32 O], with d32 = d31 and i=3 for PZT5A
actuators, and {d}] =[d,; d;, 0]andi=1 for MFC actuators
[18,19], where d,, of MFC has the advantage of being twice as large
as the value of d;; of PZT5A. As for the application of effective
actuator motion, bending moment {M,} is applied by setting the
equal amplitude but opposite sign of voltages on the top and bottom
of piezoelectric layers for both PZTSA and MFC actuators. The in-
plane piezoelectric actuation force {N,} is negligible for suppression
of the limit-cycle oscillations (LCO) of the curved panel [23].

FE equations of motion for the laminated composite shell with
fully coupled electrical-structural properties are obtained based on
the Hamilton’s principle. Following standard assembly procedures
of element matrices the global equations of motion can be expressed
[24] as

Actuator equation:

M,] 0 {W,,}
0 [M,]|\w,

N [ (K] + [K3] + (K]

(K] + (K] + (KR

(K] + [K35) + K]
(K,] + (K3

L[ KL+ (K1, + [K1)"] + [K1§] + [K1,] [K1,,]
(K1) 0
[K2 0 W K
+|: b) i| b}:_[[ h¢]i|{w¢} ™
W, 0
Sensor equation:
{g°} = —[Kp{W,} ®)

B. Modal Formulation

The nonlinear system equation of motion, Eq. (7), can be very
large and therefore its direct numerical integration can become
computationally intensive. To gain computational efficiency a modal
reduction process can be performed. The nonlinear stiffness matrices
[K1] and [K2] rely on the unknown structural displacements
‘W} [{Wh} {Wm}] where {WIJ}T = [{WI}T’ {lpx}T9 {q,y}T] and
{W,3T =[{U}T,{V}T], what consequently requires them to be
updated repeatedly throughout the time integration process. High
frequencies and small amplitudes of the in-plane motion allow an
approximation where the in-plane inertial term is neglected in
Eq. (7). Thus, the in-plane displacement {W,,} can be expressed with
respect to the transverse displacement vector {W,} as

{Wm} = _([Km] [KfnR]) ([Kmb] + [Kmh]
+ (K51 + K1, DiW, } ©)

Substituting Eq. (9) into Eq. (7), equation of motion is represented
as a function of bending displacement only, i.e.,

MW, 3 + ((K,) + [K3] + [KF] + [K1,) + [K1)"]
+ K1+ K1)+ [K1] + [K2,]) = (Kpw] + (K35
+ KR+ [K 1) (K] + IKGED ™! X (K] + [KR,)
+ [KE] + [K L)Wy} = —[K,,J{W,} (10)

The expansion of Eq. (10) results in 16 new linear terms, six first-
order nonlinear terms and 1 s-order nonlinear [9]. Moreover, the
first-order nonlinear term [K 12’ "] is a function of the in-plane
displacement {W,,} itself which leads to a further expansion. The
physical bending displacement component { W, } can be expressed as
a summation of the modal bending displacement bases {¢, } as

W} =Y q,(0{¢}" =[p}{q} (11)

The number of needed linear modes, n, is much smaller than the
number of physical DOF in bending {W,}. Mode-shape {¢,}" is
developed from the linear eigen-problem defined as

WP M)y} = [Kpp {3 (12)

where [K; ;] consists of all the linear terms in Eq. (10). The normal
mode {¢,} is normalized with the absolute maximum component to
unity. Therefore, the modal mass matrix and the modal linear
stiffness matrix become

[M,] = [, 1" M, ][bs] (13)

(K] = [0 Ko lih5] (14)

The nonlinear stiffness matrices in the modal coordinates can be
written as

(Kol = [06]" D 4, (DK 15(@)]"[h,] (15)
r=1

(K] = MZZq,(t)qs(z)[bi(¢)1<”>[¢b] (16)

r=1 s=

Actuator equation, Eq. (10), in the modal bending coordinates can
be expressed as

(MG} + (K] + (Kool + [KyguDig} = _[kb¢]{W¢} (17)

Sensor equation, Eq. (8), in the modal bending coordinates can be
expressed as

{g°} = —[Kyllq} (18)

where the expressions for [K;,], [K,,] and [K,,,] are derived in [9].
For the multimode solutions, the dominant modes to be included in
the modal transformation are selected based on the modal par-
ticipation for the converged LCO solution. The participation of the
r-th mode can be expressed as

max |g, (1)

—_ 19
S maxlg, ] )

Participation of the r-th mode =

III. Adaptive Controller Methodology

A. Linear Quadratic Regulator/Extended Kalman Filter

In developing the control system, LQR along with EKF is
provided based on the closed-loop design method. To get all state
variables measured, the estimator must be incorporated to obtain the
unmeasurable state variables. The mathematical model in modal
coordinates from Eqgs. (17) and (18) is used to analyze a control
system performance. It is essential to represent the system equations
into the standard state-space form written as
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X=AX+BU Y=CX+DU (20)

where

X={g} U={W,}. Y={g} @1

A=A+ A, = 0 I
AT AT ik o

0 0
+ g _

_[Mb] ([qu] + [qub]) 0
’ C=[-[K,] 0] 0 (22
B = _ _ . =[—[K b 0], D = ( )
—[M,]7 K]
The total system state matrix A is separated into the linear part A and
nonlinear part A ,. First step of contriving the controller is to compute
the state feedback control gain matrix of LQR. Note, that only the
first term A is considered in Eq. (22) in applying the optimal law in
Eq. (24). The estimated states X will be observed from EKF system:

U =-KX (23)

The feedback gain K matrix of the LQR controller can be optimized
by minimizing a quadratic performance index J:

J= / “IXTQX + UTRU] dr 24)
0

K =R 'BTP (25)

The matrices Q and R are selected to satisfy the condition of the
positive definite symmetric matrix. The solution of the algebraic
Riccati equation determines the matrix P given by

ATP+ PA—PBR'B'P+Q=0 (26)

The estimated state variables are returned through the EKF. Those
variables are used in output feedback by comparing the difference
between real and estimated measurement information. The second
term A, in Eq. (22) is considered to compensate the nonlinear part of
the dynamic response. The nonlinear state estimation and mea-
surement are expressed as

X=AX.0))X+BU+K,(t)(Y—-CX), Y=CX (@27)
Taylor’s series are applied to pursue the first-order linear

approximation coefficients to cope with the nonlinear matrices as
follows:

af af of1 of
X, X, 09X, 0x,
* W oo
Af(X. 1) I T2 T N i
F(t)%aix . =| X X, X X,
X=X .
s Uy fa ... O
0X, 0X, 00X, 0X, | x=X(1)
(28)
where
f(X,)=X=AX,t)X + BU (29)
X= [X1X2X3--~X,,]T
JdA (X, ¢t
Ft)y~ A+ (Aq(X, t) + yX) 30)
X X=X(t)

The differential Riccati equation determines the Kalman optimal
filter gain K,. Since the nonlinear term is updated online, the EKF
gain is computed at every time interval resulting from

P (t) = F(1)P,(t) + P()F(t) — P,()C"R;'CP, (1) + Q,
(31

K (t)=P,(t)C'R,' (32)

The optimal location of self-sensing piezoelectric actuators are
obtained based on the norms of feedback gain designed for the LQR
in Eq. (25) and the norms of feedback gain designed for the EKF in
Eq. (32):

2n
NFCG = Z K3, NKFEG = (33)
j=1

B. System Identification

In 1992, a novel approach has been developed by Chen et al. [25]
to integrate system identification and state estimation. Phan et al. [26]
derived a versatile approach for system identification: the observer/
Kalman filter identification algorithm. This algorithm diminishes the
effects of noise on the identified system parameters. It has been
proven to be numerically efficient and robust with respect to mea-
surement noise, even in the presence of mild nonlinearities. A
number of successful applications of this method have been
documented, for instance in the areas of structural mechanics and
aerospace engineering [27]. For the adaptive control, system ID is
required to identify the frequency of LCO. The frequency detected by
system ID is then used for LQR/EKF to suppress vibrations. Since
system ID has to be evaluated online, it can be regarded as online
identification. Accordingly, the adaptive control is based on an input-
output model. In an input-output model, the output variable is
described directly in terms of the input variable while the state-space
representation describes the relationship in terms of an intermediate
variable, the system state. The autoregressive model with exogenous
input (ARX), where the system output at the current time step is
described as a linear combination of a certain number of past input
and output values, is used as the following input-output model:

y) = ay(k—1) + ay(k=2) +--- +a,y(k — p) + Bou(k)
+ Bu(k — 1) + Bou(k —2) +--- 4 B u(k — p) (34)

Equation (34) has m outputs and r control inputs. Thus, the
dimension of output y(k) and input u(k) ism x 1 and r x 1 at time &,
respectively. The coefficients «; and f; called observer Markov
parameters with i =1,2,...,p (p is the system order) must be
identified during operation. In this study, the system become a second
order involving only one output y (8; = 0) since the system is
periodic with a constant nonlinear frequency. Equation (34) can then
be simplified as

yk) =ay(k—1) + ay(k—2) (35)

System parameters or Markov parameters «; and 8; can be found
by using the recursive least squares method. Equation (34) can be
written in a vector form:

y(k) = Yv,(k—1) (36)

}72[0‘1 o Bo Bi By - ,Bp] 37
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Fig. 1 Cylindrical panel geometry.
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Fig. 2 Lamination stacking sequence influence on the simply
supported cylindrical rectangular panel response.

[ y(k—1)]
o—n =[P (38)
L utk—p) |

For different values of k, Eq. (36) can be rewritten as

y=Yv,

(39)
where
y=[yk) yk+1) yk+N—-p-1)]

Vp:[vp(k—l) v, (k) v,(k+N—p—2)] (40)
k=p+1,p+2,..)
The integer N is the number of samples processed in the system ID.

The system parameters, at time (k+N—p—2)+ 1, can be
identified by using the least squares method:

Y, =yVI[V, VI @1)

where the superscript symbol “+”
matrix.
For the system under consideration, Eq. (39) can be simplified by

substituting Eq. (35) to yield
y(k) = ?vp(k - l)
yk—1)
=la; o ]|: i| 42)

represents pseudo inverse of

y(k—2)
For a different value of k, Eq. (42) can be expressed as

[y(k) y(k+1) yk+N—-p-1]
=[Yv,(k—1) Yv,(k) Yv,(k+N—p—2)]
= Y[Up(k_ 1) vp(k) U,,(k+N—p—2)]
k—1 k k+N—p-2
oy az][y( )y y( p )}(43)
yk=2) ykk-1) yk+N—-p-3)

Using Markov parameters obtained from Eq. (43), the corre-
sponding characteristic equation of LCO can be expressed as

Z—az—oa,=0 (44)

This characteristic equation can be used to identify the LCO
frequency. After determining the roots of the characteristic equation,
the free-vibration natural frequency is calculated by using the
relationship between Z-domain and S-domain for the poles:

z=¢T (45)

where T is the sampling time. One of the roots of the characteristic
equation is the discrete system pole:

z2=2z0t+ ju (46)
It can be represented as
2=4/(@ + (g + jz)) = eTelT (47)
with
V@ + ) =T (48)
and
(zo + jzy) = &' 49)
where
, 20 ’ 21

Zp = 1= (50)

V@ +) V@+D

For the discrete pole location z, one can calculate S, and S, and
obtain the system pole S, 4+ jS, in the S-domain. The system
frequency can be calculated as

Table 1 Natural frequencies for a graphite-epoxy rectangular cylindrical simply supported panel without
and with actuators embedded at the top and the bottom layers

Material, [03/90;] lamination

Frequency, Hz

Mode (1,1) Mode (3,1) Mode (1,3) Mode (3,3)

Graphite-epoxy
Graphite-epoxy with embedded MFC (see Appendix B)

Graphite-epoxy with embedded PZT5A (see Appendix B)

261.32 331.74 536.52 657.00
232.64 297.68 487.79 652.45
243.89 306.15 535.64 665.52
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Fig. 3 Bending and in-plane mode shapes of mode (1,1) for a quarter of the simply supported [0;/90;] cylindrical panel along A-C and B-C in Fig. 1.
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Fig. 4 Bending and in-plane mode shapes of mode (3,1) for a quarter of the simply supported [0;/90;] cylindrical panel along A-C and B-C in Fig. 1.
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Fig. 5 Bending and in-plane mode shapes of mode (1,3) for a quarter of the simply supported [0;/90;] cylindrical panel along A-C and B-C in Fig. 1.
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Fig. 6 Bending and in-plane mode shapes of mode (1,1) for a quarter of the simply supported [0;/90;] cylindrical panel along A-C and B-C in Fig. 1.
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max

— /2 2
w= /57 + 5

In the current system, the preceding frequency corresponds to the
LCO frequency of the shallow shell. As mentioned earlier, this
frequency detected from the ARX model is based on the deflection
Wiax Of the periodic LCO response, i.e., it is computed using the
stiffness matrix having its contributions from the linear and nonlinear
components, as introduced in Eq. (17). Finally, the LCO period can
be calculated as

G

T,=" (52)

A5} 1
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Time,sec
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C. Nonlinear Controller Using LQR/EKF with System ID

LQR/EKF has a good control performance for nonlinear free-
vibration with a certain nonlinear frequency. However, if the system
response frequency is suddenly changed, it is not possible to control
the vibrations only with the LQR/EKF. Thus, the LQR/EKF
enhanced with the system ID is effectively feasible to suppress not
only the original LCO but also the changed LCO. The procedure
using a system ID consists of two steps: First, the system ID detects
the nonlinear frequency of LCO from the output through the
nonlinear system. Then, the detected frequency is identified by using
the relationship between the nonlinear frequency and vibration
amplitude. Secondly, the system ID provides the identified frequency
to LQR/EKF controller. The frequency information given by the
system ID adjusts the control parameters of the LQR/EKF controller,
i.e., the LQR/EKF controller with the system ID is optimized based
on the corresponding updated system.

IV. Numerical Results and Discussion

The FE modal equations of motion of the laminated composite
shallow shell can be solved by the shooting method and the fourth
order Runge-Kutta integration scheme to obtain the LCO. For
multiple-mode solutions, a selection of proper initial conditions is
critical for obtaining the steady periodic response. In the present
work, the iterative procedure presented by Przekop et al. [28] is used
to provide such an initial conditions.

In general, it was demonstrated that nonsymmetric dynamic
response can exist for symmetric structures exposed to a symmetric
spatial loading distribution [29,30]. However, for the structure under
consideration in response regimes W, /h comparable with the
current studies, it was found [9] that the antisymmetric response
components are not present. Consequently, the reduced-order
model used in this study is based only on the symmetric modes.
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Fig. 8 Time response and phase plot of the panel with embedded MFC having the largest softening effect.
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Fig. 9 Time response and phase plot of the panel with embedded PZT5A having the largest softening effect.
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Table 2 Modal participations in the three-mode solutions for a
simply supported [0;/90;] cylindrical rectangular panel with
embedded actuators

Modal participation at W, %

W'E“ Modal participation at W,;,, %
%“ W}j““ qn g3 q13

Graphite/epoxy with MFC

0.9318 0.9212 73.4644 25.3141 1.2215

0.9318 —1.5389 69.2581 27.6468 3.0951

1.0516 1.2425 93.9060 5.0851 1.0089

1.0516 —1.7931 80.3475 14.1415 5.5110

1.1022 1.3705 95.0354 4.1700 0.7946

1.1022 —1.9864 81.4720 12.8384 5.6896
Graphite/epoxy with PZT5A

0.9387 1.0356 82.7397 16.2571 1.0032

0.9387 —1.7958 77.6370 18.5975 3.7655

1.1039 1.3894 90.8526 9.0576 0.0897

1.1039 —2.0556 79.4488 15.1691 5.3821

Furthermore, due to the symmetry of the response, only a quarter of
the shell was modeled using a 14 x 14 mesh or 392 triangular
shallow-shell elements. Simply supported immovable boundary
conditions were applied on the two constrained edges and symmetry
conditions were prescribed on the remaining two edges. For all study
cases, graphite-epoxy cylindrical panels presented in Fig. 1 are
used. The panel’s dimensions are 12 x 10 x 0.054 in.. (30.48x
25.40 x 0.1372 cm) with the curvatures of R, = 150 in. (381 cm)
and R, = oo, and the symmetry axes connecting points A, C and B
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Table 3 Modal participations in the four-mode solutions for a
simply supported [0;/90;] cylindrical rectangular panel with
embedded actuators

Modal participation at W,,,, %
Modal participation at W;,, %

wTVL" W,j“" qn 931 913 933
Graphite/epoxy with MFC
722108 249282 09762  1.8848
67.6730  26.9938  2.9480  2.3852
90.1101 5.6963 09028  3.2908
78.3496 13.5415  5.2680  2.8408
90.1556 4.6593  0.8320  4.3531
79.2025 12.1189 53151  3.3635
Graphite/epoxy with PZT5A
80.9464 16.2645  0.4845  2.3046
76.1459 18.0289  3.6274  2.1978
84.3437 9.3753  0.8350  5.4460
76.7023 143507  4.8012  4.1459

0.9318 0.9227
0.9318 —1.5404
1.0516 1.2775
1.0516 —1.8898
1.1022 1.4206
1.1022  —2.1031

0.9387 1.0042
0.9387 —1.7409
1.0880 1.4467
1.0880 —2.1879

indicate the preceding quarter-panel section studied. Two antisym-
metrical lamination stacking sequences of [0/0/0/90/90/90] and
[90/90/90/0/0/0] (shorthand notation [05/90;] and [905/0;],
respectively) were considered. Therefore per Eq. (5), the laminate
stiffness [B] adopts nonzero values indicative of bending-in-plane
material coupling.

The MFC and the traditional piezoelectric materials (PZT5A) are
used as self-sensing actuators. All material properties are shown in
Table Al. Before the suppression of nonlinear vibrations is
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Fig. 16 Performance of the active controller for the 4-mode solution of the simply supported [0;/90;] cylindrical panel using MFC.
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attempted, the relation of the large-amplitude LCO deflection versus
the nonlinear frequency was investigated. Then, the control results
for an active and adaptive controller are introduced and discussed.

A. Finite-Element Free-Vibration Analysis Results

This section includes not only results of the plain graphite-epoxy
panel studies but also free-vibration results for panels with embedded
PZT5A and MFC piezoelectric materials.

1. Lamination Stacking Sequence Influence on the Response
Characteristics

Since the softening effect in curved panels can be either magnified
or suppressed by the lamination stacking sequence selection, the
response of curved panels with two different antisymmetric lami-
nation stacking sequences of [0;/90;] and [905/0;] is investigated
first with a single-mode solution. Although the single-mode solution
may be not very accurate, it is usually sufficient to determine the
presence of the softening and/or hardening response characteristic
[9]. It was determined from the single-mode analysis that the
lamination stacking sequence of [03/905] (where the [05] layers are
closer to the shell center) exhibits both softening and hardening
response characteristics. Contrary, the [905/0] shallow-shell panel
exhibits only the hardening response as shown in Fig. 2.
Consequently, the [0;/905] lamination was selected for the further
studies since the presence of two distinct types of nonlinearity
constituted a more challenging case for the control system design.
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2. Natural Frequencies and Mode Shapes

To obtain an accurate large-amplitude free-vibration response, a
multimode analysis rather than a single-mode analysis may be
necessary. Generally, the larger the amplitude, the larger the number
of modes required for the converged solution. In this study, the
number of modes is increased up to four, and includes the lowest
frequency symmetric modes (1,1), (3,1), (1,3), and (3,3). The first
four natural frequencies of the composite cylindrical panel with and
without the actuators are presented in Table 1. For a curved panel,
since the transverse displacement component and the in-plane
displacement component of each linear mode are inherently coupled,
both transverse and in-plane mode-shape components for the
[03/90;]1amination panel are shown in Figs. 3—6 along A—C and B—C
shell sections, as depicted in Fig. 1.

3. Multimode Free-Vibration Solutions

Figure 7 shows that the difference between the three-mode and the
four-mode solutions in softening part is relatively insignificant,
which is usually indicative of adequate convergence being achieved.
Also, itis demonstrated that the multimode solutions depart from the
single-mode solution, especially for larger amplitudes in the inbound
part of the oscillation. Time responses and phase plots for the simply
supported [03/905] cylindrical rectangular panel under moderately
large-amplitude free vibrations, which have the largest softening
effect or the lowest frequency ratio wy; /w; , are shown in Fig. 8 for
the panel embedded with MFC and in Fig. 9 for the panel embedded
with PZT5A. The time response and phase plot of each mode are
presented in Fig. 10 for the MFC-embedded panels, and Fig. 11 for
PZT5A embedded panels.
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Fig. 17 Performance of the active controller for the 4-mode solution of the simply supported [0;/90;] cylindrical panel using PZT5A.
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The results for the [0;/90;] composite cylindrical panel in the
response range having only the hardening effect are presented in
Fig. 12 for the panel embedded with MFC, and in Fig. 13 for the panel
embedded with PZT5A. The corresponding time response and phase
plot for each mode are illustrated in Fig. 14 for MFC and Fig. 15 for
PZT5A.

The modal participation of each mode can be calculated based on
Eq. (19). The inbound deflection of the shallow shell has a larger
absolute value than the outbound deflection, while the absolute
values of the inbound deflection of the flat plate are the same as the
outbound deflection. For this reason, modal participations for both
Winax/h and W, / h displacement ratios are computed. Tables 2 and
3 show that the modal participations at W, /h and W, /h are
different for both the three-mode and the four-mode solution,
respectively.

B. Control Results for Nonlinear Free Vibrations
1. Optimal Placement of Self-Sensing Piezoelectric Actuators

Before applying an active or an adaptive controller, the best
location of the embedded piezoelectric layers should be first inves-
tigated to attain the optimal actuation, optimal sensing, and
especially important in aerospace applications, minimal weight. The
NFCG method in Eq. (25) and the NKFEG method in Eq. (32) are
used to find the optimized locations for actuators and sensors,
respectively. The preferable locations of actuators and sensors
obtained from the NFCG and NKFEG method are then combined for
the best location of self-sensing actuators.

The optimal placement of actuators and sensors using not only
MEFC but also PZT5A is shown in Figs. B1-B4 in Appendix B. The
optimal location of self-sensing actuators for both actuator materials
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;
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¢) Control input

is illustrated in Figs. BS and B6 in Appendix B. In this study, the
optimal size of self-sensing actuators is investigated with 20.41% of
the panel area. The optimal location of MFC is determined where
NFCG norm || K|| > 4.265 and NKFEG norm || K, || > 2.198, and the
optimal location of PZT5A is obtained using NFCG norm | K| >
4.195 and NKFEG norm || K, || > 0.015.

2. Active Control Results

Before investigating the performance of the adaptive controller,
the performance of the active LQR/EKF controller is first determined
and discussed in this section. Although the active controller has a
good control performance at a certain nonlinear frequency, when the
frequency of LCO is suddenly changed, such a controller is no longer
suitable. To deal with this sudden change of the system response,
LQR/EKF controller should be adaptively designed. The adaptive
control performance will be discussed in the next section.

For an active LQR/EKF controller using MFC, designed
parameters of Q and R weighting matrices for LQR with Q, and R,
weighting matrices for EKF are chosen as

w, 0
Q =cx |: 0 w,:|"

R =[C]iCT" (53)

Q.,=cx[1l. R,=[C]C]" 4

Designed parameters of an active controller using PZT5SA are
selected as

-2'50 0.05 0.1 0.15 0.2 0.25 0.3 0.35

Time,sec

b) Controlled vibration
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OFF L L L L L L
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d) System identification working period

Fig. 18 Performance of the adaptive controller for the 4-mode solution of the simply supported [05/90;] cylindrical panel using MFC at (% =0.9318

and “;% = 1.1022.
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Fig. 19 Performance of adaptive controller for the 4-mode solution of the simply supported [0;/90;] cylindrical panel using MFC at % =0.9418 and

“’T"IL = 1.0516.

Q:cx[“(’)' a())] R=1I] (55)
Q,=cx[, R,=cx[I (56)

where w, (r =1,2,3---n) are linear natural frequencies, and c is a
constant number.

Figure 16 for the MFC-embedded panel, and Fig. 17 for the
PZT5A-embedded panel show that active LQR/EKF controller is
effective in suppressing the nonlinear vibration at a certain fixed
frequency. These results indicate that the active controller using MFC
has much better control performance than using PZT5A. This is why
the adaptive controller, which will be discussed in the next section, is
designed using only the MFC self-sensing actuator.

3. Adaptive Control Results

The active controller has difficulties to adjust the control param-
eters to cope with the changed structural response. The controller
should thus be adaptively designed using the system ID which has the
ability to identify the LCO frequency. Especially, the adaptive
controller is highly suitable for the suppression of the nonlinear free
vibrations of the cylindrical panel including hardening and softening
characteristics.

The system identification algorithm is implemented before the
controller is activated. Figure 18 shows an excellent control per-
formance of adaptive controller which consists of a) the free
vibrations with the nonlinear frequencies including the largest
softening effect in this system, b) controlled vibration, ¢) control
input, and d) the time period when the system ID is activated.

Figure 19 shows that the adaptive controller has the capability to
suppress a broad range of nonlinear free-vibration regimes.

V. Conclusions

A coupled structural-electrical nonlinear modal FE model for
laminated composite shallow shells with embedded piezoelectric
sensors and actuators was formulated in structural DOF and then
transformed into the reduced-coordinates. The free response char-
acteristics of the shallow shells were first investigated. It was
determined that the curved panel with the antisymmetric lamination
sequence of [0;/905] exhibits both softening and hardening nonlinear
response characteristics, while the curved panel with the lamination
sequence of [903 /0;] provides only the hardening response behavior.

For accurate LCO analysis, a multiple-mode approach with an
iterative procedure to determine the initial conditions providing a
periodic response was used. The results confirmed that multiple-
mode solutions instead of single-mode solutions were necessary for
obtaining accurate large-amplitude LCO.

Based on the active control studies, it was determined that the
LQR/EKEF controller has a good control performance at a certain
nonlinear frequency. Additionally, it was demonstrated that the MFC
is a much more efficient actuator than the PZT5A. The active
controller adequate performance, however, was found being limited
to a specific fixed nonlinear frequency. Consequently, it was
concluded that the LQR/EKF should be adaptively designed by using
system ID algorithm to improve its robustness. Once the controller
adaptability was introduced, it was demonstrated that the nonlinear
vibrations of the system changing its response characteristics from
the softening to hardening can be also successfully suppressed.
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Appendix A: Material Properties

Table A1 Material properties of the graphite-epoxy composite, PZTSA, and MFC

Materials Young’s modulus, psi ~ Shear modulus, psi ~ Poisson’s ratio  Density, Ib-sec?/in.* ~ Charge constant, in./V ~ V...,V  Thickness, in.
Graphite-epoxy  E; = 26.24 x 10° Gy, = 1.04 x 10° v, =028 p=1458 x107* — — —
E, =1.49 x 10° v, =0.011
PZT5A E, =9.00 x 10° G, =3.43x10° v =0.30 pp=7.10x107* dy =-7.51x107° 820 h, =0.009
MFC E, =529 x10° Gpp=212x10° v, =025 pp=7.07x 107 d;; =2.09x 1078 2000 h, =0.009
E, =1.10x10° Gz =1.06 x10° v, =0.05 dj, =—-827x107°

Appendix B: Placement of Self-Sensing Actuators

A C A C
4.0446 §4.2692 §4.2518(4.2348 [ 4.2176 [ 4.1999 | 4.1818 | 4.1649 | 4.1448 | 3.9965| 4.1180 | 4.1070 | 4.0966 | 4.0513 3.6494 (37782 | 3.7974 | 3.7674 | 3.6775 | 3.4907 | 3.1309 | 2.4951 | 1.6640 | 1.3047 | 1.8343 | 2.3417 | 2.6377 | 2.7994
4.1464 14.2954 §4.2627 | 4.2454 | 4.2307 | 4.2162 | 4.2016 | 4.1850 | 4.1473 | 3.5573| 4.1463 | 4.1429 | 4.1361 | 4.1170 3.8132 | 3.8865 | 3.8988 | 3.8751 | 3.8021 | 3.6456 | 3.3294 | 2.7221 | 1.7962 | 1.2825 | 2.0282 | 2.5982 | 2.8973 | 3.0801
4.3897 43293 4.2752 04.2592(4.2491 (4.2401|4.2311 | 4.2212 | 4.1990 | 3.8194 | 4.1988 | 4.1955 | 4.1916 | 4.1858 4.1557 | 4.0894 [ 4.0697  4.0450 | 3.9938 | 3.8868 | 3.6568 | 3.1420 | 2.0998 | 1.3133 | 2.4070 | 3.0415 | 3.3279 | 3.5177
46276 43432 42821 4.2701 §4.2647 [ 4.2606 | 4.2567 | 4.2528 | 4.2458 | 4.1452 | 4.2437 | 4.2415 | 4.2399 | 4.2401 45428 42935 42386 4.2160 §4.1927|4.1525|4.0638 | 3.8194 | 2.9642 | 1.6552 | 3.3118 | 3.7891 | 3.9452 [ 4.0534
46786 43281 42816 4.2736 4.2706 4.2684 4.2666 §4.2649 | 4.2632 | 4.2559 | 4.2603 | 4.2593 | 4.2585 | 4.2584 4.6582 4.3284 4.2897 4.2807 4.2766 4.2741 4.2726 4.2738 4.2980 4.5508 4.2919 4.2749 4.2705 4.2714
44718 43409 4.2824 4.2697 §4.2640 | 4.2597 [ 4.2557 | 4.2516 | 4.2438 | 3.9659 | 4.2366 | 4.2379 | 4.2364 | 4.2313 43311 42363 4.195104.1737(4.1432 | 4.0848 | 3.9552 | 3.6175 | 2.6244 | 1.4525 | 2.9529 | 3.5295 | 3.7442 | 3.8100
3.9194 |4.2641 §4.2650 04.2562 [ 4.2471 | 4.2377 [ 4.2283 | 4.2178 | 4.1897 | 3.4073 | 4.1748 | 4.1825 | 4.1791 [ 4.1470 3.5703 [ 3.7989 | 3.8453 | 3.8283 | 3.7516 | 3.5876 | 3.2658 | 2.6644 | 1.7704 | 1.2915| 1.9803 | 2.5313 | 2.8342| 2.9724
3.2800 | 4.1001 | 4.2269 | 4.2347 | 4.2248 | 4.2107 | 4.1955 | 4.1763 | 4.1172 | 2.8660 | 4.0918 | 4.1103 | 4.1020 | 4.0083 28306 | 32591 | 3.3863 | 33790 | 3.2696 | 3.0423 | 26554 | 2.0928 | 1.5206 | 1.3106 | 1.6272 | 19798 | 2.2164 | 23455
27253 | 3.8778 | 4.1710 | 4.2099 | 4.2043 | 4.1888 | 4.1698 | 4.1425 | 4.0454 | 2.4704 [ 4.0110 | 4.0437 | 4.0268 | 3.8436 2.2792 (27902 | 2.9581| 2.9597 | 2.8402 | 2.6014 [ 2.2372 | 1.7914 | 1.4338 | 1.3288 | 1.4933 | 1.7145 | 1.8808 | 1.9819
2.2983 | 3.6335 [ 4.1077 | 4.1902 [ 4.1944 | 4.1815 4.1619 | 4.1284 | 3.9862 | 2.2029 | 3.9505 | 4.0048 | 3.9791 | 3.6914 1.9011 | 2.4310 | 2.6138 | 2.6239 | 2.5085 | 2.2833 | 1.9672 | 1.6265 | 1.3977 | 1.3410 | 1.4350 | 1.5815 | 1.7018 | 1.7816
1.9793 | 3.3953 | 4.0534 | 4.1862 [ 4.2022 | 4.1942 [ 4.1764 | 4.1382 | 3.9385 | 2.0402 | 3.9100 | 4.0038 | 3.9826 | 3.6195 1.6363 | 2.1572 [ 2.3467 | 2.3681 | 2.2626 | 2.0571| 1.7873 | 1.5266 | 1.3784 | 1.3493 | 1.4040 | 1.5045 | 1.5968 | 1.6672
1.7248 | 3.1823 | 4.0270 | 4.2021 | 4.2256 | 4.2218 [ 4.2065 | 4.1618 | 3.8778 | 1.9602 | 3.8666 | 4.0270 | 4.0375 | 3.6152 1.4115|1.9185 [ 2.1188 | 2.1569 | 2.1074 | 1.9398 | 1.7073 | 1.4895 | 1.3712 | 1.3521 | 1.3802 | 1.4479 | 1.5180 | 1.5839
1.4632 | 3.0294 | 4.0477 | 4.2287 | 4.2500 | 4.2466 | 4.228 |4.1581 | 3.6936 | 1.9219 | 3.7373 [ 4.0048 | 4.0846 | 3.6365 1.0524 | 1.6118 | 1.8711 [ 2.0757 | 2.0521 | 1.8933 | 1.6772 | 1.4730 | 1.3363 | 1.3032 | 1.3732 | 1.4357 | 1.4811 | 1.5007
1.2641 | 2.9224 [4.0017 [ 4.1950 | 4.2192 | 4.1993 | 4.1243 | 3.8771 | 2.9167 | 1.5904 | 3.1372 | 3.6493 | 3.8371 | 3.6896 27138 | 2.2487 |4.1055 | 4.5655 44677 43718 43025 42285 [4.1252|4.1437 N 42506 43393 4481625955

B B
Fig. Bl NFCG norm of each element for a quarter of the composite Fig. B3 NFCG norm of each element for a quarter of the composite
cylindrical panel using MFC. cylindrical panel using PZT5SA.

A C A C
0.0389 | 0.0429 | 0.0200 | 0.0123 | 0.0102 | 0.0114 | 0.0160 | 0.0316 | 0.1353 | 2.0230 | 0.0704 | 0.0217 | 0.0128 | 0.0096 0.0132 [ 0.0083 | 0.0040 | 0.0026 | 0.0020 | 0.0017 | 0.0014 | 0.0011 | 0.0005 | 0.0002 | 0.0005 | 0.0007 | 0.0007 | 0.0008
0.0343 | 0.0446 | 0.0221 0.0138 | 0.0114 | 0.0119 | 0.0164 | 0.0323 | 0.1363 | 1.8584 | 0.0708 | 0.0235 | 0.0136 | 0.0102 0.0111 | 0.0086 | 0.0043 | 0.0028 | 0.0022 | 0.0019 | 0.0018 | 0.0014 | 0.0007 | 0.0003 | 0.0007 | 0.0010 | 0.0010 | 0.0010
0.0438 | 0.0502 | 0.0239 | 0.0147 | 0.0121 [ 0.0126 | 0.0172 [ 0.0339 | 0.1436 §2.5249 § 0.0753 | 0.0247 | 0.0142 0.0107 0.0156 § 0.0117 | 0.0057 | 0.0036 | 0.0029 | 0.0028 | 0.0029 | 0.0028 | 0.0016 | 0.0005 | 0.0017 | 0.0019 | 0.0017 | 0.0017
0.0602 | 0.0587 | 0.0266  0.0161 | 0.0131 | 0.0137| 0.0188 | 0.0368 | 0.1568 |} 3.8267 § 0.0824 | 0.0268 | 0.0154| 0.0116 0.0244 0.0171 §0.0077 | 0.0049 | 0.0040 | 0.0041 | 0.0052 | 0.0075 | 0.0087 | 0.0029 | 0.0074 | 0.0051 | 0.0035 | 0.0031
0.0748 | 0.0681 | 0.0302 | 0.0181 | 0.0147 | 0.0153 | 0.0211 | 0.0414 (0.1754 §4.9164 4 0.0934 | 0.0302 | 0.0173| 0.0129 0.0326 0.0224 §0.0096 | 0.0060 | 0.0050 | 0.0053 |0.0075 § 0.0152 0.0675 0.2462 0.0311 §0.0103 | 0.0058 | 0.0044
0.0672 [ 0.0748 | 0.0351 [ 0.0211 | 0.0171 | 0.0178 | 0.0246 | 0.0483 0.2044 §4.5417 §0.1099 | 0.0355 | 0.0202 | 0.0151 0.0262 0.0207 §0.0097 | 0.0061 | 0.0050 | 0.0051 | 0.0060 | 0.0077 | 0.0065 | 0.0018 | 0.0057 | 0.0048 | 0.0037 | 0.0031
0.0495 [ 0.0785 | 0.0417 [ 0.0256 | 0.0207 | 0.0215 | 0.0300 | 0.0589 [0.2453 §3.0471§0.1343 | 0.0436 | 0.0247 | 0.0181 0.0154 §0.0142 | 0.0077 | 0.0050 | 0.0039 | 0.0034 | 0.0031 | 0.0024 | 0.0011 | 0.0005 | 0.0011 | 0.0014 | 0.0015 | 0.0014
0.0331 [ 0.0793 | 0.0509 | 0.0323 | 0.0263 | 0.0275 | 0.0384 | 0.0754 | 0.3043 | 1.9638 | 0.1702 | 0.0561 | 0.0318 | 0.0223 0.0083 [ 0.0087 | 0.0055 | 0.0037 | 0.0027 | 0.0021 | 0.0016 | 0.0010 | 0.0005 | 0.0003 | 0.0005 | 0.0006 | 0.0007 | 0.0007
0.0228 | 0.0801 | 0.0646 | 0.0431 | 0.0355 | 0.0374 | 0.0522 | 0.1020 | 0.3945 | 1.3936 | 0.2251 | 0.0759 | 0.0430 | 0.0280 0.0049 | 0.0059 | 0.0041 | 0.0028 | 0.0020 | 0.0015 | 0.0010 | 0.0007 | 0.0004 | 0.0002 | 0.0003 | 0.0004 | 0.0004 | 0.0005
0.0178 | 0.0856 | 0.0881 | 0.0622 | 0.0518 | 0.0551 | 0.0768 | 0.1491 | 0.5470 | 1.1616 | 0.3156 | 0.1101 | 0.0622 | 0.0370 0.0035 | 0.0047 | 0.0037 | 0.0026 | 0.0019 | 0.0013 | 0.0009 | 0.0006 | 0.0004 | 0.0003 | 0.0003 | 0.0003 | 0.0004 | 0.0004
0.0164 [ 0.1041 | 0.1370 | 0.1018 | 0.0855 | 0.0915 | 0.1271 | 0.2449 | 0.8459 | 1.1522 | 0.4856 | 0.1783 | 0.1012| 0.0535 0.0032 [ 0.0049 | 0.0042 | 0.0031 | 0.0022 | 0.0016 | 0.0011 | 0.0007 | 0.0005 | 0.0003 | 0.0004 | 0.0004 | 0.0004 | 0.0004
0.0187 [ 0.1600 | 0.2662 | 0.2039 | 0.1710 | 0.1832 | 0.2538 | 0.4851 | 1.5657 | 1.3599 | 0.8549 | 0.3426 | 0.2016 | 0.0955 0.0036 | 0.0068 | 0.0068 | 0.0054 | 0.0039 | 0.0027 | 0.0018 | 0.0012 | 0.0008 | 0.0006 | 0.0007 | 0.0007 | 0.0007 | 0.0007
0.0288 [ 0.3916 | 0.7745| 0.5843 | 0.4886 | 0.5193 | 0.7165 | 1.3596 §3.7548 § 1.8351| 1.8381 | 0.8714 | 0.5644 | 0.2534 0.0047 § 0.0151 0.0204 0.0176 §0.0130| 0.0087 | 0.0055 | 0.0034 | 0.0022 | 0.0017 [ 0.0019 | 0.0020 | 0.0021 | 0.0019
0.1490 §2.6236 57426 44925 3.8313 4.0230 52131 7.9635 8.6629 22428 53594 4.0439 3.0730 2.1983 0.9315 0.3748 20469 22377 1.6399 13335 11552 1.0071 0.8477 0.8041 0.8442 0.8600 0.9834 0.2802

B B
Fig. B2 NKFEG norm of each element for a quarter of the composite Fig. B4 NKFEG norm of each element for a quarter of the composite

cylindrical panel using MFC. cylindrical panel using PZT5A.
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Fig. BS The optimal locations of actuators and sensors based on NFCG
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Fig. B6 The optimal locations of actuators and sensors based on NFCG
and NKFEG for PZT5A.
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