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We investigate the global bifurcations and multipulse chaotic dynamics of a simply supported lam-
inated composite piezoelectric rectangular thin plate under combined parametric and transverse
excitations. We analyze directly the nonautonomous governing equations of motion for the
laminated composite piezoelectric rectangular thin plate. The results obtained here indicate that
the multipulse chaotic motions can occur in the laminated composite piezoelectric rectangular
thin plate. Numerical simulations including the phase portraits and Lyapunov exponents are used
to analyze the complex nonlinear dynamic behaviors of the laminated composite piezoelectric
rectangular thin plate.

1. Introduction

Piezoelectric materials can be used as the actuators and sensors in engineering structures
[1]. With the increased use of composite laminated piezoelectric plates in engineering
structures, for example, in airplane and launch vehicles, research works and development
on the responses of laminated composite piezoelectric plates have experienced tremendous
growth in the last two decades. For instance, Ye and Tzou [2] developed a new piezoelectric
composite finite element and gave a comparison between finite element solutions of a
laminated composite piezoelectric plate and experimental data. Shen [3] analyzed nonlinear
bending of a simply supported, shear deformable cross-ply laminated plate with piezoelectric
actuators and subjected to a transverse uniform or sinusoidal load combined with electrical
loads and thermal environments based on higher-order shear deformation plate theory
and perturbation technique. Recently, Zhang et al. [4] established the nonlinear governing
equations of motion for a simply supported laminated composite piezoelectric rectangular
plate under combined parametric and transverse excitations and studied the periodic and
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chaotic dynamics in the case of one-to-two internal resonance. The linear and geometrically
nonlinear forced vibrations of laminated composite plates with piezoelectric materials were
studied through numerical approach by Tanveer and Singh [5]. Torres and Mendonca [6]
developed a formulation for laminated plates with extensional distributed piezoelectric
sensors and the analytical solutions for simply supported square laminates with piezoelectric
layers.

Laminated composite plates with piezoelectric materials can undergo large oscillating
deformation, which leads to nonlinear oscillations of plates. However, little research deals
with the complex nonlinear dynamics of laminated composite piezoelectric plates, such as
the bifurcations and multipulse chaotic dynamics. We investigate chaotic phenomena in such
systems in order that we can control the system through the piezoelectric change. With the
development of the theories of nonlinear dynamics and chaos, prediction, understanding,
and control become possible for more complicated nonlinear phenomena in laminated
composite piezoelectric plates. Kovacic and Wiggins [7] developed a new global perturbation
method which may be used to detect the Shilnikov-type single-pulse homoclinic and
heteroclinic orbits of four-dimensional autonomous ordinary differential equations. Camassa
et al. [8] proposed an extended Melnikov method to study the multipulse jumping of
homoclinic and heteroclinic orbits in a class of perturbed Hamiltonian systems. Zhang
et al. [9] improved the extended Melnikov method given by Camassa et al. [8] and
employed it to study the multipulse Shilnikov-type chaotic dynamics for a nonautonomous
buckled rectangular thin plate. Zhang et al. [10] presented an extended Melnikov method to
nonautonomous nonlinear dynamical systems in mixed coordinates. The multipulse chaotic
dynamics of a simply supported laminated composite piezoelectric rectangular thin plate
under the combination of the parametric and transverse excitations was investigated by the
proposed method.

However, in paper [10], the normal form theory is used to simplify the equations of
the laminated composite piezoelectric plate. In this paper, the multipulse chaotic dynamics of
the simply supported laminated composite piezoelectric rectangular plate under combined
parametric and transverse excitations is investigated by using the extended Melnikov method
improved in paper [9]. The nonlinear terms, which were missing through simplification
by normal form theory in paper [10], are retained in this paper and added small positive
parameter.

2. Analysis on Multipulse Chaotic Dynamics of the Plate

In this section, we investigate the multipulse chaotic dynamics for the simply supported
laminated composite piezoelectric rectangular thin plate under combined parametric and
transverse excitations. The two-degree-of-freedom governing equation of motion for the plate
in dimensionless nonautonomous nonlinear system is shown in (2.1), and the details about
the equation can be seen in paper [4]:

W1 + pr w1 + wiwy + (f1cos Qit + frcos Qot + f5 cos Qut)wy
2 2 3 3 _
+ MWW, + WiwWs + azwy + agw, = F1 cos Qat,
2.1)
W) + Pty + wiwy + (facos Qit + f5c08 Qot + fe cos Qut)w,

+ ﬂlwfwz + ﬂ2w1w§ + ,[53w§ + ﬂ4wf = F, cos Qst,
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where a; and f; (i = 1-4) are nondimensional coefficients. In (2.1), the coefficients for w,
wy, F1, F, aj, pi (i = 1-4), and f; (j = 1-6) are presented in [4]. Figure 1 is a sketch on
the model of the simply supported laminated composite piezoelectric rectangular thin plate
under combined parametric and transverse excitations and the coordinate system.

We introduce the following transformations on (2.1):

X1 =ws, Xy =W, X3 =Wy, X4 = W). (2.2)
Then, the following equivalent form of (2.1) is obtained:

X1 = X2,
Xy = —w%xl - alxlxg - cxzx%xg - a3x§’ - a4xg — c1x + Fy cos Q3t

— (f1cos Qit + frcos Qot + f3cos Qut)xy,
2.3)
X3 = X4,

. 2 2 2 3 3
X4 = —wyx3 — P1X7x3 — Pax1x5 — P3x5 — Pax] — Coxy + Fp cos Qat

— (facos Qit + f5cos ot + fo cos Qut)x3.

The parameters of the damping and the forces in (2.3) are considered as perturbation
parameters the unperturbed system is as follows:

X1 = X,
o 2 2 2 3 3
Xp = —w1X1 - a1x1x3 - 0(2X1X3 - a3x1 - a4x3,
(2.4)
X3 = X4,

X4 = —w%xg - ﬁlx%x3 - ﬂ2x1x§ - ﬂgxg - ﬁ4xi’.

Executing the Maple program given by Zhang et al. [11], we can obtain the 3-order normal
form of unperturbed system (2.4) as follows:

X1 = 3w‘11a3m1xg + 3w%a3m1x%xz + w%alnxzxé + w%w%amxzxi,

Xy = —3a3m1xi’ - 3w%a3m1x1x§ - alnxlxg - w%alnxlxi,

(2.5)
., A 3 2 2 2,2 2 2 2
X3 = 3w, amaxy + wyfinxyxy + wiw;frnxaxy + 3wy famoxsxs,

. 3 2 2 2 2 2
x4 = =3f3myx; — fruxixz — wifrinxzx; — 3wy famaxsxy,

where m; =1/ (3 + 2w} +3w?), my =1/ (3 + 2w} + 3w5), n = 1/(1 + w} + wiw; + wh).
Comparing (2.4) with (2.5), we can conclude that the parameters of normal form (2.5)
are independent of parameters ay, as, >, and f4; that is to say, the four terms azxfxg, cx4x§,

pox1x%, and f4x; in (2.4) can only have influence on the terms which are higher than cubic
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Figure 1: The model of plate subjected to its plane and transverse excitations.

of normal form (2.5). Therefore, the four terms forenamed have little contribution on 3-
order normal form (2.5), which means that these four nonlinear terms affect unperturbed
system (2.4) to a lesser extent compared with other terms of the system. On the other hand,
the analytical solution can be obtained if there are not the four terms forenamed in (2.4).
With these in mind and in order to obtain the homoclinic orbits of the unperturbed system,
we add the small positive parameter € on the four terms except the perturbed parameters
aforementioned—the parameters of the damping and the forces.

We consider the unperturbed system (2.3), firstly, we introduce the following transfor-
mations on (2.3):

X1 = Uy, X2 = U, X3 =01, X4 = C201 + C207. (2.6)
Then, the following equivalent form of (2.3) is obtained:

U = Uy,
Uy = —w%ul - cxlulvf - a3ui’ - cxzu%vl - awi’ —c1up + Fq cos Qat
— (f1cos Qit + frcos Qot + f5cos Qut)uy,

. (2.7)
U1 = U1 + €20y,

. == i 2.3 7 2 5.3 T
Uy = —w,v1 — Pyuv1 — Pruy — Pur vy — Pyuy — 2202 + Fp cos L3t

- <f1 cos 1t + fz cos ot + f3 cos Q4t> U1,

where @5 = 2¢, + w?/co, B; = Pi/c2,i=1,2,3,4, 7]. = fis3/c2,j=1,2,3,F» = F2/ca.

The frequencies Q; (i = 1,2,3,4) of the forces in (2.7) are rationally related, which have
the following relations Z1¢ = Qit, Zo¢p = Qot, ¢ = Qst, Z4¢p = Qut, where Z;, Z,, and Z, are
all nonnegative integers. Next, we add small parameter ¢ on the four terms aforementioned
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and the parameters of the damping and the forces in (2.7). Therefore, the following system
can be obtained as follows:

Uy = Uy,
G 2 2 3 2 3
Uy = —wiju1 — aA1U107 — CX3u1 — ENU 0] — £a4vl —EC1Uy + £F1 CcOS (i)

—&(f1cos Z1§ + frc08 Zop + f3cos Za)u,

. (2.8)
V1 = ECRU1 + ECrDy,
Uy = —W,U1 — Blu%vl - ﬁsvi’ - sﬁzulvf - sﬁ4ui’ —2ec0, + sfz cos ¢
- s<]_‘1 cos Z1p + 72 cos Zr + 73 cos Z4<;b>vl.
Consider the cross-section of the phase space [9]
=0 = {(u1,u, 01,02, 9) | ¢ = o} (2.9)

In the following analysis, we consider the system on the cross-section X% firstly. Then, let ¢
vary throughout the circle S, see [9] for details.
Let € = 0 in (2.8); the new unperturbed system is of the form

) = Uy,

o 2 2 3
Uy = —W U1 — X1U10] — CX3M1,

(2.10)
01 =0,
Uy = —E%Ul - Blu%m —5317{’.
The Hamiltonian for space of u = (11, u) is of the form
1 1 1 1
H = Ew%u% + Emu%v% + 1“3”411 - Eué (2.11)

It is noticed that system (2.10) is an uncoupled two-degree-of-freedom nonlinear
system. The v; variable appears in (11, #2) components of system (2.10) as a parameter since

01 = 0. We set v; = \/w5/ BS. Consider the first two decoupled equations

U = Uy,
(2.12)
Uy = —w%ul - cxlulv% - cxguf.
LetR = —w% - alv%, and consider R > 0, a3 > 0. Therefore, (2.12) has three singular

points: one is (uj,uz) = (0,0), it is a saddle point, and the other two are centers:
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(u1,u2) = (£v/R/as,0); therefore, (2.12) can exhibit homoclinic bifurcations. The homoclinic
orbits which connect the saddle point (u19, uz) = (0, 0) are obtained as

[2R
u ==+ a—sech\/ﬁt,
3

(2.13)
2
Uy = £ / a_R sechv/Rt tanh V/Rt.
3
It is known from foregoing analysis that the condition R = —w? — a;v7 > 0 holds; in
conclusion, the system considered here satisfies the following conditions:
Bw? <aw; <0,  az>0. (2.14)

It is known from analysis in paper [9] that the first pulse Melnikov function is given
by the integral

M (vo, o, ) = fm (n(p"®), 8 (p" (1), wt + §o, 1, 0) )at. (2.15)

It can be seen easily that (2.8) can be written as the following form:

= JDyH (u,v1) + 8" (u,v, $o, 4, €),
o1 = 8" (u,v, o, 4, €), (2.16)

7.)2 = Q(u, 'Ul) + ngz (u, o, ¢O/ H, 5)/

where u = (u1,up) € R%, v = (v,v) € R?, u € RP denotes the parameters of the system, and

’ isa symplectic matrix

Then, the vectors n and g in (2.15) are of the following form:

n= (DuH(u/ Ul)/ D‘UlH(u/ Ul) - Dle(uO(Ul),Ul), 0)’
g = (8" (u,v,wt, p,0),8" (u,v,wt p,0), 8" (u,v,wt, p,0)), (2.18)

ph(t) = <uh(f,v1),v1,v£’(t, v1) +Uzo>-
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The k-pulse Melnikov function My (k =1,2,...) is defined as

k-1
My (vo, o, ) = Z M (10, v20 + jAD2 (V10), Po, 1), (2.19)
=0
where
+oo
Avs(v19) = f (i (x,01), 010 dr. (2.20)

Based on (2.15), the 1-pulse Melnikov function is computed as follows:

+oo
M = f Uy [F1 cos ¢ — auiv1 — vy — ciuy — (f1cos Zi + focos Zo + f3cos Z4<;b)u1]dt
—Q0

— (v +v2) (—E%Ul - Blu%vl - Bwi’)dt

fiQir Qir 40 RY? 2 . T
= Z: h - - F — h - A + ,
2w Sn(Eeschy g T TR sindosech, g mcaden (o o)

(2.21)

where

teo - - a1 | @R
Avy = f (-@o1 - Brutor - Byt )t = -2, % (2.22)

Based on (2.19) and the foregoing analysis, the k-pulse Melnikov function is obtained
as follows:

Q2 Qi 4c1R¥? 2
My = fl—lk sin(Z;i¢po)csch iz k — Fyorky\|— sin ¢y sech—"—
A5, a3 2v/R 3a3 a3 2+/R
2 (2.23)
k(k-1
- CzAUzUlok - Czszvzok - ( > )CzAvg.

If the k-pulse Melnikov function My has simple zero points, then we obtain

Q2 Qi 4cR¥? 2
Z fi sin(Zigo)csch 24 — Fyory | — sin ¢ sech i
i3 @ 2VR  3a 3 2VR oo

;DCZAvg =0.

- 0 Avyv10 — 2 AUy — 5
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It is known that the following holds:

cokay | @WiR
Dy, My = —c2Avsk = % Lﬁ £0. (2.25)
3 _
3

Equation (2.24) can be rewritten as follows:

2 Q% Q; 8c1R%?2  2F 2
k = Z fl—lz sin(Z,-gbo)csch i - a 5 = 1JZ-2 —sin 470 SechL
i34 302 A3 2VR 3BazcAvy;  cAv; | a3 2+v/R

(2.26)
_2c(v0+v0)
sz

For k € N, we may choose proper parameters in (2.26) so that the value of the following
formula:

fl—lz sin(Zigo)csch=— — — r 171’2 = sin gy sech—— - c2(10 + V20)
i=1,24 a3C2AUZ 2\/E 3“3C2A02 C2AUZ as 2\/ﬁ AU2

(2.27)

is a nonnegative integer. Based on analysis in [9], the stable manifold WS(MfO) and unstable

manifold W"(M?O) of system (2.8) intersect transversely, which means that the multipulse
chaotic motions exist in the simply supported laminated composite piezoelectric rectangular
thin plate. To verify the analytical results obtained above, numerical method will be utilized
to indicate that the multipulse chaotic motions occur for the laminated composite piezoelec-
tric plate.

3. Numerical Simulations

In this section, the nonlinear dynamic behaviors of the simply supported laminated compos-
ite piezoelectric rectangular thin plate under combined parametric and transverse excitations
are presented by using Matlab programs.

We choose parameters of (2.3) under condition (2.14) to do numerical simulations. The
parameters are chosen as follows: w; = 5.6, a1 = 2.8, ap = 2.5, a3 = 10.2, a4 = 1.8, py = 0.18,
f1=10,f2=12, f3=20,F1 =10,Q1=1,Q,=2,Q4 =12, w> =61, p1 =22, =83, f3 = -3,
Ps =24, =019, fs =12, f5 =11, fo = 28, F» = 2,83 = ¢ = 1. The initial values are given
by Matlab stochastically as follows: x19 = —0.1465, x50 = 0.1909, x3p = 0.1892, x49 = —0.0376.
Figure 2 demonstrates chaotic motions of the laminated composite piezoelectric plate. Figures
2(a) and 2(c) present the waveform on the planes (t,x1) and (¢, x3). Figures 2(b) and 2(d)
give the phase portraits on the planes (x1,x2) and (x3,x4). Multipulse jumping motions of
system (2.3) can be obtained apparently from phrase portraits of Figures 2(e) and 2(f) in
three-dimensional spaces (x1, x2, x3) and (x3, x4, x1).

The largest Lyapunov exponents are calculated for the laminated composite piezo-
electric plate. Figure 3 represents the largest Lyapunov exponents of (2.3) with variations of
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Figure 2: Chaotic motions of the laminated composite piezoelectric plate.

parametric excitation f3 which dependent on piezoelectric excitation. Figure 4 is the largest
Lyapunov exponents via frequency €23 = ¢ of external force.

4. Conclusions

New and valuable results of analysis and computation have been achieved during the course
of present study. According to our analysis, the extended Melnikov method is attributed to
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the nonautonomous ordinary differential equations of motion for the laminated composite
piezoelectric rectangular plate by introducing the cross-section .

We minimize the simplification processes on the system at the best possibility so that
a better understanding of the nature and behavior of high-dimensional nonlinear systems
can be acquired. By virtue of the theory of normal form, some nonlinear terms in the
governing equations of the laminated composite piezoelectric rectangular plate have less
effect than other terms on the system. Therefore, these nonlinear terms are retained herein
and added with small positive parameters to analyze the complex nonlinear dynamics of
the laminated composite piezoelectric rectangular plate. We obtain the simple zero point
of the k-pulse Melnikov function, which means that there exist k-pulse chaotic motions
for the laminated composite piezoelectric rectangular plate. The chaotic dynamics are



Mathematical Problems in Engineering 11

also numerically investigated by means of the phase portraits and the largest Lyapunov
exponents.
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