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The global bifurcations and chaotic dynamics of a parametrically excited, simply
supported rectangular thin plate are analyzed. The formulas of the thin plate are derived by
von Karman-type equation and Galerkin’s approach. The method of multiple scales is used
to obtain the averaged equations. Based on the averaged equations, theory of normal form is
used to give the explicit expressions of normal form associated with a double zero and a pair
of pure imaginary eigenvalues by Maple program. On the basis of the normal form, global
bifurcation analysis of the parametrically excited rectangular thin plate is given by a global
perturbation method developed by Kovacic and Wiggins. The chaotic motion of thin plate is
found by numerical simulation. © 2001 Academic Press

1. INTRODUCTION

With the use of the thin plate in the large-space station and the cover skin for wings used in
the shutter and modern aircraft, non-linear dynamics, bifurcations and chaos of thin plates
are gaining more importance. For the studies on non-linear oscillations of thin plates in the
case of large deformation, the researchers in the engineering have given a wide attention. In
the past decade, the researchers have conducted a number of studies on non-linear
oscillations, bifurcations and chaos of thin plates and thin shallow arch structures. Holmes
[1] studied flow-induced oscillations and bifurcations of thin plate and simplified this
problem to two-degree-of-freedom (d.o.f.) non-linear system and used center manifolds,
theory of normal forms to study the degenerate bifurcations. Yang and Sethna [2] used the
averaging method to study the local and global bifurcations in parametrically excited nearly
square plate. From van Karman equation, they simplified this system to a parametrically
excited two-d.o.f. non-linear oscillators with Z, @ Z,-symmetry and analyzed the global
behavior of averaged equations. The results obtained in reference [2] indicated that the
heteroclinic loops exist and Smale horse and chaotic motions can occur. Based on the
studies in reference [2], Feng and Sethna [3] made use of a global perturbation method
developed by Kovacic and Wiggins [4] to study further the global bifurcations and chaotic
dynamics of thin plate under parametric excitation, and obtained the conditions in which
Silnikov-type homoclinic orbits and chaos can occur.

Hadian and Nayfeh [5] used the method of multiple scales to analyze asymmetric
responses of non-linear clamped circular plates subjected to harmonic excitations and
considered the case of a combination-type internal resonance. Pai and Nayfeh [6] presented
a general non-linear theory for the studies on dynamics of elastic composite plates
undergoing moderate-rotation oscillations by considering the geometric non-linearities.
Sassi and Ostiguy [7] investigated effects of initial geometric imperfections on the
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interaction between forced and parametric oscillations for simply supported rectangular
plates. Nayfeh and Vakakis [8] used the method of multiple scales to study the
subharmonic travelling waves of thin, axisymmetric, geometrically non-linear circular
plates and found the non-linear interactions of pairs of modes with coincident linearized
natural frequencies. Chang et al. [9] investigated the bifurcations and chaos of a rectangular
thin plate with 1:1 internal resonance. Tian et al. [10, 11] used the averaging method and
Melnikov technique to study local, global bifurcations and chaos of a two-d.o.f. shallow
arch subjected to simple harmonic excitation for cases of 1:2 and 1:1 internal resonance
respectively. Abe et al. [12] used the method of multiple scales to analyze two-mode
response of simply supported thin rectangular laminated plates subjected to a harmonic
excitation. Popov et al. [13] investigated the interaction between different modes of shell
oscillations and bifurcations under parametric excitation by using system models with four
of the lowest modes. Malhotra and Namachchivaya [14, 15] investigated the global
bifurcations and chaotic dynamics of the shallow arch structures under 1:1 and 1:2
internal resonance conditions respectively.

This paper is focused on the studies for the global bifurcations and chaotic dynamics of
the simply supported at the four-edge rectangular thin plate subjected to in-plane
excitation. The case of 1:1 internal resonance and primary parametric resonance is
considered. First it is based on von Karman-type equation, the governing equations of the
rectangular thin plate are derived and the equations of motion with two-d.o.f. under
parametrical excitation can be obtained by using Galerkin’s approach respectively. Then
the method of multiple scales can be used to find the averaged equations of the original
non-autonomous system. From the averaged equations, the theory of normal form is
applied to obtain the explicit formulas of normal form associated with a double zero and
a pair of pure imaginary eigenvalues with the aid of Maple program. A global perturbation
method developed by Kovacic and Wiggins [4] is utilized to give the analysis for the global
and chaotic dynamics of the rectangular thin plate. The global bifurcation analysis indicates
that there exist the heteroclinic bifurcations and the Silnikov-type homoclinic orbit in the
averaged equations. The results obtained in this paper also show that the chaotic motion
can occur in a parametrically excited rectangular thin plate. The numerical simulations
verify the analytical prediction.

2. FORMULATION

We consider the simply supported at the four-edge rectangular thin plate where the edge
lengths are a and b and thickness is & respectively. The thin plate is subjected to its plane
excitation. We establish a Cartesian co-ordinate system shown in Figure 1 such that
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Figure 1. The model of a rectangular thin plate and the co-ordinate system.
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co-ordinate Oxy is located in the middle surface of the thin plate. It is assumed that u, v and
w represent the displacements of a point in the middle plane of the thin plate in the x, y and
z directions respectively. The excitation in-plane of the thin plate may be expressed in the
form p = py — pycos Qt. From van Karman-type equations for the thin plate [16], we
obtain the equations of motion for the rectangular thin plate as follows:

w  0*w 029 0*w 0% o*w 0%¢ ow
2 ow_ i
2 o T raxayaxay THa Y 1)

Pw\?  0%w 0w
S — Eh _gwaw 2
Ve [<6x6y> 0x? 6y2:|’ )

where p is the density of thin plate, D = Eh®/12(1 — v?) is the bending rigidity, E is Young’s
modulus, v is the Possion ratio, ¢ is the stress function, and u is the damping coefficient.
We assume that the simply supported boundary conditions can be written as

o2 o2
at x = 0 and q, w:a—fzo; at y =0 and b, w:a—”fzo. 3)

X y

The boundary conditions satisfied by the stress function ¢ may be expressed in following

form:
_([L(2e @ _Law\ s
v o| E\ dy? "oxr) T2 \ox YT
and
b N2
hfzy(fdyzp atx=0 and aq, 4)
0
I RYER 0% 18w2d_0
"SIl E\e TV e?) T2\ ) |
and

ual
Ja—x(fdx=0 aty=0 and b, (5)

0

where 9, is the corresponding displacement in the x direction at the boundary.
We mainly consider the non-linear oscillations of thin plate in the first two modes. Thus,
we write w in the form of

3 3
W, y, 1) = 1y (t) sin = sin % + (1) sin 2= sin % ©6)
a a

where u;(t) (i = 1, 2) are the amplitudes of two modes respectively.
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Substituting equation (6) into equation (2), considering the boundary conditions (4) and
(5) and integrating, we may obtain the stress function as follows:

B 1. 1) = Baolt) €03 2 4 Goalt)cos 22+ holi)cos ™

b
67 2mx 2 2 4
+ ¢oel(t) cos—y + d)zz(t)cosicos my + ¢24(t)cosﬂcosﬂ
b a b a b
4 2 4 dnx 1
+ ¢4s(t)cos Y cos T ¢ 44(t) cOs Y cos X2 Y2, 7
a b a b 2
where
9Eh ith Eh
$a0(t) = 39,2 ui, $oz(t) = uz, ¢eolt) = 7882 u3,
J2Eh J2Eh 25/2Eh
$os(t) = 588 ui, ¢aa(t) = ()2 0y Uiy, Pru(t) = m Uyly,
25)%Eh J*Eh . b
$aa(1) Uy, Gaqlt) = Uiy, L=—. (8)

T 16(422 + 1) 1602 + 1)

In order to obtain the dimensionless equations, we introduce the transformations of
variables and parameters

_(ab)'? o b ~ b (ph\'?
i hz Ui, (1—1,2), p—%pa Q_? B Q7
12(1 —v¥)h? : n? (D 1/2t _ a*bh? 1 /2 ©)
E=——m—m = — _— =
ab ’ ab\ph) ~ = 12(1 —v?)pE s

where ¢ is a small parameter. For simplicity, we drop overbars in the following analysis. By
means of Galerkin’s method, substituting equations (6) and (7) into equation (1) and
integrating, we obtain the equations of motion for the dimensionless as follows:

X1+ euxy 4 (03 + 2ef; cos Qt)x, + e(oy X3 + 0,x,x3) =0,

(10)
Xy + eux, + (03 + 2ef>c08 Qt)x, + &(f1x3 + Paxix,) =0,
where
A%+ 81 1 1
061=W, ﬁ1 16(81A =+ - >
1722 62507 62502
o, =f, =
2T T2y e+ 2y e+ 422
1, k=1, 9 4 2)2
op = (0f)* — hpo) and by = {9’ > P = (})? =%’
9% 4+ 1)2
pi = (03 = g, fi=2mhp, and k=1,2, (1)

/12
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where wy(k = 1, 2) are two linear natural frequencies of the thin plate, pf(k = 1, 2) are the
critical forces corresponding to two buckling modes at which thin plate loses the stability,
of (k = 1, 2) are the natural frequencies of the two buckling modes, and f,(k = 1, 2) are the
amplitudes of parametric excitation.

3. PERTURBATION ANALYSIS

The method of multiple scales [17] may be used to find the uniform solutions of
equations (10) in the following form:

Xn(t, g)zan(TO’T1)+8xn1(TOa T1)+ e, = 1725 (12)
where T, =t, T, = ¢t. Then we have the differential operators

d 0 0T, & oT,
2 7o, YL, _p D 1
dtoT, ot Tor, ot T ot el s (13)

2

d

where D, = 0/0T;, k=0, 1.
We only study the case of primary parametric resonance and 1:1 internal resonance. In
this resonant case these are the following relations:

0 =10%+¢e0, and i =10Q%+ ¢o,, (15)

where g, and o, are the two detuning parameters. For convenience of the study, we let
Q=2

Substituting equations (12)-(14) into equations (10) and balancing the coefficients of like
power of ¢ on the left- and right-hand side of the equations, the differential equations are
obtained as follows:

order £°
Dix10 + x10=0, (16)
D3X50 + X20 = 0. (17)
order ¢
Dixi1 4+ X1 = —2DoDx19 — uDoX19 — 01X10 — 2f1X10c0s 2T,
— 0y XT0 — %2X10X30, (18)
Dixy1 + X213 = — 2DoDx;0 — uDox20 — 02X20 — 2f2X20€08 2T,

- ﬁ1xgo - ﬂzx%oxzm (19)
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The solutions in the complex form of equations (16) and (17) can be found as
Xno = ‘411(’1_'1)6{[‘0 + Zn(Tl)e_iTOs (20)

where n =1, 2, and 4 is the complex conjugate of A. Substituting equation (20) into
equations (18) and (19) yields

D3xi; + X1, =[—2iDA, —ipA, — 0 A, — f1A; — 30, A3A, — 20,A,A,A,

— a,A;A3]e'™ + cc + NST, (21)
D¥xy1 + X1 = [— 2iD1 Ay — ipA, — 6,4, — frA5 — 3B1A3A, — 2B, A1 A1 A,

— B,A%4,7e™ + cc + NST, (22)

where cc represents the parts of the complex conjugate of the function on the right-hand
side of equations (21) and (22), and NST represents the terms that do not produce secular
terms. Eliminating the terms that produce secular terms from equations (21) and (22) yields

DAy = — 3uA; + %ioy Ay + Yifi A, + 30, ATA, + i0pA A A, + Yo 4,43, (23)
DA, = — 5uA; + 3i0,4;5 + 3[4, + 311 A54, + if24, 4,4, + 51B,474,.  (24)

The functions 4, (n = 1, 2) may be expressed in the polar form
A, =3a,e” and n=1,2, (25)

where a, and ¢, are the real functions with respect to T;. Substituting equation (25) into
equations (23) and (24), the averaged equations in the polar form are obtained as follows:

da . .
diTl = — jpa; + 3 f1a;sin2¢, + §ura,a3sin2(ey — @),
1
de
ay diTl = %0'1a1 + %“1“? + %“2“1“% + %f1a1 cos2¢p, + é“z“lag cos2(py — @),
! (26)
da _ 4 a, + 3 fra,sin2¢, + §frata,sin2(@, — @,)
dTl_ 2Mdy T 3 )20z Py T gpP2dids ®1— P2),
de
as diTz = 3020, + §B1a3 + 1Praiay + 3 fra5cos 20, + §Praia, cos2(ey — @2).
1

It is noted from equation (26) that the periodic solutions and local bifurcation of the thin
plate can be analyzed when

day _do, _da, _do,
dT, dT, dT, dT,

4. NORMAL FORM OF AVERAGED EQUATIONS

In order to obtain the normal form of averaged equations and analyze the global
bifurcations, we need to transform the averaged equations from the polar form into
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Cartesian form. Let
1 1 : 1 1 :
X1 =320d1CO08Q1, Xy =73d18MPy, X3 =7304;C08P;, X4 =7081NQ,;. (27)

Then, equations (26) can be transformed into the following Cartesian form:

dx

d—T1 = —Juxy — 301 —f1)x2 — 304X, (xT + X3) — FoaXa (X3 + 3x3) — 0% X3Xy,
1

dx

dT"z =300 +f1)x1 — Fpxs + 3o (XT + X3) + 30530 (3X3 + X3) + 02X2X3Xa,
] (28)

dx

8 s — 4o o) — 3enalcd 4 3 — 3o+ 33) — vy,
1

dx

diT4 =3(02 + f2)X3 — 3pxa + 31x3(X3 + x3) + 22X3(3xT + X3) + fax1XaXs.
1

We notice that the averaged equations (28) have the Z, ® Z, and D, symmetries. It is
known that system (28) has a trivial zero solution (x;, x,, X3, X4) = (0, 0, 0, 0) at which the
Jacobi matrix can be written as

—%H —%(01 —f1) 0 0
1 + _1 0 0
J=D.X = 201 + /2) 2/ ) 1 . (29)
0 0 —2H —3(0;, — 1)
0 0 3(02 + 12) —3u

The characteristic equation corresponding to the trivial zero solution is
(A% + 2ul + o + w? — D)2 + 2ud + o3 + > —f#) =0. (30)
Let
Ay =01+ > —fF and A4, =03+ u* —f7. (31)

When =0, 4, =0 and 4, =03 —f7 >0 simultaneously, system (28) has one
non-semisimple double zero and a pair of pure imaginary eigenvalues

/11’2 = 0 and /’i3’4 = i‘ iw, (32)
where w? = 3 — f5. Considering the excitation amplitude f, as a parameter, and letting

0, =—f1+ 26, as well as setting f; = 1, then equations (28) which do not have the
parameters become as follows:

dx1
3 2 2 1 2 2
= Xy — 301X (XT + X3) — 302X, (X3 4 3Xx7) — 05X X34,

dr,
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dX2
a7, - 30X (XT 4 X3) + 305x,(3x3 + X3) + 22X2X3X4,
! (33)
dx3 —1o,x 3B 1x4(x3 + x3) — 3Paxa(x] + 3x3) — foxix,x
ar, 20 2P1x4(x3 1) — 2Paxa(xy 2 2X1X2X3,
dx
d—T4 =302x3 + 3B1x3(x3 + x3) + 3B2x33xT + x3) + fax1Xa2xy.
1

Based on the above analysis, a near-identity non-linear transformation can be introduced
as follows:

o o o 20 20
Xy = Y1 — 401 Y7 — 3. 2 vi(ys — i)+ 722 vi(y3 —yi)+ <2 - 722 + 32> Y2Y3Ya,
() 20'2 () (53 ()
3o 2 2 %2 2 2 %2 2 2
Xy =Yy +—— 4 YZ(Yl +2y3) + 2% y2(y3 —yi) — 352 y2(y3 — y3)
2 2
2 2 %2
+ oy y2(y3 + y3) + O_—J’1J/3J/4, (34)
2

X3 =Yy3 — ZB—ZJ’s(J’% - J/%) - (ﬁ; ﬁi) <ﬂ2 - & + ﬁz) Vi)Y2Va,
) () () (29}

4_y4+2ﬂ—y4(y1—y2) <ﬂ§_ﬂz>J’2)’4+<ﬁ2+ﬁ2_ﬁ§>J’IY2Y3-
02 02 Gy 02

Then, with the aid of Maple program [18], the normal form of equations (33) can be
obtained as follows:

Vi=V2, V2=304y7 + 0y (V3 + Vi)
V3 =—1302Vs —3B1ya(y3 + y3) — B2ViVa, (35)
Va=7302y3 +3B1y3(y3 + ¥i) + B2yivs,

where a dot denotes the derivative with respect to T;. The normal form with parameters can
be written as

Vi=—ayr +(1 =361y,
Vo =G1y1 — fy2 + 3043 + oy (V3 + i),

(36)
V3= — s — (G2 —f2)ya — 3B1ya(¥3 + 3) — Bayivas

Va=(G2+f2)ys — @Wa +3B1Y3(¥3 + ¥3) + B2yiys.
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where G, = 1a,, f> = 4 f> and fi = 4p. Further, letting
y3=1Icosy and y, =Isiny,

and substituting equation (37) into normal form (36) can yield

yi=—fyr + 1 —3a1)y,,

Yo =G1y1 — [y + 304 )7 + oy, I,
I=—qal +]7215in2y,
Iy = G, + 3B, 1° + Bo Iy} + fo1cos2y.

Introducing a linear transformation

R
I s e

yields

1021

(37)

(38)

(39)

(40)

Substituting equations (39) and (40) into equations (38) and omitting the non-linear terms

with the parameter &; yields the unfolding as
Uy = U,
Uy = — Uqtly — fioliy + o Iy + 3oqu3,
I =— il +f,1sin2y,
Iy = 6,1 + 3B, 17 + Bylud + fo1 cos2y,

where u; = i — 6,(1 — ) and p, = 2ji.
The scale transformations may be introduced as follows:

Ha = elly, fL—efl, fr—efs, %0(1—’061, %ﬁl_)ﬁl'

Then, normal form (41) can be rewritten as the form with the perturbation

0H Y
Uy =——+8&g" = uy,
5142
. oH u 3 2
Uy = . +eg" = — pquy + oquy + Uy 17 — epous,
1
. OH =
I=——+¢gl =—¢il +¢f,Isin2y,

y

H -
+ 69”7 = 6,1 + B I° + Poull + efr1cos2y,

=_2
Y ol

(41)

(42)

(43)
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where the Hamiltonian function is of the form
H(uy, uy, 1,y) = 3u3 + Spqui — goqut — Sop, IPui — 36,17 — 1, 1%, (44)

and o, = B,, g =0, g = — uyu,y, g’ = — pl + f>Isin2y and g’ = f,1cos 2y.

It is noted that unfolding, equation (43) with the perturbation is similar to the equations
studied by Wiggins [19] as well as Kovicic and Wiggins [4]. But there are differences
between this paper and the papers [4, 19]. It is observed from the papers [4, 19] that the
researchers investigated the case in which the first two equations have a pair of pure
imaginary eigenvalues. In this paper, first, the autonomous system can be further simplified
by the normal form. Then, it is considered that system (28) has one non-semisimple double
zero and a pair of pure imaginary eigenvalues. In references [3, 20] the researchers used
a series of non-linear transformations to obtain the standard form of equations. It is
observed that the normal form with perturbation is actually simpler than the standard form
of equations when we analyze the singular points, the stability of system, and calculate
Melnikov function. So it is easier and more convenient for one to use the theory of normal
form to simplify the equations to the standard form of equations and to analyze the
dynamics of the simplified equations.

5. ANALYSIS OF GLOBAL BIFURCATIONS

5.1. DYNAMICS OF DECOUPLED SYSTEM

When ¢ = 0, it is noted that system (43) is a two uncoupled single-d.o.f. non-linear system.
The I variable appears in (u;, u,) components of system (43) as a parameter since I = 0.
Consider the first two decoupled equations with perturbation term

1/21 = Uy, 1/22 = — HilUq + Oﬁz]zul + OClu:;’ — EU U5 . (45)

Since oy > 0, system (45) can exhibit the heteroclinic bifurcations. It is easy to see from
equations (45) that when u; — a,1? < 0, the only solution of system (45) is the trivial zero
solution (uy, u,) = (0, 0) which is the saddle point. On the curve defined by u; = «, I, that
is,

2 =6 (1 —a1) + o I? (46)
or
26 (1 —s 2
hjziﬁ_gu_gu}, )
2%)

the trivial zero solution may bifurcate into three solutions through a pitchfork bifurcation,
which are given by qo = (0, 0) and ¢q , (I) = (B, 0), respectively, where

1 1/2
B=i{%n?—@u—6o—%ﬂﬁ : (48)

From the Jacobian matrix evaluated at the non-zero solutions, it is known that the
singular points g, (I) are the saddle points. On the line u, = 0, the Hopf bifurcation can
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occur from the trivial zero solution. The simple analysis for Hopf bifurcation shows that
when u, < 0, the limit cycle is stable.

It is observed that I and y may represent actually the amplitude and phase of the
vibrations. Therefore, we may assume that I > 0 and equation (47) becomes

(49)

2 — 5.1 — g, )]
I,=0 and Izz[w} ,

£%)

such that for all I € [14, I,], system (45) has two hyperbolic saddle points, q , (), which are
connected by a pair of heteroclinic orbits, u", (T}, I), that is, limy, . , o, u”, (Ty, I) = q 4 (I).
So in the full four-dimensional phase space the set defined by

M={(”Ja?)|u=qi(l), Il<1<127 0<“/<27T} (50)

is a two-dimensional invariant manifold. From the results obtained in references [4, 19, 20],
it is known that the two-dimensional invariant manifold M is normally hyperbolic. The
two-dimensional normally hyperbolic invariant manifold M has three-dimensional stable
and unstable manifolds which are represented as W*(M) and W*(M) respectively. The
existence of the heteroclinic orbit of system (45) to g .. (I) = (B, 0) indicates that W*(M) and
W*(M) intersect non-transversally along a three-dimensional heteroclinic manifold denoted
by I' [4], which can be written as

T

0

F:{(M’I’y”u:thr(Tl’I): II<I<IZB‘)):J\ DIH(thr(Tl?I)’I)dS—'_VO}' (51)

Now we analyze the dynamics of the unperturbed system of equations (43) restricted to
M. Considering the unperturbed system of equations (43) restricted to M yields

=0, Iy=DH(g.(I).]), I,<I<I,, (52)
where

D, 1=~ DD g p gy i

From Kovacic and Wiggins [4], it is known that if D;H(q . (I), I) # 0 then I = constant
is called as a periodic orbit and if D;H(q .. (I), I) = O then I = constant is called as a circle of
the singular points. A value of I € [, I,] at which D;H(q .. (I), I) = O s called as a resonant
I value and these singular points as resonant singular points. We denote a resonant value by
I, so that

Lo o
DHg (U1 =l fu2+ 22 i ey~ mBT=0 ()
1

Then, we obtain

(54)

_Jmd 4+ pop? =6 (1 = 6]
Ir_i{ azﬁz—“1ﬁ1 } )
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ITZ:

U,

e

(a)

=l

=1

=L

0 2n
()

Figure 2. The geometric structure of M, W*(M) and W*(M) in the full four-dimensional phase space.

The geometry structure of the stable and unstable manifolds of M in the full
four-dimensional phase space for the unperturbed system of equations (43) is given in
Figure 2. Because y may represent the phase of the oscillations, when I = I,, the phase shift
Ay of the oscillations is defined as

The physical interpretation of the phase shift is the phase difference between the two end
points of the orbit. In (uy, u,) subspace, there exist a pair of the heteroclinic orbits
connecting to the two saddles. Therefore, in fact the homoclinic orbit in (I, y) subspace is of
a heteroclinic connecting in full four-dimensional phase space (uy, u,, I, 7). The phase shift
may denote the difference of y value as a trajectory leaves and returns to the basin of
attraction of M. We will use the phase shift in subsequent analysis to obtain the condition
for the existence of Silnikov-type homoclinic orbit. The phase shift will be calculated in the
later analysis given for the heteroclinic orbit.
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We consider the heteroclinic bifurcations of system (45). Letting &; = u; — a,1? and
> = &, system (45) can be rewritten as

1/21 = U,, dz = —&uy + OCIU:I)‘ — &&U5. (56)

Setting ¢ = 0 in equations (56) we see that system (56) is a Hamiltonian system with
Hamiltonian

H(uy, uy) = 3u5 + sequi — foqui. (57)

When H = &7 /40, there exists a heteroclinic loop I'® which consists of the two hyperbolic
saddles ¢ . and a pair of heteroclinic orbits u , (T;). The equations of pair of heteroclinic

orbits can be obtained as
2
u(Ty) = + \/gocl tanh< 281 T1>

/7 (58)
Mz(Tl) = i il SeCh2< 261 Tl>
</ 2004 2

The Melnikov function for heteroclinic orbits is easily given by

* 2/2e3%
Miaryoa )= | ([ s (T, = - S, (59
e 1

To keep the heteroclinic loop preserved under a perturbation, it is necessary to require that
M(ey, €5, I) = 0. Therefore, equation (59) leads to ¢, = 0 which corresponds to the singular
point, or ¢; = 0. Choosing ¢; = 0, then, a heteroclinic bifurcation curve can be obtained as

=61 —6y)+ oI (60)

It is found from equations (46) and (60) that the pitchfork bifurcation curve and the
heteroclinic bifurcation curve coincide. Based on equations (46) and (60), the bifurcation
diagram of system (45) is obtained in Figure 3, and the corresponding phase portraits are
given in Figure 4.

Let us turn our attention to the computation of the phase shift. Substituting the first
equation of equations (58) into the fourth equation of the unperturbed system of equations

ﬂ «/2
35 —0_2 ﬁllz +—81 2tan|12< il T1> (61)

o1

Integrating equation (61) yields
2 / 2¢
2(Ty) = o, T, — Pa/2e4 . “I tanh (281 T1> + %o, (62)
1

where w, = ¢, + B11? + &8, /0.
At I = I,, there is w, = 0. Therefore, the phase shift may be expressed as

[ 2]

0

:_%JZEﬂZ—cfl(l—él)—azIfJ- ©3)

:I'
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Figure 3. The bifurcation set of system (45): (1) saddle point, (2) stable limit cycle, (3) heteroclinic loop, (4)
heteroclinic orbit, (5) unstable limit cycle, (6) heteroclinic loop, and (7) heteroclinic orbit.

5.2. GLOBAL ANALYSIS OF PERTURBED SYSTEM

In this section, we analyze the dynamics of the perturbed system and the effect of small
perturbations on M. Based on the analysis in references [4, 19, 20], we know that M along
with its stable and unstable manifolds are invariant under small, sufficiently differentiable
perturbations. It is noticed ¢, (I) may persist under small perturbations, in particular,
M — M,. So we obtain

M=M£={(u9[>y)|u=qi(1)s Il<1<123 0<V<27T} (64)
Considering the two second equations of equations (41) yields
I=—al+f,Isin2y, =6, + 31>+ Pau’ + f2cos2y. (65)

In this paper, it is known from the above analysis that the last two equations of equations
(41) are of a pair of pure imaginary eigenvalues. So the resonance can occur in system (65).
Also introduce the scale transformations

_ _ - T
fA— e, i —3B1, I=Ir+\/éh’ fa—efa, T1—’—1' (66)

N

Substituting the above transformations into equations (65) yields
h=—al, + f,1,5in 2y + /e( fohsin 2y — ih),
20 - 0
y=——1,h+\/£<f2coszy——h2>, (67)
oy Oy
with 6 = a5, — oy f;. When ¢ = 0, equations (67) may become

. — 26
h=—pul,+f,1,sin2y, y=——1I.h (68)
L3%
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Figure 4. The phase portraits in the different bifurcation regions.
The unperturbed system (68) is a Hamiltonian system with Hamiltonian function
= 17 9 2
H(h,y) = — il,y — 3 /21, cos2y + —I.h”. (69)
%
The singular points of system (68) are

Do = (0,7.) = <o,5arcsin ﬁ) and  go = (0,7,) = <0, in g ;arcsin_ﬁ) (70)

J2 J2

Based on the Jacobian matrix evaluated at the two singular points, it is known that the
singular point p, is a center and ¢, is a saddle which is connected to itself by a homoclinic
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Figure 5. Dynamics on the normally hyperbolic manifold; (a) the unperturbed case, and (b) the perturbed case.

orbit. The phase portrait of system (68) is given in Figure 5(a). Following the analysis of
Kovacic and Wiggins [4], it is known that for ¢ sufficiently small, g, remains a hyperbolic
singular point, ¢, of saddle stability type. From equations (67), we can find that the leading
order term of the trace of the linearization of equations (67) is less than zero inside the
homoclinic loop. So for the small perturbations, p, becomes a hyperbolic sink p,. Also the
phase portrait of the perturbed system (67) is depicted in Figure 5(b).

At h = 0, the estimate of basin of attraction for y,,, is obtained as

ﬂymin + %fZ Cos 2A))min = /:"/)a + %]72 Cos 2?5 (71)

Substituting y, of equation (70) into equation (71) yields

r = £2 _ =22
VYmin T f—z_ COS 2 min = 3T + Sarcsin ﬁ — \/fzi_ﬂ (72)
20 /2 2u
Define an annulus A4, near I = I, as
Ay = {(ug, uy, L)) uy = Byuy = 0, [ — 1] < Jec, ye T'}, (73)

where c is a constant, which is chosen sufficiently large so that the unperturbed homoclinic
orbit is enclosed within the annulus. We notice that the three-dimensional stable and
unstable manifolds of A4,, denoted as W*(A4,) and W*(A4,), are the subset of W*(M,) and
W*(M,) respectively. We will show that for the perturbed system, the saddle focus p, on
A, has homoclinic orbit which comes out of the annulus 4, and can return to the annulus in
full four-dimensional space, and eventually may give rise to Silnikov-type homoclinic loop,
as shown in Figure 6.

5.3. HIGHER-DIMENSIONAL MELNIKOV THEORY

In order to show the existence of Silnikov-type homoclinic orbit, we need two steps to
determine it [4]. In the first step, by using higher-dimensional Melnikov theory, the
measure of the distance between one-dimensional unstable manifold W*(p,) and
three-dimensional stable manifold W*(A,) may be obtained to show that W*(p,) = W*(4,)
when Melnikov function has a simple zero. In the second step we will determine whether or
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12 Y.+ 4y

Figure 6. Silnikov-type homoclinic orbit to saddle focus.

not the orbit on W*(p,) comes back into the basin of attraction of 4,. If it does, the orbit
asymptotes to A, as t — oo. If it does not, the orbit may escape from the annulus A, by
crossing the boundary of the annulus.

Based on the results obtained in references [4,20], higher-dimensional Melnikov
function is given as follows:

_ - to [ 0H O0H
M(lulyO-ZaIrﬁfZ):J |:a "2+ﬁgl:|dT1
— 2

= Jm [— pud(Ty) + (621, + Bi IF + Bolui (Ty)) (— il + 21, sin 2p(T))1d Ty, (74)

where u(T}), u,(T;) and y(T}) are given in equations (58) and (62) respectively. From the
above analysis, the first and second integrands are evaluated as follows:

+oo 2./23?
f — w3(T)dT; = —f3” (75)
w oy
and
+ oo
J [— AL, + Bu T2 + Bolwd(T) AT, = — G124y, (76)

The third integral can be rewritten as

+ o

My (uy, 63, L, fo) = fo 12 J sin 2y(T,)(65 + 112 + Boud(Ty)d T,

— o0

= M Jﬂo sin 2y(Ty)d(2y(Ty))
20Cl — 0
_ M [cos 2y(+ o0) — cos 2y(— o0)]. (77)

2&1
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Using Ay = y(+ o0) — y(— o0) yields

_ 12 1.
M (1, G2, I, f5) = % [sin 2y(— o0)sin 24y — cos2y(— oo)(cos 24y — 1)]. (78)
1
Based on equation (70) we obtain
_ 2 =2
sin2(— o0) = £, cos2p(— o0) :M. (79)
2 f2
Substituting equation (79) into equation (78), we obtain
_ - e Bl = -
My, 62, 1, fo) = =5 25 [iisin 24y — N/ fF — (i (cos 247 — 1)]. (80)
1

Therefore, the Melnikov function may be expressed as

V2 =6 (1 —60) — 12130

_ -IVZAN
30, u V

M(/'tls 629 Ira f_Z) = -

. 12 —
+ 612'8; “[fsin24y — \/ﬁ(cos 24y — 1)]. (81)
1

In order to determine the existence of the Silnikov-type homoclinic orbit, we first require
that the Melnikov function have a simple zero. Thus, we obtain the following expression:

V2R a0 =50 =BT
304

. 12 =
+% [fisin 24y —/J? — fi2(cos 247 — 1)] = 0. (82)
Oy

Figure 7. The chaotic response of the averaged equations (28) for A = 0-7 and p = 0-16, the phase portrait on
plane (xy, x;).
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Next, we determine whether the orbit on W*(p,) returns to the basin of attraction of 4,. The
condition is given as

VYmin < Ve + Ay + mn < Vs» (83)

where m is an integer, 47, y., y; and y,,;, are given by equations (63), (70) and (72) respectively.
It indicates that W*(p,) = W*(4,), that is, one-dimensional unstable manifold W*(p,) is
a subset of three-dimensional stable manifold W*(4,). When conditions (82) and (83) are
simultaneously satisfied, it is shown that there exists the Silnikov-type chaos in system (43),
that is, system (43) may give rise to chaotic dynamics in the sense of Smale horseshoes.

6. NUMERICAL SIMULATION OF CHAOS

Due to the global perturbation method developed by Kovacic and Wiggins [4] can be
only used to analyze the autonomous systems but cannot be used to analyze the
non-autonomous systems, thus, the original equations (10) must be transformed to
autonomous averaged equations (28). From the averaged equations (28), the normal form
theory is used to simplify this system to the standard form, that is, the normal form. Then,
the global perturbation method is used to investigate the global bifurcations and chaotic
dynamics of the normal form. For the comparison with the analytical prediction, we choose
the averaged equations (28) and the original system (10) to do the numerical simulations. In
addition, it is very difficult to construct the phase portraits or the topological structures of
higher-dimensional non-autonomous systems.

In this section, we use the numerical method to predict the chaotic motion of the
parametrically excited rectangular thin plate. A computer software called Dynamics [21]
which can perform the analysis for ordinary differential equations is used. Consider the
averaged equations (28). Firstly, the case for A = b/a = 0-7 is numerically studied. The other
parameters are given as o; = 10-3941, 5, = 2-6082, and o, = f§, = 59367. The chaotic
response of the averaged equations (28) with u = 016, f; = 488, f, = 1169:63, o, = 3-25

Figure 8. The chaotic response of the averaged equations (28) for 4 = 0-7 and p = 0-108, the phase portrait on
plane (xy, x;).
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and g, = 6'55 is shown in Figure 7, which represents the phase portrait on plane (x4, x»).
The chosen initial conditions are x;o = — 3-1, x50 = 08, x30 = 1:011 and x,, = 1'4. The
chaotic response for u = 0-108 and f, = 1239-63 is shown in Figure 8. Then, the case for
A =09 is also investigated and the chaotic responses of the averaged equations (28) are
given in Figures 9 and 10, where the damped coefficients are u = 0-18 and 0-138 respectively.
The chosen parameters and initial conditions are: o; = 6:3125, f; =41778,
oy = B, =73308, oy =325 0, =655, f; =488, f, = 118963, x;9=— 31, x50 =038,
X30 = 1:011 and x,, = 14.

ol
4t .
KRNI 3 VAN
L Qe )
-4} /
o
-6 -4 -2 0 2 4 6
*1

Figure 9. The chaotic response of the averaged equations (28) for 2 = 0-9 and p = 0-18, the phase portrait on
plane (xy, x;).

Figure 10. The chaotic response of the averaged equations (28) for A = 09 and u = 0-138, the phase portrait on
plane (xy, x;).
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To show the existence of chaos in the original system (10), the numerical simulations are
also performed on the system (10). For the comparison with numerical results obtained
above, the two cases are considered. Firstly, the case for 2 = b/a = 0-7 is numerically
investigated. The other parameters are given as o; = 103941, f; = 26082,
o, = f,=59367, w; = w, =1, 2 =2, and ¢ = 0-01. The chaotic responses of the original
system (10) with u = 016, f; = 488, f, = 116:963, and u = 0-108 and f, = 123-963 are given
in Figures 11 and 12, respectively, which represent the phase portrait on plane (xy, x,). The
chosen initial conditions are x;o = — 31, x,0 = 0-8, x30 = 1:011 and x4, = 1-4. The second

Figure 11. The chaotic response of the original system (10) for 2 = 0-7 and u = 0-16, the projection of the phase
portrait on plane (xy, x,).

20
15 - =

10

_10 - X S - 5 '.
-15 + =

=20

Figure 12. The chaotic response of the original system (10) for A = 0-7 and p = 0-108, the projection of the phase
portrait on plane (xy, x;).
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case for 4 = 0-9 is also studied and the chaotic responses of the original system (10) are given
in Figures 13 and 14, where the damped coefficients are ¢ = 0-18 and 0-138 respectively. The
chosen parameters and initial conditions are oy = 6-:3125, f; = 4-1778, o, = 5, = 7-3308,
f1 =488, 1, =118963, w; =w, =1, 2 =2, =001, x;0 = — 31, x50 = 08, x30 = 1011
and x40 = 1'4.

The numerical results on the averaged equations (28) and the original system (10)
illustrate that the chaotic motions in the averaged equations (28) may lead to the
amplitude-modulated chaotic oscillations in the original system (10) under the certain

Figure 13. The chaotic response of the original system (10) for 2 = 0-9 and u = 0-18, the projection of the phase
portrait on plane (xy, x,).

Figure 14. The chaotic response of the original system (10) for A = 0-9 and u = 0-138, the projection of the phase
portrait on plane (xy, X,).
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conditions. It is seen from the analytical prediction and the numerical simulations given
above that the analysis of the averaged equations can indeed predict the chaotic dynamics
of the original system qualitatively and quantitatively.

7. CONCLUSIONS

The local and global bifurcations of a rectangular thin plate under parametrical
excitation are investigated by the analytical and numerical approaches when the averaged
equations have one non-semisimple double zero and a pair of pure imaginary eigenvalues. It
is found that the parametrically excited rectangular plate can undergo Hopf bifurcation,
heteroclinic bifurcations and Shilnikov-type homoclinic orbit to the saddle focus, which
means that there exists the chaotic motion in full four-dimensional system. In order to
illustrate the theoretical predictions, the numerical simulation is performed by using
Dynamics. The numerical results also show the existence of chaotic motion in the averaged
equations. It is well known the chaotic motions in the averaged equations correspond to the
amplitude modulated chaotic oscillations in the original system. Therefore, it is
demonstrated that there are the amplitude modulated chaotic motions of Silnikov type in
parametrically excited rectangular thin plate. It is found from the numerical simulation that
the chaotic responses given above are very sensitive to initial conditions.

The case studied in this paper is different from that in references [3,20]. In our
investigations, theory of normal form is used to simplify the averaged equations to the
normal form. It is noted from the above analysis that based on the normal form, the analysis
of global bifurcations and the computation of Melnikov function are simpler than that in
references [ 3, 10, 11, 20]. It is illustrated that the global perturbation method developed by
Kovacic and Wiggins [4] may be also applied to the case for the averaged equations being
of one non-semisimple double zero and a pair of pure imaginary eigenvalues.
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