Neurocomputing 73 (2010) 3139-3146

journal homepage: www.elsevier.com/locate/neucom

Contents lists available at ScienceDirect

Neurocomputing

Anti-control of Hopf bifurcation for Chen’s system through washout filters ™

a,b,

Zunshui Cheng

@ School of Automation, Southeast University, Nanjing 210096, China

b School of Mathematics and Physics, Qingdao University of Science and Technology, Qingdao 266061, China

ARTICLE INFO ABSTRACT

Article history:

Received 5 November 2009
Received in revised form

12 March 2010

Accepted 19 June 2010
Communicated by H. Jiang
Available online 27 July 2010

Keywords:

Hopf bifurcation

Periodic solution

Chen'’s system
Anti-controlling bifurcations

In this paper, we consider the problem of anti-controlling bifurcations for Chen’s system, that is, a
certain bifurcation is created at a desired location with preferred properties by appropriate control.
Washout-filter-aided dynamic feedback control laws are developed for the creation of Hopf
bifurcations. By choosing appropriate control parameter, we investigate the existence of Hopf
bifurcation. Conditions are given to determine the directions and stabilities of the bifurcating periodic
solutions. We also find that this control laws can be applied to Chen’s system for the purpose of control
and anti-control of chaotic attractor. Finally, some numerical simulations are given to illustrate the
effectiveness of the results found.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Bifurcation control refers to the task of designing a controller
to suppress or reduce some existing bifurcation dynamics of a
given nonlinear system, thereby achieving some desirable
dynamical behaviors [3]. Anti-control of bifurcation, as opposed
to the direct control, means a certain bifurcation is created at a
desired location with preferred properties by appropriate control.
Our work on anti-control of bifurcations is motivated by
observations that in some applications, it may be advantageous
to introduce new bifurcations to the nominal branch of system
output [1,2]. It is now known that bifurcation properties of a
system can be modified via various feedback control methods.
One of the representative approaches is applied a washout filter-
aided dynamic feedback controller. The use of washout filters
ensures that low frequency orbits of the system are retained in
the closed loop system, with only the transient dynamics and
higher frequency orbits modified. Benefit of using washout filters
is that all the equilibrium points of the open-loop system are
preserved. Washout filters have been used in feedback control in
many applications [9,15,20,21].
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Over the last three years, there are extensive studies on Chen’s
system (1) (see, for example [4,6,7,10-13,17,19]), controlling
chaos [14] and bifurcation theory [5,18]. In the present paper, we
are interesting in control of Chen’s chaotic attractor. By applying
the washout filter-based approach and constructing a controlled
system with delay, we investigate the effect of delay on the
dynamical behavior of Chen'’s system. By employing normal form
theory and center manifold theorem, the stability of bifurcating
periodic solutions for this controlled system are studied in detail.

The remainder of this paper is organized as follows. In Section 2,
a model of controlled Chen’s system through washout filter is
created. The stability and the existence of Hopf bifurcation
parameter are determined in Section 3. In Section 4, based on
the normal form method and the center manifold theorem
introduced by Hassard et al. [8], the direction, stability and the
period of the bifurcating periodic solutions are analyzed. To verify
the theoretic analysis, numerical simulations are given in Section
5. Finally, Section 6 concludes with some discussions.

2. Control model

The original Chen’s system is described by the following three-
dimensional smooth quadratic autonomous system [4]:

X =ay—x),
y = (cC—a)x—Xxz+cy, 1)
z=xy—bz,

which is chaotic when a=35, b=3, c=28.
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We consider a general form of dynamical system

X =fX; w, )

where X is a vector, u is a parameter. The washout-filter-aided
controller assumes the following structure [2]:

X =fX; w+u,
w=X;—dw2p, 3)
u=g(p;K,

where u is a control input, g is a control function and d is the
washout filter time constant. The following constraints should
be fulfilled: d >0, which guarantees the stability of the wash-
out filter; g(0,K)=0, which preserves the original equilibrium
points.

In this paper, the controlled system is designed as follows:

X(t) = a(y(t)—x(1)),

Y(©) = (c—ayx(t)—x(t)z(t) +cy(t) + u(t),
Z(t) = x(0)y(t)—bz(t),

() = a[y(t)—y(t—1)]—du.

“)

This system has the similar character with washout filter control:

e d > 0, which guarantees the stability of the controller.
e The original equilibrium points were preserved.

Our next approach is to creation Hopf bifurcations using the given
feedback control laws.

3. Existence of Hopf bifurcation

In this section, we choose the gain o as a constant and
investigate the effect of time-delay 7 on the dynamic behavior of
the controlled system (4). The following conclusions for the
uncontrolled Chen’s system are needed:

Lemma 1 (Song and Wei [16]). Suppose that a > 0,b > 0,c > 0,

(1) If a > 2c, then system (1) has one steady state S¢(0,0,0) and it is
asymptotically stable.

(2) Ifa < 2c, then system (1) has three real steady states: S_( —Xg,—
Yo» Z0), S0(0,0,0) and S+(xo, Yo, Zo). The steady state S (or S_) of
system (1) is stable when b> (c?+3ac—2a?)/c, and the
corresponding characteristic equation has three eigenvalues:
one negative real root and one pair of conjugate complex roots
with negative real parts.

3.1. Hopf bifurcation from the steady state Sy

The linear equation of the controlled system (4) at So
(where up=0) is
x(t) = ay(t)—x(1)),
y(t) = (c—ax()+cy®) +u(t),
2(t)= —bz(b),
u(t) = afy(©)—y(t—1)]—du.

)

The associated characteristic equation of the linearized system is

A+a —a 0 0
d a—c A—C 0 -1 0 5
S 0 i+b o |=Y% ©®)

0 ae*-1) 0 A+d

That is

(A+b){A> +(@—c+d)2* +(a(a—20)+(a—c)d—a) 2
+a[(a—c)d—o]+ (A +a)e T} =0. (7)

It is well known that the equilibrium (0,0,0,0) is stable if all the
roots of (7) have negative real parts. Obviously, Eq. (7) always has
a negative root 1 = —b for all T > 0, so we only need to investigate
the third degree transcendental polynomial equation

22 +(a—c+d)A% +(a(a—2c)+(a—c)d—a)A

+al(a—c)d—o]+a(i+aje** =0 (8)
or
B a2t +ayd+az+(bod+by)e =0, 9)
where
a; =a—c+d, a;=a(a-2c)+(a—cyd-o,

a3 =daf(a—c)d—a], bg=0o, b;=aa.

We first examine when the characteristic equation (7) has pairs
of pure imaginary roots. If A= +iw with w > 0, then we have

—iw? +a;w? +iayw+as +(ibgw + by )(coswt—isinwt) = 0.

Separating the real and imaginary parts, we have

a;w?—az = bycoswt +bowsinwr,
{ w3 —aym = —bysinwt+bywcoswr, a0
which lead to
@®+(a? —2a)w* + (@3 —-b3—2a1a3)w? +ai b3 = 0. 11)
Let z=w? and denote
p=ai-2a;, q=a3-b3-2a1a3s, r=ai-b3
Then, Eq. (11) becomes
Z+pZ2+qz+r=0. (12)

In the following, we need to seek conditions such that Eq. (12) has
at least one positive root. Denote

h(z) =2 +pz®> +qz+r.

Lemma 2 (Song and Wei [16]). For Eq. (12), we have the following
results.

(1) if r <O, then Eq. (12) has at least one positive root.

(2) ifr=0and 4=p*-3q <0, then Eq. (12) has no positive root.

(3) ifr>0and A4 =p*-3q > 0, then Eq. (12) has positive roots if and
only if z; =3(—p++/4)> 0 and h(z}) < 0.

Suppose that z; is a positive root of Eq. (12), then wy = + /Z.
From Eq. (10), we have

| bow? +(bya; —boaz)w?—bia .
) oWy, 101 —boaz )i —b1az
= — < arccos 2 . 13
K a)k{ b2 +b3w?2 +em 13)

In order to create a Hopf bifurcation from the bifurcation point,
the following transversality condition is needed:
d(Re?)
dr

#0. (14)

— 0
T="7T,

Substituting A(tr) into Eq. (9) and taking the derivative with
respect to 7, we obtain

{di} 32420040, bo T

dt Aboitby) © T Aboitby) A’

dt s
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