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This paper investigates the problem of chaos control and synchronization for new chaotic
dynamical system and proposes a simple adaptive feedback control method for chaos control
and synchronization under a reasonable assumption. In comparison with previous methods,
the present control technique is simple both in the form of the controller and its application.
Based on Lyapunov’s stability theory, adaptive control law is derived such that the trajectory of
the new system with unknown parameters is globally stabilized to the origin. In addition, an
adaptive control approach is proposed to make the states of two identical systems with unknown
parameters asymptotically synchronized. Numerical simulations are shown to verify the analytical
results.

1. Introduction

Chaos control and synchronization methods were first addressed by Ott et al. [1] and Pecora
and Carroll [2] in the beginning of the decade of 1990. Along with these concepts came the
idea of chaotic encryption.

Nowadays, different techniques and methods have been proposed to achieve chaos
control and chaos synchronization such as linear and nonlinear feedback control [3-10]. Most
of them are based on exactly knowing the system structure and parameters. But in practical
situations, some or all of the system’s parameters are unknown. Moreover, these parameters
change from time to time. Therefore, the derivation of an adaptive controller for the control
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Figure 1: The chaotic attractor of new dynamical system at a = 10, b =16 and c = -1.

and synchronization of chaotic systems in the presence of unknown system parameters is an
important issue [11-21].

In recent years, chaos synchronization has received special interests due to its potential
applications in secure communications [22-25], biological systems [26], circuits [27], lasers
[28], and so forth. In operation, a chaotic system exhibits irregular behavior and produces
broadband, noise-like signals, thus, it is thought to use in secure communications.

In this work we investigate the problem of chaos control and synchronization for new
chaotic dynamical system and propose a simple adaptive feedback control method for chaos
control and synchronization under a reasonable assumption. In comparison with previous
methods, the present control technique is simple both in the form of the controller and its
application. Based on Lyapunov’s stability theory, adaptive control law is derived such that
the trajectory of the new system with unknown parameters is globally stabilized to the origin.
In addition, an adaptive control approach is proposed to make the states of two identical
systems with unknown parameters asymptotically synchronized. Numerical simulations are
shown to verify the analytical results.

The object of this work is chaos control and synchronization of two identical new
chaotic dynamical systems [29] with adaptive feedback and application in secure commu-
nication. The new system [29] is described by

%= a(y-x),
¥ =bx —xz, (1.1)

zZ=xy+cz,

where a, b, and c are three unknown parameters. This system exhibits a chaotic attractor at
the parameter values a = 10, b = 16, and ¢ = -1 (see Figure 1).

The paper is organized as follows. In Section 2, we propose the main results of this
paper. In Section 3, the adaptive feedback control method is applied to control of new
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attractor with unknown parameters and numerical simulations are presented to show the
effectiveness of the proposed method. In Section 4, the adaptive feedback control method
is applied to synchronization of two identical new attractor and numerical simulations are
presented for verifying the effectiveness of the proposed method. We conclude the paper in
Section 5.

2. Main Results

In this section, we investigate the problem of chaos control by modifying the previous method
[30] and propose the main results of this paper.
Let a chaotic system be given as

x = f(x), (2.1)

where x = (x1,%2,...,%,)" € R", f(x) = (fi(x), fa(x),..., fa(x))" : R* — R"is a smooth
nonlinear vector function. Without loss of the generality, let x, = 0 is an equilibrium point
of the system (2.1). To describe the new design and analysis, the following assumption is
needed.

Assumption 2.1. There exists a nonsingular coordinate transformation y = Tx, such that
system (2.1) can be rewritten as

21 = g1(z1,22) 22)
Z.2 = gZ(er ZZ)/ .

where z1 = (1,12, ... ,y,)T € R, zo = (Yrs1, Yre2s - -- ,yn)T € R"7", the second equation
satisfies z, = ¢(0, z»), with the vector function g»(z1,z;) being smooth in a neighborhood
of z; = 0, and the subsystem 2, = g,(0, z2) is uniformly exponentially stable about the origin
zp = 0 forall z.

Remark 2.2. It should be pointed out that not all the finite dimensional chaotic systems are
given as (2.2) in their original forms. Therefore, we should make a nonsingular coordinate
transformation T, which can adjust the array order of the variables (x1, x5, ..., x,) to make the
original systems (in the new form) have the form of (2.2). Thus, Assumption 2.1 is reasonable,
and system (2.2) is very general, which contains most well-known finite dimensional chaotic
systems.

Remark 2.3. The vector function g»(z1, z) being smooth in a neighborhood of z; = 0, that is,
there is a positive constant Ay (locally) such that [[g2(z1,2z2) — 2(0,22)]| £ Aol|z1]|. And the
subsystem Z, = ¢ (0, z») is uniformly exponentially stable about the origin z, = 0 for all z,
which implies that there are a Lyapunov function V(z;) and two positive numbers 14, \,
such that

. oV
Vo(zo) = Mgz((), z) < _)ﬂ”zZ”z/

0Vo(z2)
L || V| < dafzal, (23)
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respectively. Since the system (2.1) is chaotic and g»(z1, z2) is smooth function, there exists a
positive number A3, such that ||g1(z1, z2)|| < Asl|z1]|.

In order to stabilize the chaotic orbits in (2.1) to its equilibrium point x, = 0, we add
the following adaptive feedback controller to system (2.1) and the controlled system (2.1) is
as follows:

Z1 = g1(z1, 22) + U1 = g1(z1, 22) + k121,
(2.4)

2y = §(z1,22) + Uz = §2(21, 22),

where the controller u = (ul,uz)T = kiz = (klzl,O)T. The feedback gain k; is adapted
according to the following update law:

ki = -ylz1%, (2.5)

where y is an arbitrary positive constant, in general, we select y = 1.
Let the systems (2.2) and (2.4) be the augment systems, and introduce a Lyapunov
function

1 1
V= 5z{z1 + Vo(z2) + E(kl +L)% (2.6)

where L = (A3 + a), a0 > )L%)q /4. Next, we give the following main result.

Theorem 2.4. Starting from any initial values of the augment system, the orbits of the augment
system (x(t), k1 (£)" converge to (x,, ko) ast — oo, where ko is a negative constant depending
on the initial value. That is to say, the adaptive feedback controller stabilizes the chaotic orbits to its
equilibrium point x, = 0.

Proof. Differentiating the function V along the trajectories of the augment system, we obtain

V= 2121 + 0( 2)g2(21,22)+ (k1 +L)k1
oV
=zl (g1(z1,22) + k1z1) + gijZ)gz(Zl,Zz) — (ki +L)z{ z1
_ T T 2) 0( 2) (2'7)
=2z,81(z1,22) - Lz z1 + (82(z1,22) - 8(0,22)) + 8(0,22)

< Azl zi - (A3 + @) z] z1 + Lodo|za |zl = M|z

< —azlzi + Agha|z1z2]| - Ma|z2|* 0.

Obviously, V =0ifand only if z; = 0,i = 1,2, then the set E = {(z, k1) | V(z) =0} = {0}
is the largest invariant set for the augment system. According to the well-known LaSalle
invariance principle, z; = 0,i = 1,2, which implies that x; =0,i=1,2,..., n, thus, Theorem 2.4
is obtained. O
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Remark 2.5. In general, n—r > 1, where n —r is the dimension of the variable z,. One the other
hand, we stabilize the first subsystem z; = g1(z1, z2) by applying the previous method [30].
Therefore, the controllers obtained in this paper are simpler than those controllers obtained by
the previous method in general case or the same to those controllers obtained by the previous
method even in the worst case n —r = 0. Accordingly, the present method is a modification of
the previous method.

Remark 2.6. If x,#0 is an equilibrium point of the chaotic system (1.1), then we make the
coordinate transformation y = x — x,,, which make the original chaotic system (1.1) with new
variable y = (1,2, ..., yx) has the equilibrium point y, = 0. That is to say, this method can
be also easily utilized whatever x, is origin or not.

3. Adaptive Feedback Control Method for Controling New Attractor

In this section, we apply the above technique to control the new chaotic system [29]. Now,
we rewrite system (1.1) as the following:

X1 = a(xy - x1),

5(2 = bX1 — X1X3, (31)

X3 = X1Xp + CX3.

It is easy to know the fact that if x, = 0 the following two dimensional subsystem of
the system (3.1):

X'l = —axy (3 2)
X3 = cx3, .

which is uniformly exponentially stable about the origin x; = 0, x3 = 0 for all xy,x3, then
there exists a nonsingular coordinate transformation y = Tx, thatis, y1 = x2, y2 = x1, y3 = x3,
which can make system (3.1) with new variable y has the form of system (2.2), and the new
system with controller u = kyy = (kiy1,0,0)" is

11 = by —ypys + kiys,

v2=a(y1-12),
(3.3)

Y3 = Y1y + Cys,

ki

2
=vlwll™
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Now, we define a Lyapunov function as
Lioa, 2. o 1 2
V:E(y1+y2+y3>+ﬂ(k1+L), (34)

where L is a sufficiently big constant. It is clear that the Lyapunov function V' (e) is a positive
definite function. Now, taking the time derivative of (3.4), then we get

av 1 ,
die) = Y1ith + Yol + Y33 + ¥(k1 +L)K;y

= y1(byz — voys + kiyr) + ya(ays — aya) + ys(yava +cys) — (ki + L)y;
= byavi — Vivays + kiyi + ayiya — ays + ysyiya + cyi — kiyt - Ly;

(3.5)
= (a+b)yay1 — ays +cy3 - Ly}
=~ (ay% —(a+b)yayr + Lyf) +cys
< - (ak - @+ D) lyallllynll + L43) + ey < -eTPe <0,
where e = [|y1], [y2], |y3|]T is the states vector, and
. ; b 0
P=]a+b (3.6)
a 0
2
0 0 ¢

Obviously, to ensure that the origin of the system (3.1) is asymptotically stable, the
matrix P should be positive definite, which implies that V is negative definite under the
condition L > (a + b)*/4a then dV (e) /dt < 0. According to Theorem 2.4, the origin of system
(3.3) is asymptotically stable.

3.1. Numerical Results

By using Maple 13 to solve the systems of differential equation (3.1) with the parameters are
chosen to a = 10, b = 16, and ¢ = -1 in all simulations so that the new system exhibits a
chaotic behavior if no control is applied (see Figure 1). The initial states of system (3.1) are
y1(0) = 1.5, y2(0) = -2, and y3(0) = 3.2 and the initial value of the controller k;(0) = -1.
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Figure 2: The new dynamical system (3.1) is driven to its stable equilibrium (0,0,0) asymptotically as
t — oo.
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Figure 3: The feedback gain k; tends to a negative constant as t — co.

When y = 1, the new system is driven to its stable equilibrium (0,0,0) asymptotically as
t — oo are shown in Figure 2. The feedback gain k; tends to a negative constant as shown in
Figure 3.
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4. Adaptive Feedback Control Method for Synchronization of Two
Identical New Attractors

In this section, we apply the adaptive feedback control technique for synchronization of two
identical new chaotic systems [29]. For the new system (1.1), the master (or drive) and slave
(or response) systems are defined below, respectively,

x1=a(yi—x1),
Y1 =bx; —x121, (4.1)
Z1 = X1Y1 + €21,
Xy = a(y2 - x2)
Y2 =bxy—x225 (4.2)

Zp = XolYo + C2o.

For this purpose, the error dynamical system between the drive system (4.1) and
response system (4.2) can be expressed by

x3 = a(ys —x3)
yg, = bX3 — X2Z3 — Z21X3 (43)

Z3 = €z3 + X235 + Y1X3,

where x3 =x, —x1, Y3=1y2 - Y1, Z3=22—Z1.
In order that two chaotic systems can be synchronized in the sense of PS, the following
condition should be satisfied:

Him [|x — x| = }L%”m -y = Jim |22 =z = 0. (4.4)

It is easy to know the fact that if y3 = 0 the following two-dimensional subsystem of
system (4.3):

X3 = —axs, (45)
4.5
Z3 = €z3 + Y1X3,

which is uniformly exponentially stable about the origin x3 = 0, z3 = 0 for all x3, z3, then
there exists a nonsingular coordinate transformation e, = y3, e, = x3, e, = z3, which can
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make system (4.3) with new variable e has the form of system (2.2), and the new system with
controller u = kye = (kaey, 0, O)T is

éx = bey — xze; — z1e, + koey,

6y = ales-ey),

(4.6)
ez = cez + Xpex + 1€y,
K2 = —yllexl.
Let us consider the Lyapunov function V (e) which is defined by
V(e) = 1(.«32 +e +e2+1(k +L)2> (4.7)
2 x v z Y 2 ’ .

where L is a sufficiently big constant. It is clear that the Lyapunov function V (e) is a positive
definite function. Now, taking the time derivative of (4.7), then we get

dv(e)
dt

1 .
= eyéy + eyéy +ezé; + ¥(k2 + L)kz

ex(bey — x2e- — z1e, + koey) + ey (aex — aey)

+ez(ce; + x2ex + y1ey) — (ko + L)e2

2 2
bere, — xzexe; — z1exey + koey + aexe, — ae

y
(4.8)
+ ceﬁ +Xxpexe; +Yyieye; - kzei - Le,zc
= - Le,zc - aei + ceg +(a+b-z)exe, +yi1eye;
= - [Lei +(z1—a-Db)exe, + aei —ce? - yleyez]
< - [Lefc +(z1 —a—b)|lell||ey|| + aej, — ceZ - y1||ey||||ez||] =—¢'Ae <0,
where e = [|ex], |e,], le=|]” is the states vector, and
a+b-z
-L > Lo
A= |atb-z  _ _n (4.9)
2 2
n
0 e c
2

under the condition L > (z; — a — b)*/4a, then dV (e) /dt < 0. Based on Lyapunov’s stability
theory, this translates to lim;_,|le(t)]] = 0. Thus, the response system and drive systems
are asymptotically synchronized by using adaptive feedback control method. According to
Theorem 2.4, the origin of system (4.6) is asymptotically stable.
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Figure 4: The dynamics of synchronization errors states ey, e,, and e; of two identical new dynamical
systems with adaptive feedback control.
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Figure 5: The feedback gain k, tends to a negative constant as t — co.

4.1. Numerical Results

By using Maple 13 to solve the systems of differential (4.1), (4.2), and (4.6) with the
parameters are chosen to a = 10, b = 16 and ¢ = -1 in all simulations, so that the new system
exhibits a chaotic behavior if no control is applied (see Figure 1). The initial states of the drive
system are x1(0) = 1.5, y1(0) = -2, and z1(0) = 3.2, the initial values of the response system
are x2(0) = 1, 12(0) = -1, and z,(0) = 2, and the initial value of the controller k,(0) = -1.
When y = 1, the new system is driven to asymptotically synchronize as { — oo are shown in
Figure 4. The feedback gain k, tends to a negative constant as shown in Figure 5.
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5. Conclusions

In this paper, we present a simple adaptive feedback control method for chaos control and
synchronization by modifying the previous method. Adaptive feedback control method
is applied to control and synchronization of new chaotic dynamical system with known
parameters. Numerical simulations are also given to validate the proposed synchronization
approach.
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