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1. INTRODUCTION

Master-slave synchronization of chaotic systems is strikely nonlinear, since the aperiodic and nonreg-
ular behavior of chaotic systems and their sensitivity to the initial conditions. Chaotic behavior may appear in
many physical systems. So, chaos synchronization subject has received a great deal of attention in the last to
decades, due to its potential applications in physics, chemistry, electrical engineering, secure communication
and so on[1]. Up to now, many types of controling methods are revealed and investigated for control and syn-
chronization of chaotic systems. Active method[2, 3, 4, 5, 6], adaptive method [7, 8, 9], linear feedback method
[10, 11], nonlinear feedback method [12, 14, 15], sliding mode method [16, 17, 18], impulsive method [19],
phase method [20], generalized method [21], robust synchronization [13] and projective method [22, 23, 24]
are some of the introduced methods by the researchers. Among these methods, synchronization with some
types of projective methods are extensively investigated in the last decades, since the faster synchronization
due to its synchronization scaling factors, which master and slave chaotic systems would be synchronized up
to a proportional rate. Projective lag method [25], modified projective synchronization (MPS) [26, 27, 28],
function projective synchronization (FPS)[29], modified function projective synchronization [30, 28], general-
ized function projective synchronization [31, 32] and modified projective lag synchronization[33, 34] are some
generalized schemes of projective method, which utilize some type of scaling factors.

When the parameters of a chaotic system are known beforehand, active related methods are preferably
chosen than adaptive methods. Active synchronization problem of two chaotic systems with known parameters
are vastly investigated by the researchers. For example, in [5, 3, 35], the active controlling method is studied
for synchronization of two typical chaotic systems. And also, in [2], an active method for controling the
behavior of a unified chaotic system is presented. Chaos synchronization of complex Chen and Lu chaotic
systems are addressed in citeMahmoud, with designing an active control method. Furthermore, in [36] active
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synchronization of two different fractional order chaotic system is studied.

Consequently, the modified projective synchronization of two chaotic systems with known system
parameters by acitve control method are rarely investigated by the researchers. Therefore, in the present study,
the modified projective synchronization problem is achieved by means of active nonlinear control method. An
appropriate feedback controller is designed to control the behavior the state variables of the follower system to
track the trajectories of the leader system state variables. In Section 2, the problem of chaos synchronization is
discussed. In addition, the validity of the proposed synchronization method is verified by means of Lyapunov
stability theorem. Then, in Section 3, some experiments are derived to show the effectiveness of the proposed
method. Moreover, some simulations are carried out. Finally, some concluding remarks are given in Section 4.

2. SYNCHRONIZATION
A wide variety of chaotic systems can be represented as follows:

&= f(zx)®+ F(x)+n (L

Where x = (21, %2, -+ ,2,)" is the state variables vector of the system (1). ® = (¢1, ¢2, -+ , )T € R™¥!
andn = (n1,m2, -+ ,1,)T € R™ ! are two vectors denoting the unknown parameter vector of the system and
the external distributive noise of the system, respectively. f(x) € R"*" and F(x) € R™*! stand for the linear
and nonlinear matrix of functions, respectively. Let the dynamical system (1) as the leader system. Then the
follower system can be given by another chaotic function as follows:

¥ =9y)®+Gy) +u )

Where y = (y1,%2,- - ,yn)” presents the state variables vector of the follower system (2). & = ((%1, B, Qf;n) €
R™*! denotes the estimation of leader system parameters vector ®. Moreover, g(y) € R"*" and G(y) €
R"™*! are the linear and nonlinear matrix of functions, respectively. In the proposed active nonlinear control
method, an appropriate controller w is designed which the states of leader system (1) are synchronized with
their corresponding states at the follower chaotic sytem (2), base on the modified projective synchronization
error that is defined as follows:

e=y—Ax 3)

Where A = diag{\1, X2, -+ , A, } represents the modified scaling factors and e = (ey, €2, -+ ,e,)T € R"*!
stands for synchronization error vector. Then the dynamical synchronizaton error can be obtatined as follows:

=1 — A
=9(yY)®+G(y) +u— f(x)® - AF(x) - An 4)

Where 77 denotes the estimation of noise distrubance 1.

Definition 1. For the leader system (1) and the follower system (2), the chaos synchronization would
be achieved if an appropriate control is designed to force the state variables of the follower system to track the
trajectories of the leader one, meanly, the synchronization error vector (3) converges to zero, as time goes to
infinity,i. e:

Jim ()] = 0

which ||.|| denotes 2-norm. Chaos synchronization can be achieved by deriving an appropriate feed-
back controller, which is the subject of the following theorem.

Theorem 1. The leader system (1) with the state variables vector « and the follower system (2) with
the state variables vector y, the parameters vector ® and any noise disturbance vector 17, would be synchronized
for any initial state variables 2(0) and y(0), if the active feedback control law is defined as follows:

u=—[g(y) - f(z)]® - [G(y) - AF(z)] + A — Ke 5)
Where 7} can be estimated dynamically as follows:

n=—-Ae—¥(f—n) (©6)

Modified Projective Synchronization of Chaotic Systems with ... (Hamed Tirandaz)



3438 O ISSN: 2088-8708

Where K = diag{ki, ko, -+ ,kn} and ¥ = diag{t1, s, -+ , ¥y} are two diagonal matrix with positive
values for their main diagonal elements.
Proof. Let the Lyapunov stability function as follows:

1 1
V=geel +o(—m)@—-n)" (7

It is obvious that the Lyapunov function defined in (7) is positive definite. With calculating its time derivative,
we have:

V =¢éel +ij(n—n)" (8)

Then, substituting the dynamical representation of synchronization error vector (4) and consequently consider-
ing the proposed feedback controller (5) and the noise estimation (6), one can get:

V=-Kee —¥(n-n)H-nT 9)

Therefore, derivative of V is negative definite, when K and W are diagonal matrix with positive elements
on their primary diagonal elements. In the following section, some numerical results are given to show the
effectiveness of the proposed synchronization method.

3. NUMERICAL SIMULATIONS

This section is devoted to the synchronization of two different chaotic or hyperchaotic systems. In the
following subsection, chaos synchronization between two chaotic systems, Zhang chaotic system and Lorenz
chaotic system is addressed. Then, the synchronizaton problem between two hyperchaotic system as Chen
hyperchaotic system and Lorenz hyperchaotic system is studied in the last subsection

3.1. chaotic systems

Chaos synchronization between Zhang chaotic system [ 14] and the Lii chaotic system [37] is addressed
in this subsection. The Zhang chaotic system is given by a three simple integer-based and nonlinear differential
equations that depends on the three positive real parameters as follows

.T.l = (Z(LL‘Q — Ltl) — I3
352 = bl‘l — l‘% (10)

X3 = —cxy + x%

Where 21, z2 and x3 are the state variables of the system and a, b, and c are the three constant parameters of
the system. When a = 10, b = 30 and ¢ = 6, the behaviour of the system is chaotic. The phase portraits of the
system is shown in Fig. 1, with initial state variables z1(0) = 5,22(0) = 2 and z5(0) = 30.

In addition, the Lii chaotic system can be described as follows:

Y1 = a1(y2 — y1)
Y2 = Q2y2 — Y1Y3 (11)
Ys = Yy1y2 — 3Y3
Where y1, y2 and ys3 are the state variables of the system and a;, a2 and a3 are the parameter of the system.
The chaotic behavior of the Lii system is shown in Fig. 2, with system parameters as: o; = 2.1, a2 = 30 and

as = 0.6, and state variables initial values as: 21(0) = 4.3, 25(0) = 7.2 and z3(0) = 5.8.
The Zhang chaotic system (10) can be rewritten based on the leader system (1) as follows:

21 = a(xy — x1) — 223 + M1
Ty = bry — 27 + 12 (12)

. 2
T3 = —cr3+ w5 +n3
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Figure 1. Phase portraits of hte Zhang chaotic system

Figure 2. Phase portraits of hte Lu chaotic system
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Where 71,12 and n3 are the three noise disturbance corresponding to the state variables z, 2 and 3, respec-
tively. Then, the Lii chaotic system (11) can be represented as the follower system as follows:

Y1 =a(y2 —y1) +ur
Yo = bya — y1y3 + ua (13)
Y3 = Y1y2 — cy3 + u3

According to the proposed control law (5) and noise disturbance estimation (6), we define the following feed-
back controller as:

U = —ays + )\10,(E1 + ae; — )\1£C2.’E3 —+ )\17?1 — k161
uy = —bys + Y193 + )\g(bCCl — x%) + Aoflo — koeg (14)
uz = —Y1y2 + ces + )\355% + A3z — kses,

and the noise disturbance estimation as:

m=-Xer —Y1(in —m)
N2 = —Agea — ha(7f2 — 12) (15)
N3 = —Agez — 3(ij3 — n3)

Assume the parameter of the Zhang chaotic system as @ = 10,b = 30 and ¢ = 6 and the initial values
for the drive chaotic system (12) are taken as, 1 (0) = 12, 22(0) = 5, and, z3(0) = 6.5 . In additiion, the initial
values of the response L system (3) are selected as: y;(0) = 2, y2(0) = 15 and y5(0) = 0. Consider the nosie
disturbance values as 1 = 0.8,172 = 0.6 and n3 = 0.3 and also their corresponding estimation ititial values as
71 = 0.15,773 = 0.2 and 773 = 0.1. Let the gain constants as k1 = 2, ko = 2, k3 = 2,¢1 = 1.5, ¢po = 1.5 and
¢3 = 1.5.

The validify of the proposed synchronization method for contorling the behavior of the Lu chaotic
system (13) to track the motion trajectories of the Zhang chaotic system (12) and the noise disturbance estima-
tion are shown in Figure 3 and 4, respectively. Figure 3 shows that the state variables of the system (13) track
effectively the motion trajectories of the leader chaotic system. In addition, in Figure 4 exhibit that the distance
between noise disturbance and its estimation values converge to zero.

Figure 3. Time responce of the drive Zhang chaotic system and the response Lorenz chaotic system

3.2. Hyperchaotic systems

In this subsection, the synchronization between two hyperchaotic systems as Chen hyperchaotc system
and Lorenz hyperchaotic system is investivated via the proposed control method. The Chen hyperchaotic
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noise disturbance errors
T

— =
R —
—— M

Figure 4. Time responce of the noise disturbance estimation

system is introduced in [38], as an extention of a three-dimensional Chen chaotic system as follows:

x1 =a(xy —x1) + 24
To = dx1 + cx9 — 123
Tr3 = 1T — ba:3 (16)

Ty = XT1X2 + T4

Where 1, z2, 3 and x4 are the state variables and a, b, ¢ and d are the parameter of the system. The phase
prortait of the system (16) is shown in Fig. 5, with state variables x1(0) =, 22(0) =, 23(0) = and 24(0) = and
the parameters as a = 35,0 = 3,c = 12,d = 7 and r=0.5 . As it can be seen the behavior of the system (16) is
hyperchaotic. The Lorenz hyperchaotic system, which was introduced in [39], can be described as follows:

y1=a1(y2 —y1) +

Yo = —Y1Y3 + a3y — Y2

Y3 = Y1y2 — Q2Y3 (17)
Ya = —Y1Y3 + oy

Where y1, y2, y3 and y4 are the state variabels, a, b, ¢ and d are parameter of the system. The chaotic behavior
of the Lorenz hyperchaotic system is shown in Fig. 6, with initial values for the system state variables as
21(0) =,22(0) =,23(0) = and z4(0) = and the system parameters as a; = 36,2 = 3,a3 = 20 and
Qg = 1.3

The leader system can be defined based on the Chen hyperchaotic system (16) as follows:

r1 = a(xs — 1) + 24 + M
To =dx1 + cx9 — T1T3 + N2
T3 = 1172 — b3 + 13 (18)

Ty = X1T2 + T4 + N4

Where 7,772,713 and 74 are the noise disturbances of the system. Then, consider the Lorenz hyperchaotic
system (17), as the follower system as follows:

Y1 =a(y2 —y1) +ys +u

Yo = —y1ys + dy1 — ya2 + u2

Ys = y1y2 — bys + us (19)
Ya = —Y1Ys +CcYa +usg
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Where u1, ug, ug and uy are the feedback controller of the system.

The proposed chaos synchronization between the leader Chen hyperchaotic System (18) and the fol-
lower Lorenz hyperchaotic system (19) can be achived by designing an appropriate control law and noise
estimation law as follows:

uy = —ays + A\1axy +aey —eq + A1 — kieg

Uz = +Y1Y3 — Aex1x3 — dy1 + A2dxy + Y2 + cAoza + Aafja — kaeo

uz = —Y1y2 + A3T122 + bez + A373 — kzes (20)
Ug = Y1Y3 + AaT17T2 — cyq + AgTT4 + AaTly — Kaeq,

and,
m=-Xer —1(1 —m)
2 = —Aaea — Yo (72 — 12)
N3 = —Agez — 3(ij3 — n3)
M = —Aaeq — Py )

21

Now, some numerical results related to the proposed synchronization of two hyperchaotic systems are
given. Consider the parameter of the leaer Chen hyperchaotic system (18) as a = 35,b = 3,¢ = 12,d =7
and 7 = 0.5 and its initial values are taken as, x1(0) = 11,22(0) = 5,23(0) = 9, and, x4(0) = 13
. In additiion, the initial values of the response Lorenz hyperchaotic system (19) are selected as: y;(0) =
1,42(0) = 11,y3(0) = 2 and y4(0) = 3. Consider the nosie disturbance values as 7; = 0.8,72 = 0.6, 73 = 0.3
and 74 = 0.5. Let the gain constants as k; = 2, ke = 2, ks = 2,ky = 2,01 = 1.5,¢po = 1.5,¢3 = 1.5 and
¢q = 1.5.

The effectiveness of the synchronization method for the contorling behavior of the Lorenz hyper-
chaotic system (19) to track the motion trajectories of the Chen hyperchaotic system (18) and the noise distur-
bance estimation are illustrated in Figure 3 and 4, respectively. Figure 3 shows that the state variables of the
system (19) track effectively the motion trajectories of the leader chaotic system(18). In addition, in Figure 4
exhibit that the distance between noise disturbance and its estimation values converge to zero.

Figure 5. Time responce of the drive Zhang chaotic system and the response Lorenz chaotic system

4. CONCLUSION

In this research, some results related to the modified projective synchronization of known chaotic/hyperchaotic

systems with noise disturbances are derived. Since the paramers of the leader system is considered knonwn,
an appropriated active nonlinear feedback control law with designed via modified projective synchronization
error. The validity of the proposed method is proved by means of Lyapunov stability theorem. Furtheremore,
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Figure 6. Time responce of the noise disturbance estimation

its effectiveness is verified by some numerical simulations of the chaotic and hyperchaotic systems. Finally,
some figures are shown to verify the accuracy of the theorical discussions. As it can be seen from these results,
the motion trajectories of the leader chaotic systems containing noise disturbances can effectively track by the
state variables of the follower chaotic systems state variabels, which affected by proposed control method.
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