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A new approach, the projective system approach, is proposed to realize modified projective synchronization between two different
chaotic systems. By simple analysis of trajectories in the phase space, a projective system of the original chaotic systems is obtained
to replace the errors system to judge the occurrence of modified projective synchronization. Theoretical analysis and numerical
simulations show that, although the projective system may not be unique, modified projective synchronization can be achieved
provided that the origin of any of projective systems is asymptotically stable. Furthermore, an example is presented to illustrate that
even a necessary and sufficient condition for modified projective synchronization can be derived by using the projective system

approach.

1. Introduction

Chaos synchronization has been studied with increasing
interest over the last few decades due to its numerous
potential applications [1-3]. Different types of chaos syn-
chronization behaviors have been observed and investigated,
such as complete synchronization [3], phase synchronization
[4], antiphase synchronization [5], lag synchronization [6],
generalized synchronization [7], and projective synchroniza-
tion [8-15]. Among all these types of chaos synchroniza-
tion, projective synchronization received many attentions
in recent years because of its association with projective
synchronization and generalized one. In addition, projective
synchronization was used to extend binary digital to M-nary
digital communication for achieving fastness and security.

Projective synchronization was first reported by Mainieri
and Rehacek [12] in a class of systems with partial linearity
in which drive and response vectors evolve on a propor-
tional scale. Xu and Li [16], Wen and Xu [17], and Yan
and Li [18] extended the projective synchronization feature
to general nonlinear systems including nonpartially linear
chaotic systems by applying controllers to response systems,
which is called generalized projective synchronization. This

synchronization has the same topological invariants as those
of projective synchronization. Complete synchronization
and antisynchronization are special cases of generalized
projective synchronization. Recently, a new type of projec-
tive synchronization, modified projective synchronization,
was considered by Li [10, 11] in which the response of
synchronized dynamical states can synchronize up to a
constant matrix. Modified projective synchronization was an
extension of generalized projective synchronization. In most
previous research works, controllers added to the response
system to achieve projective synchronization were designed
by Lyapunov stability theory, and therefore most proposed
schemes were specific. Additionally, the added controllers
were sometimes too complex to realize physically. Thus, a
more simple and available controller to achieve projective
synchronization between two different chaotic systems is
desirable to find.

In this paper, “the projective system approach” is
proposed to achieve modified projective synchronization
between two different chaotic systems. By simple analysis
of trajectories in the phase space, a projective system of
the two original chaotic systems is obtained to replace the
errors system to judge the occurrence of modified projective
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FIGURE 1: Analysis of trajectories in the phase space of system (4).
The trajectory from point A to point F is called AF. Points B, D and

points C, E have identical e values, respectively. Trajectories AB CD

and EF are called A—F , which are discontinuous at points B, D. A F
represents a smooth trajectory from point A’ to point F'.

synchronization. Then modified projective synchronization
between two chaotic systems can be realized if the states
of the projective system are asymptotically stable at the
origin. A simple synchronization criterion based on the
projective system approach is derived independent of finding
Lyapunov function. An example is given to show that even
a necessary and sufficient condition for modified projective
synchronization can be found by using the criterion.

The rest of the paper is organized as follows. In Section 2,
modified projective synchronization of two different chaotic
systems is theoretically analyzed. A simple criterion for realiz-
ing modified projective synchronization is obtained by using
the proposed projective system approach. In Section 3, an
example is given to numerically demonstrate the effectiveness
of the proposed approach. In Section 4, another example is
provided to verify the effectiveness of the proposed approach
by comparing the results obtained by the projective system
approach with those obtained by Lyapunov method. Finally,
conclusions are drawn in Section 5.

2. Modified Projective Synchronization of
Two Chaotic Systems

The two chaotic (drive and response) systems can be given in
the following form:

x=f(x),
y=g0)+u

@

where x,y € R", f, g are continuous vector functions
and u is the controller to be designed. If there exists
a constant matrix « = diag(e;,«y,...,q,), such that
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lim, _,  ,lly — ax|| = 0, then the two chaotic systems are said
to be modified projective synchronization, and « is a scaling
matrix [10, 11]. Obviously, complete synchronization and
projective synchronization are the special cases of modified
projective synchronization where; =, =--- =, = L and
) =, =+ =, respectively.

Consider that the controller u in system (1) is designed as

u=oaf (x)—glax) +k(y —ax), (2)

where k = diag(k;, k,,...,k,). The synchronization errors
between the drive and response systems are defined as

e=y-ax; (3)
then system (1) can be written as

x=f(x),

é=ge+ax) -

4
g (ax) + ke. @

Consider the phase space of system (4) presented in
Figure 1; a trajectory starting from point A moves to point

F (called AAF ). Assume that points B, D and points C, E have
identical e values, respectively. The question that we need to
address is as follows: under what condition does tra]ectory

AF approach x-axis infinitely? Then, trajectories BC and

DE do not require to be taken into consideration since the
distance from point B (D) to x-axis is equal to that from

pomt C (E) to x-axis. We can investigate trajectorles AB CD

and EF (called AF ) instead of trajectory AF to determine
whether e — 0 more directly. From Figure 1, it is clear that

trajectory A-F can be obtained through regarding points on
trajectory AF with identical e value as one point.

It should be noted that A-F is discontinuous at points B,
D in the direction of x-axis. However, only the evolution of

e values of points on A-F is of interest to our study. Then
consider all the points on A-F are translated along x-axis to
form a smooth curve A'F’, which is equivalent to curve AF to

our subject (Figure 1). According to the analysis above, A'F’
can be obtained by letting x = h(e) (h is smooth enough) in
system (4):

oh (e)

= f(h(e),

- (5)
é=ge+ah(e)—g(ah(e)) + ke.
System (5) is called the projective systemof system (4). From
the analysis of trajectories in the phase space of system
(4), the two systems in (1) can achieve modified projective
synchronization provided that e — 0 holds in system
(4). Then, projective system (5) can be used to replace
system (4) to judge the occurrence of modified projective
synchronization.
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For a sufficiently small e, the right hand of equation x =
h(e) can be expanded as

oh (0)
Oe

where h, = h(0), O, (e) represents the higher order terms of
e. Substituting (6) into the first equation in system (5) yields

f (ko) = 0. (7)

hy can be derived by solving (7). The second equation of
system (5) can be approximated by

é=ge+ah(e)—g(ah(e)) + ke,

g (2)
0z

x=h(e)=hy+

e+0(e), (6)

(8)

+ k) e+0,(e),
z=ahy

where O, (e) represents the higher order terms of e. It is clear
that e — 0 holds in system (5), also in system (4), if the
matrix

9g(z)
0z

P(ho) =

+k )
z=ahy
is stable. That is, modified projective synchronization
between two different chaotic systems in (1) is achieved. The
approach introduced in this section to realize modified
projective synchronization between two different chaotic
systems can be called the projective system approach. This
approach has been successfully applied to investigate the gen-
eralized synchronization in unidirectionally coupled systems
in [19].

It should be pointed out that the projective system of
system (4) may not be unique because function h(e) may
not be unique. Furthermore, the possible number of the
projective systems of system (4) depends on the number
of real roots of (7). From Figurel, modified projective
synchronization occurs as long as there exist trajectories
approaching x-axis. Assuming that hg,, hy,,...,hHy, are n
real roots of (7), then modified projective synchronization
appears if any matrix P(h,;), 1 <i < n,is stable. In this sense,
more equilibria possessed by the drive system mean a higher
chance of modified projective synchronization in system (1).

Clearly, the projective system approach introduced in this
paper works provided that the drive system in (1) possesses
equilibria. For the physical systems in the real world, such
condition is very easy to be satisfied. Thus, the projective
system approach can be widely used.

3. A Numerical Example of Modified
Projective Synchronization

In the section, an example is given to numerically demon-
strate the validity of the projective system approach. Consider
the Lorenz system as the drive system

Xy :U(xz_xl)’
Xy =YX~ X X3 — Xy, (10)

X3 = x1%; — fxs,

where 0 = 10, y = 28, and 3 = 8/3. The Chen system [20] is
adopted as the response system, which is defined as

y=a(y,—y)+up,
Nn=—a)y,—y1ys+cy, +uy, (11)
V3 =01y, —bys tus,

wherea = 35,b = 3,¢c = 28,and u = (ul,uz,u3)T is the
controller. The chaotic attractors of system (10) and system
(11) without the controller are shown in Figures 2(a) and 2(b),
respectively.

The controller u is designed according to (2) as

u, = (a—0)oyx; + (0o —any) x, +k(y; — ayx,),

Uy = [y, = (c—a) oy ] x; + (@05 — ;) %, x5

(12)
—(c+ D) oyx, +k(y, —oyx,),
uy = (o3 = 0q0,) X1, + (b = ) ez + k (y3 — a3x3)
where « = diag(a;, «,,®3) is the scaling matrix, k is the
control parameter.
From (7), one has
hy, = 10,0,0]",
hyy = [6V2,6V2,27]', (13)

hos = [-6V2,-6v2,27] .

From (9), the discriminant matrix for modified projec-
tive synchronization between systems (10) and (11) can be
expressed by

-a+k a 0
P(hy)=|c-a c+k 0 |,
0 0 -b+k
(14)
-a+k a 0
P (hyy, hys) = |:c—a—27oc3 c+k $6a1\/§].
+60,V2  +6a,V2 -b+k

All the eigenvalues of matrix P(h,) have negative real parts
provided that k < (1/2)(a — ¢ — V¢ +6ac —3a?) =
—23.84. It is important to point out that this condition for
the control parameter k can guarantee the occurrence of
modified projective synchronization between systems (10)
and (11) for any given scaling matrix o = diag(ay, ®,, a3).
The theoretical result is illustrated by numerical calculation
results presented in Figures 3 and 4. In the numerical
simulations (Figures 3 and 4) the control parameter k
equals —30 and the initial values of the drive and response
systems are chosen as (x,(0),x,(0),x5(0)) = (0.1,0.1,0.2)
and (y,(0), y,(0), y5(0)) = (0.2,0.3,0.4), respectively. The
scaling matrix is taken as « = diag(0.1,0.2,0.3) and & =
diag(1, 1.5,2) in Figures 3 and 4, respectively.

According to the analysis in the previous section, the
condition for k derived based on P(hy,) is not necessary
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FIGURE 2: The chaotic attractors of system (10) and system (11) without the control. (a) The chaotic attractor of Lorenz system (10). (b) The

chaotic attractor of Chen system (11) without the control.
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FIGURE 3: Modified projective synchronization between systems (10) and (11) can be realized for the scaling matrix & = diag(0.1, 0.2, 0.3) when
k = —-30. The initial values of the drive and response systems are chosen as (x,(0), x,(0), x5(0)) = (0.1,0.1,0.1) and (y,(0), ¥,(0), y5(0)) =
(0.2,0.3,0.4), respectively. (a) The synchronization errors between systems (10) and (11). (b) The chaotic attractors of system (10) and system

(11) with the control.

to realized modified projective synchronization between
systems (10) and (11). In fact, modified projective synchro-
nization occurs as long as all the eigenvalues of matrix P(h,;)
or P(hy,) or P(hy;) have negative real parts. If the scaling
matrix is taken as & = diag(a;, «,, ;) = diag(0.1,0.2,0.3)
and the control parameter k satisfies k < 1.04, matrix P(h,,)
or P(hy;) has no eigenvalue with nonnegative real parts.
Then, modified projective synchronization between systems
(10) and (11) still can be achieved for « = diag(0.1,0.2,0.3)
when k> -30. The numerical results are shown in

Figure 5, in which « = diag(0.1,0.2,0.3), k = -0.5,
and the initial values of the drive and response systems
are still taken as (x,(0), x,(0),x5(0)) = (0.1,0.1,0.2) and
(3100, ¥,(0), ¥5(0)) = (0.2,0.3,0.4), respectively.

4. Discussion

In this section, another example is provided to compare
the results obtained by the projective system approach with
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FIGURE 4: Modified projective synchronization between systems (10) and (11) can be realized for the scaling matrix o« = diag(1, 1.5,2) when
k = -30. The initial values of the drive and response systems are chosen as (x,(0), x,(0), x5(0)) = (0.1,0.1,0.1) and (y,(0), ,(0), y5(0)) =
(0.2,0.3,0.4), respectively. (a) The synchronization errors between systems (10) and (11). (b) The chaotic attractors of system (10) and system
(11) with the control.
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FIGURE 5: Modified projective synchronization between systems (10) and (11) can be realized for the scaling matrix o = diag(1, 1.5,2) when
k = —0.5. The initial values of the drive and response systems are chosen as (x,(0), x,(0), x5(0)) = (0.1,0.1,0.1) and (y,(0), y,(0), ;(0)) =
(0.2,0.3,0.4), respectively. (a) The synchronization errors between systems (10) and (11). (b) The chaotic attractors of system (10) and system
(11) with the control.



those obtained by Lyapunov method. Consider the following
coupled Lorenz systems

Xy = —px; + px,,
X, = (f— x3)x1 X2

X3 = X1X) — pXs, (15)

Y1 =Wt W
V= (5 - x3)y1 ~ Y2

where g, p, and & are system parameters. Two-variable par-
tially projective synchronization has been found in system
(15) [21]. That is, lim, , [ly;, — ax;,ll = 0 holds under
certain conditions, in which « € R is the scaling factor.
Next, the synchronization conditions for system (15) are
separately derived by Lyapunov method and the projective
system approach.

According to [21], lim; , o |ly; , —ax 5| = 0 is equivalent
to lim, _, ., (x; ¥, — ¥,x,) = 0. Denote the error vector by e =
X1 Y, — ¥1X,; then error system can be written as

€=X 1), + X1 ), — V1% — V1%, (16)

Lyapunov function is chosen as V'(¢) = (1/ 2)e?; then

Vi=eé=e(x,y,+ %0, - 1%, - %) =—(u+1) ¢
(17)

Obviously, V < 0 aslongas u > —1, which is the condition for
two-variable partially projective synchronization in system
(15). It is worth pointing out that condition ¢ > -1 also is
necessary for the occurrence of the projective synchroniza-
tion since V' > 0 if u < —1. However, it is generally difficult
to find such proper Lyapunov function for any two coupled
chaotic systems.

In the following, the projective system approach is applied
to get the condition for synchronization. Comparing system
(1) with system (15), the controller u can be expressed by

u, =0,
(18)
Uy = =Y1X3.
From (7), one has
hy, = [0,0,0]7,
(19)

ho = [i—\/p €= 1. 2ypE-1),& - 1]T.

From (9), the discriminant matrix for synchronization
can be given by

P <[ 1]

According to the projective system approach, two-variable
partially projective synchronization occurs in system (15)
provided that any of matrices P(h,;) and P(h,, hy;) is stable.
The condition for synchronization also is 4 > —1 based on the
projective system approach, which shows that a necessary and
sufficient condition for modified projective synchronization
may be found by using the approach.

P (hoy, hos) = [‘1“ _”1]. (20)
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5. Conclusion

In this paper, the projective system approach is proposed to
realize modified projective synchronization of two different
chaotic systems up to a desired scaling matrix. It is found that
a projective system can be obtained from the original system
to judge the occurrence of modified projective synchroniza-
tion. A numerical example is given to illustrate the effective-
ness of the projective system approach. Furthermore, another
example of two-variable partially projective synchronization
in two coupled Lorenz systems shows that a necessary
and sufficient synchronization condition can be derived by
using the projective system approach. Theoretical analysis
and numerical simulations demonstrate that, although the
projective system may be not unique, modified projective
synchronization between two different chaotic systems can be
achieved provided that the origin of any of projective systems
is asymptotically stable.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Authors’ Contribution

All authors carried out the proof. All authors conceived of
the study, and participated in its design and coordination. All
authors read and approved the final paper.

Acknowledgments

This work is supported by the National Natural Science
Foundation of China (Grant no. 11002103), the State Key
Program of National Natural Science of China (Grant no.
11032009), and the National Science Foundation for Distin-
guished Young Scholars of China (Grant no. 10625211).

References

[1] T.L. Carroll and L. M. Pecora, “Synchronizing chaotic circuits,”
IEEE transactions on circuits and systems, vol. 38, no. 4, pp. 453—
456, 1991.

[2] G. Chen and X. Dong, From Chaos to Order: Methodologies,
Perspectives and Applications, World Scientific Press, Singapore,
1998.

[3] L. M. Pecora and T. L. Carroll, “Synchronization in chaotic
systems,” Physical Review Letters, vol. 64, no. 8, pp. 821-824,
1990.

[4] M. G. Rosenblum, A. S. Pikovsky, and J. Kurths, “Phase
synchronization of chaotic oscillators,” Physical Review Letters,
vol. 76, no. 11, pp. 1804-1807, 1996.

[5] L. Cao and Y. Lai, “Antiphase synchronism in chaotic systems,”
Physical Review E, vol. 58, no. 1, pp. 382-386, 1998.

[6] M. G. Rosenblum, A. S. Pikovsky, and J. Kurths, “From phase
to lag synchronization in coupled chaotic oscillators,” Physical
Review Letters, vol. 78, no. 22, pp. 4193-4196, 1997.



The Scientific World Journal

(7]

(8]

(12]

[13

(17]

(18]

(19]

(20]

(21]

L. Kocarev and U. Parlitz, “Generalized synchronization, pre-
dictability, and equivalence of unidirectionally coupled dynam-
ical systems,” Physical Review Letters, vol. 76, no. 11, pp. 1816-
1819, 1996.

C.Y. Chee and D. L. Xu, “Chaos-based M-ary digital communi-
cation technique using controlled projective synchronisation,”
IEE Proceedings: Circuits, Devices and Systems, vol. 153, no. 4,
pp. 357-360, 2006.

M. E Hu, Z. Y. Xu, and Y. Q. Yang, “Projective cluster synchro-
nization in drive-response dynamical networks,” Physica A, vol.
387, no. 14, pp. 3759-3768, 2008.

G. H. Li, “Generalized projective synchronization between
Lorenz system and Chen’s system,” Chaos, Solitons and Fractals,
vol. 32, no. 4, pp. 1454-1458, 2007.

G. H. Li, “Modified projective synchronization of chaotic
system,” Chaos, Solitons and Fractals, vol. 32, no. 5, pp. 1786-
1790, 2007.

R. Mainieri and J. Rehacek, “Projective synchronization in
three-dimensional chaotic systems,” Physical Review Letters,
vol. 82, no. 15, pp. 3042-3045, 1999.

Y. Tang and J. A. Fang, “General methods for modified projec-
tive synchronization of hyperchaotic systems with known or
unknown parameters,” Physics Letters A, vol. 372, no. 11, pp.
1816-1826, 2008.

G. L. Wen and D. L. Xu, “Observer-based control for full-state
projective synchronization of a general class of chaotic maps in
any dimension,” Physics Letters A, vol. 333, no. 5-6, pp. 420-425,
2004.

D. L. Xu, “Control of projective synchronization in chaotic
systems,” Physical Review E, vol. 63, no. 2, Article ID 027201,
4 pages, 2001.

D. Xu and Z. Li, “Controlled projective synchronization in
nonpartially-linear chaotic systems,” International Journal of
Bifurcation and Chaos in Applied Sciences and Engineering, vol.
12, no. 6, pp. 1395-1402, 2002.

G. Wen and D. Xu, “Nonlinear observer control for full-
state projective synchronization in chaotic continuous-time
systems,” Chaos, Solitons and Fractals, vol. 26, no. 1, pp. 71-77,
2005.

J. Yan and C. Li, “Generalized projective synchronization of a
unified chaotic system,” Chaos, Solitons and Fractals, vol. 26, no.
4, pp. 1119-1124, 2005.

W. Wong, W. K, B. Zhen, J. Xu, Z. Wang, and Z. J, “An analytic
criterion for generalized synchronization in unidirectionally
coupled systems based on the auxiliary system approach,
Chaos, vol. 22, no. 3, Article ID 033146, 2012.

G. Chen and T. Ueta, “Yet another chaotic attractor,” Interna-

tional Journal of Bifurcation and Chaos, vol. 9, no. 7, pp. 1465-
1466, 1999.
W. He and J. Zhen, “Stability criterion for partially projective

synchronzation in a class of chaotic systems,” Journal of Dynam-
ics and Control, vol. 7, pp. 143-147, 2009 (Chinese).



