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ABSTRACT. This paper is devoted to investigate the problem of reduced generalized combination
synchronization (RGCS) between two n—dimensional integer-order hyperchaotic drive systems
and one m—dimensional fractional-order chaotic response system. According to the stability
theorem of fractional-order linear system, an active mode controller is proposed to accomplish
this end. Moreover, the proposed synchronization scheme is applied to synchronize three different
chaotic systems, which are the Danca hyperchaotic system, the modified hyperchaotic Rossler
system, and the fractional-order Rabinovich-Fabrikant chaotic system. Finally, numerical results
are presented to fit our theoretical analysis.
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1. INTRODUCTION

During the last decades, analysis of fractional-order differential equations have attracted
importance attention [1, 2, 3 i4]. In particular, chaos synchronization of fractional-order or
integer-order systems as a very interesting phenomenon has become a hot topic from many
researchers [5, 6]. Many appraoches for chaos synchronization have been developed in the
recent years. For example, complete synchronization have been described in [7]. Inverse
matrix projective synchronization has been designed in [8, 9, [10]. Generalized synchronization
has been presented in [11, [12]. And finally, () — S generalized synchronization has been
designed in [[13]. However, most of researches mentioned above have concentrated on the usual
synchronization which is done between one drive system and one response system.

Recently, Luo et al. [14] have already extended the concept of this synchronization to the
combination synchronization between two drive systems and one response system. Indeed, this
kind of synchronization has stronger anti-attack ability than that of the usual synchronization
in the field of secure communication, because the transmiter message can be separated into
two segments and each segment can be separated into two different drive systems. The study
of adaptive function projective combination synchronization of three fractional-order chaotic
systems, combination synchronization of three different chaotic systems with the help of the
active backstepping, and finally combination synchronization of a novel fractional-order chaotic
system with two stable node-foci, are also receiving growing attention [15} (16, [17].

However, most of the previous manuscripts focused on the combination synchronization of
general fractional-order or integer-order chaotic systems and also with identical dimensions.
Thus, an important question is asked: does combination synchronization happen between two
integer-order hyperchaotic systems and one fractional-order chaotic system with different structure
and non-identical dimensions?. To the best of our knowledge, none of the previous studies
investigate this kind of synchronization.

In this paper, based on the stability results of fractional-order linear system, we study the
problem of reduced generalized combination synchronization between two n—dimensional integer-
order hyperchaotic systems and one m— dimensional fractional-order chaotic system. The main
aim of this work are summarized as follows:

First, based on active mode controller and stability theorem of fractional-order linear system,
a new approach for chaos combination synchronization between two integer-order hyperchaotic
systems and one fractional-order chaotic system is presented.

Second, three chaotic systems are synchronized with different structure and non-identical
dimensions.

Finaly, the theoretical results is verified by simulation example. In particular, this kind of
synchronization scheme is applied to the hyperchaotic Danca system, the modified hyperchaotic
Rossler system, and the fractional-order Rabinovich-Fabrikant chaotic system.

The rest of this manuscript is organized as follows: In Section [2] some basic concepts about
Caputo fractional derivative and stability condition of fractional-order linear system are briefly
given. The general scheme of RGCS is introduced in Section [3] In Section 4] we present an
illustrative example to verify the effectiveness of the analytical results. Conclusions is given in
the last Section.

2. CAPUTO’S FRACTIONAL DERIVATIVE AND STABILITY THEOREM

In this section, we present some basic concepts about Caputo fractional derivative and the
stability condition of linear fractional systems.
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Definition 2.1. The a'"-order Riemann-Liouville fractional integration of function y [18] is
given by

e rylt) = o | (=0l
where

+o0
(2.2) INa) = / 2 ! exp(—x)dz,

0

is the gamma function.
Definition 2.2. Letn — 1 < a < n, n € N; the Caputo fractional derivative of order v of
function y [19]] is defined as

@3 D) = oy | (= O e

Theorem 2.1. [20]Consider the following fractional-order linear system
(2.4) D% = Az,

where D® is Caputo differential operator (0 < a < 1), x € R" and A € R™™.
Then the system (2.4) is asymptotically stable if

2.5) jarg (M(A))| > T i = 1,2,.m,

where arg (\;(A)) represents the argument of the eigenvalue \; of A.

3. GENERAL SCHEME OF RGCS

In this section, the general scheme of RGCS between two n—dimensional integer-order
hyperchaotic drive systems and one m—dimensional fractional-order chaotic response system
are presented. The model can be descriebed as follows:

(3.1) i = f(),
(3.2) v =9(y),
(3.3) D%z = h(2) + u,

where D is Caputo differential operator (0 < o < 1), z,y € R™ are the state variables of two
drive systems, z € R™(n > m) is the state variable of response system, f, g : R — R™ and
h : R™ — R™ are differentiable functions and v € R™ is a controller vector which will be
designed.

The definition of the proposed RGCS is given as follows:

Definition 3.1. The drive systems (I)-(2) and the response system (3)) are said to achieve RGCS,

if there exists three scaling matrices Q = (Q),,..,., R = (R), ., and S = (S5), ., . such that
the error system:
3.4) e(t) = Qu(t) + Ry(t) — S=(1),
satisfies:
(3.5) lim ||Qx(t) + Ry(t) — Sz(t)|| =0,
t—+o0

where ||.|| represents the matrix norm.
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Remark 3.1. The scaling matrices (), R and S can be extended to the functional matrices
Q(.),R(.)and S (.) of the state variables z, y and z, respectively.

Remark 3.2. f Q =1, R=0and S #0(orQ =0, R =1 and S # 0), we get the projective
synchronization problem, where [ represents a n x n identity matrix.

Remark 3.3. If the scaling matrix ) = R = 0 and S # 0, then RGCS problem will be
simplified to the chaos control problem.

Remark 3.4. From definition [3.1} one can shows that the above RGCS can be extended to
more n—dimensional integer-order hyperchaotic systems and one m—dimensional fractional-
order chaotic systems .

In order to achieve the RGCS between the systems (]I[), @[) and @, the controlled response
system (3) is described as:

(3.6) D% =0©z+ H(2) + u,

where © = (0), ...
(3-6)), respectively.

The error dynamics system can be written as:

and H : R™ — R™ are the linear part and the nonlinear part of system

D% = QD%+ RD"y— SD“z
= QI+ RI'"®y — Sh(z) — Su
= I'"(Qf(x) + Ry(y)) — Sh(z) — Su
(3.7) = Oe+I'""(Qf(x)+ Rg(y)) — (©e + Sh(z)) — Su.

Assume that S~ exists, then we have the following result.

Theorem 3.1. The RGCS between systems (1)), (2) and (3.6) can be achieved under the suitable
control laws

(3.9) u=S""[I"""(Qf(z) + Ryg(y)) — (Oe + Sh(z)) + Pe] ,

where S™! is the inverse matrix of S, and ® = (P) is a feedback gain matrix which satisfy:

mxXm

am
| > - 1= 1,2,...,n,

(3.9) larg (A;(© — @))

where arg (\;(© — ®)) represents the argument of the eigenvalue \; of © — .

Proof. According to (3.8), (3.7) becomes
(3.10) D% = (6 — d)e.

In view of Theorem (3.1]), we need to the following conditions for asymptotic stability of (3.10).

aTm
| > 7, 1=1,2,....m,

(3.11) |arg (Ai(© — @)

So, as long as selecting the appropriate matrix ®, the condition of the Theorem [2.1|1s satisfied
and the system (3.10) asymptotically converges to zero, which means the drive systems (I)) and
(2) achieve the RGCS with the response system (3.6). 1
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4. NUMERICAL SIMULATIONS

In this section, we consider the hyperchaotic Danca system [21]] and the modified hyperchaotic
Rossler system [22]] as the drive systems, and the fractional-order chaotic Rabinovich-Fabrikant
system as the response system.

The hyperchaotic Danca system is described as :

1;1 = —x1 + Xa,

@.1) lfg = —xzsgn(xy) + x4,
T3 = |z1| — ay,
I.4 = —bll’g.

The system (4.1)) exhibits a hyperchaotic behavior as shown in Figure [T when the parameters
are given by:

(4.2) (a1, b1) = (1, 0.5),

and the initial values are taken as:

(4.3) (21(0), 29(0), 23(0), 24(0))" = (0.1,0.1,0.1,0.1)".
The modified hyperchaotic Rossler system is described as:

Y1 = —Y2 — Y3 + Ya,

Y2 = Y1 + agy2,

4.4 .

@4 Yz = Y1y3 — bays + ¢,
ya = days.

The system (@.4)) exhibits a hyperchaotic behavior as shown in Figure [2] when the parameters
are given by:

4.5) (ag, be, o, dg) = (0.283,5,0.01,0.1),

and the initial values are taken as:

(4.6) (y1(0),52(0),y3(0), 14(0))" = (0.2,0.2,0.2,0.2)".

The controlled Rabinovich-Fabrikant fractional-order chaotic system [23] is derived as:

D%y = z3(23 — 1+ 22) + 0.121 + uy,
4.7) D%y = 2(323 + 1 — 23) + 0.125 + ug,
D%z3 = —223(p + z122) + us.

When the fractional-order o = 0.98, the bifurcation parameter p = 0.98 and the initial values
are taken as:

4.8) (21(0), 22(0), 23(0))T = (0.4,0.4,0.4)7,

the system (4.1)) with u; = uy = ug = 0, exhibits a chaotic behavior as shown in Figure 3]
From (4.7), one can get

0.1 -1 0
O = 1 01 O
0O 0 —2p
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Figure 1: The hyperchaotic attractor of the system ({#.1))

Figure 3: The chaotic attractor of the system ({4.7)

To verify the effectiveness of the proposed RGCS scheme, we take

1 00 04 2 0 1 0
Q = 010 2 , R= 0 4 —-05 0 ],
001 2 02 0 02 0
02 0 0 06 -1 0.5
S = 0 04 0 and ¢ = 1 1.1 0
0 0 06 -1 0 —-2p+15
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Figure 4: Time evolution of the RGCS error (#.9).

According to the active control (3.8)), the error dynamics system (3.10) becomes

Do‘el €1 —0.5 0 —0.5 €1
(4.9) D | =©—-®) | e | = 0 -1 o0 e
Dae3 €3 1 0 —].5 €3

We can show that the value of |arg (\;(© — ®))|,i = 1,2,3 are
)\1’2 =—-14 051, and )\3 = —1,

which satisfy the condition min {|arg (A;(© — ®))|, i = 1,2,3} = 0.85247 > 0.497 . Then
the conditions of Theorem is satisfied. Hence RGCS between systems (.1, and
is achieved. Figure []displays the time evolution of the RGCS error with the initial
conditions (e;(0), e2(0), e3(0))" = (0.3, —1.1, —1.3)~.

5. CONCLUSION

In this paper, we have introduced a new appraoch to invistigate chaos combination synchronization

between two integer-order hyperchaotic systems and one fractional-order chaotic system. With
the help of the stability theorem of fractional-order linear system, a suitable sufficient conditions
are proposed for achieving the RGCS via a suitable active controller. These chaotic systems are
synchronized with different structure, different derivative orders and non-identical dimensions.
Numerical simulations are also given to fit the feasibility of our theoretical analysis. Moreover,
this kind of synchronization should be applied in the fields of secure communications which
will be the subject of our future work.

REFERENCES

[1] A. A. KILBAS, H. M. SRIVASTAVA and J. J. TRUJILLO, Theory and applications of fractional
differential equations, Elsevier B.V, Amsterdam, (2006).

[2] N. ADJEROUD, Existence of positif solutions for non-linear fractional differentiel equations with
multi-point boundary conditions, AJMAA, 14 (2017), pp. 1-14.

[3] M. S. ABDELOUAHAB, R. P. LOZI and G. CHEN, Complex canard explosion in a fractional-
order FitzHugh-Nagumo model, Int. Jour. of Bif. and Chaos, 29 (2019), pp. 1950111.

[4] B. LABED, S. KAOUACHE and M. S. ABDELOUAHAB, control of a novel class of uncertain
fractional-order hyperchaotic systems with external disturbances via sliding mode controller,
NDST, 20 (2020), pp. 203-213.

[5] S. LIU and F. ZHANG, Complex function projective synchronization of complex chaotic system
and its applications in secure communication, Nonlinear Dyn., 76 (2014), pp. 1087-1097.

AJMAA, Vol. 17 (2020), No. 2, Art. 19, 8 pp. AJMAA


https://ajmaa.org

[7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

S. KAOUACHE, M. S, ABDELOUAHAB AND R. BOUOUDEN

X. WU, H. WANG and H. LU, Modified generalized projective synchronization of a new fractional-
order hyperchaotic system and its application in secure communication, Nonlinear Anal. RWA, 13
(2012), pp. 1441-50.

A. SENOUCI and T. MENACER, Control, stabilizaion and synchronization of fractional-order Jerk
system, NDST, 19 (2019), pp. 525-536.

A. OUANNAS and E. E. MAHMOUD, Inverse matrix projective synchronization for discrete
chaotic systems with different dimensions, Jour. of Comp. Intel. and Elec. Sys., 3 (2014), pp.
188-192.

S. KAOUACHE and M. S. ABDELOUAHAB, Inverse matrix projective synchronization of novel
hyperchaotic system with hyperbolic sine function non-linearity, DCDIS B: Applications and
Algorithms, 27 (2020), pp. 145-154.

A. BOUZERIBA, A. BOULKROUNE and T. BOUDEN, Projective synchronization of two
different fractional-order chaotic systems via adaptive fuzzy control, Neural Comput. Applic., 27
(2016), pp. 1349-1360.

S. KAOUACHE and M. S. ABDELOUAHAB, Generalized synchronization between two chaotic
fractional non-commensurate order systems with different dimensions, NDST, 18 (2018), pp. 273—
284.

A. OUANNAS and Z. ODIBAT, On inverse generalized synchronization of continuous chaotic
dynamical systems, Int. Jour. of App. and Comp. Math., 2 (2016), pp. 1-11.

A. OUANNAS and M. M. SAWALHA, Synchronization between different dimensional chaotic
systems using two scaling matrices Optik, 127 (2016), pp. 959-963.

R. LUO, Y. WANG and S. DENG, Combination synchronization of three classic chaotic systems
using active backstepping design, Chaos, 21 (2011), pp. 043114.

H. XI, Y. LI and X. HUANG, Adaptive function projective combination synchronization of three
different fractional-order chaotic systems, Optik, 126 (2015), pp. 5346-5349.

R. LUO, Y. WANG, Active backstepping-based combination synchronization of three different
chaotic systems, Adv. Sci. Eng. Med., 4 (2012), pp. 142-147.

Z. ALAM, L. YUAN and Q. YANG, Chaos and combination synchronization of a new fractional-
order system with two stable node-foci, Jour. of Automatica Sinica, 3 (2016), pp. 157-164.

K. OLDHAM and J. SPANIER, The Fractional calculus, theory and applications of differentiation
and integration to arbitrary order, Elsevier, Amsterdam, 111 (1974).

M. CAPUTO, Linear models of dissipation whose () is almost frequency independent, Geophys.
J. R. Astron. Soc., 13 (1967).

D. MATIGNON, Stability results for fractional differential equations with applications to control
processing, Comput. Eng. Syst. Appl., 2 (1996), pp. 963-968.

M. F. DANCA, M. FECKAN, N. KUZNETSOV and G. CHEN, Complex dynamics, hidden
attractors and continuous approximation of a fractional-order hyperchaotic PWC system, Nonlin.
Dyn., 91 (2018), pp. 2523-2540.

S. KAOUACHE and M.S ABDELOUAHAB, Modified projective synchronization between integer
order and fractional order hyperchaotic systems, Jour. of Adv. Research in Dynam.l and Cont. Sys.,
10 (2018), pp. 96—-104.

M. F. DANCA, Hidden transient chaotic attractors of Rabinovich-Fabrikant system, Nonlin. Dyn.,
86 (2016), pp. 1263-1270.

AJMAA, Vol. 17 (2020), No. 2, Art. 19, 8 pp. AJMAA


https://ajmaa.org

	1. Introduction
	2. Caputo's fractional derivative and stability theorem
	3.  General Scheme of RGCS
	4. Numerical simulations
	5. Conclusion
	References

