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In this paper, we have found a kind of interesting nonlinear phenomenon—hybrid synchronization in linearly

coupled fractional-order chaotic systems. This new synchronization mechanism, i.e., part of state variables are anti-

phase synchronized and part completely synchronized, can be achieved using a single linear controller with only one

drive variable. Based on the stability theory of the fractional-order system, we investigated the possible existence of this

new synchronization mechanism. Moreover, a helpful theorem, serving as a determinant for the gain of the controller,

is also presented. Solutions of coupled systems are obtained numerically by an improved Adams—Bashforth—Moulton

algorithm. To support our theoretical analysis, simulation results are given.
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1. Introduction

Although fractional-order differential calculus
dates from the 17th century, the application of frac-
tional calculus to physics and engineering has been a
recent focus of interest. There are essential differences
between ordinary differential equation systems and
fractional-order differential systems. Most properties
and conclusions of ordinary differential equation sys-
tems cannot be simply extended to that of fractional-
order differential systems. Therefore, fractional-order
systems have attracted more and more attention.
Over the centuries, theories of fractional-order cal-
culus (fractional-order derivatives and integrals) have
undergone significant development, primarily con-
tributed by pure, not applied, mathematicians. How-
ever, in the past two decades, many researchers have
pointed out that fractional-order calculus is very suit-
able for describing the properties of various real ma-
terials. Compared with its classical integer-order
counterpart, fractional-order derivatives can provide
a better instrument for the description of the mem-
ory and hereditary properties of various materials and
processes.[! 7]
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Recently, there has been growing interest in
the study of chaos synchronization due to its po-
tential applications in secure communication and
process control. Several typical kinds of synchro-

nization have been identified,
[8—10]

such as complete

[11,12]

synchronization, phase synchronization,

generalized synchronization,['3'4 etc. Many theo-
retical studies have been carried out for unidirec-
tional coupled identical systems, usually by means of
the feedback control approach. In this case, linear
feedback via a single drive variable may be a bet-
ter choice due to its simplicity of theoretical analy-
In Ref. [15], Li et

al. first investigated a new kind of interesting syn-

sis and circuit implementation.

chronization phenomenon existing in coupled integer-
order Chen chaotic systems. That is to say, part states
of the interactive systems are synchronized in terms
of complete synchronization and partly synchronized
in terms of anti-phase synchronization. Therefore, it
is natural for us to ask whether there still exists a
similar hybrid synchronization phenomenon in some
fractional-order coupled chaotic systems. There is no
doubt that this is an interesting problem. However,
to the best of our knowledge, there are limited (if
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any) investigation results reported in literature. This
is mainly because fractional-order stability theory is
immature and the corresponding stability theory of
an integer-order system cannot be extended to a frac-
tional order.

In this paper, motivated by the above discus-
sions, an interesting nonlinear phenomenon—hybrid
synchronization in linearly coupled fractional-order
chaotic systems is investigated. It is worthwhile men-
tioning that complete synchronization and anti-phase
synchronization coexist in interactive fractional-order
unified chaotic systems by a single controller with one
drive variable. A theorem used to determine the gain
of the linear controller is also proposed based on the
stability theory of fractional-order system. We ap-
ply the improved version of the Adams—Bashforth—
Moulton algorithm to compute the solutions of cou-
pled systems numerically. Finally, numerical simula-
tions show that part of the states in the coupled sys-
tems is anti-phase synchronized and part completely
synchronized under a single linear controller with one
drive variable. This also demonstrates that an in-
teresting nonlinear phenomenon—nhybrid synchroniza-
tion does exist in fractional-order coupled chaotic sys-
tems.

This paper is orgnized as follows: in Section 2, the
model of the fractional-order unified chaotic system is
briefly reviewed and a theorem is proposed for design-
ing the gain of the controller. The improved version of
the Adams—Bashforth—Moulton algorithm is applied
to solve the coupled drive and response fractional-
order systems numerically in Section 3. Some numer-
ical simulation results supporting our proposed theo-
rem from Section 2 are given in Section 4. Finally, we
end our investigation in Section 5 with brief conclu-
sions.

2. Fractional-order derivative

and its approximation

There are several definitions of fractional-order
derivatives!'® where the Caputo derivativel!” is a
time domain computation method. In practical appli-
cations, the Caputo derivative is more popular than
others since un-homogenous initial conditions are per-
mitted if such conditions are necessary. Furthermore,
these initial values are easy to measure since they all
have idiographic meanings.['8! The Caputo definition

of a fractional-order derivative is as follows:

A1) _ o d"S()
T W

where n is the first integer which is not less than «, .J¢
is the #-order Riemann—Liouville integral operator. It

can be described as!'9—25]

1ot ()
JPo(t) =
0= 15 |, T
where T'(+) is the gamma function with 0 < 6 < 1.
In order to present our theoretical results on the

dr, (2)

unified chaotic system in the following section, we first
make a brief review of this model. The unified chaotic
system is introduced by Lii et al.?%! with a single pa-

rameter o

T = (25a + 10)(1’2 — xl),

iy = (28 — 35a)r — 123 + (290 — D)o,  (3)

I3 =x122 — (8 + a)x3/3,
where o € [0,1]. When a € [0,0.8), system (3) is
called the generalized Lorenz system. When a = 0.8,
system (3) is called the Lii system and when a =
(0.8, 1], system (3) is called the generalized Chen sys-
tem.

Now, consider the following fractional-order uni-
fied system as a drive system,

diz

dtql = (25a 4 10)(xy — 1),

a4

dtgflz = (28 — 3ba)x1 — w3 + (290 — 1)z2, (4)
dqxg

qza =TTy — (8 + O[)l'3/37

where q is the order of fractional derivative and satis-
fles 0 < ¢g< 1.
According to Refs. [15]-]17],

corrector scheme for system (4) can be derived. This

the predictor-

scheme is the generalization of the Adams—Bashforth—
Moulton algorithm. The following differential equa-
tion

d*x

= f(t
= 1),

0<t<T,
k=0,1,2,...,n—1,

is equivalent to the Volterra integral equation!!7]

x(k) AGED T
Z VE T,

Let h :T/N7 t, =nh, (n=0,1,2,...,N). Then
the above equation can be discretized as follows:

n—1 k

k tn he

.Z’h,(tn+1) = Zxé ) kj'_l + mf(tn+1,l‘2(tn+l))
k=0 ’
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h(X
+ at2) > ajnif (it wa(ty)),
where
ntl — (n—a)(n+ 1)+, =0,
(n—3+2)** +(n—j)**
Ajn+1 = . 1 .
72(n7j+1)a+, 1§]§TL,
1, j=n+1,
n—1 tk
k) tn
Th(tagn) = Y ap) S
k=0 ’

1 n
+ (o) j;)bj,nﬂf(tj, zp(t5)),

bjnt1 = E((n +1-7)%=(n—4)").
The error estimate is e = Max|x(t;) —zx(t;)| = O(h?),
(7=0,1,...,N), where p = Min(2,1 + «).
The response system with a single linear con-
troller, which is added on the right-hand side of the
second equation, has the following form

A%y

dta = (25a + 10)(:1/2 — yl),

dqyg

o = (28— 35a)yr —y1ys + (29 — 1)yz +u,(5)
d9ys

qo = Y2 (8 +a)ys/3,

where u is the linear controller with single drive vari-
able that comes from drive system (4).

Note that many methods and techniques have
been developed to synchronize fractional-order chaotic
systems, but the linear feedback control method is the
most popular one due to its simplicity for theoretical
analysis and circuit implementation. In the following,
we will study the hybrid synchronization phenomenon
stated above.

Here, our specific target is to investigate a theo-
rem that can determine the range of the linear con-
troller. For detailed demonstration, we suppose the
first two variables in Eq. (4) are anti-phase synchro-
nized with those in Eq. (5) and the third variables in

(25ap + 10p + 28 — 350 + N,)?

kr =290 — 1
p= et 4(250 + 10)p

k5 =

(8 4 a)(25ap + 10p + 28 — 35a + N3)? —

them are completely synchronized. To this end, we
define the error variables as follows:

er=21+Yy1, e2=x2+y2, e3=x3—y3, (6)

and set the form of linear controller as
u= —kes. (7)

It follows from systems (4) and (5) that the error vari-
ables (6) are governed by the following dynamical sys-

tem
d;;l — (250 4 10)(es — e1),
ddq;z2 = (28 — 35cc — wz)er + (29 — 1 — k)eg (8)
+eje3 —xie3,
d;;g = rae1 +x1€2 — €162 — (8 + a)es/3.

Before giving our main results, we introduce the fol-
lowing fractional-order stability theorem. It is very
important to bring out our results.

Lemma 1['") For n-dimensional fractional-order
,An) of the
Jacobian matrix of some equilibrium point satisfy

system, if all the eigenvalues (A1, Ao, ...

larg(A;)| > an/2,

a=max(q1,q2,---,qn), (1=1,2,...,n),

then the fractional-order system is asymptotically sta-
ble at equilibrium.

Based on Lemma 1, we give the following theorem
to achieve hybrid synchronization.

Theorem 1 The anti-phase synchronization
and complete synchronization coexist in the coupled
fractional-order systems (4) and (5) if the control gain

k satisfies
k > max{ky, k3 }, 9)

where

; (10)

4(8 + a)(25a + 10)p(1 — 29a) + 3N2(1 — 290)

and

3NZ

4(8 + a) (250 + 10)p — 3N3 ’

p>

4(8 + a)(25a + 10)’
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where |z2(t)| < No, |z3(t)| < Ns.

Proof Firstly, according to the characteristics of a chaotic system, we know that all the state variables are
bounded. Equivalently, there are three positive, numbers N1, Ny, and N3, such that |x1(¢)| < Ny, |22(t)] < Na
and |z3(t)] < N3. In order to better determine the control gain range, we first introduce a positive relaxed

variable p to the first equation in Eq. (8), then the error dynamic equation becomes

d%e;
Z; itq —925ap — 10p 25ap + 10p 0 el

dtf — |28 350 —a3 290 —1—k —x1+e e (13)
d9es T rp—er —(8+a)/3 €3

dta

Assume that A is one of the eigenvalues of the real
matrix A, and the corresponding non-zero eigenvector

is ﬁ = (77177727773)T7 i'e'7

transpose of a matrix. Multiplying Eq. (14) left by
%BH, and Eq. (15) right by %6, we obtain

I n T 1 T\ gH
=B A+ A =—(A+A . 16
P " A+ AT = S0+ R (16)
Transposing on both sides of Eq. (14) yields Therefore,
_ 1 - 1
BH AT — 31, (15) SO+ N)BYB = §5H(A +AT)B. (17)
where the superscript H stands for the conjugate  So,
L on T
S04+ AT)5
2 1 28 — —
~95ap — 10p 5ap + 10p + 28 — 35 — x3 T2
2 2 m
o 25 10 28 — 35a —
— (71,7, 7) | 202 p+2 @ 290 —1—k 0 o
% 0 —(8+a)/3| \'B
25 10 28 — 35 N. N
—95ap — 10p ap+ 10p + atNs L2
25 10 28 — 35 N ? ’ Il
- ap + + 28 — 35a +
< (Iml, I, 17s) | =2 e 290 —1— k 0 2]
Y
- 0 _(8+a)3| \Iml
25 10 28 — 35 N. N.
25ap + 10p _zoop+ 10p+ atNs V2
25 10 28 — 35 N. ? ’ |
ap + 10p + 28 — 35a +
= ~(Iml el Ins]) | - E —200 +1+k 0 72|
N
-5 0 8 +a)/3| N
|
= —(Imls 2l Ins)@Q | [n2l (18)
73]

That is to say, if the control gain k > max{k}, k3 }, where

(25ap + 10p + 28 — 35 + N»)?

kr =290 — 1
1=t 4(25a 1 10)p

8 + a)(25ap + 10p + 28 — 35cx + N3)? —

)

4(8 + @) (25 + 10)p(1 — 290) + 3N2(1 — 290)

B =

4(8 + ) (25 + 10)p — 3N2 ’
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and
3NZ2

4(8 + a)(25ac+ 10)°
Then the matrix @ is positive-definite. Thus, we ob-

p >

tain
1 |Th|
Re()) < —W(\U1|7|772|,|773|)Q Ina| | <0. (19)
|773|

From Eq. (19) we have |argA| > 0.57, therefore,
|arg A| > 0.5¢.

According to the stability theory of a fractional-
(11) is
asymptotically stable and so we have tlirgo le; ()| =0,
(i=1,2,3). That is all for the proof.

order system, the equilibrium point in Eq.

q

3. Numerical algorithm for

fractional-order coupled uni-

fied chaotic systems

The initial conditions for drive system (4) and
response system (5) are selected as (z},z3,z3) and
(vd, 93, y8), respectively. Set h = T/N, N € Z*, and
t, = nh, (n =0,1,...
tion time and h is step size, respectively. Applying the

,N), where T is total simula-

improved version of the Adams—Bashforth—-Moulton
algorithm,® the numerical solutions to coupled frac-
tional order systems (4) and (5) can be computed as

follows:

h4

(@)1 = b + gy 250+ 10 s — @] + gy 35, @ (2504 10)(22); — (),
(2)usr = a3 + Hq—iz)ms = 350) (@)l — (@) () + (290 = (a2}l
+ ﬁ 5% 231028 — 350) 1), — (1), () + (290 — 1(az)y ] 20)
(@her = 28+ et (@0 @) = (84 )@ /3
) Pl (4 o)), /3]
s =9+ gy 250+ 100 s~ )+ gy 35, 0n0m 250+ 10)(); — (1))
(s = 8 + e 28 =B — a0 + (290 = Dy =l s + (2]
) oo, 028 = 350) () — ()l + (29— (wa)y Ml + ()]}, @D
()ner = 98 + gy ) ) = 5+ 0) )l /3
) sl )y — -+ c)ws)y /3,
where
(@1 )rs =7+ gy 35 Bran (250 +10)(@2); — (),
(#2ovs =38+ gy 35 Bran 128 = 350)(w); — (20 a)y + (290~ 1)(a2)), (22)
(#3)iws = a8+ gy 35 Bl @2); = (6-+ )iy /3)
s =+ gy 2, B (250 -+ 10)[2); — (1))
02es = 98+ g 35 a1 (28 = 350) () = () 0m)s + (290 = 1))y = Kl + (w21}, (29
s =+ gy 2, B (002 = 8+ 0)3n)s /3]
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w0 = g)(n+ 1),
(=G +2)7 + (0= o = 2n—j + 1)1+,

Qi jntl =
1,

and

q

h
Bijnt1 = ?((n +1—5)"—=(n—j)7),

4. Simulation results

In this section, the system parameters are cho-
0.96, a = 0.5, to-
tal simulation time 7' = 50 s, step size h = 0.005

sen as: fractional order ¢ =
and the initial conditions for system (4) are selected
as (x§, 2%, z3) = (0.12, 0.2, 0.94). By solving
Egs. (20), (22), (24) and (25), the chaotic attractor in
a fractional-order generalized Lorenz system is shown
in Figs. 1(a)-1(d).
of a linear controller with a single drive state variable.

By calculation, we obtain |z1(t)] < 25.1371,

Next, we will determine the gain

40

40+

20+

z1(t)

Fig. 1. Phase portrait of the chaotic attractor in fractional-order unified chaotic system (4):

if j=0,
if 1<j<n, (24)
if j=n+1,

0<j<n, i=123. (25)

\
|z2(t)] < 32.4742, and |w3(t)| < 49.5924. Setting

3N2

5 =9.4048
4(8 + a)(25a + 10) *

p:

and computing Egs. (10) and (11) yields k7 = 97.7182
and k3 = 173.1718. So, we select the control gain k =
175. The initial conditions for response system (5) are
chosen to be (v, v2, y3) = (0.13, 0.65, 0.98). Figure
2(a) shows the convergence dynamics of error system
(8) when the control gain k& = 175. From Fig. 2(a),
we can see z1(t) + y1(t) — 0, 22(t) + y2(t) — 0, and
x3(t) — y3(t) — 0 as time ¢ approaches infinity.

60 - - -
(b)
40
20
0 . - . .
—30 —10 10 30
r1(t)
40 (d)
% B
—40J_
40 ™~
60
u D T _— 40
Uy ST 2
/ —400 g::a.U'\

(a) @1 (t)-z2(t)

plane, (b) z1(t)—z3(t) plane, (c) z2(t)—z3(t) plane, (d) z3(t)—z1(t)—z2(t) hyperplane.

It seems that the gain of linear controller obtained from our theorem is relatively large. The reason is

that the conservative of the theorem is low after using the scaling law. In fact, the theorem is only a sufficient

condition. Through simulations, we found that the controller is also very effective when the gain reduces to
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k =5 and the simulation results are shown in Fig. 2(b). This is helpful when it is used in practical engineering

applications.

0 20 40 60

60

e(t)

Fig. 2. The time response of synchronization error e(t) = 4/ ?:1 e2(t) as time ¢ varies for k =175 (a) and k =5 (b).

5. Conclusions

In this paper, a new kind of nonlinear phe-
nomenon, hybrid synchronization, is studied by a sin-
gle linear controller with only one drive state variable.
Based on the stability of a fractional-order system,
a theorem serving as a determinant for the gain of
the linear controller is proposed. The simulation re-
sults show the effectiveness and feasibility of the pro-
posed scheme. Through simulation, two pairs of states
are anti-phase synchronized and the third pair is com-
plete synchronized by a coupled fractional-order uni-
fied chaotic systems by linear control via a single drive
state variable.
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