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A new function projective synchronization scheme between different fractional-order chaotic systems, called scaling-base drive
function projective synchronization (SBDFPS), is discussed. In this SBDFPS scheme, one fractional-order chaotic system is chosen
as scaling drive system, one fractional-order chaotic system is chosen as base drive systems, and another fractional-order chaotic
system is chosen as response system. The SBDFPS technique scheme is based on the stability theory of nonlinear fractional-
order systems, and the synchronization technique is theoretically rigorous. Numerical experiments are presented and show the

effectiveness of the SBDFPS scheme.

1. Introduction

In the past twenty years, many synchronization schemes
for chaotic systems have been presented [1-9]. However,
the function projective synchronization (FPS) scheme for
chaotic systems is extensively considered due to its potential
applications in secure communication. Because the drive
and response systems could be synchronized with a scaling
function matrix in FPS, the unpredictability of the scaling
function matrix in FPS scheme can enhance the security in
secure communication. In FPS, only two chaotic systems (one
drive system and one response system) are considered, and
the function matrix comes from one drive system. Therefore,
more than one drive system (two or three drive systems or
four drive systems, etc.) and one response system in FPS, and
the scaling function matrix coming from multidrive systems,
are general case. Moreover, multidrive systems in FPS scheme
can additionally enhance the security of communication; this
is due to the fact that the transmitted signals can be split into
several parts, and each part can be loaded in different drive
systems, or the transmitted signals can be divided time into

different intervals, and the signals in different intervals can be
loaded in different drive systems [8].

Motivated by the previous part, we demonstrated a new
function projective synchronization scheme between differ-
ent fractional-order chaotic systems in this paper, which is
called scaling-base drive function projective synchronization
(briefly denoted by SBDFPS). In SBDFPS scheme, there are
two drive systems, which are called the scaling drive system
and the base drive system, respectively. The proposed SBDFPS
technique is based on the stability theory of nonlinear
fractional-order systems and is theoretically rigorous. The
SBDFPS between two-driver chaotic systems (fractional-
order Lorenz chaotic system as scaling drive system and
fractional-order Lu chaotic system as base drive system) and
one response chaotic system (fractional-order Chen chaotic
system) is achieved. Numerical experiments show the effec-
tiveness of the SBDFPS scheme.

This paper is organized as follows. In Section 2, the
SBDFPS scheme between different fractional-order chaotic
systems is demonstrated. In Section 3, some examples are
considered and show the effectiveness of the SBDFPS scheme.
Finally, the conclusion ends the paper in Section 4.



2. The Scaling-Base Drive Function Projective
Synchronization (SBDFPS) between
Different Fractional-Order Chaotic Systems

The Caputo definition of the fractional derivative is used,
which is

()

1 t
q =
D f (t) r(m _ q) JO (t _ T)q+17m T (1)

m-1<g<m,

where D1 is called the Caputo operator, m is the first integer
which is not less than g, and £ (t) is the m-order derivative
for f(t); thatis, f™™(t) = d™ f(t)/dt™.

Now, the SBDFPS scheme between different fractional-
order chaotic systems will be established. Consider the
fractional-order scaling drive chaotic system and base drive
chaotic system and one response chaotic system described by
systems (2), (3), and (4), respectively as follows:

D¥xy = f (x1), 2

Dix, = far(x3), )

Dy = f, () + M (x5, ) (4)

where0 < g, <1 (i = 1,2)and 0< g, < 1 are fractional-order.
X1 = (X1 1 X5 os X00) > Xy = (Xgps X5 v s X)) > and y =

(V1> ¥3»--- y,)" are state vectors of fractional-order chaotic
systems (2)-(4). f4; (=1,2): R" - R'and f, : R" —» R"
are differential nonlinear functions. M(x,, x,, y) € R*! isa
vector controller and will be designed.

Definition 1. Give the scaling drive system (2), the base drive
systems (3), and the response system (4). It is said to scaling-
base drive function projective synchronization (SBDFPS) if
there exist real nonzero constant matrix C; € R™" (i = 1,2)
and nonzero scaling function matrix S;(x;) € R™" (i = 1,2)
such that

tEIPm llell = tEIPOO IIC1S:1 (x1) + G, (x2)] %, = y] =0,
®)

where || - || represents the Euclidean norm.

Remark 2. IfC, #0, C, = 0, then the SBDFPS scheme will be
turned into FPS. IfC; = 0 (i = 1, 2), then the SBDFPS scheme
will be turned into a chaos control problem.

Remark 3. System (2) and systems (3) in SBDFPS scheme
may be integer order systems. So, the SBDFPS between
integer order chaotic system and fractional-order can be
achieved.

Let the SBDFPS error between the scaling drive system
(2), base drive systems (3), and response system (4) be defined
as

e=y—[CiS (x;) + CyS, (x;)] %, (6)

where e = (e, e,,. .., en)T.
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Now, choose vector controller M(x,, x,, y) € R™! as
M (xy, %5, y)
= D {[C,S) (x1) + C,S, (x)] x4}

— fAICIS; (x1) + CoS, (36)] 1} + My (x4, %5, p) e,
(7)
where feedback controller M, (x,, x,,y) € R will be de-
signed later.
By (6) and (7), system (4) can be changed as follows:

D%e

= £, (9) = FAICS) (x1)+Cy8, (x,)] x, }+ M, (xl,xz,y)(e.)
8

In this paper, we assume that

fr (1) = FAIC1S, (1) + C,8, (x)] %1} = M, (xpxz’)’)(eg’)

where M,(x,,x,,y) € R™". In fact, many fractional-order
chaotic (hyperchaotic) systems satisfy this assumption.
By (9), system (8) can be rewritten as

D¥e = [M, (x1, %5 ) + M, (x1, %5, y)] e. (10)

By (10), the SBDFPS between the scaling drive system (2),
base drive systems (3), and response system (4) is turned into
the following problem: select suitable M, (x;, x,,y) € R™"
such that the system (10) asymptotically converges to zero.

Theorem 4. Select suitable matrix M, (x,, x,, y) € R™" such
that M, (x,, x5, y) + M, (xy, x,, ) satisfy the following condi-
tions:

(1) My; = =M;; (i# j)

(2) M;; < 0 (all M;; are not equal to zero),

1 —
where Mj; (i, j = 1,2,...n,VM;; € R) are the entries of M, (x,,
X5, ¥) + M, (xy, x5, ¥). Then the SBDFPS between the scaling
drive system (2), base drive systems (3), and response system
(4) can be reached.

Proof. Let A be one of the eigenvalues of matrix M,(x,,
X5, ¥) + M,(x;,x,, ) and p the corresponding nonzero
eigenvector. So, we have

[M, (1, %5, ¥) + M, (x1, %, )] p = Ap. )

By (11), taking conjugate transpose on both sides of (11),
one can obtain

T -
{[My (51,20, ) + M (31,0, )] p} = 2%, (12)
where H denotes conjugate transpose.

Now, (12) multiplied right by p plus (11) multiplied left by
p™. Thus

PH { [Ml (xl’xz’}’) + M, (Xl’xz,)’)]
+[M; (x1, %, y) + M, (xl’sz’)]H}P (13)

:pHp(/\+)_t).
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Thus

A+ A= p L [My (x1, %0 ) + M, (1%, )]

H P
+[ M (x1, %5, ) + M, (x1, %5, ¥)] } E
(14)
Using M;; = -M;; (i # j, Vb, € R), so
2M,; 0 0
R B S PN
PP
0 0 0 2M
Because M;; < 0 (all M;; are not equal to zero), we have
A+A<0. (16)
That is,

larg A [M; (x1, x5, ¥) + M, (x1, %5, ¥)]| 2 050, (17)
Therefore,

larg/\ [M; (x1, %5, y) + M, (xl’xZ’y)]l 2 (18)

A

According to the stability theorem for nonlinear frac-
tional-order systems [9-11], (18) indicates that the equilib-
rium point e = (0,0,...,0)" in system (10) is asymp-totically
stable; that is,

tETDO llell = tEfPOO ITC1S:1 (x1) + G, (35)] 3, = ] = 0

(19)

Equation (19) demonstrates that the SBDFPS between the
scaling drive system (2), base drive systems (3), and response
system (4) can be received. The proof is completed. O

3. Illustrative Examples

To illustrate the effectiveness of the proposed synchronization
scheme, some examples are given and the numerical simula-
tions are yielded.

First, the improved version of Adams-Bashforth-Moulton
numerical algorithm [12] for fractional-order nonlinear sys-
tems is introduced. Now, consider the nonlinear fractional-
order system

d‘hzl
dt

d®z
dt%z =hy (2,2,)

=h (ZI’ZZ) >
(20)

with initial condition (z,(0), z,(0)). Let 7 = T/N and t,, = nt
(n = 0,1,2...,N). Then, nonlinear fractional-order system
(20) is discretized as follows:

z;(n+1)

h

T'(q, +2)

=z, (0) +

x| by (28 (n+1),25 (n+ 1))

+Z(x1]n+1

z,(n+1)

(2, (j)> 2 (J)):I

(21)

T

(g, +2)

=2z,(0) +

x| by (2l (n+1),25 (n+1))

+ Z % i1l (21 (7)> 22 (7)) | >

where

Zf(n+1)=z1(0)+r( )Zﬂl]nﬂ 1(z1(7), 2. (1))

Zg(fl'f'l):Zz(O)-f-r( )Zﬁ21n+l zl(]) ZZ(J))

i jn+1
nit — (n-gq,) (n+1)%, j=0
= 1 (n—j+2)" " 4 (=) —2(n-j+1)¥, 1<j<n
1, j=n+1,
(i=12)),
(22)
Tqi . qi -\ i
ﬁi,j,n+1 = [(”—]Jr 1) —(n—J) ],
qi (23)
0<j<n (i=1,2).
The error of this approximation is
|z (t,) = z; ()| = 0 (+7), p;=min(2,1+q;)
(24)

(i=1,2).
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FIGURE 1: Chaotic attractors of fractional-order Lorenz system (25)
for g4, = 0.994.

FIGURE 2: Chaotic attractors of fractional-order Lu system (26) for
Gur = 0.95.

The fractional-order Lorenz chaotic system [7] is depicted as
D%y =10 (x1, = xy1) 5
D xyy = 28xy; — X15 — X1 X35 (25)

8x
Dy = xyy x5 — 313-

The fractional-order Lorenz system (25) exhibits chaotic
behavior for fractional-order g > 0.993. The chaotic attractor
for g4, = 0.994 is shown in Figure 1.

The fractional-order Lu chaotic system [13] is described
as

d: —

D™ x,, = 36 (xzz - le) >

D2y = 20xy, = X %33> (26)
dd. —

D2 x5 = Xp1 %55 — 3%53.

Its chaotic attractor for g4, = 0.95 is illustrated in Figure 2.
The fractional-order Chen chaotic system [7] is

DYy, =35(y,- 1),
Dy, = =7y, + 28y, — y, 3 (27)
DUy, = y,y, = 3y;.

The fractional-order Chen system (27) exhibits chaotic
behavior for fractional-order g, > 0.83. The chaotic attractor
of fractional-order Chen system (27) for g, = 0.85 is dis-
played in Figure 3.

Now, the fractional-order Lorenz chaotic system (25) is
selected as the scaling drive system, the fractional-order Lu
chaotic system (26) is selected as the base drive system, and
the fractional-order Chen chaotic system (27) is selected as
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FIGURE 3: Chaotic attractors of fractional-order Chen system (27)
for g, = 0.85.

response system. Our goal is to realize the SBDFPS between
the scaling drive system (25), the base drive system (26), and
response system (27).

According to the results in Section 2, we derive that

-35 35 0
M, (xp, %5, 9) = | =7-y; 28 =B |, (28)
Y2 B -3

where = x11[21‘2=1 CSi(x)ly + xu[Zf:l CiSi(x)lp +
x13[ Xy CSi(x)] 13, (X1, CSi(x)]y; (j = 1,2) are the ele-
ments of matrix [Ziz:l CSi(x)].C; € R¥3 (i = 1,2) are real
nonzero constant matrix.

Now, we select matrix M, (x,, x,, ¥) as follows:

0 -28+y; -y,
M, (x,x,y)=| 0 =30 0 |. (29)
0 0 0
Then,
=35 T7+y; -y,
M, (x5, %5, y) + My (%, %0, 9) = | =7-y3 -2 P
Y2 B -3
(30)

According to Theorem 4, we can obtain the following:

18
larg A [M, (x;, x5, y) + M, (), %5, )] 2%5- (31)
This result means that
tEIPOO llell = tErPOO I[C1S, (x1) + C3S, (x2)] %1 = y]| = 0.
(32)

Equation (32) implies that the SBDFPS between the scal-
ing drive system (25), base drive systems (26), and response
system (27) can be received.

For example, let

C; =diag(1,1,1) (i=1,2),
S (xl) = diag [35 (x12 - xn) »=7X1 — x11x13,x11x12] >

S, (xz) = diag [10 (xzz - le) > TX9p T X1X235 Xp1 X9 xzs] .
(33)
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FIGURE 4: The SBDEPS errors between the scaling drive system (25),
base drive systems (26), and response system (27).

The initial conditions are (x, x5, X;3) = (2,2,2), (%51,
X953, Xy3) = (1,1,1),and (¥, ¥, ¥3) = (5, —24, 8), respectively.
The numerical experiments are illustrated in Figure 4.

4. Conclusions

In this paper, the scaling-base drive function projective
synchronization (SBDFPS) is presented. The SBDFPS scheme
is different from the FPS scheme because the scaling function
matrix comes from more than one chaotic system (the
scaling drive system and the base drive system). The SBDFPS
between the fractional-order Lorenz chaotic system (scaling
drive system), the fractional-order Lu chaotic system (base
drive system), and the fractional-order Chen chaotic system
(response system) is taken for example. Numerical experi-
ments show the effectiveness of the SBDFPS scheme.
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