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This paper is concerned with the finite-time synchronization problem for two different chaotic
systems with parameter uncertainties. Using finite-time control approach and robust control
method, an adaptive synchronization scheme is proposed to make the synchronization errors of
the systems with parameter uncertainties zero in a finite time. On the basis of Lyapunov stability
theory, appropriate adaptive laws are derived to deal with the unknown parameters of the systems.
And the convergence of the parameter errors is guaranteed in a finite time. The proposed method
can be applied to a variety of chaos systems. Numerical simulations are given to demonstrate the
efficiency of the proposed control scheme.

1. Introduction

In the past few decades, chaos synchronization has gained much attention from various
fields [1-3], since Pecora and carroll [4] introduced a method to synchronize two identical
chaotic systems with different initial conditions in 1990. Most of the works on chaos
synchronization have focused on two identical chaotic systems [5-11]. However, in many
real world applications, there are no exactly two identical chaotic systems. Therefore, the
problem of chaos synchronization between two different chaotic systems with uncertainties
is an important research issue [12]. Different synchronization control methods for two
different chaotic systems, such as adaptive control [13-21], nonlinear feedback control [22],
backstepping [23, 24], fuzzy technique [25-27], and sliding mode control [28-30], have been
proposed to solve the synchronization problem.

Since some systems’ parameters cannot be exactly known in advance, many
efforts have been devoted to adaptive synchronization. In [18, 31], Huang discussed the
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synchronizations between Lorenz-Stenflo (LS) system and CYQY system, and between LS
system and hyperchaotic Chen system with fully uncertain parameters. Wang et al. [15]
designed a general adaptive robust controller and parameter update laws which made
the drive-response systems with different structures asymptotically synchronized. In [16],
the sufficient conditions for achieving synchronization between generalized Henon-Heiles
system and hyperchaotic Chen system with unknown parameters were derived based
on Lyapunov stability theory. A new adaptive synchronization scheme by pragmatical
asymptotically stability theorem was proposed for two different uncertain chaotic systems
[17], but the unknown signals were used in the controller. Chaos synchronization between
two different chaotic systems with uncertainties in both master and slave chaotic systems
remains a challenging problem [30].

Most methods only guarantee the asymptotic stability of the synchronization error
dynamics, namely, the trajectories of the slave system approach the trajectories of the master
system as t — oo. From a practical point of view, however, it is more valuable that the
synchronization objective is realized in a finite time [28]. In recent years, some researchers
have applied finite-time control techniques, such as nonsingular terminal sliding mode
control method [32], CLF-based method [33, 34], sliding mode control method [28-30], and
the finite-time stability theory-based method [28, 35, 36], to realize synchronization.

Compared with the existing results in the literature, there are three advantages which
make our approach attractive. First, based on the finite-time control technique, adaptive
control, and robust control, a new synchronization method is presented for a wide class of
nonlinear systems. Second, it guarantees that all the errors are driven to zero in a finite time
even for the systems with parameter uncertainties. Third, it guarantees that all the parameter
errors converge to zero in a finite time.

In this paper, an adaptive finite-time synchronization scheme is proposed for a class of
chaotic systems. The rest of the paper is organized as follows. In Section 2, we introduce the
chaotic systems considered in this paper and preliminary lemmas. In Section 3, the proposed
finite-time controller is designed to synchronize two different chaotic systems. We give the
simulation results and the conclusions in Sections 4 and 5, respectively.

2. System Description

Consider the following master chaotic system:

X = (A1 + AAl)x + (Bl + ABl)fl(x), (21)

where x = [x1,x2,... ,xn]T € R" denotes a state vector, f; is a nonlinear continuous vector
function, A; and B, are n x n nominal coefficient matrices, AA; and AB; are unknown parts
of n x n coefficient matrices.

The slave system is given with

y = (Az + AAz)y + (Bz + ABZ)fz (y) +u, (22)

T . . .
where y = [y1,Y2,...,¥x] € R" denotes a state vector, f, is a nonlinear continuous vector
function, A, and B, are n x n nominal coefficient matrices, AA; and AB, are unknown parts
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of n x n coefficient matrices, and u = [u1(£), u2(t), . .., un(f)]" € R" is a control input vector to
be designed.
Subtracting (2.1) from (2.2) yields the error dynamical system as follows:

e = (Az + AAZ)y + (Bz + ABz)fz (y) - (A1 + AAl)x - (Bl + ABl)f1 (x) +u, (23)

where e = y — x. Note that only a part of elements of the coefficient matrices unknown,
without loss of generality, we assume that the number of the unknown elements of the ith
row of AA; is N yy;, that of AA, is N ap;, that of AB; is Npj;, and that of AB, is Npp;. Then
(2.3) can be rewritten as

e = A2y + BZfZ (y) - Alx - Blfl (X) +Uu

[ Nan h [ Np21 0 [ Nan h [ Npu 0
> 6aniyy; > 6byif > Sanixi > 6buify;
i=1 i=1 i=1 i=1 (2.4)
+ + - - ,
Nazn Npan _ Nain Npin _
Z 6a2m’ym' Z 6b2nif2m' Z 6a1m’xni Z 6b1nif1m'
L i=1 B L i=1 B L i=1 4 L i=1 4

where 6a.;; are nonzero elements of the jth row of AA,, i;; are corresponding elements of y,

Ob,;j; are nonzero elements of the jth row of AB, and f
j=1,...,n

«ji are corresponding elements of f.,

Assumption 2.1. The unknown parameters are norm-bounded, that is,

|6ai

< da,ji, |6b.;i

< dy,ji, (2.5)

where d,, j; and dp, j; are known positive constants.

Definition 2.2 (see [28]). Consider the master and slave chaotic systems described by (2.1)
and (2.2), respectively. If there exists a constant T = T'(e(0)) > 0, such that

limfle(t)]| =0 (2.6)

and |le(t)|| =0, if t > T, then the chaos synchronization between the systems (2.1) and (2.2) is
achieved in a finite time.

Lemma 2.3 (see [28]). Consider the system
x=f(x), f(0)=0, x€R", (2.7)

where f : D — R" is continuous on an open neighborhood D € R".
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Suppose there exists a continuous differential positive-definite function V(x) : D —
R, real numbers p > 0, 0 < 11 < 1, such that

V(x) +pV'(x) <0, VxeD. (2.8)

Then, the origin of system (2.7) is a locally finite-time stable equilibrium, and the
settling time, depending on the initial state x(0) = X, satisfies

V™(xo)

T < ——=.
T

(2.9)

In addition, if D = R" and V(x) is also radially unbounded (i.e.,, V(x) — +oo as
|lx|| = +o0), then the origin is a globally finite-time stable equilibrium of system (2.7).

Lemma 2.4 (see [28]). Suppose ay,ay,...,a,, and 0 < g < 2 are all real numbers, then the following
inequality holds:

q/2
la1|? + |ag|? + -+ - + |a,]7 > <a% a5t +aﬁ> ) (2.10)

3. Synchronization of Two Different Chaotic Systems with
Parameter Uncertainties

Consider two different chaotic systems (2.1) and (2.2) from different initial states. The aim of

controller design is to determine appropriate u such that

th_r)r}e =0. (3.1)

Now we are ready to give the design steps.
Define Lyapunov function

n Naj n Naij
V= _e e+ _Z Z (1 + kd]) Ya2115a2]1 + Z Z (1 + kd]) Ya1;16a1]1
j=1 i=1 ] 1 i=1
(3.2)
1N 11 o702 n Ny 11 &7
+ ZZ Z (1+kg) Yb_2]16b2]1 ZZ Z (1+kgj) Yb_1]z6b171'
j=1i=1 j=1i=1

where 652]'1' = 6&2]'1' - 6(12]-,-, 6?11]-l~ = 6&1]-,- - 6[11]'1', 6b2]’i = 6b2]',' - 6b2ji, 6b1ji = 6b1]'i - 61?1]'1', and
6ayji, 6ayji, 6byji, Obyj; are estimation values of 6ayji, 6aiji, 6byji, 6bji, respectively, and y;zlﬁ,

Y;llj i Yb_zlji’ Yb_llji’ kdj are constants greater than zero.
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Taking the time derivative of (3.2) gives
n Nazj n Naij
V=ele+ Z Z (1 +kg)~ ya2]16a2]16a2]l + Z Z (1+kgj) ya1]16a1]16a1]l
j=1 i=1 j=1 i=1
(3.3)
n Npj n Npij
+ Z (1 +kaj) Yb2116b2716b271 + Z Z (1+kg) Yb1]16b1]16b171

j=1 i= j=1 i=1

Design the control law as

u= —-Ke—-Kpé+as— [c1sgn(er)lei]”, ..., cn sgn(en)|en|a]T

n Nazj ) n Naij )
H Z Z (|6a2ji| + da2ji) s Z Z (|6a1ji| + dalji) "

j=1 i=1 j=1 i=1
n Nozj ~ 1+a NBU 1+a
+Z <|6b2]l| + deji) + <|6b1]l| + dbl]l) e (3 4)
j=1i=1 j=1 i=1 .

i=1

Nan Nain T Npn1 Nain T
+ 6aniyy,---, Z 0aniy,;| - Z Obnify1ire s Z Obonif 5
i=1 i i=1 i=1

i=1

Naz Nazn T Npi Npin T
- 5a21iy1i, ceey Z 5112m'ym- + Z 6b11if111'/- ey Z 6blnif1m' ,
i=1 i i i=1

where K = diag{ky, ko, ..., kn}, ki > 0, Kp = diag{ka, kaz, ..

. kan}, kai > 0, and ¢; > 0 are
constants, 0 < a < 11is a constant, a; = [ @s1

- sn|T and a; is given in (3.5)

(OVA)/ (e fai + K\ ((8Va)/ (Bei) fai)’ + (@Va)/ ©e)*

if Va
Agi = (0V4)/ (0e;) Oe; (3.5)
., O0Va .
0,if =0, i=1,...,n,

aei

where V4 = (1/2)eTe, fa = —Asy—Bafa(y) + A1x+ By fi(x) and K4; > 0. And a, = [ - e ]T
and a,; is given in

L iflalze
Aei = Slgn(ei) ) (36)

, if |ei| < eg,
€o

where e, > 0 is a small constant.
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Substituting (3.4) into (2.4) gives

—NA21 h —N521 ~ — T
Z (1 + kdl)_16ﬁ21iy1i Z (l + kdl)_16b21if21i
i=1 i=1
ée=-K(I+Kp)le- : -
N aon Npon -
Z (1 + kdn)_l(sazm'ym» Z (1 + kdn)_l‘SbZniani
L i=1 . L i=1 p
™ N 11 1 h [ N1 107 = )
> (1 +kar) ' 6anx > (4 kar) " 6buif oy
i=1 i=1
+fa+as+ : + :
Nain Npin - (3.7)
> (1 + kan) ™ 681i%ni > (1+ kan) ™ 6bni f1,,
L i=1 4 L i=1 y
n Naj 1+ n Naij 1s
- /4([ + KD)_l Z Z (|6a2],| + daz]l S Z Z (|6a1]1| + dal]l) !
j=1 i=1 j=1 i=1
n Noj R 1+a n_Naij ~ 1+a
+Z <|6b2]1| + dszi> + Z <|6b1]1| + dblji) e

I
—

j=11i

I
—_

j=1i

—(I+Kp)™ [c1sgn(er)lell”, ... cn sgn(en)len|“]T.

Case 1 (|ei| > e5). Substituting (3.7) into (3.3) yields

n
V <—-e"K(I+Kp)le - Dai(l+ka) el ™

i=1
n Naj 1 n Naij 1
+a +a
ik | 3535 (18] + o)+ 32 3 (6] + )
j=1 i=1 j=1 i=1
n Nej 1+a n Neij 1+a
+Z < 6b2;‘i| + deji) + Z <|5b1]i| + db111>
=1 i=1 =1 i=1
n  Naj n  Nayj

— Ze]- Z (1 + kd]-)_16712ﬁyﬁ + ZEJ‘ Z (1 + kdj)_lﬁﬁljﬁﬁ
j=1 =1 j=1 =1

n  Npyj n Ny

- Ze] Z (L+kg) 6b2]’f2]1 + Ze] Z (1+kag) 6b1]1f1]1
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n Naj . ) n Naij . )

+ 20, (M k)™ yo0aniGazi + D, D (1 +kaj) ™ y;;681j6a1;:
=1 =1 =1 i=1
n Npoj n Npij

+ Z (1 +kaj) sz]l5b2ﬂ5b2ﬂ + Z Z (1+kg) Yb1]16b1]16b1ﬂ’
j=1 i= j=1i=1

where k; = min{(1 + kdl)’l, 1+ kdz)’l, L+ kdn)’1 }. Choosing the updating law as

54 a2ji€jyji/ if |@gji| < daz;i
2ji = .
! 0, otherwise,
6& _ Yul]le]x]lr if |a1]1| < dal]z
1ji
J 0, otherwise,

= Yeoji€;fojir if |b2ji' < dpji
6baji = .
0, otherwise,

6/1;1]'1' _ {OYblﬂe]fl],r if |b1]1| < dbl]z

, otherwise.

Substituting (3.9) into (3.8) yields

n
V< —elK(I+ KD)_le - Zci(l + kdi)71|ei|1+a

i=1
n NAZ] 1 n NAl] 1
- ‘I/lkd Z Z (|6a2]l| + duZ]l T Z (|6a1]1| + dulji) +a
j=1 i=1 j=1 i=1
n Nmj lia NBU l+a
+Z <|6b2]l| + deji> + Z <|6b1]1| + dbl]l) .

N
—_

j=1i j=1 i=1

Since
|62ji — 6azji| < |6azji| + |6azji| < |6azi| + dazjis
|6a1ji — 6a1ji| < |6ayji| + |6aqji| < |6av;i| + dajis
|552ji - 6b2ji' < |552ji| +|6byji| < |51;2ji| + dpoji,

|5E1ji - 6b1ji‘ < |61A71ji| + |6byji| < |551ji| +dp1ji

(3.8)

(3.9)

(3.10)

(3.11)
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1+vc 1+u

hold, one can conclude that —(|6ay;i| + dazji) " < ~[0a2ji — Oayjil

- (|6ﬁ1],| + dalji)l+a < _l(salji - 6u1ji|1+ar
(3.12)

1+a

- <|552ji| + dbzp’)lm < —|552ji — Obyji

4

and —(|6E1]-i| + dblﬁ)lm < —|651ﬁ - 6b1ji|1+a. Therefore, the inequality (3.10) can be rewritten
as

n
V< —e'K(I+Kp)le—-Dlci(l+ka) e
i1

n Naj L n Naij »
—pka | X X |6 = Sagi| "+ 3 Y |61 — G| 7

=1 i=1 j=1 i=1
n N32j R n NBU - 1+a
+Z |6b2]~,- - 6b2]-l| + Z |6b1ji — Obyji
S5 e (3.13)
n Nazj n Naij
S —Cu Z|€l| + Z Z |6a2i - 5‘1211| + ZZ |6d1i - 5‘1111
j=1 i=1 j=1 i=1
n Npj n Neyj 2 (/2
+Z S, |6b: - 6b2],' + 37> |6byji - by
j=1i=1 j=1i=1

< _ cﬂV(“"‘)/z,

where ¢, = min{c;(1 + kdi)fl,ki(l + kdi)fl,‘ukd,i =1,...,n}. According to Lemma 2.3, e —
B,, in a finite time, where B,, = {e|lei| < ey, i=1,...,n}.
Case 2 (|ej| < es). Using (3.3)—(3.7) and (3.9), it is easy to show that

. n

V<-e"K(I+Kp)le- Yci(l+ka) el (3.14)

i=1
holds. According to Barbalat’s lemma [37], we can conclude thate — Oast — oo.
From the discussion above, we have the following result.

Theorem 3.1. For the systems (2.1) and (2.2), under Assumption 2.1, if the control law is designed
as (3.4), updating laws are chosen as (3.9), then e will converge to B, in finite time,e — 0ast — oo,
and 6ayji, 6ayji, 6baji, and 6byj; remain bounded.

Remark 3.2. Since the control signal (3.4) contains the discontinuous sign functions, as a hard
switcher, it may cause undesirable chattering. In order to avoid the chattering, the “sgn”
function can be replaced by a continuous function (tanh) to remove discontinuity.
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4, Numerical Simulation

In this section, we present numerical results to verify the proposed synchronization approach.
Consider the following master chaotic system:

X1 [ a(xy — x1) -aa 0
5C2 b.X'1 —CX1X3| = b 00
X3 | —go3 + hx? 0 0 -g

00O

+ 10 —c O x1x3
0 0 h

0

0

P—[Io ap 07 'xl 65[0 6[10 T X1
= bp O 0 X2 | + 6b0 0 X2
| 0 0 —8od LX2 0 0 6g0_ X3 (41)

—_— N —  ~ ~ e

Ay x AA; x

0 0 o7 O 0 O 07T o
+ 10 —cg O | fx1x3| +]0 =6¢c9 O x1x3 1,

0 0 ho_ | x% 0 0 6h0 | x%
—_———— —

By fi(x) AB; fi(x)

where a = ap+6ag, b =by+06by, c = co+6cy, § = g0+080, h = ho+hgo, ap =8, 6ap =2, by = 35,
6b0 = 5, Cy = 0.7, 6C0 = 0.3, 8o = 2.0, 6g0 = 0.5, ]’10 = 0.8, and 5h0 =0.2.
The slave system is given with

A Ca1(Y2 — Y1 + Y2Y3) -ay ap 0 Y1 a1 0 0] [voys
2 biyr — ciy1y3 0 b1 O 2| +10 —c O] |y1ys
3 | 12— hys 0 @1 -l lys |0 0 0 0
[—ap aip O Y1 -6ajp 6ap O (1
0 b10 0 Wl + 0 5b10 0 2
| 0 g0 —hiwod Lys 0 6g10 —6hio] Lys 4.2)
- ~ N~ g N~ :
Ay vy AAy Yy
ao 0 0] [vays 6aro 0 0] [vays U
+ 0 —C10 0 nys| + 0 —6C10 0 yViys| + U2,
0 0 O 0 0 0 0 0 us
N — —_ N —
B, £(v) AB; f(v)
where a; = ajg + 6ayo, by = big + 6b1g, ¢1 = c10 + 6¢c10, 1 = 10 + 610, h1 = h1o + hgo, a0 = 0.8,

5a10 = 0.2, b10 = 2.0, 6b10 = 0.5, Cl0 = 0.7, 5C1() = 0.3, 810 = 0.7, 5g10 = 0.3, th = 3.0, 6h10 =1.0.
x(0) = 1.8, y(0) = -1.2, and z(0) = 1.5.

The initial states in master system (4.1) are x1(0) = 1.8, x2(0) = -1.2, x3(0) = 1.5. The
initial states in slave system (4.2) are 1, (0) = 1.5, y»(0) = 1.2, yg(O) = 1.1. The initial parameter
estimation values of the systems (2.1) and (2 2) are 6ay =0, 6bo =0,6c0=0,6g=0, 6h0 =
6&10 = 0, 6b10 = 0, 6C10 = 0, 68’10 = 0, and 6”110 =0.
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Figure 1: Chaotic behavior of the master chaotic system under the proposed parameters.

According to Remark 3.2, the control law (3.4) is modified as follows:

u= —Ke-Kpé+as—Car—Cpy+Ca1 +Cp

- 1| 20630] + dao) " + (|8B0| + o) " + (16| + deo)™

a ~ 1+a = « ~ 1+a
+(|680] + dgo)1+ + (|5h0| + dho) +3(|6a10| + dato) " + (|5b10| + dbm)
~ 1+a ~ l+a - T+a
+(|6¢10] + de10) T + (|5g1o| + dglO) + <|5h10| + dmo) ]txe
— [c1 tanh(eeq)|es|”, . . ., cn tanh(ee,)|e,|"] r
(4.3)

where

~ ~ T
Car = [5[310 (y2 —y1), 6b10y2, 610y — 5h10y3] ,

~ T

Cp = [5aloy2y3,—6510]/1]/3/0]T, Ca = [6&0(3(2 - xl),6b0x1,—6§0x3] ,

—~ T
Cp1 = [0, — 6813, 6h0x§] , K =diag{70,54,30},
Kp = diag{0.93,0.75,0.1},  u = diag{1,0.2,0.01},
KA = dlag{23/ 21/ 2~3}da0 = 2/ db() = 10/ dCO = 1/ dg() = 1/ dhO = 2/

dao=1, dpo=2, dao=2, dgo=2, dmo=2, €=40, c1=1, =3, =1
(4.4)
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n

Figure 2: Chaotic behavior of the slave chaotic system under the proposed parameters.
Choosing the updating law as
6by =

54 {0.3061 (x1 - Xz), if |a()| < dgy = {—0.9062X1, if 'EO| < dpo
0 =

. 4 .
0, otherwise 0, otherwise,

55, = {—0.001ezx1x3, if o] < deo 63, - {0.00263x3, if | 0| < dyo

. 7 .
0, otherwise 0, otherwise,

- {—0.01863x§, if |0 < o Ga { 0.0006e1 (—y1 + y2 + y2y3), if 10| < daro
7 10 =

6hy = .
0, otherwise 0, otherwise,

. {—0.08e2yz, if [uo| < dio e {—0.001562y1y3, if 10l < duto

0, otherwise , otherwise,
5o [01ew i |30] <dgo g ] -0017esys, if|ﬁ10|<dmo
&o 0, otherwise ' 0, otherwise.

(4.5)

Chaotic behavior of the master chaotic system under the proposed parameters is
shown in Figure 1. Chaotic behavior of the slave chaotic system under the proposed
parameters is shown in Figure 2. From Figures 1 and 2, we know that the two systems are
still chaotic under adopted uncertain parameters. The synchronization errors between two
different chaotic systems are illustrated in Figures 3, 4, and 5, where the control inputs are
activated at t = 1s. One can see that the synchronization errors converge to the zero in a finite
time, which implies that the chaos synchronization between the two different chaotic systems



12 Journal of Applied Mathematics

15

10

el

-10

-15

20 . . . . .
0 10 20 30 40 50 60
t

Figure 3: Synchronization error e;.
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Figure 4: Synchronization error e;.

is realized. The time responses of parameter estimations ao, bo, Co, o, and ho are depicted in
Figure 6. The time responses of parameter estimations ajo, blo, C10, 10, and h10 are depicted
in Figure 7.

According to the simulations, it has been shown that the proposed control algorithm
provides stable behavior when using online adaptive laws. The control performance is
satisfactory and the chattering phenomenon has been successfully improved by using tanh
functions. In addition, it is easy to see that the parameter estimation values approach their
real values in a finite time.
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Figure 5: Synchronization error e;.
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Figure 6: Curves of parameter estimations for the master system.

5. Conclusions

In this paper, we have studied chaos synchronization of two different chaotic systems with
parameter uncertainties. The two different chaotic systems with parameter uncertainties are
synchronized via robust adaptive control based on the Lyapunov stability theory and finite-
time theory. The proposed method can be applied to a variety of chaos systems. It guarantees
that all the error states are driven to zero in a finite time. Numerical simulations are given to
show the proposed synchronization approach works well for synchronizing two different
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N

2t
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— Estimation for 6 ajo --- Estimation for 6 gio
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Figure 7: Curves of parameter estimations for the slave system.

chaotic systems in a finite time, even when the parameters of both the master and slave
systems are unknown.

Acknowledgment

This work was supported by the National Natural Science Foundation of China under Grant
no. 60674090.

References

[1] G. Chen, Controlling Chaos and Bifurcations in Engineering Systems, CRC Press, Boca Raton, Fla, USA,
2000.

[2] S. Boccaletti, J. Kurths, G. Osipov, D. L. Valladares, and C. S. Zhou, “The synchronization of chaotic
systems,” Physics Reports, vol. 366, no. 1-2, pp. 1-101, 2002.

[3] Z. Yan, “Controlling hyperchaos in the new hyperchaotic Chen system,” Applied Mathematics and
Computation, vol. 168, no. 2, pp. 1239-1250, 2005.

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

[5] F.Wang and C. Liu, “A new criterion for chaos and hyperchaos synchronization using linear feedback
control,” Physics Letters, Section A, vol. 360, no. 2, pp. 274-278, 2006.

[6] X. Wu and H. Zhang, “Synchronization of two hyperchaotic systems via adaptive control,” Chaos,
Solitons and Fractals, vol. 39, no. 5, pp. 2268-2273, 2009.

[7] H.Y.Liand Y. A. Hu, “Robust sliding-mode backstepping design for synchronization control of cross-
strict feedback hyperchaotic systems with unmatched uncertainties,” Communications in Nonlinear
Science and Numerical Simulation, vol. 16, no. 10, pp. 3904-3913, 2011.

[8] J. Wang, J. Gao, and X. Ma, “Synchronization control of cross-strict feedback hyperchaotic system
based on cross active backstepping design,” Physics Letters, Section A, vol. 369, no. 5-6, pp. 452-457,
2007.



Journal of Applied Mathematics 15

[9] H. Zhang, X. K. Ma, M. Li, and J. L. Zou, “Controlling and tracking hyperchaotic Rossler system via
active backstepping design,” Chaos, Solitons and Fractals, vol. 26, no. 2, pp. 353-361, 2005.

[10] Y. Yu and S. Zhang, “Adaptive backstepping synchronization of uncertain chaotic system,” Chaos,
Solitons and Fractals, vol. 21, no. 3, pp. 643-649, 2004.

[11] C.Wangand S.S. Ge, “Synchronization of two uncertain chaotic systems via adaptive backstepping,”
International Journal of Bifurcation and Chaos in Applied Sciences and Engineering, vol. 11, no. 6, pp. 1743
1751, 2001.

[12] M. Pourmahmood, S. Khanmohammadi, and G. Alizadeh, “Synchronization of two different uncer-
tain chaotic systems with unknown parameters using a robust adaptive sliding mode controller,”
Communications in Nonlinear Science and Numerical Simulation, vol. 16, no. 7, pp. 28532868, 2011.

[13] C.Zhu, “Adaptive synchronization of two novel different hyperchaotic systems with partly uncertain
parameters,” Applied Mathematics and Computation, vol. 215, no. 2, pp. 557-561, 2009.

[14] J. Ma, A.-H. Zhang, Y.-F. Xia, and L.-P. Zhang, “Optimize design of adaptive synchronization con-
trollers and parameter observers in different hyperchaotic systems,” Applied Mathematics and Compu-
tation, vol. 215, no. 9, pp. 3318-3326, 2010.

[15] X. Wang and M. Wang, “Adaptive robust synchronization for a class of different uncertain chaotic
systems,” International Journal of Modern Physics B, vol. 22, no. 23, pp. 4069-4082, 2008.

[16] X. Wu, Z.-H. Guan, and Z. Wu, “Adaptive synchronization between two different hyperchaotic
systems,” Nonlinear Analysis: Theory, Methods & Applications, vol. 68, no. 5, pp. 13461351, 2008.

[17] S.-Y.Liand Z.-M. Ge, “Pragmatical adaptive synchronization of different orders chaotic systems with
all uncertain parameters via nonlinear control,” Nonlinear Dynamics, vol. 64, no. 1-2, pp. 77-87, 2011.

[18] J. Huang, “Adaptive synchronization between different hyperchaotic systems with fully uncertain
parameters,” Physics Letters, Section A, vol. 372, no. 27-28, pp. 4799-4804, 2008.

[19] J.J. Yan, M. L. Hung, T. Y. Chiang, and Y. S. Yang, “Robust synchronization of chaotic systems via
adaptive sliding mode control,” Physics Letters, Section A, vol. 356, no. 3, pp. 220-225, 2006.

[20] J. B. Guan, “Synchronization control of two different chaotic systems with known and unknown
parameters,” Chinese Physics Letters, vol. 27, no. 2, Article ID 020502, 2010.

[21] J. H. Park, “Chaos synchronization between two different chaotic dynamical systems,” Chaos, Solitons
and Fractals, vol. 27, no. 2, pp. 549-554, 2006.

[22] H.-H. Chen, G.-J. Sheu, Y.-L. Lin, and C.-S. Chen, “Chaos synchronization between two different
chaotic systems via nonlinear feedback control,” Nonlinear Analysis: Theory, Methods & Applications,
vol. 70, no. 12, pp. 4393-4401, 2009.

[23] G. H. Li, S. P. Zhou, and K. Yang, “Generalized projective synchronization between two different
chaotic systems using active backstepping control,” Physics Letters, Section A, vol. 355, no. 4-5, pp.
326-330, 2006.

[24] B. A.Idowu, U. E. Vincent, and A. N. Njah, “Generalized adaptive backstepping synchronization for
non-identical parametrically excited systems,” Nonlinear Analysis: Modelling and Control, vol. 14, no.
2, pp. 165-176, 2009.

[25] W.]. Yoo, D. H. Ji, and S. C. Won, “Adaptive fuzzy synchronization of two different chaotic systems
with stochastic unknown parameters,” Modern Physics Letters B, vol. 24, no. 10, pp. 979-994, 2010.

[26] C.-L. Kuo, “Design of a fuzzy sliding-mode synchronization controller for two different chaos
systems,” Computers & Mathematics with Applications, vol. 61, no. 8, pp. 2090-2095, 2011.

[27] M. Roopaei and M. Zolghadri Jahromi, “Synchronization of two different chaotic systems using novel
adaptive fuzzy sliding mode control,” Chaos, vol. 18, no. 3, Article ID 033133, 2008.

[28] M. P. Aghababa, S. Khanmohammadi, and G. Alizadeh, “Finite-time synchronization of two different
chaotic systems with unknown parameters via sliding mode technique,” Applied Mathematical
Modelling, vol. 35, no. 6, pp. 3080-3091, 2011.

[29] M. Yahyazadeh, A. Ranjbar Noei, and R. Ghaderi, “Synchronization of chaotic systems with known
and unknown parameters using a modified active sliding mode control,” ISA Transactions, vol. 50, no.
2, pp. 262267, 2011.

[30] M. Haeri and A. A. Emadzadeh, “Synchronizing different chaotic systems using active sliding mode
control,” Chaos, Solitons and Fractals, vol. 31, no. 1, pp. 119-129, 2007.

[31] J. Huang, “Chaos synchronization between two novel different hyperchaotic systems with unknown
parameters,” Nonlinear Analysis: Theory, Methods & Applications, vol. 69, no. 11, pp. 4174-4181, 2008.

[32] H. Wang, Z.-Z. Han, Q.-Y. Xie, and W. Zhang, “Finite-time chaos control via nonsingular terminal
sliding mode control,” Communications in Nonlinear Science and Numerical Simulation, vol. 14, no. 6,
pp. 2728-2733, 2009.



16 Journal of Applied Mathematics

[33] W. Yu, “Finite-time stabilization of three-dimensional chaotic systems based on CLE,” Physics Letters
A, vol. 374, no. 30, pp. 3021-3024, 2010.

[34] H. Wang, Z.-z. Han, Q.-y. Xie, and W. Zhang, “Finite-time synchronization of uncertain unified chaotic
systems based on CLE,” Nonlinear Analysis: Real World Applications, vol. 10, no. 5, pp. 2842-2849, 2009.

[35] H. Wang, Z. Z. Han, Q. Y. Xie, and W. Zhang, “Finite-time chaos synchronization of unified chaotic
system with uncertain parameters,” Communications in Nonlinear Science and Numerical Simulation, vol.
14, no. 5, pp. 2239-2247, 2009.

[36] N. Cai, W. Li, and Y. Jing, “Finite-time generalized synchronization of chaotic systems with different
order,” Nonlinear Dynamics, vol. 64, no. 4, pp. 385-393, 2011.

[37] K.]. Astrom and B. Wittenmark, Adaptive Control, Pearson Education, 1995.



-

Advances in

Operations Research

/
—
)

Advances in

DeC|S|on SC|ences

Mathematical Problems
in Engineering

Algebra

2

Journal of
Probability and Statistics

The Scientific
\(\(orld Journal

International Journal of

Combinatorics

Journal of

Complex Analysis

International
Journal of
Mathematics and
Mathematical
Sciences

Hindawi

Submit your manuscripts at
http://www.hindawi.com

Journal of

Mathematics

Journal of

DISBJBLL alhematics

International Journal of

Stochastic Analysis

Journal of

Function Spaces

Abstract and
Applied Analysis

Journal of

Applied Mathematics

ol

w2 v (P
/

e

\jtl (1)@" W, E

International Journal of
Differential Equations

ces In

I\/lathémamcal Physics

Discrete Dynamics in
Nature and Society

Journal of

Optimization



