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Abstract

In this paper, adaptive synchronization of two uncer-
tain chaotic systems is presented using adaptive back-
stepping with tuning functions. The master system is
of any smooth, bounded, linear-in-the-parameters non-
linear chaotic system, while the slave system is a non-
linear chaotic system in the strict-feedback form. Both
master and slave systems are with key parameters un-
known. Global stability and asymptotic synchroniza-
tion between the outputs of master and slave systems
can be achieved. The proposed approach offers a sys-
tematic design procedure for adaptive synchronization
of a large class of continuous-time chaotic systems in
the chaos research literature. Simulation results are
presented to show the effectiveness of the approach.

1 Introduction

Since the discovery of chaos synchronization [1], there
have been tremendous interests in studying the syn-
chronization of chaotic systems, see [2][3] and the ref-
erences therein for a survey of recent development. As
chaotic signals could be used to transmit information
from a master system to a slave system in a secure
and robust manner, chaos synchronization has been in-
tensively studied in communications research [4]-[8] (to
name just a few).

Recently, specialists from nonlinear control theory
turned their attention to the study of chaos synchro-
nization and its potential applications in communica-
tions. Fradkov and Pogromsky [9] presented a speed-
gradient method for adaptive synchronization of chaotic
systems. Nijmeijer and Mareels [10] casted the problem
of chaos synchronization as a special case of observer
design. Suykens et al. [11] proposed a robust non-
linear Ho synchronization method for chaotic Lur’s
systems with applications to secure communications.
Pogromsky [12] considered the problem of controlled
synchronization of nonlinear systems using a passivity-
based design method. More recently, Fradkov et al.

[13] presented an adaptive observer-based synchroniza-
tion scheme, where an adaptive observer for estimating
the unknown parameters of the master system was de-
signed, which corresponds to the parameter modulation
for message transmission. Due to these developments,
chaos synchronization as well as chaos communications
have attracted revived interests in the nonlinear control
community.

Over the past decade, backstepping has become one
of the most popular design methods for adaptive non-
linear control because it can guarantee global stabil-
ities, tracking, and transient performance for a broad
class of strict-feedback systems ([15], and the references
therein). In [16][17], it has been shown that many well-
known chaotic systems as paradigms in the research of
chaos, including Duffing oscillator, van der Pol oscilla-
tor, Rossler system, and several types of Chua’s circuits,
can be transformed into a class of nonlinear systems in
the so-called non-autonomous “strict-feedback” form,
and the adaptive backstepping and tuning functions
control schemes have been employed and extended to
control these chaotic systems with key parameters un-
known. Global stability and asymptotic tracking have
been achieved. In particular, the output of the con-
trolled chaotic system has been designed to asymptot-
ically track any smooth and bounded reference signal
generated from a known reference model which may be
a chaotic system.

In this paper, we propose an approach for adaptive syn-
chronization of two uncertain nonlinear (chaotic) sys-
tems, using adaptive backstepping with tuning func-
tions [14][15]. In our approach, the master system is of
any smooth, bounded, linear-in-the-parameters nonlin-
ear chaotic system, while the slave system is a nonlinear
chaotic system in the strict-feedback form. All the key
parameters of both master and slave systems are un-
known. Global stability and asymptotic synchroniza-
tion between the outputs of master and slave systems
can be achieved. In particular, chaos synchronization
can be realized when the master system is in chaotic
states. With this approach, we can synchronize not
only two chaotic systems of the same type with differ-



ent system parameters, but also two completely differ-
ent chaotic systems, e.g., the Rossler system and the
Duffing oscillator, as will be demonstrated in the Sim-
ulation Section.

Compared with the observer-based synchronization
schemes [10][13], one drawback of the presented ap-
proach is that at least two states of the master sys-
tem are employed by the slave system due to its strict-
feedback form. However, there are two advantages
which make this approach attractive. Firstly, a system-
atic design procedure for adaptive synchronization is
presented for a wide class of nonlinear systems with key
parameters unknown, including most of the continuous-
time chaotic and hyper-chaotic systems in the litera-
ture. Secondly, the master system can be chosen as
a nonlinear (chaotic) dynamical system of any order,
which implies that much complicated high-order chaotic
systems can be employed to improve the security in
chaos communications.

The rest of the paper is organized as follows: The prob-
lem formulation is presented in Section 2. Adaptive
backstepping with tuning functions is extended to the
adaptive synchronization problem in Section 3. In Sec-
tion 4, the Rossler system and the Duffing oscillator,
both with key constant parameters unknown, are used
as the master and the slave system respectively, to show
the effectiveness of the proposed approach. Section 5
contains the conclusions.

2 Problem Formulation

Consider the master system in the form of any smooth,
bounded, linear-in-the-parameters nonlinear (chaotic)
system as

Gai = fai(xa,t) + 0T Fyi(xa,t), 1<i<m
Yd = Tdi1

(1)

where x4 = [Ta1,Zd2, -+, Tam|T € R™ is the state
vector; y4 € R is the output, 0 = [01,0s,---,0,]7 €
RP is the vector of unknown constant parameters;
fai(+), Fai(-),a =1,2,---,m are known smooth nonlin-
ear functions, with their jth derivatives (j = 0,---,m—
1) uniformly bounded in t.

The slave system is in the form of strict-feedback non-
linear (chaotic) system as

i = gi (To, )ipa+n" Fy(To, t)+fi(Ti,1),1 <i <n—1
@i = gn (Tns )+ 17 (o, 1) + fo(@ast), n<m
y=11 (2)
where 7; = [z1, 29, --,2;]T € R{(i =1,---,n),y € R
and u € R are the states, output and control action, re-

spectively; n = [n1,m2, - -, nq]T € R1 is the vector of un-
known constant parameters; ¢;(-) # 0, F;(-), fi(-), i =

1,---,n are known, smooth nonlinear functions, with
their jth derivatives (j = 0,---,n — ¢) uniformly
bounded in ¢.

The problem is to design an adaptive synchronization
algorithm

u = U(l‘al‘(heaﬁ?t)
7_7: H»,](I,l‘d,e,ﬁ,t) (3)
é: He(l’,l’d,é,ﬁ,t)
where 6 = [él,ég,"',ép] € RP and 7 =
[A1,72, -, MNq]T € RY are parameter estimates of the

unknown parameters 6 and 7, respectively, to guaran-
tee global stability and force the output y(¢) of the slave
system (2) to asymptotically synchronize with the out-
put y4(t) of the master system (1), i.e., to achieve

yt) —ya(t) — 0, as t — oo, (4)

while guarantees global boundedness of all the signals
in the closed-loop system.

3 Adaptive Synchronization via Backstepping

In order to design an adaptive synchronization algo-
rithm (3) to achieve objective (4), adaptive backstep-
ping with tuning functions is employed. The global
stability of the closed-loop system and the asymptotic
synchronization of the outputs of master (1) and slave
system (2) are summarized in Theorem 1.

Theorem 1 Consider the master system (1) and the
slave system (2) both with key parameters 6 and n un-
known. Consider the coordinate transformation:

21 = T1 — Xd1

Zi4l = Tit1 — Ta(it1) — @, 1 <i<n—1 (5)
z = [21;227" '7Zn]T
with
1 . .
Q) = g—(*C1Z1 - 77TF17, + 0" Fig — f15)
1
1 A A
o; = f(*Cizrgiqzze1*ﬂTﬂn+9TFi9*fis
gi (6)
i—2 e i-2 e
+ >z OpFip—) zkr1—=TeFy
; + an n+son ; + 89 )
2<i<n-1




where
Fiy=F, Fi9 = Fa
fis =Fh = far + g17a2

1—1
(9041;1 .
Fy, =F; — Fp,2<i<n-1
" 2 e
zG—Fdz+Z
1—1

Oay;_
fis = frfd#gz'ﬂ?d(iﬂ)*z Wkl(gkﬂfmﬁrfk)
k=1

0411

Oai_q aaz 1 3% Ly _Oaiy
“Tan Z ot
n—1
. 8an_1 aOén—l
fns—fn_fdn_z Or (gkxk+1+fk)_ (977 T,
k=1
8an 1 8an Ly ~Oan—y

Consider the adaptation laws

0 =170 =701 —CoFnozn
where
mp = Ti—1 + InFipzi, m = I'yFipz,
Ti =Ti—1 — LoFigpzi, 11 = —LgFlez1 (9)

2<i<n—-1

with ')y = I’g >0 and 'y = I’BT > 0. Then the control
law

u= —(*ann — On—1%2n—1 — ﬁTan + éTFne — fns

dn
+Z Zk+1 aA “p nFnn— szﬂ

guarantees (i) global boundedness of all the signals in
the closed-loop system, including the states of the slave
system x = [x1,- -+, 2,7, the control u and parameter
estimates 0 and 9, and (i) limy_o 2(t) = 0, which
means that asymptotic synchronization is achieved

—ya(t)] =0

I‘ang) (10)

Jim [y(1) (i

Proof: The backstepping design procedure is recur-
sive. At the ith step, the ith-order subsystem is sta-
bilized with respect to a Lyapunov function V; by the
design of a stabilizing function «a;, and tuning functions
Lo and 7;. The control law u and the update laws 77 and

0 are given in the last step.
Step 1. The derivative of z; = x1 — x41 is given by
fo= quas+n P+ fi— fa—0"Fa
= g1z +g101+ 9 Fiy — 0" Fig + fis

— (A =n)"Fiy+ (6 - 0)" Fr (12)

where zo, Fi4 and fi4 are defined in (5) and (7), re-
spectively; virtual control o (6) is used to stabilize
(12) with respect to the Lyapunov function candidate

Vi = S0-6T5(0-6)

(13)

1 1, . 1
5750 =m) T i —n)+
The derivative of V7 is
Vio= zsa+@0-n)'T '+ (0-0)7T,'0
= gqrz122 + 21(grea + 7 Fyyy — 0T Fig + f1s)
+ (=) T (0 — Ty Fiyz)

+(O—60)TT,; (0 +ToFig21) (14)

Define the tuning functions 7, and 7 for 7 and 0 as in
(9). Note that the terms with () —7) and (6 — ) would
have been eliminated if we choose the following update
laws 77 = m and 0 = 71. Since this is not the last
design step, we postpone the choice of update laws and
tolerate the presence of (7—n) and (§—0) in V;. Choose
a7 as in (6) such that the bracketed term multiplying
21 in equation (14) be equal to —c; 27, then V; becomes

H—n)'T,
].—‘9_1(9 — Tl)

Vi o= Y —m)

(15)

—c12; + 12122 +
+(0—0)
Step 2. The derivative of zo = 29—z 42— is expressed
as

9223 + G202 + Gozr + 1 Fo + fo — fao — 07 Fyo

Z9 =
8041 T 8041 . 8041 ~
_du F - -
9z, (grza + " F1 + f1) a7 N 5
o -5
= ot

= gozztgoati FQn_H F29+f25+ a7 (7T2 — 1)

L1y — 0) — (7 — 0)" Fay + (6 — 0)" Fyg (16)
where z3, Fos and fo, are defined in (5) and (7), re-
spectively; virtual control as is used to stabilize the
(21, z2)-subsystem with respect to the Lyapunov func-
tion candidate

1
V2:V1+—Z§

: (17)

The derivative of V5 is

Vo= *0125 + z2(g121 + g2 + ﬁTan — éTFgg + fas)
8041 . 80&1 N
-1 = (15— 0
+ gazo23 + 22 o7 (2 — 1)) ; (2 —0)
+ (=TT (0 — 7 — Ty Fap2a)
+(6—60)TT;H(0 — 71 + Ty Fag2o) (18)

Define tuning functions me and 7» for 7 and 0 as in
(9). Choose ag as in (6) such that the bracketed term



multiplying 22 in equation (18) be equal to —c923, then
V5 becomes

. Oa
Va=—c122 — co22 + goznz3 + 2o 0771 (mg — 7))

(=) T, () — )

+(0—0)TT; 10 — ) (19)

0 “
Og (TQ *9)4’

Step 4,3 < i <n — 1. The derivative of z; = x; — xq; —
«;_1 is expressed as

i = gizip1+giitgiTagrnytn’ Fitfimfai—0" Fai
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where z;11, Fiy,, Fig and f;s are defined in (5) and (7),
respectively; virtual control a;_; is used to stabilize

+

(1i=0) (=) Fupt(6-0)"Fig (20)

the (21, - -, 2z;)-subsystem with respect to the Lyapunov
function candidate
1
Vi=Via+ §z§ (21)

The derivative of V; is

i1
— Z crzitzi(gio1zic1+gici 0T Fig—0" Fig+fis)
k=1
i—2

loJe" 5
+ giziZi+1 + Z <2k+1 0;) (mim1 — 1)
k=1

8041- 1

ao;k) (Tic1 — é) + z; 8777 (mi — 77)

Oy A “ 1/
j ! (Ti_9)+(77_77)TF77 ! (U—Wi—l_FnFinzi)

+(6- 9)TP;1(§ —7i—1 + Do Fig2;) (22)

Define tuning functions m; and 7; for 7 and 6 as in (9).
Note that

771'—1_?'7 = 7Ti__7'7+77i—1_77i = Wifﬁ—FnFinZi

. . . (23)
Ti—1—0 = 7—0+7;_1—7; = ,— 0+ Fipz;

By choosing a; as in (6) such that the bracketed term
multiplying z; in equation (22) be equal to —cizf, Vi
becomes

i—1
oo .
Z ckziy + gizizign + Z (Zk-',-l 8:) (mi — 1)

k=1

#5 (628 iy T )

+(6-0)TT;M0 - 7) (24)

Step n. Since this is our last step, the derivative of
Zn = XTp — Tgn — Q1 18 expressed as

2n:gnu+77TFn + fn— fan — eTFdn

-1
Ocy,—
- Z 8;k : (grzr + 0" Fy+ fr) —

8nA Oty — Oty —
ol Z - 1fk+9Tde)* Gn-t

Oay 1

:gnu+ﬁTan _éTFnG + fns + a—ﬁ(ﬂ'n _"7)

Oay 1
a0
where F,,, Fro and f,s are defined in (7).

(Tn_é)_(ﬁ_n)Tan+(é_9)TFn9 (25)

Physical control  is to stabilize the (z1, - - -, 2, )-System
with respect to the Lyapunov function candidate

1
Vi =Vou1 + 5,23 (26)

The derivative of V,, is

Vn:Zn(gn 1Zn—1 + gpu + ﬁTFn'r] - éTFnG + fna)

k=1
n—1 )

- Z ckzl% + (77 - U)Trgl(ﬁ — Tn—1 — Fnanzn)
k=1

+(0—0)"Ty (0 — 71 + Do Frnozn) (27)

To eliminate the terms with (7 —n) and (§ — ) in V,,
from equation (27), we choose the parameter update
laws for 7 and 6 as in (8). Noting that

Tpn—1 — 77 =Tpn—-1—Tp = _F'annzn (28)
Tne1— 0 =Tn_1 — T =LoFnpzn

equation (27) can be written as

Vn :Zn(gn—lzn—l + gau + ﬁTFn'r] - éTFnG + fns
n—2

n—1
— ckzi — Zht1 Doy r,F,
Z Z on n

k=1

) LoFre) (29)



Finally, we choose the control u as in (10) such that
the bracketed term multiplying z, in equation (29) be
equal to —c,22, then V,, is rewritten as

n
V= — Z crzi (30)

k=1
which proves that (i) equilibrium z = [21, -+, 2,]T =
0 is globally uniformly stable, and (ii) 7 and 0 are
bounded. Since z; = x1 — x41 and z4; is bounded,
we see that x7 is also bounded. The boundedness
of ;, 1 = 2,---,n follows from the boundedness of

a;—1 and xg4;, and the fact that x; = z; + rq; + a;_1,
i=2,---,n. Using (10), we conclude that the control
u is also bounded.

From the LaSalle-Yoshizawa theorem (see, e.g. [15]), it
further follows that, all the solutions of the (21, - -, z,)-
system converge to the manifold z = 0 as ¢t — co. From
the definition zy = =1 — g1 = y — Y4, wWe conclude
that y(t) — yqa(t) — 0 as t — oo, which means that
asymptotic synchronization is achieved. Q.E.D.

Remark 1: It should be noted that when the proposed
adaptive synchronization method is used for chaos se-
cure communication, it is not the system parameters,
but the known functions in the master system (1) and
slave system (2) that act as the cryptographic key. Be-
cause the master system is in a very general form (1), a
wide class of continuous-time chaotic and hyper-chaotic
systems can be designed as the transmitter. This im-
plies that much complicated high-order chaotic systems
can be employed to improve the security in chaos com-
munications.

4 Simulation Studies

In the simulation studies, we shall consider the follow-
ing case: the chaotic Rossler system is taken as the mas-
ter system and the chaotic Duffing oscillator as the slave
system. All the key system parameters are assumed to
be unknown. Other chaotic systems such as the van der
Pol oscillator, the Chua’s circuits and the hyperchaotic
Rossler system can all be taken as the master and the
slave system, and can be designed readily by the same
design procedure.

The Rossler system is described as (after some simple
state transformations)

Tq1 = Ta2 + Oz
Ty = —Tg3 — Td1 (31)
&gz = 02 + xq3(xa2 — 03)

where 61, 0> and 63 are constant system parameters.
When 6; = 0.15, 3 = 0.20 and 63 = 10, the Rossler
system is in chaotic states.

The Duffing oscillator is given by

i1=$2

. 32
T2 = U — 1T — TN2X1 —773Ii’ +’I74 coswt ( )

where x1 and x5 are the states, w is a constant fre-
quency parameter, n1, N2, 73 and n4 are constant system
parameters.

In the literature of chaos research, it is assumed that w
is known, while 71,72, 73 and 14 are unknown. Assume
that the Duffing oscillator (32) is originally (v = 0)
in the chaotic states with parameters w = 1.8, n; =
04,12 =-1.1,n73=1.0 and ns = 1.8.

In the following simulation, the design parameters of
controller (10) and parameter update law (8) are chosen
as ¢; = 20,¢2 = 20, ', = diag{0.01,0.001,0.001,0.1}
and T'g = diag{0.001,0.01,0.02}. The initial conditions
are chosen that z1(0) = 0, 22(0) = 0, 41(0) = -2,
242(0) = 0.3 and z43(0) = 0.4.

Numerical simulation results are shown in Figures 1-3.
As shown in Figure 1, the state z1(¢) of the Duffing
oscillator system (32) asymptotically synchronize with
the state x41(t) of the Rossler system (31). It can be
shown that at the same time the state xs(t), the pa-
rameter estimates 7 and 6 and the control u remain
bounded. The boundedness of parameter estimates 7
and 6 are shown in Figures 2-3, respectively.

5 Conclusion

An approach for adaptive synchronization of uncertain
chaotic systems using backstepping with tuning func-
tions method has been presented in this paper. Strong
properties of global stability and asymptotic synchro-
nization have been achieved in a finite number of steps.
This approach can be used for the synchronization of
two chaotic systems of the same type with different
system parameters, as well as two completely differ-
ent chaotic systems. The proposed approach offers a
systematic design procedure for the adaptive synchro-
nization of most of chaotic systems in the chaos research
literature. These results demonstrate the fruitfulness of
modern nonlinear and adaptive control theory for ap-
plications to chaos synchronization.
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Figure 1: Tracking error x1(t) — xq1(t)

0.8

Figure 2: Boundedness of the parameter estimates: 6,
(62 =0, 03 =0).
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Figure 3: Boundedness of the parameter estimates: #:
(solid line), 72 (dash line), 73 (dashdot line) and
fla (dotted line).



