INTERNATIONAL JOURNAL OF COMMUNICATIONS

Volume 9, 2015

Observer-based synchronization for coupled
non identical chaotic systems

Rym Ben Mahmoud, Mohamed Benrejeb

Tunis El-Manar University (UTM)

LA.R.A, Ecole Nationale d’Ingnieurs de Tunis

BP 37, Le Belvédere, 1002 Tunis, Tunisia

rymbenmahmoud.enit@ gmail.com; mohamed.benrejeb@enit.rnu.tn

Abstract—In this work, the proposed framework for the syn-
chronization of two non identical continuous-time chaotic systems,
based on the use of observer concept and aggregation technique, is
applied, with success. Sufficient conditions for synchronization are
obtained by the use of Borne and Gentina practical criterion for
stabilization study associated to the Benrejeb arrow form matrix
for system description. Application of the proposed approach to
two master-slave Lorenz and Rossler systems shows the efficiency
of the proposed approach.
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I. INTRODUCTION

The synchronization phenomenon is an interesting and
well-known property of chaotic systems. Since its introduction
by Pecora and Carrol in 1990, [1], chaos synchronization has
attracted increasing interest in both theory and applications, [2]
to [4], as far as several fields are concerned. As a matter
of fact, the synchronization of chaotic systems has been
successfully applied in secure communication and image
encryption, information processing, life science, [5] to [10],
and so on.

Recently, chaos synchronization has been studied from
various angles and a variety of different synchronization
phenomena have been discovered, such as generalized
synchronization, [11] and [12], phase synchronization [13],
lag synchronization [14], anti-synchronization, [15] and [16],
observer-based synchronization [17] to [20], etc.

The purpose of this work is to determine a necessary and
sufficient conditions for the convergence to zero of the states
synchronization error between two non identical chaotic
continuous-time processes, [21].

The proposed stabilizing conditions for nonlinear continuous-
time hierarchical systems are based on the Borne and Gentina
practical criterion for stability study, [23] and [24], associated
to the Benrejeb arrow form matrix for system description, [26]
to [28]. It constitutes an extension of previous results on
synchronization studies of continuous two identical chaotic
systems, [4] and [25].

The paper is organized as following. In Section II, is proposed
an approach to design an nonlinear observer, effective and
systematic in achieving synchronization of continuous-time
chaotic systems, guarantying the asymptotic stability for the
synchronization errors, characterized, in the state space, by
an arrow form matrix. The implementation of the proposed
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synchronization approach to two non identical chaotic systems
using two master-slave continuous-time chaotic Lorenz and
Rossler systems is performed in Section III.

II. OBSERVER-BASED CONTINUOUS-TIME

SYNCHRONIZATION - BASIC IDEA

A proposed synchronization approach for a class of con-
tinuous time chaotic systems is applied in this section for two
non identical chaotic systems.

Consider the n-dimensional chaotic continuous-time master
system.
It is modeled as follows

{ T (t) = A (t) + frn (2 (1) + Vin

Ym () = Cap (t)
T, is the state vector, z,, € R", y,, the output y,, € R of
the master system and C' an (1 x n) constant matrix.

We associate to this system a not identical slave system,
defined by

{

zs € R™ and ys € R are respectively the state vector and the
output of the slave system.

A = {am,,;} and A, = {a,,,} are constant matrices, and
fm(zm(t)) and fs(zs(t)) nonlinear vectors.

Vi € R™ et V; € R™ are constant vectors introduced in (1)
and (2).

ey

iy(t) = Aszs(t) + fo(2s(t) + Vi + Bult)
ys(t) = Cas(t) 2

Lot the synchronization error vector defined by

e(t)
Using (1) and (2), the error system can be described by

é(t) = { Aszs(t) = Amxm(t) + fs (25 (1) = fon (2 (1))
4)

+Vs — Vi + Bu(t)
with B = I, x, and the structure of the control law wu(t),
retained in this case, on one hand by the output feedback
control law and, on the other hand, by compensation of the
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expression of the nonlinear observer of Luenberger represented
as follows

-
®)

The vector L(.) = {l;(.)} € R™ of the following Luenberger
continuous-time observer parameters gain [29]

(As - Am) Ifz(t) + fm (l's (t)) — fs (IS (t))
=Vs+ Vi + L) (ym (1) — ys(1))

T
LO=[h0) - WO ] LeRi=12.n ©
has to be choosen to satisfy master-slave synchronization [1,
2] ie.,

lim e;(t) = lim (z, (L) — 2, (t) =

t——+oo t——+oo

0,vi=1,...,n

(N
The substitution of the new control law (5) in the system (4)
leads to the representation of the error system as follows

é(t) = Ape(t) — BL(.)Ce(t) + fm(2s(t)) = fm(zm(t)) (8)

We can note that the choice of the output feedback control law
u(t) (5) returns the study of the synchronization of two non
identical chaotic systems to two identical ones.

For several chaotic systems, the expression fp,(zs(t)) —
fm(zm(t)) can be factorized as follows, [30] and [31],

fm(@s(t)) = fm(2m () = Q@m(t), z5(t))e(t)  (9)

Q(xm(t), xs(t)) is a borned matrix with nonlinear elements.

Then, the error system can be rewritten as

6(15) = A(ij(t), xs(t))e(t) (10)

with
A(xm(t)a xs(t)) = Am + Q(xm(ﬁ)? -Ts<t)) - BL<>C (1 1)

The following theorem 1, based on the use of Borne and
Gentina criterion, [22] and [23], associated to the specific
canonical Benrejeb arrow form matrix A(.) = {a;;(.)}, [26]
to [28], gives sufficient conditions of complete synchronization
of slave (2) with master (1) systems.

Theorem 1: The process described by (10) converges
towards zero, if the matrix A(.), such that the matrix given
by (11) is in the arrow form matrix, if the following conditions
are satisfied

e the nonlinear elements are located only in either one
row or one column of the matrix A(.)

e the diagonal elements, a;;(.) of the matrix A(.) are
chosen such that

ai; () <0Vi=1,2,..,n—1 12)
e there exist € > 0, such that
n—1
ann(.) — Z |ani(-)ain(.)] ai_il(-) < —€ 13)
i=1
Proof: ~ The comparison system (14) of error

system (10), associated to the vectorial norm p(z)
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lzal 15, 2=[ =1 zn 1" [28]

2(t) = M(A(.))=(t) (14)

is such that the elements m,;;(.) of overvaluing system
matrix characteristic M (A(.)) are deduced from the matrix
A(.) ones, by substituting the off-diagonal elements by their

absolute values
{ m“() :CL”‘(.) Vi:l,Z,...,n

mij(') = ‘aij(')| v Z)j = 1727 sy Ty Vi 7é.7
The error system (10) is then stabilized by the output
feedback law (5), if the matrix M (A(.)) is the opposite of
an M-matrix [28]. By the application of Borne and Gentina
stability criterion, the sufficient stability conditions, for € > 0,
are the followings

aii(.) <0Vi=1,2,..,n—1

{ (=1)" det(M(A())) =
when nonlinear elements are isolated in one row of M (A(.))
matrix.
The development of the first member of the last condition
of (16)

[ |z1] |22l 22

s5)

(16)

(~1)" det(M(A())) =
(=Dann(.)
=% (o (Dai D" T a()

a7
achieves easily the proof of the theorem 1.

This theorem 1 is used, in the next section, to synchronize

two coupled master-slave non identical chaotic systems.

The goal now is to synchronize (1) and (2) and, at the same

time, to design a parameter update law for nonlinear observer

gain L such that the error system is asymptotically stable

using (12) and (13) conditions of the theorem listed below.
III. APPLICATION TO NON IDENTICAL MASTER-SLAVE

CHAOTIC SYSTEMS

A. Proposed observer-based synchronization for coupled
Lorenz Rossler chaotic systems

In this section, the performance of the proposed
synchronization approach is illustrate for coupled the
Lorenz system with the Rossler system returning the study to
two identical chaotic Lorenz systems.

Consider the master Lorenz system given by [32]

Emy (1) = —aZm, (1) 4+ aZm, (t)
‘i'mz (t) =TTm, (t) — Tmgy (ﬁ) — Tmy (t).%‘m3 (t>
j”mz (t) = _bxms (t) + Ty (t>$m2 (t)
a,b and r are three positive parameters of the Lorenz chaotic
system such that @ = 10,b = 8/3 and r = 28. For this
parameters, the figure 1 shows the Lorenz system as a chaotic
attractor.
The description of such system can be reformulated, as
previously, in the state space as

{ im () = A () Zm () 4+ fn (2 (1))
Ym (t) = me(t)

(18)

19)
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Fig. 1. Dynamic attractor of the chaotic Lorenz system
with
—a a O
Ap()=| 7= Tmy t)y -1 0 (20)
0 0 -0
and
T
fm(xm(t)) = |: O 0 I"nl (t):l?m2 (t) (21)

Besides, let consider the slave Rdssler system described
by [33]

sy (1) = =5, (8) — 5, (1) + ua ()

j"52 (t) = Tsy (t) + UL, (t) + U2 (t) (22)
j’lss (t) =P+ T (t)xsl (t) — NTss (t) + U3<t)

w,p and 7 are three positive parameters such that p =
0.398,p = 2 and n = 4. For this parameters, the figure 2
shows the Rossler system as a chaotic attractor.

10 4

Fig. 2. Dynamic attractor of the chaotic Rossler system

The description of such system (2) can be reformulated, also,
in the state space as

= Aszs(t) + fs(zs(t) + Vs 4+ u(?)

T (t) s
{ Ys (t) = Cux, (t) 23
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with
0 -1 -1
A= 1 n 0
0 0 —nm
T 24)
o) =00 2Bz ()
T
Vi = { 00 p }
T () = [ Ty (t) Ty (B) Ty () ]T is the state vector of
the master system and z4(t) = [ @5, (t) xs,(t) 4,(t) ]T

the state vector of a slave system.
The control law proposed for this slave Rossler system such
that

u(t) = {
(25)

has to synchronize the non identical Lorenz and Rdssler
systems.
Consider the Luenberger continuous-time observer gain

L) ={L()}Vi=1,2,3

(A (1) = Ag) @ (8) + fon (25 (1) — fo (x5 (1))
Ve + L(.) (ym (t) — ys (1))

(26)

which will return the study of the synchronization of two
non identical chaotic systems to two identical chaotic Lorenz
systems.

Let consider the synchronization error composant e;(t), be-

tween systems (19) and (23),
ei(t) = x5, (t) — xm, (t), Vi=1, 2, 3 27

leads to the error system description in the state space by

e(t) = A(.)e(t) (28)
where A(.) is defined by (11).
and in the form
—a —licy a—lico —lic3
A() = r— l'mg(t) — sy —1—1Is¢o —lzes
Tmy (t) — 1361 Ty (t) — 1302 —b— 1363
(29)
for Q(xm,(t), xs(t)) defined by
0 0 0
Qam(t),zs(t) = 0 0 0 (30)
Ty (t) @, (1) O

It comes the instantaneous characteristic matrix M (A (.)) of
the comparaison system

M (A()) =
—a—1101 |a—l102‘ |l103|
|r — @y () — lacy] —1—lsey [lacs|
|5L‘m2 (t) — lgcll |1'51 (t) — l3€2| —b— 1303
(31
The choice of correction parameters [, I3, co et c3 as following
1203 =0 3 €3 = 0
{msl(t) (e =0 " 1) = T, (t) (32

C2
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isolates all the nonlinearities of A(.) in it last column.

Synchronization is achieved when stabilization conditions are
satisfied using the conditions (ii) of the theorem 1, namely

-1 - ZQCQ <0
33
{ —b—l3c3 <0 (33)
For this purpose, possible choices of I and ¢y are the follow-
ings
lg =28
(34)
Cy = 1

Finally, inequalities (12) are satisfed and (13) one becomes

(—a—lier) = (Jles| |, (8) = Tsea) (—b —laes) ™

- <0
- (|(L - l102| |7“ — Tmg (t) — 1201|) (—1 — l202)

(35)

Then, instantaneous gains /; and c¢;, have to satisfy inequal-
ities (35). The appropriate solution, corresponding to the
matrices gain L(.) et C such as

1
L(.) = 28 36)
T, (1)
C = [ 1 1 0 } 37

guaranties the synchronization between state vectors of the
master and slave coupled non identical Lorenz and Rdssler
systems.

B. Numerical simulation results

In the next, simulation results are outlined which will

depict the synchronization in continuous-time system and its
application to two non identical Lorenz and Rdssler chaotic
systems.
The simulation results for the two coupled non identical Lorenz
and Rossler systems, without observer gains, show, in figure 3,
the evolutions of states variables with different amplitudes,
and figure 4 shows chaotic error dynamics when observer is
desactived.

o
[} 1 [’ ) )
RE Neiwisisititirs /,,\\'/‘\IL‘:\'\’\",‘\"“"\:\\r‘\ ’\,’\ .ll\" "\ AN '\," ,’\""‘
ol TR TR S
I
]2 T Xy
— X,
K -0 ) . . . . b
0 5 10 15 20 25 30

Temps (s)

Fig. 3.
and Rossler systems when the controller is desactived
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Fig. 4. Evolutions of error dynamics of the studied coupled master-slave
Lorenz and Rdssler systems, when the controller is desactived

The figure 5 shows the state vector of the slave Rossler
system achieving synchronism with state vectors of the master
Lorenz system, and the figure 6 the time response of the
synchronization errors; one can observe that e (¢), ea(t) and
es(t) converges to zero after the activation of the proposed
nonlinear observer.

s = - X,
N — X
0 o 0. R‘_ () L L L ! !
o (I 5 10 15 20 25 30
il 50 T T T T —
10 AN X
/ INERN — X, |
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Fig. 5. Evolutions of state variables of the coupled master-slave Lorenz and
Rossler systems when proposed observer is activated
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Fig. 6. Evolutions of the error dynamics of the studied coupled master-slave
Lorenz and Réssler systems when proposed observer is activated
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IV. CONCLUSION

In this paper, suitable stabilization conditions are proposed

for observer-based synchronization of chaotic continuous-time
systems. Two main results have been obtained. The first one
guaranties synchronization between master and slave systems
based on the use of a Borne and Gentina technique associated
to the Benrejeb arrow form matrix. The second ones, it is
worth noting that the proposed nonlinear observer is easy
to apply to two non identical master-slave chaotic systems.
Numerical simulations illustrate the influence of the control
gains parameters on the dynamic performances then the
efficiency of the proposed approach.

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

REFERENCES

L. M. Pecora and T. L. Carrol, Synchronization in chaotic systems, Phys.
Rev. Lett, vol. 64, no 8, pp. 821-824, 1990.

M. Ogorzalek, Taming chaos-part I: Synchronization, IEEE Trans. on
Circ. and Syst. I, vol. 40, pp. 693-699, 1990.

O. Morgiil and M. Feki, On the synchronization of chaotic systems by
using occasional coupling, Phys. Rev. E, vol. 55, pp. 5004-5009, 1997.

R. Ben Mahmoud, S. Hammami and M. Benrejeb, Sur [’analyse et la
synchronisation de systéemes chaotiques Chen, Revue e-STA, 2011-2.

C. W. Wu and L. O. Chua, A simple way to synchronize chaotic sys-
tems with applications to secure communication systems, International
Journal Bifurcation Chaos, vol. 3, pp. 1619-1627, 1993.

K. M. Cuomo, A. V. Oppenheim and S. H. Strogatz, Synchronization
of Lorenz-based chaotic circuits with applications to communications,
IEEE Trans. on Circ. and Syst.-II, vol. 40, pp. 626-633, 1993.

O. Morgiil and M. Feki, Chaotic masking scheme by using synchronized
chaotic systems, Phys. Lett. A, vol. 251, pp. 169-176, 1990.

M. Hasler, Synchronization principles and applications, IEEE Interna-
tional Symposium on Circuits and Systems, pp. 314-327, New York,
1994.

S. Chen and J. Lii, Synchronization of an uncertain unified chaotic
system via adaptive control, Chaos, Solitons and Fractals, vol. 14, pp.
643-647,2002.

O. Rossler, An equation for continuous chaos, Phys. Lett. A, vol. 57,
no 5, pp. 397-398, 1994.

S. S. Yang and K. Duan, Generalized synchronization in chaotic
systems, Chaos, Solitons and Fractals, vol. 10, pp. 1703-1707, 1998.
G. R. Michael, S. P. Arkady and K. Jiirgen, Phase synchronization of
chaotic oscillators, Phys. Rev. Lett, vol. 76, pp. 1804-1807, 1996.

I. S. Taherion and Y. S. Lai, Observability of lag synchronization of
coupled chaotic oscillators, Phys. Rev. E, vol. 59, pp. 6247-6250, 1996.

Y. Zhang and J. Sun, Chaotic synchronization and anti-synchronization
based on suitable separation, Phys. Lett. A, vol. 330, pp. 442-447,
1996.

G. H. Li, Synchronization and anti-synchronization of Colpitts oscilla-

ISSN: 1998-4480 90

[16]

(17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

Volume 9, 2015

tors using active control, Chaos, Solitons and Fractals, vol. 26, pp.
87-93, 1996.

M. Feki, Observer-based chaotic exact synchronization of ideal and
mismatched chaotic systems, Phys. Lett. A, vol. 309, pp. 53-60, 2003.

H. N. Agiza and M. T. Yassen, Synchronization of Réssler and Chen
chaotic dynamical systems using active control, Phys. Lett. A, pp. 191—
197, 2001.

0. Morgiil and E. Solak, Observer-based synchronization of chaotic
signals, Phys. Lett. E, vol. 54, pp. 48034811, 1996.

O. Morgiil and E. Solak, On the synchronization of chaotic systems by
using state observers, International Journal Bifurcation Chaos, vol. 7,
pp. 1307-1322, 1997.

H. Nijmeijir and I. Mareels, An observer looks at synchronization, IEEE
Trans. on Circ. and Syst. -1, vol. 44, pp. 882-890, 1997.

R. Ben Mahmoud. Contribution a la synchronisation et a I'étude du
régime transitoire de systemes complexes chaotiques couplés avec et
sans observateurs, Thse de Doctorat ENIT, 2014.

P. Borne, P. Vanheeghe and E. Duos, Automatisation des processus dans
l’espace d’état, Ed. Technip, Paris, 2007.

J. C. Gentina et P. Borne. Sur une condition d’application du critére de
stabilité linéaire a certaines classes de systéemes continus non linéaires,
CRAS, Paris, T. 275, pp. 401-404, 1972.

Gentina J. C. Contribution a ’analyse et a la syntheése des systémes
continus non linéaires de grande dimension, These de Doctorat es
Sciences Physiques, Université des Sciences et Techniques de Lille,
1976.

M. Benrejeb and S. Hammami, New approach of stabilization of nonlin-
ear continuous monovariable processes characterized by an arrow form
matrix, In first International Conference, Systems ENgineering Design
and Applications, SENDA, Monastir,2008.

M. Benrejeb and P. Borne, On an Algebraic Stability Criterion for Non
Linear Process Interpretation in the Frequency Domain, In Proceedings
of the International Symposium Advances in Measurement and Control,
MECO, Acta Press. 2, Athens, pp. 678-682, June 1978.

M. Benrejeb, P. Borne and F. Laurent, Sur une Application de la
Représentation en Fléche a I’Analyse des Processus, RAIRO Aut./Sys.
Analysis and Control, vol. 16, no 2, pp. 133-146, 1982.

M. Benrejeb, Stability Study of Two Level Hierarchical Nonlinear
Systems, In Plenary lecture, 12th International Federation of Automatic
Control Large Scale Systems Symposium: Theory and Applications,
IFAC-LSS, Lille, 2010.

M. Feki, Observer-based chaotic exact synchronization of ideal and
mismatched chaotic systems, Phys. Lett. A, vol. 309, pp. 53-60, 2003.
G P. Jiang and W. K. S. Tang, A global synchronization criterion for
coupled chaotic systems via unidirectional linear feedback approach,
International Journal of Bifurcation and Chaos, vol. 12, pp. 53-60, 2003.
G. P. Jiang and W. K. S. Tang and G. Chen, A simple global
synchronization criterion for coupled chaotic systems, Chaos, Solitions
and Fractals, vol. 15, no 5, pp. 925-925, 2003.

E. N. Lorenz, Deterministic non periodic flow, Journal of Atmospheric
Sciences, vol. 20, no 2, pp. 130-148, 1963.

O. Réssler, An equation for continuous chaos, Phys. Lett. A, vol. 57,
no 5, pp.397-398, 1976.





