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Adaptive feedback control and synchronization of non-identical

chaotic fractional order systems

Zaid M. Odibat*'
Faculty of Science and Technology, University of Le Havre, BP 540, 76058 Le Havre Cedex, France

Abstract

This paper addresses the reliable synchronization
problem between two non-identical chaotic fractional
order systems. In this work, we present an adap-
tive feedback control scheme for the synchronization
of two coupled chaotic fractional order systems with
different fractional orders. Based on the stability re-
sults of linear fractional order systems and Laplace
transform theory, using the master-slave synchroniza-
tion scheme, sufficient conditions for chaos synchro-
nization are derived. The designed controller ensures
that fractional order chaotic oscillators that have non-
identical fractional orders can be synchronized with
suitable feedback controller applied to the response
system. Numerical simulations are performed to asses
the performance of the proposed adaptive controller
in synchronizing chaotic systems.

Keywords: Chaos synchronization; Fractional order
system; Caputo fractional derivative; Stability; Feed-
back control.

1 Introduction

As a kind of characteristic of nonlinear systems, chaos
is a bounded unstable dynamic behavior that ex-
hibits sensitive dependence on initial conditions and
includes infinite unstable periodic motions. Chaos has
been investigated and studied in mathematical and
physical communities in the last few decades because
of its grate applications in many fields such as secure
communication, data encryption, flow dynamics and

biomedical engineering [1]. The research efforts have
devoted to the chaos control and chaos synchroniza-
tion problems in many dynamical systems [2-5].

On the other hand, the development of models based
on fractional order differential systems has recently
gained popularity in the investigation of dynamical
systems. Fractional derivatives provide an excellent
instrument for the description of memory and hered-
itary properties of various materials and processes.
The main reason for using the integer-order models
was the absence of solution methods for fractional
differential equations. The advantages or the real ob-
jects of the fractional order systems [6] are that we
have more degrees of freedom in the model and that
a “memory” is included in the model.

Recently, studying fractional order systems has
become an active research area. The chaotic dynam-
ics of fractional order systems began to attract much
It has been shown that
fractional order systems, as generalizations of many

attention in recent years.

well-known systems, can also behave chaotically, such
as the fractional Duffing system [7], the fractional
Chua system [6, 8], the fractional Rossler system [9],
the fractional Chen system [10, 11, 12], the fractional
Lorenz system [13], the fractional Arneodo’s system
[14, 15], the fractional Lii system [16], the fractional
Newton-Leipnik [17] and the fractional Chen-Lee sys-
tem [18]. In [8, 9, 10, 11] it has been shown that some
fractional order systems can produce chaotic attrac-
tors with order less than 3.

Meanwhile, chaotic dynamics of fractional order sys-
tems began to attract much attention in recent years.
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A challenging problem is the control and synchroniza-
tion of chaotic systems. Recent studies show that
chaotic fractional order systems can also be synchro-
nized [19]-[32]. In many literatures, synchronization
among fractional order systems is only investigated
through numerical simulations that are based on the
stability criteria of linear fractional order systems,
such as the work presented in [24]-[27], or based on
Laplace transform theory, such as the work presented
in [28]-[32].

In the present paper, we study the synchroniza-
tion of fractional order chaotic systems with different
fractional orders via nonlinear control. By taking the
fractional version of Chen system (which belongs to
the double scroll attractor family) and Rossler system
(which belongs to the one scroll attractor family) as
examples, we show that fractional order systems with
different fractional orders can be synchronized. Based
on stability results of fractional order systems, us-
ing the drive-response concept, an adaptive feedback
control is constructed to achieve synchronization be-
tween two 3D fractional order systems that have non-
identical orders. The synchronization controllers are
investigated theoretically and then, numerical simula-
tions are presented to verify the theoretical analysis.

1.1 Basic concepts

There are several definitions of a fractional derivative
of order @ > 0 [33]-[37]. The two most commonly used
are Riemann-Liouville and Caputo definitions. Each
definition uses Riemann-Liouville fractional integra-
The difference
between the two definitions is in the order of evalu-

tion and derivatives of whole order.

ation. Riemann-Liouville fractional integral operator
of order a > 0 of the function f(t¢) is defined as,

1

JUf(t) = W/o (t—m)* " tf(r)ydr, t>0. (1)

Some properties of the operator J* can be found, for
example, in [34, 36]. We recall only the following, for
uw>—1,a,3>0and vy > —1, we have,

JOIPf(t) = JoPf(¢),

L(v+1)

— T,
Fla+~v+1)

T =

The Laplace transform of Riemann-Liouville frac-
tional integral satisfies,

L{J*f(t)} = s~ “L{f (1)} (2)
In this study, Caputo definition is used and the frac-

tional derivative of f(t) is defined as, D*f(t) =
J'm—(x‘Dmf(t)7

Df(t) =

1 /t fm) (j) 3
F(m-—a«) Jy (t—71)0—m+l
form—-—1<a<m,meIN,t>0. Caputo’s defini-
tion has the advantage of dealing properly with ini-
tial value problems in which the initial conditions are
given in terms of the field variables with their integer
order which is the case in most physical processes.

Fortunately, the Laplace transform of Caputo frac-
tional derivative satisfies,

m—1
L{D*f(t)} = s"L{f(8)} = Y fP(0F)s* 7K, (4)
k=0
where m — 1 < a < m. The Laplace transform of
Caputo fractional derivative requires the knowledge
of the (bounded) initial values of the function and of
its integer derivatives of order £k =1,2,---,m — 1.

1.2 Stability analysis of fractional sys-
tems

Stability analysis of fractional order systems, which
is of main interest in control theory, has been thor-
oughly investigated where necessary and sufficient
conditions have been derived [38]-[41] (see also ref-
erences therein). In this section, we recall the main
stability results. For this object, we consider the fol-
lowing n dimensional fractional order system,

dalim
dtot :fl(ivl,.CCQ,"',xn),
d&2$2
= T1,X2, ", Tn),
dto2 f2( 1,42, ) ) (5)
d°"x,
dton :fn(ivl,ZCQ,"',xn),

where «; is a rational number between 0 and 1 and
d%i
dti
i=1,2,---,n. Assume that o; = k;/m;, (k;,m;) =1,

is the Caputo fractional derivative of order «;, for
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kiym; € IN, for i = 1,2,---,n. Let m be the least
common multiple of the denominators m;’s of a;’s.

First, if the system (5) is a linear system, that is
[fl (X)’ f2 (X)’ T f’ﬂ(x)]T = [aij]?,jzlx = Ax, where
x € IR", then we have the following results:

elf o = a1 = ap = --- = «,, then the frac-
tional order system (5) is asymptotically stable
iff |arg(spec(A))| > amr/2. In this case the com-
ponents of the state decay towards 0 like t
[38].

e If o;’s are rational numbers between 0 and 1,
then the system (5) is asymptotically stable if
all roots A of the equation det (diag()\mo‘l S AT
e Amen) — A) = 0 satisfy |arg(N)| > y7/2,
where v = 1/m [39].

Second, if function f; has second continuous partial
derivatives in a ball centered at an equilibrium point
Zn), that is fi(x1,29, -+, 2,) = 0,

fori=1,2,---,n, then we have the following results:

*
X = (I17x27 Ty

e If a = a; = ay = --- = ay, then the equilib-
rium point x* of system (5) is asymptotically
x<))| > am/2, where the
matrix J is the Jacobian matrix of the system

(5) that is defined as J = [2LL]7._ [40].

ij 1,j=1

stable if |arg(spec(J

e If o;’s are rational numbers between 0 and 1,
then the equilibrium point x* of system (5) is
asymptotically stable if all roots A of the equa-
tion det (diag(A™*, X2 ... xmen) — J| ) =
0 satisfy |arg(\)| > yn/2, where v = 1/m [41].

Fractional order systems are, at least, as stable as
their integer order counterpart, because systems with
memory are typically more stable than their memory-
less counterpart [40]. The previous stability results
play an important role in studying the existence of
chaotic attractors and the synchronization of frac-
tional order systems.

2 fractional Chen system

Chen and Ueta [42] introduced, in 1999, the Chen sys-
tem which is similar but not topologically equivalent

to Lorenz system. It is a chaotic system with a dou-
ble scroll attractor. The fractional version of Chen

system reads as,

d*tx

dton = a(y - x)7
oo
Zt"‘g = (¢c—a)x — zz + ¢y, (6)
d*3z
Jion zy — bz,

where 0 < ai,az,a3 < 1. Integer order Chen sys-
tem displays chaotic attractors, for example, when
(a,b,c) = (35,3,28). Simulations are performed to
obtain chaotic behavior of fractional order Chen sys-
tem for different fractional orders o, when (a,b,c) =
(35,3,28). For example, chaotic attractors are found
in [25] when o = (0.95,0.95,0.95). In [11] chaotic
behaviors are found when o = (0.9,0.9,0.9). More-
over, in [28] and [43], it is found that for the param-
eters a = (0.985,0.99,0.98) and o = (0.8,1,0.9), re-
spectively, fractional order Chen system can display
chaotic attractors.

Fractional Chen system (6), when (a,b,c) =
(35,3,28), has three equilibrium points,

Py : (0,0,0),
P : (\/@7 \/@7 21)7 (7)

Ps: (—/63,—/63,21).

The Jacobian matrix of system (6), evaluated at the
equilibrium point x* = (z*, y*, 2*), is

—35 35 0

—7—2z* 28 —z* (8)
y* .’,E* 73

Jo =

Now, according to stability results and the results
presented in [43], a necessary condition for fractional
Chen system to exhibit chaotic attractors similar to
its integer order counterpart is:

min{larg(Ai)} < y7/2, 9)

where v = 1/m and \;’s are the roots of the equation
det(diag(A™r, X2 Xmes) — Jo
equilibrium point x*. Otherwise, one of these equi-

x*) = 0, for every

librium points becomes asymptotically stable and at-
tracts the nearby trajectories.
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Now, if a1 = a2 = ag = «, then the eigenvalues
of the equilibrium points are,

P A = —30.83587, A2 =23.83587, A3 = —3,
Po: A1 = —18.42796, A2;3 = 4.21398 £ 14.88464 7,

P3: A\ = —18.42796, A2 = 4.21398 + 14.88464 4.
(10)

According to (9), the equilibrium points P, and Ps
are asymptotically stable if,

14.88464

2.
a < = tan ( T30 ) = 0.82436.  (11)
Therefore, system (6) has the necessary condition
a > 0.82436 for exhibiting double scroll chaotic at-
tractor.
For @ = (1,0.9,0.9) and according to the last
two equilibrium points P» and P;, the equation

det(diag(A™™1, X2 Xmes) — Jo

x*) = 0 becomes,

A28 2519 1 35718 21010 110507 +4410 = 0, (12)
and so we get,

miin{|arg()\i)|} = 0.12458 < 7/20. (13)
Hence, system (6) satisfies the necessary condi-
tion for exhibiting a double scroll attractor when
a = (1,0.9,0.9). Using similar analysis we can con-
firm that fractional Chen system (6) satisfies the nec-
essary condition (9) for exhibiting a double scroll at-
tractor when a = (0.95,0.95,0.95), a = (0.9,0.9,0.9),
a = (0.985,0.99,0.98) and « = (0.8,1,0.9), in case of
(a,b,c) = (35,3, 28).

In order to observe synchronization behavior in
two coupled chaotic fractional order Chen systems
with different fractional orders, we build the master
and the slave fractional order Chen systems as,

d* T
dtot - a(ym - xm)v
d*?ym
M8 T e — it g, (14)
d“3zm,

dis = Ty~ bEm,

p- 4
4
dﬁ1xs
dth1 = a(ys - l’s) +u1 (t)7
dﬁzys
S T, = (6 @)z —wezs + eys Fus(b), (15)
dﬁszs
e ZTsys — bzs + us(t),

where a; > 3;, fori = 1,2, 3, subscripts m and s stand
for the master system and slave system, respectively,
and u(t) = (u1(t),u2(t),uz(t)) is the nonlinear con-
troller to be designed. Our aim is to determine the
controller u(t) for the global synchronization of the
non-identical fractional order Chen systems (14) and
(15). For this purpose, we define the synchronization

error as,

)
Now, we design the controller u(t) =
us(t)) as follows,

up = a(J — Dy — x5 + k J A
[2s — zm],
Us = Tszs — JO2 P2 [xmzm] + (J&27B2 -1)
[(c — a)xs + cys] + kaJ*2 P2 [ys — ym], 1

uz = JO Bz ym] — zoys — b(JB T — 1)

[2s] + ks Jo3Ps [2s — zm],

where J7 is the Riemann-Liouville fractional integral
operator of order v, defined in (1), k = (k1, ko, k3) is
the coupling matrix. The constants k;, ko and ks will
be determined such that |le(t)|| — 0 as ¢ — +o0.
Applying Laplace transform to systems (14), (15)
and (17), letting X (s) = L((z(t)), Y(s) = L(y(t)),
Z(s) = L(=(), Fi(s) = L((e(t)), Fa(s) = L((ea(t)),
E5(s) = L((es3(t)), and using formulas (2) and (4), we
obtain,

51X, (8) = s 712, (0) + a(Yon — X)),
5°2Y5n(8) = 627y (0) + (¢ — a) Xom,
(18)
—L{Zmzm} + cYm,

5% Zm(s) = 8™ 2, (0) + L{xmYm } — bZm,
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M1 X () = s 26 (0) 4+ a(Ys — Xs) + Ut
§%2Ys(s) = 577 ys(0) + (¢ — a) X
(19)
—L{zszs} +cYs + Ua,

sﬂ3Zs(s) = 5’6371,23(0) + L{zsys} — bZs + Us,

Ur = a(s” % = 1)(Ys — X,) + kys™
(Xs = Xom),

Us = L{wszs} — 77 L{zmzm} + (772 — 1)
((c = a)Xs + cYs) + kas™ 72 (Y, — Vi),

Us = 3’637°‘3L{:rmym} — L{zsys} — b(sﬁ37“3 —-1)

(Zs) + k3s™ 73 (Zs — Zy).
(20)

Multiplying the first equation in (19) by s* =71, the
second equation by s*>~%2 and the third equation by
s93=0s then, from the definition of the error functions
(16), we get,

s* By (8) = Salilel(O) —+ a(E2 — El) + k‘lEl,
§*?2Es(s) = Sa27162(0) + (¢ — a)E1 + cE2 + ko Es,
SaSEg(S) = SaSileg(O) — bE3 + k3 Es.

(21)

Applying the inverse Laplace transform, using for-
mula (4), to system (21), we obtain the following lin-
ear fractional order system,

dalel _

dter a(ez —e1) + kiex,

dazeg _

T (c —a)er + cea + kaez, (22)
da363

dros —bes + kses.

In case of a; = 0, for ¢ = 1,2, 3, then the controller
u(t), defined in (17), reduces to

ur = k1 [fcs - mm]7

U2 = TsZs — Tmim + k2 [ys - ym]7 (23)

U3 = TmYm — TsYs + ka[zs — zm].

The Jacobian matrix for the error system (22) is

p- 5
)
—a+ k1 a 0
J = c—a c+ke 0 , (24)
0 0 —b+ k3

and so, the characteristic equation det(diag(/\” SAT2
A"#) — J) = 0 can be written as,

(N*+a—ki)(A?—c—k2)+ala—c))(A®+b—ks) =0,
(25)
where r; = ma;, for i = 1,2,3. According to the
stability results, the drive system (14) and the re-
sponse system (15) are synchronized (|le(t)]] — 0
as t — 4o0) if all roots A of Eq. (25) satisfy
larg(X\)| > ym/2, where v = 1/m.
Now, in case of a3 = a3 = a3 = «a and (a,b,¢c) =
(35,3,28), then Eq. (25) reduces to,

(A+35—k1)(A—28—ks)+245)(A\+3—ks) = 0, (26)

and so, systems (14) and (15) are synchronized if
ki1, ko and ks satisfy the laws,

ki+ ke —TFw<O, if A=weR
w . o (27)

|m| <tan(a7r/2), ZfA:ZwGZR
ks < 3, (28)

where A = ((7T—ki—kz)>—4(245— (35— k1 ) (28+k2))) .
Example 1 Taking (a,b,c¢) = (35,3,28), o = (1,1,
1) and 8 = (0.95,0.95,0.95). If we select kx = 20,
ko = —15 and ks = 2, then they satisfy the laws (27)
and (28).

Therefore, under the controller,

Uy = 35(;]0405 _ 1)[2!5 _ iﬂs} + k1J0'05

[ms - :CWLL
Us = Tozs — JOO [Tmzm] 4+ (JOO° — 1)
(29)
[~ 75 + 28ys] + k2 J"[ys — yml,

usz = JO‘OS [xmym} — Toys — 3(JO‘05 _ 1)

[Zs} + k’SJOAOS[Zs - ZmL

the drive system (14) and the response system (15) are
synchronized. The error functions evolution, in this
case, is shown in Fig. 1. From Fig. 1, it is obvious
that the components of the error system (22) decay
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towards zero as t — 400. So, we can numerically
conclude that the designed controller can effectively
control the chaotic fractional order Chen systems (14)
and (15) with non-identical orders to achieve synchro-

nization.

Example 2 If we take (a,b,c) = (35,3,28), a =

(1,0.9,0.9), B = (0.9,0.9,0.9), ki = 35, ko = —28

and ks = 2, then Eq. (25) reduces to,
(A 4+245)(\ + 1) = 0. (30)

Simply, we can show that all roots of Eq. (30) lie
in the region |arg(\)| > 7/20. Therefore, under the

controller
ur = 35(J%Y — D[ys — 5] + k1 JO?
[ms - :CWLL
31
U2 = TsZs — TmZm + k2(Ys — Ym), (31)
U3 = TmYm — TsyYs + kJ(zs - Zm)y

the drive system (14) and the response system (15)
are synchronized. The error functions evolution, in
this case, is shown in Fig. 2. It is clear, from Fig. 2,
that the components of the error system (22) decay
towards zero as t — +o00.

3 fractional Rossler system

Now, we consider Rossler system [44], which is a non-
linear system that can exhibit one scroll chaotic at-

tractor. Its fractional version reads as,

d*tx

dtor - 7(y + Z)7
d*?

d*s

dt“: =z(x —c)+b,

where o = (a1, ag, a3) is subject to 0 < ay, g, a3 <
1. Integer Rossler system, when a = (1,1,1), is
(0.2,0.2,5).
Simulations are performed to obtain chaotic behav-

chaotic, for example, when (a,b,c) =

ior of fractional order Réssler system and the re-
sults demonstrate that chaos indeed exists with or-
der less than 3. For example, chaotic attractors are
found in [9] when a = (0.9,0.9,0.9) and (a,b,c) =

(0.4,0.2,10). Also, in [23], it is found that for the
parameters « = (1,1,0.8) and (a,b,c) = (0.2,0.2,5)
fractional order Rossler system can display chaotic
behaviors.

For example, fractional Rossler system, when
(a,b,c) = (0.2,0.2,5), has two equilibrium points,

(33)

Py : (0.00801, —0.04006, 0.04006),
Py : (4.99199, —24.95994, 24.95994).

The Jacobian matrix of system (32), evaluated at the

equilibrium point x* = (x*, y*, 2*), is

0 -1 -1
Jr=1 1 02 0 (34)
2 0 x*-=5

Now, according to stability results and the results
presented in [43], a necessary condition for fractional
Rossler system to exhibit chaotic attractor similar to
its integer order counterpart is:

min{larg(X)|} < y7/2, (35)

where v = 1/m and \;’s are the roots of the equation
det (diag()\m"“ S ATz NTmes) T
equilibrium point x*. Otherwise, one of these equi-

x*) = 0, for every

librium points becomes asymptotically stable and at-
tracts the nearby trajectories.

For a = (1,1,0.8) and according to the first equi-
librium point P, the equation det(diag(/\mo‘l,)\mo‘2,

A™e3) — Jg|x+) = 0 becomes,
A 4 4.991990° — 0.2X°% — 0.95833A°% + A* +4.98397 = 0,
(36)
and so we get,
min{|arg(\;)|} = 0.29486 < 7/10. (37)

Hence, system (32) satisfies the necessary condi-
tion for exhibiting a one scroll attractor when o =
(1,1,0.8) and (a,b,c) = (0.2,0.2,5).

For o = (0.9,0.9,0.9) and (a, b, ¢) = (0.4,0.2, 10),
then the (0.00801, —0.02002,
0.02002) of system (32) has the following eigenvalues

equilibrium point

A1 = —9.99001, X2 3 = 0.199008 F 0.979690 ¢,

and so, |arg(A2,3)] = 1.370390 < (0.9)7/2. Therefore,
system (32) satisfies the necessary condition for ex-
hibiting one scroll attractor when o = (0.9,0.9,0.9)
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and (a, b, c) = (0.4,0.2,10).

In order to observe synchronization behavior in
two coupled chaotic fractional order Rossler systems
with different fractional orders, we build the master
and the slave fractional order Rossler systems as,

d;flm = —(ym + 2zm),
M : d;:im = Tm + AYm, (38)
G =l = b
T gtz + )
S dgﬂzs =z, + ays + u2(t), (39)
d(’;;is = zs(zs —¢) + us(t) + b,

where «; > (;, for i = 1,2,3, subscripts m and s
stand for the master system and slave system, respec-
tively, and u(t) = (u1(t),u2(t),us(t)) is the nonlin-
ear controller to be designed. Our aim is to deter-
mine the controller u(t) for the global synchronization
of non-identical fractional order Rossler systems (38)
and (39). For this purpose, we design the controller
u(t) as follows,

wy = (JU = 1) [ — 2] + kO
[zs — m],

up = (J*277 — 1)[zs + ays]
+h2J02 72 ys =y,

Uz = J"‘?’*ﬁ?’[z’mzm} — XsZs — c(J‘“iﬂ3 — 1)[zs]

7b+ bt¥3—0B3 ) 4 k3Ja37ﬁ3 [Zs _ Zm]7

T(14+a3z—pB3 (40)
40

where J7 is the Riemann-Liouville fractional integral
operator of order v, defined in (1), k = (kq, k2, k3)
is the coupling matrix. Following the same analysis
presented in the previous section, if we apply Laplace
transform to systems (38), (39) and (40), using for-
mulas (2) and (4), we obtain,

p- 7
7

s*1F1(s) = s*1 ter(0) — (F1 + E3) + k1B,
52 E5(s) = s* 'ez(0) + E1 + aBa + ko B>, (41)

§*3 Es(s)

8&37163(0) — cE3 + ksEs.

Applying the inverse Laplace transform, using for-
mula (4), to system (41), we obtain the following lin-
ear fractional order system,

d*le
dtall = —(e1 +e3) + kiex,
o
ddtaej = e1 +aez + kaez, (42)
daBeg
dios = —ce3 + kzes.

In case of oy = (3;, for ¢« = 1,2, 3, then the controller
u(t), defined in (40), reduces to

ur = k1[xs — Tm],

us = kalys — yml, (43)
U3 = Tmzm — TsZs + k3[zs — zm].
The Jacobian matrix for the error system (42) is
-1+ k1 0 -1
J= 1 a+ ks 0 ;o (1)
0 0 —c+ k3

and so, the characteristic equation det(diag()\”,)\”,

A"#) — J) = 0 can be written as,

(A 4+ 1= k)N —a—ka)(\® +c—ks) =0, (45)

where r; = maq;, for i = 1,2,3. According to the
stability results, the drive system (38) and the re-
sponse system (39) are synchronized (|le(t)]] — 0
as t — 4o0) if all roots A of Eq. (45) satisfy
larg(A)| > /2, where v = 1/m.

Now, in case of @y = as = a3 = «, then Eq. (45)

reduces to,
(/\+1—k1)(/\—a—k2)(/\+c—k3):0, (46)

and so, systems (38) and (39) are synchronized if
k1, ko and k3 satisfy the law,

k1 <1,
ky < —a, (47)

ks <c.
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Example 3 Taking (a,b,c) = (0.4,0.2,10), a = (1,
1,1) and B = (0.9,0.9,0.9). If we select k; = 0.5,
ko = —1 and k3 = 8, then they satisfy the law (47).

Therefore, under the controller,

ur = (JO = D]—zs — 25] + k1J% [z — Tm],

uz = (Jo = 1)[zs + ays] + k2J% [ys — ym),
(48)
uz = JO Zmam] — Ts2s — c(J% = 1)[24]

—0.2+ % + ngO‘l[zs — Zm),
the drive system (38) and the response system (39)
are synchronized. The error functions evolution, in
this case, is shown in Fig. 3. From Fig. 3, it is ob-
vious that the components of the error system (42)
decay towards zero as t — +o0o. So, we can nu-
merically conclude that the designed controller can
effectively control the chaotic fractional order Rossler
systems (38) and (39) with non-identical orders to
achieve synchronization.

Example 4 If we take (a,b,c) = (0.2,0.2,5), a =
(1,1,0.8), 8 = (1,1,0.8), k1 = 0, ks = —1.2 and
ks = 3, then Eq. (45) reduces to,

N+ DN+ 1) (M +2)=0. (49)

Simply, we can show that all roots of Eq. (49) lie
in the region |arg(\)| > 7/10. Therefore, under the

controller

ur = k1 [fcs - mm]7

uz = kalys — yml], (50)

U3 = TmZm — TsZs T kS[Zs - Zm]7

the drive system (38) and the response system (39)
are synchronized. The error functions evolution, in
this case, is shown in Fig. 4. It is clear, from Fig. 4,
that the components of the error system (42) decay
towards zero as t — +00.

4 Conclusion

In the present paper, we study the control and syn-
chronization problems of non-identical chaotic frac-
tional order systems. We present theoretical results
for drive-response synchronization between fractional

order systems with different fractional orders, based
on stability results of fractional order systems and
Laplace transform theory, such as the fractional ex-
tension of Chen and Réssler systems. The designed
adaptive nonlinear controller that applied to the re-
sponse system affects the system dynamics to realize
synchronization. The controller is designed such that
the components of the error system decay towards
The
numerical simulations show the effectiveness and the

zero as the time variable, t, tends to infinity.

feasibility of the proposed scheme.

Finally, the recent appearance of fractional order
systems as models in many fields makes it necessary
to investigate the issues of chaos, control and synchro-
nization of such systems and we hope that this work
is a step in this direction.
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Figure 1: Synchronization of fractional Chen systems (14) and (15), when (a,b,c) = (35,3,28), a = (1,1,1),
3 = (0.95,0.95,0.95) and (k1, ks, ks) = (20, —15,2).
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Figure 2: Synchronization of fractional Chen systems (14) and (15), when (a,b,c) = (35,3,28), a = (1,0.9,0.9),
B =(0.9,0.9,0.9) and (k1, k2, ks) = (35, —28,2).
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Figure 3: Synchronization of fractional Réssler systems (38) and (39), when (a,b,c¢) = (0.4,0.2,10), o = (1,1,1),
B = (0.9, 0.9, 09) and (kl, ktg, kg) = (0.57 71, 8)



NODY9609_source.tex; 27/10/2009; 17:30 p. 11
11

€y, €, €3

Figure 4: Synchronization of fractional Rossler systems (38) and (39), when (a,b,¢) = (0.2,0.2,5), « = (1,1,0.8),
B =(1,1,0.8) and (k1, k2, ks) = (0,—1.2,3).
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