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Abstract

In this paper, an adaptive control scheme is developed to study the add order synchronization and the add order anti-
synchronization behavior between two different dimensional fractional order chaotic systems with fully uncertain parameters.
This design of adaptive controller is based on the Lyapunov stability theory. Analytic expression for the controller with its
adaptive laws of parameters is shown. The adaptive add order synchronization and add order anti-synchronization between
two fractional order chaotic systems are used to show the effectiveness of the proposed method. Theoretical analysis and
numerical simulations are used to verify the results. (©2017 All rights reserved.
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1. Introduction

Since Leibniz coined the concept of fractional derivative in his 1695 letter to L'Hopital, fractional
calculus has emerged as a new subject. Fractional calculus has a 300-year-old history, however its ap-
plications in physics and engineering were only recently identified. Some very recent papers on its
applications are given in [13, 16, 18, 22, 26, 30, 38, 39] and the references therein. It was found that
many systems in interdisciplinary fields can be elegantly described with the help of fractional deriva-
tive such as given in [22] and [30]. Chaos synchronization and anti-synchronization of the fractional
chaotic and hyperchaotic systems have become interesting topics in nonlinear sciences due to their wide
range applications in various fields, such as biology, cryptography, physics, chemistry, and cryptography
[8,17, 24, 31, 33, 34, 36]. A number of synchronization and anti-synchronization schemes such as adaptive
control [1, 2, 4-6, 14, 15, 27, 32, 41], active control [3, 9, 25], sliding mode control [12, 19, 20, 29, 37, 42],
and impulsive control [7, 23] have so far been presented. At present, most of theoretical results are
about synchronization and anti-synchronization of fractional order chaos focus on the systems whose
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models are identical, similar or with mismatched parameters [10]. However, synchronization and anti-
synchronization of fractional order chaotic systems can also be induced even in strictly different systems
and systems of different orders [40], especially in biological and social sciences, many engineering sys-
tems, also the fractional models have applications in the design of control systems, wave propagation,
imaging, thermal flux, temperature, entropy generation and diffusion [28]. One example is the chaotic
synchronization that occurs between the heart and lungs, where one can observe that both circulatory
and respiratory systems behave in synchronous way, but their models are essentially different and they
have different order. Therefore, the study of synchronization and anti-synchronization for strictly differ-
ent fractional order dynamical systems is both very important from the perspective of control theory and
necessary from the perspective of practical application. It has been observed, in practical engineering
situations, the parameters are probably unknown and may change from time to time. Therefore, there
is a vital need to effectively synchronize and anti-synchronize two fractional chaotic systems with differ-
ent order and with unknown parameters. However, to the best of our knowledge, most of the results
and methods dealing with the integer-order systems cannot be automatically extended to the case of
fractional-order systems, such as Lyapunov’s direct method. A number of papers have been written on
fractional order chaos synchronization in order to develop and improve existing synchronization control
methods. One of these methods is the modified adaptive control for the synchronization of fractional
order as well as integer order chaotic systems, which was proposed by Agrawal et al. [1].

Motivated by the above discussion, the aim of this paper is to study the add order synchronization and
anti-synchronization of fractional order chaotic systems using the modified adaptive control, which could
translate the problem of synchronization and anti-synchronization of fractional order chaotic systems with
different dimensions into the synchronization and anti-synchronization of systems with identical orders.
The rest of this paper is organized as follows. In Section 2, we briefly describe the problem. In Section 3,
we present the adaptive add order synchronization scheme with a parameter update law for two different
fractional order chaotic systems. Section 4, presents the adaptive add order anti-synchronization scheme
with a parameter update law for two different fractional order chaotic systems. The conclusion are given
in Section 5.

2. Preliminaries of fractional-order calculus

There are several definitions of fractional derivatives [16, 18, 22, 24, 39], the commonly used definition
is the Riemann-Liouville definition, as follows:

dTL
oDz () Tz (1), q>0,

= gt
where n = [q], and
t
9 . 1 P (v)
Jiw (t) = F o) i o) dv,

where 0 < ¥ < 1 and I'(.) is gamma function. The Caputo differential operator of fractional order q is
defined as

‘Diz(t)=J7 92" (t), q>0,
where n = [q].

Lemma 2.1 ([1, 2, 24]). If p > q > 0, and m and n are integers such that 0 < m—1<p<m0<n—-1<q<
n, then

aD{ (aDy ¥ (1)) = oDY I (1).
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Lemma 2.2 ([1, 2, 24]). If p, q > 0, then there exist integers mand nsuchthat 0 < m—1<p<m,0<n—-1<
q <m, then

(t—a) P
t=al (1—p—j)

oDF (aD{f (1)) = DY (1) = Y [DFTF(1)]
=1

)

Lemma 2.3 ([1, 2, 24]). Suppose f(t) has a continuous kth derivative in [0,t](k € N,t > 0) and let p,q > O,
then there exists some n € N withn < kand p,p + q € [n—1,n], such that

oDV oDIf (1) = (DPTIf(1).

2.1. Modified adaptive add order problem controller design
To formulate the adaptive add order controller, consider the nonlinear chaotic system as follows:

Dix = f(x) + F(x)«, (2.1)

where x € Q; € R™ is the state vector, « € R* is the unknown parameter vector, f(x) is an m x 1 matrix,
and F(x) is an m x k matrix. The slave system is assumed by,

Dyi = gi(yi) + Gi(yi)B + i, (2.2)

where y; € R™ is the state vector, 3 € RY is the parameter vector of the system, g; is an n x 1 matrix,
Gi(x) is an n x { matrix and u; € R™ is control function. When m = n,k = € and f = g;, F = G; the slave
system is identical to the master system. When two systems satisfy the condition that is m > n, the order
of the slave oscillator is lower than that of the master system, then the added order synchronization and
added order anti-synchronization are the only possible types of synchronization. The controlled response
system is rewritten as follows:

Dy =g(y)+G(y)p +u, (2.3)

where, y = (gl )/9(9) = (gi(yi) >,G(y) = (gi(y) >,u: (ﬁl ),ui,yi € R", and yj,u; €
) )

RMTM,
In the following, our goal is to design an effective adaptive controller U to achieve the add order

synchronization and the add order anti-synchronization between two different dimensional fractional
order chaotic systems with fully unknown parameters. Therefore, we need to show that

lim [ly(t) —x(t)| =0and lm [y(t) +x(t)]| =0,
t—o0 t—o0
respectively.

2.2. Modified adaptive add order synchronization controller design

The following theorem shows that the systems (2.1) and (2.3) can be effectively add order synchro-
nized.

Theorem 2.4. If the nonlinear control function is selected as

— f(x)+F G DI [Fx)&— Gl — (DI ety D 24
w= ) +Fia—gly) ~ Gly)p + DF ! [Fa— Gy — (OF et s —gy7—¢] @9
and adaptive laws of parameters are taken as

&=—[F(x)l'e, B=[Glyl"e, (2.5)

where q € [0,1] is the order of the derivative and &, 3 are the estimated parameters of « and B, respectively.
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Proof. From (2.1) and (2.3) we get the error dynamical system as follows:
Die(t) =g (y) +Gy)p —f(x) —Fx)a+u, (2.6)
where e =y —x. Inserting (2.4) into (2.6) yields the following:

(== e] 2.7)

Die(t) = D" [F(x)(@&— o) ~ 6(y)( — B) — (DFe(t) o —57 -

If a Lyapunov function candidate is chosen as
1 J—
V=3 |:€T€+ &'+ BTB},

where, & = & — «, 3 = B — B, the time derivative of V along the trajectory of the error dynamical system
(2.7) is as follows

V= [eTe+&T&+BTB}. (2.8)
Using Lemma 2.2 in (2.8) we get
y — — t _(q_l)_l AT ~
V=c"|DI ! (DIe(t))+ (DI (r()—(q = +a'a+ BB
From (2.7), we get
Y T|na-1pq-—1 ~ 3 —1 (t) ta-t
V=l |D¥ D [Fhoa— Gly)p — (D elt)) r o —5; ¢
(a1t (2.9)
-1 T~ 3TH
Now using Lemma 2.1 and (2.5), (2.9) reduces to
(t)~(a—1-1 (t)—(a—1-1

V=el [F(x)&—G(y)B—(ijle(t)) —e—l-(ij*le(t)) ] —e'F(x)a+e' G(y)p

F—(qg—1) F—(q—1))

——ele<0.

According to the Lyapunov stability theory [21], the error variable becomes zero as time t tends to infinity,

ie., tlim |le(t)|| = 0. This means that the drive system (2.1) and the response system (2.3) achieved the
— 00
add order synchronization. O

2.3. Modified adaptive add order anti-synchronization controller design

The following theorem shows that system (2.1) and system (2.3) can be effectively add order anti-
synchronized.

Theorem 2.5. If the nonlinear control function is selected as

41 ; 3 (pi-lern) W
w=—fx) ~ Fo)x— gly) — G(y)p + DY [~ Fx)a— G(y)p — (D e (v) =g —¢] @10
and the adaptive laws of the parameters are taken as
&=[F(x)"e, B=IGW)Te, (2.11)

where, q € [0,1] is the order of the derivative, and &, B are the estimated parameters of o« and [3, respectively, then
the systems (2.1) and (2.3) can be add order anti-synchronized.
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Proof. From (2.1) and (2.3), we get the error dynamical system as follows:
Die(t) =g (y)+Gy)p + f(x) + F(x)x+u, (2.12)
where e =y + x. Inserting (2.10) into (2.12) yields the following;:

(t)—ta—1)-1 —e].

Dde(t) = DI [—F(x)(cx— &) —Gy)(B—B) - (Dﬁ*le(t))m

(2.13)
If a Lyapunov function candidate is chosen as

V= %[BTC-F&T&—F BTB}

where & = « — &, 3 = B — 3, the time derivative of V along the trajectory of the error dynamical system
(2.13) is as follows

V= [eTe FaTa+ STB}. (2.14)
Using Lemma 2.2 in (2.14) we get
v T -1 -1 (t)_(q_l)_l T ~ 5T 3
V=eT[D§ !(Dfe(t) + (D] e(t))m} +& &+ BT
From (2.11) and (2.14), we get
. B B 5 B t)—(qa—1)—-1
V=T DD [ Flx) = Gly)B— (Dfelt)) oy e
- (a1 (2.15)
—1 sT~ | ATH
since Vq € [0,1], (1 —q) > 0 and (q —1) < 0. Now, using Lemma 2.1, (2.15) reduces to
T < 5 1 (t)~la-b-1 1 (t)-la-b-1
V=e [—F(X)(X— G(y)p — (DY e(t))m—e—i— (D¢ e(t))m

+eF(x)a+e'Gy)p=—eTe<.

According to the Lyapunov stability theory [21], the error variable becomes zero as time t tends to infinity,

ie., tlim |le(t)|| = 0. This means that the drive system (2.1) and the response system (2.2) achieved the
—00
add order anti-synchronization. O

3. Modified adaptive add order synchronization of two different dimensional fractional order chaotic
systems

In order to achieve behavior of the add order synchronization between two different dimensional
fractional order chaotic systems with fully unknown parameters, we take the fractional-order hyperchaotic
Chen system [35] to be the master system and the fractional-order chaotic Chen system [11] to be the
slave system. The variables of the master system are represented by subscript 1 and the slave system by
subscript 2. Both the systems are described, respectively by the following equations:

D' = ai(yr —x1) +wy,
Dy = dixq —x921 + c1y1, 3.1)
Dfﬂ3zl = X1Y1 — b1Z1, '

DMwy =yiz1 + 1wy,
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and
D'y = az(y2 —x2) + 1,
D{?*ys = (c2 — aa)x2 — X222 + C2y2 + Ua, (3.2)
D?SZZ =Xy — bozy + us, '
D,EMWZ = Uy,
where U = (u;,1,u3,u4) " is the control function to be designed. The difference of (3.2) and (3.1) gives
error dynamical system as below,

Die1(t) = az(y2 — x2) — a1(y1 —x1) —wq + 1y,

D{?ex(t) = (c2 — az)x2 — X222 + C2yz — d1X1 + X121 — C1Y1 + U, (3.3)
D{%e3(t) = xayp — bazo —x1y1 + b1z1 + ug, '
Dey(t) = —y1z1 — 11wy +uyg,

where e; = xp —x1,€2 =Yz — Y1, €3 = zp — 21, and ey = wy —wj. Our goal is to derive the controller U
with a parameter estimation update law such that (3.2) globally and asymptotically add order synchronize
(3.1).

Theorem 3.1. The fractional-order hyperchaotic Chen system can be asymptotically add order synchronized for any
different initial condition with the fractional-order chaotic Chen system with the following adaptive controller:

W = a(y; —x1) +wi — ax(yz —x2) + D! [dl(yl —x1) — d2(y2 — x2)

D9 ey ]

I—(q1—1))
Uy = —(cp— ar)xp +x02zp — coyz + dixg —x121 +c1y1 + Dngl [— (Ep — da)x2
- _ t)—(a2-1)-1 (3.4)
_g 5 _ (D921 ( ]
¢y2 + dixq + E1y1 — (DY ez(t))r( (@2=1)) —e,
1l - 1 (t)*(%*l)*l
Uz = —XYp + bazp + x1y1 — b1z1 + D{* " [bazo — bizi — (DY "e3(t)) m——— —e3],
M—(qs—1))
qs—1|= qs—1 (t)_(q4_1)_1
U4 = yi1z1 + 11w + DY Fiwy — (DY 64(t))m — 64]
and parameter update rules
8, = —(y; —x1)e;, by =zie3, & =—yjer, d; =—xqe,
'1 (U1 1). 1, by =2ze3 yiez, dp ‘1 2 (3.5)
1 =—wies, a2 =Yyoer —(e1 +e2)xy, by =—zre3, & =(x +Y2)ey,

where a1,bq,81,dy, 1, o, by, &5 are estimates of a,b1,c1,dq, 11, g, by, ¢, respectively.
Proof. Applying control law equation (3.4) to (3.3) yields the closed-loop error dynamical system as fol-
lows:

(t)—(ch—l) -1
e
M(—~(a1 1)) 1]
(t)_to=— 1)~
e —— e P
e

Ddei(t) = DI a; (y1 —x1) — dz(ya —x2) — (DI ey (1))

DJ?ZCQ(’C) = Dngl — (52 - dZ)XZ —ézyz —+ alxl +6191 _ (Dngl Z(t))
D%es(t) = D% Byzy — Byzy — (DF e (t))w_e ] (3.6)

t €3 t _22 141 t 3 r( (q3_1)) 31,
() (qa—1)—1

M—(qs—1)) ~el,

Dey(t) = DM Fywy — (DM Tey(t))
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where d; = 41 —ay, by = b1 —by, & =¢ —c,dy = dy —dy, F1 = —711,d2 = G2 —az, by = by —by, & =
& — cp. Consider the following Lyapunov function candidate

V= ;(e e+al +bf+ef+di+7+a3+b3+¢3), (3.7)
then the time derivative of V along the solution of error dynamical system equation (3.6) gives
V = (eTe+aydy + biby + €& + didy + Ty + Gada + Dby + E282).
Using Lemma 2.2 in (3.7) we get

\7: (el

(t)f(qu)fl

oo 1—q2 a2
M—(qi—1)y| Te2|Pr ~(Preal®)

(t)~(as—1)-1
M—(gq3—1))

Dy 9'(DJe;(t)) + (Dies (1)) +e

Dy ®(D®es(t)) + (DPes(t))

(1)~ (as=1)— 1]

1—qqy 4 4
D, %(D{*e4(t)) + (DY N e p—y

+d; 611 + 6161 + 5161 + Ell fil + 7‘11;‘1 + dpdy + 6262 + 5262)

_ (

(g1—1)—1
Di~ ql(Dql [al(yl—xl)—ﬁz(yz—xz)_(Dglilel(t))(t)i—elb

M—(q1—1))
(3.8)
(t)~ (@11 1— 1 _ N - ~ ~
+ (P e() g =gy | +e2 [P (PP~ (e dada— e+ A ey
qx—1)—1 qx—1)-1
_ (Dﬁzlez(t))m — ezD + (Dﬁzez(t))(r()(qz_l))]

qz—1)—1
+e3|Di” q3(Dq3 1[b2zz—blzl (D§31e3(t))()))—e3D

IM—(qs—1

(t) (45-1)—1 1— 1 -1, (t) (a1
+ (D{%e3(t)) m——— | +es| Dy (DI |Fywy — (D eyt o€
(’t)_(q‘l_”_1 . O . ~ 4 . . - .
+(D§4e4(t))r(_(q4_1)) 4 d1dy 4+ byby + &6 + didy + FT1 + d2d2 + baba + 282 |-

Now using Lemma 2.1, (3.8) reduces to

V= [al (Y1 —x1) — dalys —x2) — el} +e [ — (&2 — d2)x2 — B2y + d1x1 + E1y1 — 62}
+es [627,2 — bz — 63} +ey [ﬁwl - e4} +a ( (g — xl)e1> +b (Zle3> +é ( —ylez)
+di ( —xlez> +7¥ ( —wle4) + dg((y261 —(e1 + ez)xz)> +62<—zze3> + 62((X2 +y2)62)
=—ele<0.

Since V is positive definite and V is negative definite in the neighborhood of zero solution of system
equation (3.6), it follows tli_}m |le (t)|| = 0. Therefore system (3.2) can add order synchronize system (3.1)

asymptotically. O
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3.1. Numerical simulations

In the numerical simulation, Adams-Bashforth-Moulton method is used to solve the systems. The frac-
tional order is chosen as q; = 0.95,1 =1, 2,3, 4, and the unknown parameters are chosen as a; = 35,b; =
3,c1 =12,dy = 7,711 = 0.5 and a; = 35,b, = 3,cp, = 28. The initial values of the fractional-order master
system (3.1), the fractional-order slave system (3.2), and the estimated parameters are arbitrarily chosen
in simulations as (x1(0) = 2,y1(0) = 2,21(0) = 1,w1(0) = 1), (x2(0) = 3,y2(0) = 4,2z(0) = 5,w,(0) =5),
and a;(0) = 0.1,64(0) = 0.1,¢,(0) = 0.1,d;(0) = 0.1,#;(0) = 0.1 and a,(0) = 0.1,5,(0) = 0.1,¢,(0) = 0.1,
respectively. Add order synchronization of the systems (3.1) and (3.2) via adaptive control law (3.4) and
(3.5) are shown in Figs. 1-4. Fig. 1 displays the state trajectories of drive system (3.1) and response sys-
tem (3.2). Fig. 2 (a)-(b) shows that the estimates ap(t),b1(t),e1(t),dq(t), #1(t) and ax(t), ba(t), &2(t) of the
unknown parameters converge to a; = 35,b; =3,c1 =12,d; =7, = 0.5 and ap = 35,b, =3,c; =28 as
t — oco. Fig. 2 (c) displays the add order synchronization errors of systems (3.1) and (3.2). Fig. 3 shows the
steady-state plane of systems (3.1) and (3.2). Fig. 4 shows that the fractional-order chaotic Chen system is
controlled to be the fractional-order hyperchaotic Chen system.

25 35
30 1
25 1
20 {ft
15 1

@ B " (b) A
40 120
z 100 A

60 1
40 A

0 T T T T T -100

© o d R

Figure 1: State trajectories of master system (3.1) and response system (3.2): (a): Signals x; and xy; (b): signals y; and yp; (c):
signals z; and z and (d): signals wy and wy.

20 -

15 A

10
i
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Figure 2: (a): The error signals ej, e, e3, e4 of the fractional order hyperchaotic Chen and fractional order Chen systems under
the controller (3.4) and the parameters update law (3.5). (b)-(c): Changing parameters aj, by, cq,d;, 71 and ap, by, ¢y of the drive
system (3.1) and the response system (3.2) with time t.

35
25 30 A
25
20
15 15
Il ) 10 1
B B
S 5
0
5
5 10
15 4
-15 . . . . . - - 20 ———
25 =10 5 0 5 10 15 20 2 20 -5 <10 -5 0 5 10 15 20 25 30 35
(a) 1 (b) u
40 80
35 4 60 -
30 401
20
25
04
820 A g
-20 4
15
’ -40 1
10 0
54 80 4
0 . . . . . . . -100 . . . . . . . .
0 5 10 15 20 25 30 35 40 2100 -8 60 40 -0 0 20 40 60 80
(C) 21 (d) wq

Figure 3: Steady-state plane of the master system (3.1) and slave system (3.2): (a): Signals x; and x; (b): signals y; and yp; (c):
signals z; and z; and (d): signals wy and ws.

Figure 4: Fractional-order hyperchaotic Chen system (solid line) and the controlled fractional-order chaotic Chen system (dotted
line) in x —y — z projection.



M. M. Al-sawalha, et al., J. Nonlinear Sci. Appl., 10 (2017), 2592-2606 2601

4. Modified adaptive add order anti-synchronization of two different dimensional fractional order
chaotic systems

In order to achieve add order anti-synchronization between the fractional-order hyperchaotic Chen
system and the fractional-order chaotic Chen system, we add (3.2) to (3.1) and obtain

Diei(t) = az(y2 —x2) + a1(y1 — x1) + w1 + 1y,
qu ex(t) =(co—ax)xo —x0zp + CoYp + d1x1 — X121 + C1y1 + U, @1
qu es3(t) = X2Y2 —bozp +X1Y1 —biz1 +ug, '

(t) =

Dq4€4 t Y1z1 + T1W1 + Uy,

where e; = x2 4+ X1, €2 = Y2 +Y1, €3 = 2z + 21, and e; = wr +wjy. Our goal is to derive the controller U with
a parameter estimation update law such that (3.2) globally and asymptotically add order anti-synchronize
(3.1).

Theorem 4.1. The fractional-order hyperchaotic Chen system can be add order anti-synchronized asymptotically for
any different initial condition with the fractional-order chaotic Chen system with the following adaptive controller:

W = —a(ya —x2) — ai(y; —x1) —wy + DI [— ar(y2 —x2) — di(yr —x1)
B (t)—((h—l)—l
— (D& e (t))i—e}
R N T ) R
Uy = —(c2 — az)xa + X222 — Coya — dixg 4+ X121 — cqy; + DI {— (& —d2)x2
s ~ 3 _ t)—(a2-1)-1 (4.2)
— &Yz — dixg — &1y — (D 162(t))l(ﬂ()_(qz_1)) - 2],
1 (t)~(as—D~1
Uz = —x2y2 + bazp — X1y1 + bizy + DI b2y 4 brzp — (DP es(t ))7 es|,
I—(g3—1))
a-1] qi—1 (t) ("D
Uy = —Yy1z1 —rwy + Dy —Fiw; — (Dy 64(t))m —ey4|,
and parameter update rules
&, = (yy—x1)el, by =—zie3, & =urey, dy=xies,
.1 (Y1 1). 1, by 1€3, € Uj 2, 44 1.2 (43)
1 =wiey, Qr =Yyse; —(e1—e2)xp, by =—ze3, 2= (x2+Yy2)ey,

where a1,b1,81,d1, 1, @2, bo, & are estimates of ay, by, c1,dq, 11, a2, by, ca, respectively.

Proof. Applying control law equation (4.2) to (4.1) yields the closed-loop error dynamical system as fol-
lows:

q1 _pa-1{x ~ qi1—1 (t)i(qlil)il
Di'ei(t) = Dy dz(y2 —x2) + di(yr —x1) — (D¢ “eq(t)) —eq

I—(q1—1))
q a1lrx = ~ . _ qa—1 (t)~(a2—1)—1
D?ex(t) = D{* | (€2 — d2)x2 + E2yo + dix1 + E1y1 — (Dy? ez(t))m - 62],

(t)~(as—1)—1 B
M—(q3—1)) s
(t)—(as—1)—1

M—(qs—1)) ~el

D®e;(t) = DI = b121 — bazy — (DT Tes(t))

Ddey(t) = DI Hiwy — (DI Tey(t))



M. M. Al-sawalha, et al., J. Nonlinear Sci. Appl., 10 (2017), 2592-2606 2602

where d; = a; —dy,b1 = by —by,& =¢1 —¢,dy = dy —dy, ¥ =711 —F,d2 = ap — G, by = by — by, & =
co — €. Consider the following Lyapunov function candidate

V= ;(e e+al +bf+ef+di+7+a3+b3+¢3), (4.5)
then the time derivative of V along the solution of error dynamical system equation (4.4) gives
V = (e"e+ ardy + biby +&ér + didy + Ty + adip + Baby + 66).
Using Lemma 2.2 in (4.5) we get

\7: (61

(t)*(‘h*l)*l

D=9 (D, ())+(D§1e1(t))m

Di 2(D%ey(t))

)1 - (1)~ (a—1)-1

PP,y | 0| P TPl (DR Ty
1—qy 4 4 (t)*(%*l)*l

+eq| Dy H(Dey(t)) + (DY edt))p(_(%_m]

+ 44 511 + 6161 + 5161 + &1 81 + TlTL‘l + dydy + 6262 + 5262)

_ (

+(D{"er(t))

(q1—1)—1
D} (D aaly2 — ) + aalyn — ) = (DF' s () — ) 6)

(t)*(fhflJ*l

M(q-1 |

D1 92 (qu [(52 — dp)xp + Cay2 + &1x1 +C1u1

(1) (a2—1)— 1]

(1)~ (a2—1)-1

— (Dgr]ez(t))m

- ezD + (D?ZQZ(t))m

3—1)—1
+e3 D1 q3(Dq3 1[ 6121—6222—(13,?3163(’E))()q))—€3}>

M—(gs—1

(t) (e D1 1- 1 —1 (t) (e D1
+ (DPes(t)) o——=| +e Dy qs DGI4 1w D} ey (t) o————c¢
( t 3( ))]—.( (q371)) 4 ( [1 1—( t a( ))F(—(q4—1)) 4})
(t)—(as=1)—1 . L s , .. .
+(D§4e4(t))7r( ([@a=1)) 4 d1d; 4+ byby +&1C1 + didy 4+ F¥1 + A2 + baby + E282 |-

Now using Lemma 2.1, (4.6) reduces to

V=e [dz(yz —x2) 4+ d1(y1 —x1) — el} + e [(62 + @)%z + €2y2 + d1xq + E1y1 — ez}
+e3 [ — b1z —brzp — 63} + ey [ﬁwl - e4} +d; ( —(y1 — xl)el) + b4 (Zle3> + &1 ( —ylez)
+di(—xer) + 1 —wies) + @ = (aer — (1 — e2)x) ) + By (me3) + &2 — (2 +y)es )
=—ele<0.

Since V is positive definite and V is negative definite in the neighborhood of zero solution of the system
of equations (3.6), it follows tli_>m e (t)|| = 0. Therefore system (3.2) can asymptotically add order anti-

synchronize system (3.1). O
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4.1. Numerical simulations

In the numerical simulation, Adams-Bashforth-Moulton method is used to solve the systems. The
fractional order is chosen as q; = 0.95,1 = 1,2,3,4, and the unknown parameters are chosen as a; =
35,b1 =3,¢1 =12,d; =7,v1 = 0.5, and a; = 35,b, = 3, ¢, = 28. The initial values of the fractional-order
master system (3.1), the fractional-order slave system (3.2), and the estimated parameters are arbitrarily
chosen in simulations as (x1(0) = 2,y1(0) = 2,z1(0) = 1,w1(0) = 1), (x2(0) = 3,y2(0) = 4,2,(0) =
5w, (0) = 5), and a;(0) = 0.1,51(0) = 0.1,¢1(0) = 0.1,d;(0) = 0.1,#;(0) = 0.1 and a,(0) = 0.1,6,(0) =
0.1,&2(0) = 0.1, respectively. Add order anti-synchronization of the systems (3.1) and (3.2) via adaptive
control law (4.2) and (4.3) are shown in Figs. 5-8. Fig. 5 displays the state trajectories of drive system
(3.1) and response system (3.2). Fig. 6 (a)-(b) shows that the estimates ai(t), b1(t),e1(t),ds(t), #1(t) and
d(t), ba(t), 82(t) of the unknown parameters converge to a; = 35,b; = 3,¢; =12,d; = 7,1 = 0.5 and
a =35,bp =3,cp =28 as t — oo. Fig. 6 (c) displays the add order anti-synchronization errors of systems
(3.1) and (3.2). Fig. 7 shows the steady-state plane of systems (3.1) and (3.2). Fig. 8 shows that the
fractional-order chaotic Chen system is controlled to be the fractional-order hyperchaotic Chen system.
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Figure 5: State trajectories of master system (3.1) and slave system (3.2): (a): Signals x; and x;; (b): signals y; and yp; (c): signals
z1 and zp and (d): signals wy and wy.
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Figure 6: (a): The error signals eq, ey, e3, e4 of the fractional order hyperchaotic Chen and fractional order Chen systems under
the controller (4.2) and the parameters update law (4.3). (b)-(c) Changing parameters a;,by,cq, d;, 11 and ap, by, ¢z of the drive
system (3.1) and the response system (3.2) with time t.
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Figure 7: Steady-state plane of the master system (3.1) and slave system (3.2): (a): Signals x; and x;; (b): signals y; and yp; (c):
signals z; and z and (d): signals wy and wy.

Figure 8: Fractional-order hyperchaotic Chen system (solid line) and the controlled fractional-order chaotic Chen system (dotted
line) in x —y — z projection.
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5. Conclusion

In this paper the add order synchronization and the add order anti-synchronization of two different
dimensional fractional-order chaotic systems with fully unknown parameters are investigated. The add
order synchronization and the add order anti-synchronization problem are demonstrated and proved
using rigorous analytical and numerical procedures. This was based upon the parameters modulation and
the adaptive control techniques. The proven techniques were applied to the fractional order hyperchaotic
Chen system (4th-order) with fractional order Chen system (3rd order). The theoretical analysis and
numerical simulations have verified and supported our assumptions.

Acknowledgment

The authors thank the Deanship of Research at the University of Hail, Saudi Arabia, for funding this
work under Grant no. 0150316. Also, the authors are grateful to the anonymous referees for their useful
comments on the earlier draft of this paper.

References

[1] S. K. Agrawal, S. Das, A modified adaptive control method for synchronization of some fractional chaotic systems with
unknown parameters, Nonlinear Dynam., 73 (2013), 907-919. 1,2.1, 2.2, 2.3
[2] S. K. Agrawal, S. Das, Function projective synchronization between four dimensional chaotic systems with uncertain
parameters using modified adaptive control method, J. Process Control, 24 (2014), 517-530. 1, 2.1, 2.2, 2.3
[3] S. K. Agrawal, M. Srivastava, S. Das, Synchronization of fractional order chaotic systems using active control method,
Chaos Solitons Fractals, 45 (2012), 737-752. 1
[4] I. Ahmad, A. B. Saaban, A. B. Ibrahim, M. Shahzad, N. Naveed, The synchronization of chaotic systems with different
dimensions by a robust generalized active control, Optik, 127 (2016), 4859-4871. 1
[5] M. M. Al-sawalha, A. Al-sawalha, Anti-synchronization of fractional order chaotic and hyperchaotic systems with fully
unknown parameters using modified adaptive control, Open Phys., 14 (2016), 304-313.
[6] M. M. Al-sawalha, M. S. M. Noorani, Chaos reduced-order anti-synchronization of chaotic systems with fully unknown
parameters, Commun. Nonlinear Sci. Numer. Simul., 17 (2012), 1908-1920. 1
[7]1 L. Y. T. Andrew, X.-F. Li, Y.-D. Chu, Z. Hui, A novel adaptive-impulsive synchronization of fractional-order chaotic
systems, Chin. Phys. B, 24 (2015), 7 pages. 1
[8] D. Baleanu, G.-C. Wu, Y.-R. Bai, E-L. Chen, Stability analysis of Caputo-like discrete fractional systems, Commun.
Nonlinear Sci. Numer. Simul., 48 (2017), 520-530. 1
[9] S. Bhalekar, V. Daftardar-Gejji, Synchronization of different fractional order chaotic systems using active control, Com-
mun. Nonlinear Sci. Numer. Simul., 15 (2010), 3536-3546. 1
[10] S. Boccaletti, J. Kurths, G. Osipov, D. L. Valladares, C. S. Zhou, The synchronization of chaotic systems, Phys. Rep.,
366 (2002), 1-101. 1
[11] D.-Y. Chen, R-F. Zhang, ]. C. Sprott, H.-T. Chen, X.-Y. Ma, Synchronization between integer-order chaotic systems and
a class of fractional-order chaotic systems via sliding mode control, Chaos, 22 (2012), 9 pages. 3
[12] Z. Gao, X.-Z. Liao, Integral sliding mode control for fractional-order systems with mismatched uncertainties, Nonlinear
Dynam., 72 (2013), 27-35. 1
[13] F. Gao, X.-J. Yang, Local fractional Euler’s method for the steady heat-conduction problem, Therm. Sci., 20 (2016), S735-
S738. 1
[14] A. K. Golmankhaneh, R. Arefi, D. Baleanu, Synchronization in a nonidentical fractional order of a proposed modified
system, J. Vib. Control, 21 (2015), 1154-1161. 1
[15] A. Hajipour, S. S. Aminabadi, Synchronization of chaotic Arneodo system of incommensurate fractional order with un-
known parameters using adaptive method, Optik, 127 (2016), 7704-7709. 1
[16] J.-H.He, A tutorial review on fractal spacetime and fractional calculus, Internat. J. Theoret. Phys., 53 (2014), 3698-3718.
1,2
[17] R. Hilfer (Ed.), Applications of fractional calculus in physics, World Scientific Publishing Co., Inc., River Edge, NJ,
(2001). 1
[18] Y. Hu, J.-H. He, On fractal space-time and fractional calculus, Therm. Sci., 20 (2016), 773-777. 1,2
[19] W. Jawaada, M. S. M. Noorani, M. M. Al-sawalha, Anti-synchronization of chaotic systems via adaptive sliding mode
control, Chin. Phys. Lett., 29 (2012), 3 pages. 1
[20] W. Jawaada, M. S. M. Noorani, M. M. Al-sawalha, Robust active sliding mode anti-synchronization of hyperchaotic
systems with uncertainties and external disturbances, Nonlinear Anal. Real World Appl., 13 (2012), 2403-2413. 1



M. M. Al-sawalha, et al., J. Nonlinear Sci. Appl., 10 (2017), 2592-2606 2606

(21]

A. M. Liapunov, Stability of motion, With a contribution by V. A. Pliss and an introduction by V. P. Basov, Trans-
lated from the Russian by Flavian Abramovici and Michael Shimshoni, Mathematics in Science and Engineering,
Academic Press, New York-London, (1966). 2.2, 2.3

E-J. Liu, P. Wang, Y. Zhang, H.-Y. Liu, J.-H. He, A fractional model for insulation clothings with Cocoon-like porous
structure, Therm. Sci., 20 (2016), 779-784. 1, 2

W.-Y. Ma, C.-P. Li, Y.-J. Wu, Impulsive synchronization of fractional Takagi-Sugeno fuzzy complex networks, Chaos, 26
(2016), 8 pages. 1

L. Podlubny, Fractional differential equations, An introduction to fractional derivatives, fractional differential equa-
tions, to methods of their solution and some of their applications, Mathematics in Science and Engineering,
Academic Press, Inc., San Diego, CA, (1999). 1,2,2.1,2.2,2.3

A. G. Radwan, K. Moaddy, K. N. Salama, S. Momani, I. Hashim, Control and switching synchronization of fractional
order chaotic systems using active control technique, J. Adv. Res., 5 (2014), 125-132. 1

K. Sayevand, K. Pichaghchi, Analysis of nonlinear fractional KAV equation based on Hes fractional derivative, Nonlinear
Sci. Lett. A, 7 (2016), 77-85. 1

X.-N. Song, S. Song, B. Li, Adaptive synchronization of two time-delayed fractional-order chaotic systems with different
structure and different order, Optik, 127 (2016), 11860-11870. 1

D. Terman, N. Koppel, A. Bose, Dynamics of two mutually coupled slow inhibitory neurons, Phys. D, 117 (1998),
241-275. 1

Z. Wang, X. Huang, H. Shen, Control of an uncertain fractional order economic system via adaptive sliding mode, Neu-
rocomputing, 83 (2012), 83-88. 1

K.-L. Wang, S.-Y. Liu, He’s fractional derivative for non-linear fractional Heat transfer equation, Therm. Sci., 20 (2016),
793-796. 1

S. Wang, Y.-G. Yu, M. Diao, Hybrid projective synchronization of chaotic fractional order systems with different dimensions,
Phys. A, 389 (2010) 4981-4988. 1

G. C. Wu, D. Baleanu, Chaos synchronization of the discrete fractional logistic map, Signal Process., 102 (2014), 96-99.
1

G.-C. Wu, D. Baleanu, Discrete fractional logistic map and its chaos, Nonlinear Dynam., 75 (2014), 283-287. 1

G.-C. Wu, D. Baleanu, S.-D. Zeng, Discrete chaos in fractional sine and standard maps, Phys. Lett. A, 378 (2014),
484-487. 1

X.-J. Wu, Y. Lu, Generalized projective synchronization of the fractional-order Chen hyperchaotic system, Nonlinear.
Dynam., 57 (2009), 25-35. 3

X.-J. Wu, H.-T. Lu, S.-L. Shen, Synchronization of a new fractional-order hyperchaotic system, Phys. Lett. A, 373 (2009),
2329-2337. 1

Y. Xu, H. Wang, D. Liu, H. Huang, Sliding mode control of a class of fractional chaotic systems in the presence of parameter
perturbations, J. Vib. Control, 21 (2015), 435-448. 1

X.-J. Yang, H. M. Srivastava, D. F. M. Torres, Y.-D. Zhang, Non-differentiable solutions for local fractional nonlinear
Riccati differential equations, Fund. Inform., 151 (2017), 409-417. 1

X.-J. Yang, J. A. Tenreiro Machado, J. J. Nieto, A new family of the local fractional PDEs, Fund. Inform., 151 (2017),
63-75. 1,2

G. Zhang, Z.-R. Liu, Z.-]. Ma, Generalized synchronization of different dimensional chaotic dynamical systems, Chaos
Solitons Fractals, 32 (2007), 773-779. 1

P. Zhou, R.-]. Bai, The adaptive synchronization of fractional-order chaotic system with fractional-order 1 < q < 2 via
linear parameter update law, Nonlinear Dynam., 80 (2015), 753-765. 1

M. Zribi, N. Smaoui, H. Salim, Synchronization of the unified chaotic systems using a sliding mode controller, Chaos
Solitons Fractals, 42 (2009), 3197-3209. 1



	Introduction
	Preliminaries of fractional-order calculus
	Modified adaptive add order problem controller design
	Modified adaptive add order synchronization controller design
	Modified adaptive add order anti-synchronization controller design

	 Modified adaptive add order synchronization of two different dimensional fractional order chaotic systems
	Numerical simulations

	Modified adaptive add order anti-synchronization of two different dimensional fractional order chaotic systems
	Numerical simulations

	Conclusion

