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1 Introduction

In recent years, the fractional calculus has become an excellent tool in modeling many
physical phenomena and engineering problems [16]. One of the very important areas
of application of fractional calculus is chaos theory. Chaos is a very interesting non-
linear phenomenon that has been intensively studied over the past two decades. The
chaos theory is found to be useful in many areas such as data encryption [14], financial
systems [13], biology [17] and biomedical engineering [2], etc. Fractional-order chaotic
dynamical systems have begun to attract a lot of attention in recent years and can be
seen as a generalization of chaotic dynamic integer-order systems. Recently, the study
of the synchronization of fractional-order chaotic systems has become an active area of
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research because of its potential applications in secure communication and cryptogra-
phy [9,/10]. The synchronization of fractional-order chaotic systems was first studied
by Deng and Li [18]. Then the idea of the synchronization is to use the output of
the master (drive) system to control the slave (response) system so that the output of
the slave system tracks asymptotically the output of the master system. In the past
twenty years, various types of synchronization have been proposed and investigated, e.g.,
complete synchronization [20], lag synchronization |4, phase synchronization [§], project
synchronization |15], generalized synchronization [6], etc. As a special case of generalized
synchronization, anti-synchronization is achieved when the sum of the states of master
and slave systems converges to zero asymptotically with time. In other words, the anti-
synchronization is the use of the output of the master system to control the slave system
so that the states of the slave system have the same amplitude but opposite signs as
the states of the master system. In this paper, we apply global synchronization theory
to synchronize two identical chaotic systems, we demonstrate the technique capability
on the synchronization of fractional-order lesser date moth model [12] and we apply ac-
tive control theory to synchronize and anti-synchronize two identical chaotic systems, we
demonstrate the technique capability on the synchronization and anti-synchronization of
fractional-order lesser date moth model.

The paper is organized as follows. In Section 2, we describe the problem statement
and our methodology. In Section 3, a fractional-order lesser date moth model is presented.
In Section 4, we discuss the chaos synchronization of two identical fractional-order lesser
date moth models using global synchronization. In Section 5, we discuss the chaos
synchronization of two identical fractional-order lesser date moth models using active
control. In Section 6, we discuss the chaos anti-synchronization of two identical fractional-
order lesser date moth models using active control. Section 7 gives the conclusion of this

paper.

2 Problem Statement and Our Methodology

Consider the chaotic system described by the dynamics
D%y = Azy + g(x1), (1)

where 21 € R"™ is the state vector, A € R"*" is a constant matrix, g(z1) is a continuous
nonlinear function, and D¢ is the Caputo fractional derivative. We consider the system
as the master or drive system. As the slave or response system, we consider the
following chaotic system described by the dynamics

D%zxy = Axy + g(x2) + u, (2)

where x5 € R™ is the state vector, A € R™*™ is a constant matrix, and g(z2) is a
continuous nonlinear function and v € R™ is the controller of the slave system.

The global chaos synchronization problem is to design a controller which synchronizes
the states of the master system and the slave system for all initial conditions
x(0), y(0) € R™ . The synchronization error is defined as

€ =T —T7.
Then the synchronization error dynamics is obtained as

D% = Ae + g(z2) — g(21) + u. (3)
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Thus, the global synchronization problem is essentially to find a controller u so as to
stabilize the error dynamics for all initial conditions e(0) € R™, i.e.,

limyscolle(t)]| = 0
for all initial conditions e(0) € R™.
Theorem 2.1 [3] The following autonomous system.:
D% = Az, z(0) =0,

where 0 < a < 1, x € R™", A € R"™™ s asymptotically stable if and only if

larg(eig) A| > aF. In this case, each component of the states decays towards 0 like t=°.
Also, this system is stable if and only if |arg(eig)A| > aF and those critical eigenvalues
that satisfy |arg(eig) A| = aF have geometric multiplicity one.

3 Fractional-Order Lesser Date Moth Model

Following [12], the model of biocontrol of the lesser date moth in palm trees can be

written as follows:
erp(l_%) _ bPL

dr a+P?
9L — —dL+2EL — pLN, (4)
dN — —|UN + ¢qLN.

The model consists of three populations: the palm tree whose population density at time
t is denoted by P; the pest (lesser date moth) whose population density is denoted by
L; the predator whose population density is denoted by N. Here all the parameters
r, K, b, a, d, m, p, p, and ¢ are positive. One can reduce the number of parameters
in system by using the following transformations: P = Kz, L = %y, N =
%z, T = f, then we have the following dimensionless system:

@ — (1 —x)— 2

dt ~ ra
Y= —by+ I —yz, (5)
%z—nz—i—ayz,

where (3 = %, 52%7 v=", n=~% and o= 4%

r b
We introduce fractional order into the ODE model . The new system is described
by the following set of fractional-order differential equations:

Do =x(l —x) — L

Bta’
D%y = =0y + 375 — vz, (6)

D% = —nz + oyz,

where D? is the Caputo fractional derivative.

The lesser date moth model is chaotic when the parameter values are taken as [ =
115, 6 =n=1,v =3, 0 =3, a = 0.95. Figure [I|] describes the state portrait of the
lesser date moth model.
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Figure 1: The state portrait of the lesser date moth model.

Synchronization of Identical Fractional-Order Lesser Date Moth Systems

4
by Global Synchronization
In this section, we study chaos synchronization between two identical chaotic systems of

the fractional-order lesser date moth model using the global synchronization. Thus, the
master system is described by

Do‘xl = .Tl(l — 131) — gi_g}ll,

D%y = =0y + 57 — 12, (7)
—nz1 + oY1z,

DaZl =

the equations of the slave system are
722+ k(21 — 12),
(8)

Daili‘g = .CI§'2(1 — ZL'Q) ~ Btas
122 — yozo + ka1 — 42),

—Nzy + oYazo + k3(z1 — 22).

DaZQ =
Consider the case of the integer-order systems (when = 1), and then by subtracting
from , we obtain
ér=-e1— (z1+z2)er — (Fh)er + G taran € — Ars, 2 — ke,
o = —dea+ [ — e — (2 — ) —pes— ke, (9)
é3 = —mez + o(yies + z2e2) — kaes,
where e; = 11 —x3, €2 =1y —Y2, €3 =z — 29. In matrix form, @ can be rewritten
é=(A—-K)e+ My, ze, (10)

in the form
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ie.,
1 0 0 kk 0 O el
é= 0 -6 O — 0 ky O es | +
0 0 -n 0 0 ]{?3 €3
_ _ YN r2Y1 _ T2
(.731 + :UQ) B+z1 + (B+z1)(B+z2) B+z2 0 €1
YY1 YT2Y1 g b E2 —y e
Btz (B+x1)(B+a2) 2T Btas 1 2 |
0 029 oY Cug
where
kk 0 O
€= [61762763]Ta K= 0 ke 0 ’
0 0 ks
_ _ Yy T2Y1 _ T2
(21 + fy2> /3+1»‘17jy(/3+w1)(/3+902) B-Hc’zyx 0
_ 1 _ 2Y1 _ 2 _
M2z = Btar — (Bran)(Braa) 24 gray | (1)
022 aY2
1 0 0
A=10 =6 O (12)
0 0 -—n
From (|11)) and , we get
(A4 Mz, z2,) + (A+ Mxl,xz)T =
Y1 T2Y1 x YY1 YZ2Y1
’2(”51;@)’2@22@”3(5%2) t2 -5t a+x12; Fren) (3Fe2) 0
1 T2Y1 x To
Bt+zi — (Brz1)(Btz2) ﬁ+2$2 22 + B¥zs 20 —Yyt oz
0 022 — Y1 20y1 — 21

(13)

By selecting the feedback control gains k1, ko and k3 that must satisfy the conditions

given in [7], the two coupled integer-order lesser date moth systems are asymptotically

synchronized, i.e., synchronization is achieved if the feedback control gains satisfy the
following inequalities:

1 2y 222y Y YT2y

ki 2> 5[ =2(z1 +22) = g0 + Gran(6en T2 T " s T Arer — ey (Bren | M
1 2

ko > 3[=220 + 315, — 20+ |~ G (hren) — Bems T Biar| Ty ozl -l

ks > 3[=20y1 — 20 + |02 — y1| — pl.

(14)
Now, the coupled fractional-order lesser date moth systems and are integrated
numerically with the parameter values vy =3, § =n =1, 0 = 3, 8 = 1.15 and the same
fractional order a = 0.95. By selecting the feedback control gains as k1 = 1.2, ko =
2.45, ks = 0.7, which satisfy the inequalities , the drive and response lesser date moth
systems and are asymptotically synchronized. For the numerical simulations, we
use some documented data for some parameters like vy =3, § =n =1, 0 =3, 8 =
1.15, h = 0.85, « = 0.95, p = —3.5, then we have (z1,y1,21) = (0.7,0.3,0.8) and
(z2,Y2, 22) = (0.98,0.35,0.65) and k1 = 1.2, ko = 2.45, k3 = 0.7. The simulation results
are illustrated in Figure
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Figure 2: Synchronization of identical fractional-order lesser date moth model for

ki = 1.2, ky = 2.45, ks = 0.7.

5 Synchronization of Identical Fractional-Order Lesser Date Moth Systems
by Active Control

In this section, we study chaos synchronization between two identical chaotic systems
of the fractional-order lesser date moth model using the technique of active control .
Thus, the master system is described by

@ _ _ _ riy:
D T = .Tl(l .’131) Btwr’

Dy = =0y + 53 — iz, (15)

D% = —nz + oy121,
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the equations of the slave system are
Dal‘Q = 1‘2(1 — [L'Q) - ij—zfz + Ul(t),

D%y = —byz + T2 — yozo + us(1), (16)

D%z = —nzo + 0yaza + us(t),

where uq(t), ua(t), us(t) are the active controls.

Subtracting from gives

D% = er — ZE% + CL’% - (5+2902)61 + (5+w13(§ 962) 5+2 Fra 2 T ul( )
— (22

— _ YT1Y2 —
Daeg = (562 + [ +x2 (Brz1)(B+z2) ] ﬁ-i-x )62 Yyi1€3 + ’UQ(f)
De3 = —nez + o(yie3 + zae9) + us(t),
(17)
where e; = x2 — 1, €3 =Yys — Y1, €3= 22— 21.
We introduce a Lyapunov function in terms of the squares of these variables:
13
Vie)=5D e (18)
i=1
The fractional-order derivative of the Lyapunov function is given as
Y2 L1Y2 T
D*V(e) = eler — (z2+x1)e1 — e
() 1[1 (2 1)1 (ﬁ+x2) (ﬂ"’l‘Q)(,B"‘Z‘l) €1 — B—i—xl 2]
Y2 YL1Y2 TT1
+ —deq + el — e1 — (z2€2 + es — Y€
62[ €2 (54‘932 1 (ﬁ—i—xl)(ﬂ—l—xg))l (22 5+$1)2 Y1 3]
3
+ e3[—nes + ozes + oyres] + Z w;(t)e;(t). (19)

i=1

From this equation, we conclude that if the active control functions u; are chosen such
that

Y2 T1Y2 T1
u(t) = —|2e1 — (x1 + z2)e1 — e1+ e; — esl,
10 = e~ mla = G ot G T B
VY2 YT1Y2 L1
t) = — - (29— — yres],
u?() [(ﬁ—FIQ (6+$1)(6+$2))61 (22 ﬂ‘i‘xl)eQ 1 3}
uz(t) = —[ozeea + oyres],
equation (19) becomes
DV (e) = —(e} + de3 +ne3) <O0. (20)

According to the inequality , the system is stable. For the numerical simulations,
we use some documented data for some parameters like vy =3, § =n=1,0=3, 8 =
1.15, h = 0.85, a = 0.95, then we have (x1,y1,21) = (0.7,0.3,0.8) and (x3,y2,22) =
(0.12,0.21,0.13). The simulation results are illustrated in Figure
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Figure 3: Synchronization of identical fractional-order lesser date moth model.
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6 Anti-Synchronization of Identical Fractional-Order Lesser Date Moth Sys-

tems by Active Control

In this section, we study chaos anti-synchronization between two identical chaotic systems
of the fractional-order lesser date moth model using the technique of active control. Thus,

the drive system is described by

e _ _ _ Ty
D T = .Z'l(l .CCl) Btar’

Dy = =0y + 57 — iz,

D% = —nz + oy121;

the equations of the response system are

Da.’ﬂg = x2(1 — I‘Q) — ,gfo + Ul(t>,

Dy = —dyz + FF2 — yoro + ua (1),

D%z = —nzg + oy220 + +us(t),

(21)

(22)
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where u1, us, ug are the active controls.
The anti-synchronization error is defined as
€1 = 1 + o,
ez = Y1 + Y, (23)
€3 = 21 + 2o.

A simple calculation gives the error dynamics

DOLel =e] — x% — x% _ X2Y2 _ T1y1 _I_ ul(t),

B+x2 B+x1
D%y = —dey + T8 + F22 — 2oyp — y122 + ua(t), (24)

D%e3 = —nes + oy121 + 0y222 + us(t).

We consider the active nonlinear controller defined by

up(t) = 23 + 23 + S22 4 B 9¢,

Btz | Btm
us(t) = =418 — T2 + 2000 + Y122, (25)
uz(t) = —oy222 — oY1 21.
Substitution of into yields the linear error dynamics
D%y = —eq,
D%y = —dey, (26)
D%e3 = —nes.
We consider the quadratic Lyapunov function defined by
V(e) = %eTe = %(e% +e3 +e3), (27)

which is a positive definite function on R3. The fractional-order derivative of the Lya-
punov function is given as

DV (e) = —e3 — de2 —nes < 0. (28)

According to the inequality , the system is stable. For the numerical simulations,
we use some documented data for some parameters like vy =3, 6 =n=1,0=3,8 =
1.15, h = 0.85, a = 0.95, then we have (z1,y1,21) = (0.7,0.3,0.8) and (z2,y2,22) =
(—0.99, —0.11, —0.15). The simulation results are illustrated in Figure

7 Conclusion

In this paper, we have studied the phenomenon of chaos synchronization and anti-
synchronization between two identical chaotic systems of the fractional-order lesser date
moth model. Our results demonstrate that if one uses the technique of global syn-
chronization and the technique of active control, chaos synchronization can be achieved
between two identical chaotic systems. On the other hand, if one uses the technique of
active control, chaos anti-synchronization can be achieved between two identical chaotic
systems.
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Figure 4: Anti-synchronization of identical fractional-order lesser date moth model.
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