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Abstract: The problem of the dual synchronization of two different fractional-order chaotic systems
with uncertain parameters is studied. This paper introduces a synchronization method in accordance
with Lyapunov stability theory, and the adaptive controllers and adaptive laws are designed to realize
the dual synchronization of fractional order chaotic systems. Finally, two numerical examples of
unknown different fractional-order chaotic systems are also given to prove the accuracy of the theory
in the paper, and the effectiveness and performance of the proposed adaptive dual synchronization
strategy are verified by simulation.

Keywords: fractional derivative; dual combination synchronization; chaotic system; adaptive control;
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1. Introduction

Fractional calculus began in the 17th century [1,2] and had a history of 300 years.
Although fractional calculus has a lengthy background in mathematics, its application
in physics and engineering is a new subject [3,4]. In the process of in-depth study of
fractional calculus, it is generally believed that fractional calculus is a natural extension
of integral calculus and integral calculus is a particular case of fractional calculus [5]. For
the modeling of complex systems, the fractional calculus model is more accurate than the
integer calculus model and can also include the genetic and memory effects of the system.
Therefore, the study of fractional-order systems has more general significance. With the
rise of fractional calculus research, it has been extended to chaotic systems.

Chaos is a common phenomenon, and chaos science has developed into engineer-
ing, biology, chemistry, physics and nonlinear science. At present, it is supposed to be
an interdisciplinary field [6-9]. The synchronization and control of chaotic systems and
various applications of chaotic dynamics are the frontier topics of recent nonlinear scientific
applications.

Chaotic synchronization is one of the crucial branches of nonlinear science; its ap-
plications include secure communication [10], chemical and biological systems [11] and
physical systems. At present, the synchronization problem of fractional-order chaotic
systems has potential application prospects in secure communication, control processing,
chemical reactions, biological systems, etc. It is a challenging and exciting problem that
has attracted extensive research and resulted in the proposal of a lot of synchronization
control methods, and a lot of synchronous control methods, mainly including adaptive
pulse synchronization [12], modified projective synchronization [13], sliding mode control
synchronization [14], adaptive synchronization [15], adaptive fuzzy control synchroniza-
tion [16], and adaptive sliding mode control synchronization [17]; the above methods are
about the synchronization control of fractional-order chaotic systems.

Recently, dual synchronization, as a new synchronization method, has become a
research hotspot. The dual combination synchronization problem is more complicated
than a simple ensemble of numerous chaotic systems and therefore requires more attention.
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Chaos dual synchronization is a technique for separating two mixed chaotic signals using
synchronization. To synchronize with a pair of drive systems, a pair of response systems
must employ a signal created by a linear combination of drive system states. It is safer
and more fascinating in the communication signal transmission and reception application
due to the intricacy of the dual-synchronization combination. Furthermore, to improve
anti-attack and anti-translated capabilities, the broadcast signal can be split into numerous
sections and loaded in combination systems of different drive systems or the same drive
system with varied initial conditions. Tsimring and Sush Chik first proposed the original
idea in 1996 while studying the chaotic synchronization of multiple complexities in circuit
models [18]. Subsequently, Liu and Davis proposed the concept of double synchronization
in 2000 [19], that is, synchronizing two different pairs of chaotic systems with a scalar
signal simultaneously, that is, synchronizing two driving systems and two response sys-
tems. At present, some results have been obtained in the study of dual synchronization
of chaotic systems. For example, the dual synchronization of Rossler and Lorenz systems
is studied by Lyapunov stability theory [20]. Based on the output feedback strategy, the
dual synchronization of Rossler-Chen, Duffing-Van der Pol and Lorenz-Réssler chaotic
systems is studied [21]. Then, the delay feedback controller is designed in [22], and the
dual synchronization problem of modulation time-delay systems is studied. Reference [23],
in accordance with the combined synchronization of three chaotic systems and four chaotic
systems, the sufficient conditions for the dual combined synchronization of six chaotic
systems are obtained. In reference [24], the analytical control functions for synchronizing
these systems are derived by using a theorem, and the adaptive dual synchronization
problem of chaotic (hyperchaotic) complex systems with uncertain parameters is realized.
Reference [25] studied the multi-switching dual synchronization problem for time-delay
systems with unknown parameters.

However, these works are all about the dual synchronization of integer-order chaotic
systems, while the dual synchronization of fractional-order chaotic systems is rare. The
fractional derivative is a valuable tool for understanding the memory and genetic features
of diverse materials and processes compared to the traditional integer-order model [26,27].
In the sphere of communication, it provides better confidentiality and anti-decryption capa-
bilities than integer-order chaotic systems due to the complexity of the system model itself.
Zhang and Xiao et al. studied projective synchronization of Sprott-Lii and Liu-Chen chaotic
systems [28]. Reference [29] studied the dual phase and dual anti-phase synchronizations
of uncertain fractional-order chaotic systems. Nevertheless, there is no report on the appli-
cation of the adaptive control method to the dual synchronization of unknown parameters.
This paper introduces a new synchronization method; on the basis of Lyapunov stability
theory, an adaptive controller and adaptive law are designed to realize the dual synchro-
nization of fractional-order chaotic systems. There are two numerical examples to verify
the availability of this method. In the first instance, fractional-chaotic Chen and Lorenz
systems, with unknown parameters, are regarded as driving systems, and the Liu and Lii
systems with indeterminate parameters are considered as response systems. In the second
example, the fractional-order hyperchaotic Lorenz and Chen system with indeterminate
parameters is used as the drive system, and the fractional-order hyperchaotic Liu and L
systems with indeterminate parameters are used as response systems.The remaining part
of the paper is organized, as will be seen later. The definition and properties of calculus
and a useful lemma are introduced in Section 2. The scheme for the dual synchronization
is introduced in Section 3. In Section 4, the numerical simulation results are carried out.
Finally, the conclusion is drawn in Section 5.

2. Definition of Calculus

In daily research, the most common definitions of calculus are Griinwald-Letinkov
definition, Caputo definition and Riemann-Liouville definition. These frequently-used
definitions are proposed as will be seen later.
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Definition 1. When B > 0, the definition of Riemann—Liouville fractional-order integral is:

() = 5 ) (7= 0 0A) <n
and its derivatives are:
RLfo(T) — ﬂ"l‘(rnl—ﬁ) /OT(T — " B=1f(hdt, )

here, T'(-) is Gamma function.

Definition 2. When B > 0, the definition of Griinwald—Letnikov fractional-order derivatives is:

CLDAf(1) = lim - 3 —1)"CP f(r — mh 3
f(1) = lim -5 Y (=1)"Cpuf(t — mh), ®3)

m=0

where M = [F], ch = (51) — B(E=1)(Bmm1)

m!
Definition 3. When B > 0, the definition of Caputo fractional-order derivative is:

DH(Y) = gy -0 0, @

where m = [B] + 1.

During the initial portion of the simulation, the GL definition produces slightly
erroneous results. The RL definition is primarily for fractional order integrations, and
it cannot be used to differentiate fractional orders directly. The Caputo definition is the
most appropriate of the aforementioned definitions since the beginning conditions for
fractional-order differential equations are identical to those for integer-order differential
equations. Therefore, this paper chooses the Caputo fractional definition. For convenience,
CD# is replaced by D below.

3. Synchronization of Fractional-Order Systems

In this part, we use a pair of chaotic (hyperchaotic) systems as the driving system and
another pair of chaotic (hyperchaotic) systems as the response system. The drive system is
expressed as

DPxi(t) = fi(x1,1) + Fi(x1(8)p1, 5)

DPx:(t) = folxa,t) + Ba(x2(1))p2, (©)

where x1(t) € R"; x5(t) € R™, the matrices F; € R"*Pland F, € R™*?2; and the vectors
Pp1 € R, pp € RP2, fi(x1,t) : R" X R — R" and f»(x,t) : R™ x R — R™ are the nonlinear
functions which are continuously differentiable. We can write systems (5) and (6) as

Dfx(t) = f(x,t) + F(x(t)p, @)
where x(t) = (x1(t), x2(t))", p = (p1,p2)7, f(x, 1) = (fi(x1,t), fa(x2,1))7, and

C[R@mE) o
F0)=| "0 )

The response systems are given as

DPy1(t) = g1(y1,t) + G1 (1 ()v + W (£, x,y), ®)
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Df)yZ(f) = &(y2,t) + Ga(y2(t))v2 + Ua(t, x, ), )

where y; (t) € R", y»2(t) € R™, and the vectors v; € RP1, v, € RP2, the matrices G; € R"*P1
and Gy € R"™*P2, g1(y1,t) : R" x R — R" and g»(yp, t) : R™ X R — R™ are the nonlinear
functions, which are continuously differentiable, Uy (t, x,y) = [u1(t), ua(t), ..., un(t)]T :
R" x R" x R — R", U(t, x,y) = [uy(t),uz(t),..., um(t)]" : R* x R™ x R — R™ are the
continuously differentiable vector of nonlinear functions. We can write systems (8) and
(9) as

DPy(t) = g(y,t) + G(y()v + U(t), (10)
where y(1) = (y1(), 1)), v = ()", gy(®) = (11 1), g 1))T, U() =
(U (t), Uz(t))T, and ()

| Gi(y1 (¢ 0

Sy =1 "0 G
Definition 4. If

lim [le()]| = lim [|y(5) - x(1)]| = 0, (1)

we call the dual synchronization achieved by the driving system (7) and the response system (10).

Remark 1. The dual synchronization error vector is defined as:

0= o ]~ Lt v | E

Remark 2. Ifeither x1(t) = y1(t) = 0 or xp(t) = y2(t) = 0, the dual synchronization is called
complete synchronization of two chaotic systems.

We can get the synchronization error system as
D (e(t)) = y(t) — x(1). (13)
According to system (7) and system (10), system (13) is expressed as
Df(e(t)) = —f(x,1) + g(y,t) — F(x(1))p + G(y(1))v + U(), (14)

Theorem 1 ([30]). Ift > to,0 < B < 1,and x(t) € R" is a derivable and continuous function,
the following conclusion is true:

1

zgopfxz(t) —x(1)§, DPx(t) < 0. (15)

Definition 5 ([31]). A continuous function y: [0,t) — [0, 00) is said to belong to class-K if it is
strictly increasing and (0) = 0.

Theorem 2 ([31]). Consider the fractional-order system
W DFx(t) = f(x,t) (16)

with a fixed point x = 0, where p € (0,1). Suppose there is a Lyapunov function v(x(t),t), and
class-K functions ;(i = 1,2, 3) satisfies:

1 (llxll) < v(x(8), 1) < a(llx[]) (17)

WD o(x(t), 1) < — x| (a8)
then the system (16) is said to be asymptotically stable.
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Theorem 3. The system (8) and the system (11) are synchronized, when we select the controller as
follows:

U(t) = f(xt) —g(y,t) = G(y(1))? + F(x(t))p — Ke(t), (19)
there p, ¥ are predicted values of p, v, respectively. K = diag(ky, ko, ..., ko, )(kj > 0).
The unknown parameter adaptive law is designed as:

DPp = —FT(x(t))e(t), p(0) = po, DP9 = GT (y(1))e(t), 9(0) = 1y, (20)

where pPo, Vg are the initial values of the unknown parameters p, ¥ , respectively, &(t)
= [e1(t),ea(t) .. .,en(t)]T.

Proof. The Lyapunov function is designed as:

1 1, . 1.
V(t) = Ee(t)Te(f) +5llp —pl*+ 517 -2 (21)

The B-order derivative of Lyapunov function is taken as shown below:

1
T2
< e(t) Dfe(t) = (p— p) FT (x(1))e(t) + (7 —v) G (y(t

= e(t)"De(t) — e(t)T[F(x(1))](p — p) + ()T [G(x(1))] (9 —v),

1 R 1 .
D{V(t) = 5De(t)e(t) + 5 Df |p — p|* + 5 Dt 19 — vl

(22)

~—
~—
M
—~
~~
~—

and

(
(24)
(

O

According to Theorem 2, we get tlim e(t) =0.
— 00

Remark 3. Most chaotic (hyperchaotic) systems can be combined into expression (8), such as
common Chen, Lorzen, Lii, Liu, chaotic (hyperchaotic) systems, some financial systems, etc.

Remark 4. If f(x,t) and g(y,t) are the same and F(x(t)) and G(x(t)) are the same in system
(7) and system (10), then system (7) and system (10) are said to be structurally identical, that is,
theorem (3) also applies to adaptive dual synchronization with the same structure.

4. Numerical Simulation

In this section, to prove the effectiveness of the proposed way, some numerical sim-
ulation results are given. Matlab software is used for simulation, and we use Adams-—
Bashforth-Moulton to solve fractional differential equations.



Mathematics 2022, 10, 470 6 of 16

4.1. Adaptive Dual Synchronization of Chen, Lorenz, Liu and Lii Chaotic Systems

This part shows the adaptive dual synchronization of Chen, Lorenz, Liu and Li
fractional-order chaotic systems with unknown parameter, we use the Liu and Lii systems
as the drive systems,

oDfx11(t) = a1 (x12 — x11),
oDf x12(t) = —x11X13 + c1X12,
oDfx13(t) = x11x12 — b1x13,
. (25)
oDfx14(t) = —axx14 — e2x7s,
oD x15(t) = box1s — koX14X16,
0Dfx16(t) = —caX16 + MaX14X15,

where a1, ¢1, by, a2, €2, b3, ko, c3, my are system unknown parameters, and x1;(t)(i = 1,...,6)
are the state vectors.
The driver systems in the form of Equation (25) is given as below:

DPx(t) = f(x,1) + F(x(t))p, (26)

where f(x,t) = [0, —x11%13, X11%12,0,0,0]T, p = [a1, 1, b1, a2, €2, b2, ko, 2, M) T,

(Xlz - x11) 0 0 0 0 0 0 0 0
0 x2 0 0 0 0 0 0 0
. 0 0 —x3 0 0 0 0 0 0
Flx(t)) = 0 0 0 —xyg4 —x% 0 0 0 0
0 0 0 0 0 X15 —X14X16 0 0
0 0 0 0 0 0 0 X16 X14X15

Chen and Lorenz systems with controllers are taken as response systems:

0DPy11(t) = a3(y12 — yu1) +ua (8),

oD y1a(t) = (3 — a3)y11 — yiyis + cayiz + wa(1),

oD} y13(t) = Yy — bayis + us(t), 27)
0DPy1a(t) = as(y1s — yua) + ua(t),

0Dfy15(t) = y1a(bs — y16) — y15 + us(t),
th Y16(t) = y1ay15 — cayre + ue(t),

where a3, ¢3, b3, a4, by, c4 are system unknown parameters, and y;(t)(i = 1,...,6) are the
state vectors.
The response systems in the form of Equation (27) is given as follows:

DPy(t) = g(y,t) + G(y(t))v + U(t), (28)
where
0 as uy(t)
—Yy1uyis c3 uy ()
_ Y1y _| b3 | us(t)
gy, t) = 0 = JU(t) = w(t) |7
—Y14Y16 — Y15 by us(t)
Y14Y15 C4 ue(t)
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(y12 —y11) 0 0 0 0 0
Y11 yn+ye O 0 0 0
0 0 —Y13 0 0 0

G pr—
(y) 0 0 0 15—y 0 0
0 0 0 0  ys—x4 O
0 0 0 0 0 Y16

Suppose that e; = y11 — X11,€2 = Y12 — X12,€3 = Y13 — X13,64 = Y14 — X14,65 =
Y15 — x15 and eg = Y14 — X164, SO error dynamical system is described by:

DPey(t) = az(y12 — y11) — a1(x12 — x11),
DFey(t) = (3 — az)y11 — y1yis + csyi2 + ua(t) — (—x11x13 + €1312),
DPes(t) = y11y12 — bsy1z + us(t) — (x11x12 — bixi), 29)
DPey(t) = ay(y15 — y1a) + ua(t) — (—azx14 — exx7s),
DPes(t) = y1a(bs — y16) — 115 + us(t) — (bax15 — koX14%16),
DPes(t) = y1ay15 — cayie + () — (—cax16 + max14x15).
Defining control function as:
u(t) = —dz(y12 — y11) +di(x12 — x11) — key,
up(t) = —x11x13 + y11y13 + d3y11 — (Y11 + y12) + €1x12 — koea,
uz(t) = x11x12 — y11y12 + bsyis — bixas — kaes, 30)
ug(t) = —dy(y15 — y14) — d2x14 — Erx75 — kgey,
us(t) = y1ay16 + Y15 — bayra + bax1s — koxy4x16 — kses,
ug(t) = —y14Y15 + Cay16 + Max14%15 — kees,

where 4y, by, ¢4, &, by, d>, ko, &, Mip, b3, €3, d3, by, dy, €y are estimated values for aq, by, c1, 3,
by, az, ky, ca, my, b3, c3, a3, by, as, c4. The error dynamical system will be

DPe(t) = (a3 — d3) (y12 — y11) + (d1 — a1)(x12 — x11) — kyey,
DPey(t) = (¢1 — c1)x12 + (3 — a3)y11 + (c3 — 63) (y11 + y12) — kaea,
DPes(t) = (b3 — b3)y1s + (b1 — by)x13 — kaea,
(31)
DPey(t) = (as — dy)(y15 — y1a) + (a2 — d2)x14 + (€2 — €2)X75 — kaey,
DPes(t) = (bs — ba)y1a + (b2 — ba)x15 + (ko — ko) x14715 — kses,
DPeq(t) = (¢4 — ca)y16 + (c2 — 62)x16 + (12 — m2)x14%15 — kees,
parameters update laws defined as:

DPdy = —e; (x12 — x11), DP& = —eyxyn, DPBy = e3x3,

Dﬁzfz = e4X14, Dﬁéz = e4x%5, Dﬁb} = —e5X1s5,

DFky = esx14x16, DF& = e, DFriy = —egx15x14, (32)

DPdy = e1(y12 — y11) —eay11, DPG = ea(y11 +y12), DPb3 = —esyns,
DPdy = e4(y15 — y14), DPby = esya, DPéy = —esye-

According to the above theory, the Lyapunov function is designed as:

1 1, . 1.
V() = e e() + 316 — pIP + 510 — v 33)
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and using Equations (30)—(32) results
DPu(t) < —kle% — kze% — kgeg — k4ei — k5e% — k6eé < 0. (34)

Therefore, the stability condition of the error system based on Theorem 2 is obtained.

Assuming B = 0.995, the values of parameters for which the systems (25) and
(27) exhibits chaotic behaviour are taken as a; = 36,c; = 20,b; = 3,4y = 1,0 = 1,
bz = 2.5,](2 =4,c0 =5 m = 4,&13 = 35,63 = 28,b3 = 3,&14 = 10,b4 = 28,C4 = % The
initial estimated values of parameters are taken as 41 = 2,6 = 2, bAl =2,dy) = 2,6 =2,
by =2,kp =2,6 = 2,1y = 2,d3 = 2,63 = 2,by = 2,dy = 2,by = 2,6 = 2, and the initial
states of the drive and response systems when parameters are not known are arbitrar-
ily chosen as x(0) = [0.2,7.6,1,7,11,15]T and y(0) = [-3,—3,5,0.2,0,0.5]". We assume
ki =30(i =1,2,...,6); dual synchronization of the systems (25) and (27) and the variation
of unknown parameters (32) are displayed in Figures 1 and 2. Figure la—f reveals the
dual synchronization errors, ¢;(i = 1,2,...,6) with time t. Figure 2a,b shows the change
of predicted values of parameters 41, €3, El,zfz, €, bE, kAz, ¢, i of drive systems (25) and
@3, Cs, b, dy, by, G4 Of response system (27).

0.5 T T T T T 2 T T T T T
—
0 1 0 i
-0.5 1
2
-1
-4
= 45 -
(0] (0]
-6
-2
-8
25
3 -10
-35 - - - - - -12
0 1 2 3 4 5 6 0 1 2 3 4 5 6
t/s t/s
(@) (b)
4
— 3 —
35
3
25
= 2 = 2
= =
@ ()
15 3
1 -4
0.5 5
0 6
0.5 7
0 1 2 3 4 5 6 0 1 2 3 4 5 6

ts ts

(c) (d)

Figure 1. Cont.
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10 5
— —
5
0
0
= =% 5
(0] ()
-5
-10
-10
15 . . . . . 15 . . . . .
0 1 2 3 4 5 6 0 1 2 3 4 5 6

t/s ts

(e) ®

Figure 1. (a—f): Error vector between drive system (25) and response system (27).

30 T T T T -
e i3
o5 | —_—
— )
ay
20 ]
&y
15
10
5t
@ e —— e ———
ot
5 . . . .
0 1 2 3 4 5 6 0 1 2 3 4 5 6
t/s t/s

(a) (b)

Figure 2. (a,b): Time response of estimated values of parameters d, ¢, by, @2, 6, by, Ka, 6, 1ip of
drive systems (25) 43, ¢3, bs, dy, ba, €y Of response system (27).

4.2. Adaptive Dual Synchronization of Chen, Lorenz, Lii and Liu Hyperchaotic Systems

In order to demonstrate the universality of the proposed method, we apply the
proposed method to hyperchaotic systems. Similarly, we take the fractional Liu and Lii
hyperchaotic systems as the driving systems,



Mathematics 2022, 10, 470

10 of 16

oDf 11 (1) = @y (x12 — x11) — 14,

oDfx12(t) = —x11713 — €112,

oD Prx13(t) = x11312 — brays,

oD} x14(t) = x11313 — rix1s, 35)
0D} x15(t) = a5 (x16 — x15),

0Df x16(t) = byx1s — koxisx17 + 18,

oDy x17(t) = hpx5 — C2X17 + X1,

thﬁxls(t) = —exX16,

where ay, ¢, b1, 11,42, €2, b2, ky, €2, hy are system unknown parameters and x1;(¢), (i = 1,...,8)
are the state vectors. When a; = 36, by = 3, ¢c; = 12, r; = —0.4 of the fractional-order
hyperchaotic Lii system parameters and 0.94 < < 0.98, the attractor of the system is
hyperchaotic. When 8 = 0.96, the Lyapunov exponents of Lii are A = 0.0023, A, = —0.202,
Az =0.0104, Ay = 0.0115 [32]. When ay =10, bp =40,kp =10,y =4,cp =2.5,ep =2.50f
the fractional-order hyperchaotic Liu system parameters and 0 < f < 1, the attractor of
the system is hyperchaotic. When = 1, the Lyapunov exponents of Liu are A; = 1.6639,
Ay =0.0295, A3 = —0.0274 and A4 = —14.1566 [33].
The driver systems in the form of Equation (35) is given as follows:

DPx(t) = f(x,t) + F(x(t))p, (36)
where f(x,t) = [—x1a, —x11X13, X11%12, X11%13, 0, X18, X18, 0] T, p = [a1, 1, b1, 71, 82, b2, ko, T2,
Co, ez]T,

M (x12 —x11) 0 0 0 0 0 0 0 0 0 T
0 —X12 0 0 0 0 0 0 0 0
0 0 —X13 0 0 0 0 0 0 0
0 0 0 —X14 0 0 0 0 0 0
0 0 0 0 X16 — X15 0 0 0 0 0
0 0 0 0 0 X15 —X15X17 0 0 0
0 0 0 0 0 0 0 X3 —x17 0
0 0 0 0 0 0 0 0 0 X16

Chen and Lorenz hyperchaotic systems with controllers are taken as response systems:

0Dfy11(t) = a3(y12 — y11) +y1a +ua(t),

0Dfy12(t) = day11 — y1iy13 + csy12 + ua(t),

0D y13(t) = y11y12 — bayrs + us(t),

0Dfy14(t) = y12y13 + r3y1a + ug(t), 37)
0D{y15(t) = as(y16 — y15) + y1s + us(t),

0D y16(t) = cay15 — Y1sy17 — Y1 + ue(t),

0D y17(t) = y1sy16 — bayrz + uz(t),

0Dfy1s(t) = —y16y17 + ray1s + us(t).

where a3, ds, c3,b3, 13, a4, c4, b, 14 are system unknown parameters, yy;(t)(i = 1,...,8) are
the state vectors. When the parameters of Chen hyperchaotic system are a3 = 35, b3 =1,
c3 =12,d3 = 3, r3 = 04, if 0.95 < B < 1, the attractor of the system is hyperchaotic.
When 8 = 0.97, the Lyapunov exponents of Chen are A; = 0.002, A, = —0.901, A3 = 0.231,
A4 = 0.0008 [32]. When the parameters of Lorenz hyperchaotic system are a; = 10, by = %,
cqg =28, 174 = —1,if 0 < B < 1, the attractor of the system is hyperchaotic. When =1,
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the two positive Lyapunov exponents of Lorenz hyperchaotic system are A; = 0.3985,
Ay = —0.2481 [34].
The response systems in the form of Equation (37) is given as follows:

DPy(t) = g(y,t) + G(y(t))v + U(¢). (38)

where v = [a3,d3,¢3,b3,73,a4,¢4,b,74)7, §(y, 1) = (Y12, —Y11¥13, Y11¥12, Y12Y13, Y18, —Y15Y17
— Y16, Y15Y16, —Y16v17] L, U(t) = [uq (t), ua(t), uz(t), us(t), us(t), ue(t), uz(t), us(t)]’,

[ (yi2—yn) O 0

0 Y11

N

|
coococox oo

»
coococoo

0
0
0
0
0
0

yiz O
L 0 0 yis |

OOOOOOSO
OOOOEOOO
o

<
=
(o)
|
<
=
{61
OOE coococo

oo oo oo

0
0
0
0
0
0

Suppose that e; = y11 — x11,€2 = Y12 — X12,€3 = Y13 — X13,€4 = Y14 — X14,€5 =
Y15 — X15, €6 = Y16 — X16, €7 = Y17 — X17, and eg = Y18 — X13, SO error dynamical system is
described by:

DPey(t) = a3(y12 — y11) + yaa — a1 (x12 — x11) + x14 + 11(£),
DFey(t) = dayi1 — yi1vas + a2 + x11%13 + c1x12 + ua(t),
DPes(t) = yi1y1n — bsy1s — x11x12 + bixas + us(t),
DPey(t) = yioy13 + rayia — x11%13 + 11214 + ua(t), (39)
DPes(t) = ay(y16 — y15) + y1s — a2(x16 — x — 15) + us(t),
D’geé(f) = C4¥15 — Y15Y17 — Y16 — baX1s + kax15x17 — X158 + ue(t),
DPer(t) = y15y16 — bay1y — hax3s + cox1y — x15 + u7 (1),
DPeg(t) = —y1617 + ray1s + eaxie + us(t).
Control function is defined as:
ur(t) = —x14 — y1a — d3(y12 — y11) +d1(x12 — x11) — krey,
up(t) = —x11x13 + Y1413 — d3]/11 — Gy12 — G1x12 — ke,
uz(t) = x11x12 — y11y12 + bsyis — brxas — kaes,
ug(t) = x11%13 — Y12413 — 3Y14 — 1x14 — kyey, (40)
us(t) = y18 — da(y16 — y15) + d2(x16 — x15) — kses,
u6(t) = x18 + Y16 + Y1517 — Cay1s + bax1s — kaxisxiz — kees,
uz(t) = x18 — Y1sy16 + bayrz + haxis — Gxiy — kye,
ug(t) = Y1617 — 118 — €2x16 — kses,

where 7, b1, ¢, d1, ko, by, dy, hy, 6,6, b3,d3,C3,d3,73,dy, Cy, by, ¥y are estimated values for
r, bl/ C1,41, k2/ bZr as, hZ/ C2,€2, b?)/ d3r C3,0a3,13,04,C4, b4'
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The error dynamical system will be:

DPey(t) = (a3 — d3) (y12 — y11) + (41 — a1)(x12 — x11) — kyey,
Dfey(t) = (c1 — €1)x12 + (d5 — ds)yan + (c3 — &3)y12 — koer,
DPes(t) = (b3 — b3)y13 + (b1 — by)x13 — kses,
DPey(t) = (r3 — F3)y1a+ (r1 — A1) x14 — kyey, @)
DPes(t) = (ag — dy) (y16 — y15) + (d2 — a2) (x16 — X15) — kses,
DPeg(t) = (cs — €a)y1s + (b2 — ba)x1s + (ko — K2)x15x17 — Keee,
DPe;(t) = (by — ba)y17 + (h2 — o) x35 + (c2 — &) x17 — krez,
DPeg(t) = (ra — fa)y1s + (e2 — €2)x16 — kses.
Parameters update laws are defined as:
DFdy = —ey(x12 — x11), DP& = epxpa, DFPby = e3x13,
DFAy = eyxyy, DPdy = —es(x16 — x15), DPBy = —egxys,
DﬁkAz = egX15X17, D/ShAZ = —67x%5, D/SCAZ = e7x1y,
DFé, = egxie, DPdy =e1(yio —yn),  DPds = eayny, (42)
DF&; = ey, DPby = —e3y13, DPFy = egya,
DPiy = es(y16 —115),  DPéy = esyis, DFby = —ezy17,
Dﬁrz = egl13-
The Lyapunov function is designed as:
1 7 2 1 2
V(t) = se(t) e(t) + *HP plI=+5l7 =% (43)
and the results of Equations (40)—(42) are applied:
DPu(t) < —kle% — kpe3 — k32§ — k4eﬁ — k5e§ — kéeg — kye? — kgeg < 0. (44)

Therefore, the stability condition of the error system based on Theorem 2 is obtained.
For simulation, assuming = 0.95, the values of parameters for which the systems

(35) and (37) exhibit chaotic behaviour are taken as a; = 36,c1 = 12,01 = 3,711 = —04,
a = 10,b2 = 40,k2 = 2.5,]’12 = 4,C2 = 2.5,82 = 2.5,&3 = 35,C3 = 12,b3 = 3,
ds = 7,13 = 0.5,a4 = 10,by = %,64 = 28,r, = —1. The initial estimated values of

parameters are taken as 4 = 0,¢] =0, 51 =0,A=0,d,=0, bAz =0, kAz =0, hAz =0,6=0,
é=0,d3=0,d3 =0, =0,b5 =0, =0,dy = 0,64 = 0,by = 0,73 = 0, and the initial
states of the drive and response systems when parameters are not known are arbitrarily
chosen as x(0) = [0.2,7.6,1,7,11,15,—3,-3]T and y(0) = [5,0.2,0,0.5,2,1, —1,5]T. We
consider k; = 30(i = 1,2,...,8); dual synchronization of the systems (35) and (37) and
the variation of unknown parameters (42) are displayed in Figures 3 and 4. Figure 3a-h
reveals the dual synchronization errors e;, (i = 1,2, ...,8) with time t. Figure 3a,b shows
the change of parameters’s predicted values 43, ¢}, by, 1, d, by, kn, Mo, &, 6 of drive systems
(35) and a3, d3, &3, b3, 3, dy, Cu, ba, Py Of response system (37).
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Figure 3. (a-h): Error signals between drive system (35) and response system (37).
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drive systems (35) 3, ds, &, b, Ps, dy, Gy, by, Py oOf response system (37).

5. Conclusions

Compared with the dual synchronization of most integer-order chaotic systems, an
adaptive dual synchronization with unknown fractional order parameters is proposed in
this paper. Based on Lyapunov stability theory, the adaptive controller (19) and adaptive
law (20) are designed to realize the dual synchronization of two pairs of systems. Finally,
two numerical simulation examples verify the effectiveness of the proposed method. Based
on this research, we can consider the dual synchronization of fractional-order chaotic
systems with interference in future research. In addition, we can also consider extending to
chaotic system networks (# > 2) and to less regular synchronization regimes, such as multi-
clustering [35] and synchronization of a group of nodes [36], that is, the synchronization
of multiple systems. Of course, there is still room for further thinking about follow-up
research.
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