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Depending on double compound synchronization and compound combination synchronization, a new kind of syn-
chronization is introduced which is the double compound combination synchronization (DCCS) of eight n-dimensional
chaotic systems. This kind may be considered as a generalization of many types of synchronization. In the communica-
tion, based on many of drive and response systems, the transmitted and received signals will be more secure. Using the
Lyapunov stability theory and nonlinear feedback control, analytical formulas of control functions are obtained to insure
our results. The corresponding analytical expression and numerical treatment are used to show the validity and feasibility
of our proposed synchronization scheme. The eight memristor-based Chua oscillators are considered as an example. Other
examples can be similarly investigated. The proposed synchronization technique is supported using the MATLAB simula-
tion outcomes. We obtain the same results of numerical treatment of our synchronization using simulation observations of

our example.

Keywords: double compound synchronization, compound combination synchronization, chaotic system, Lya-

punov stability
PACS: 05.45.—a, 05.45.Gg, 05.45.Pq, 05.45.Xt

1. Introduction

Chaos synchronization and control theory have a great in-
terest due to their potential applications in several fields dur-
ing the recent decades.!'™ Different synchronization types
have been introduced and many theoretical results have
been achieved, such as complete synchronization, -8 anti-

[9-11] 12,13]

synchronization, lag synchronization,| projective

synchronization,'*%! function projective synchronization, !
etc. Most of the pervious types of synchronization concen-
trate on synchronization between one drive and one response
systems. There exist many techniques of control to achieve
synchronization such as sliding mode control, random phase
control, adaptive passive control, and others.[!6-24]
Synchronization of systems with more than one drive and
response systems is very interesting and important, because
the transmitted signals may own stronger anti-translated and
anti-attack ability. Complexity and the formation of the drive
signals are also peppy factors to include communication se-
curity. Researchers studied complex schemes to transmit the
information signals. Runzi et al. investigated combination
synchronization of two drive and one response systems, [23-26]
while the synchronization of two drive and two response sys-
tems (combination—combination synchronization) is studied
by Sun et al.>’] Mahmoud et al. introduced the generaliza-
tion of combination—combination synchronization of chaotic

28,29

systems. 2821 A new kind of compound synchronization (syn-

chronization between three drive systems and one response
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system) has been illustrated in Ref. [30]. Zhang and Deng
studied the double compound synchronization, which is the
synchronization of four drive and two response systems.[*!]
The compound—combination synchronization (synchroniza-
tion of three drive and two response systems) was presented
in Ref. [32].

In this paper, we introduce a new type of synchroniza-
tion which is a generalization of many pervious types of syn-
chronization and more complexity. This type is called double
compound combination synchronization (DCCS) among eight
chaotic systems (four drive and other four response chaotic
or hyperchaotic systems). In the last years, a new circuit el-
ement, namely memristor which is basically a fourth class
of electrical circuit, joining the inductor, the capacitor, and
the resistor. Memristor produced the circuit systems which
In Ref. [33], the

authors replaced Chua’s diodes with memristors which pro-

have chaotic and hyperchaotic property.

posed several nonlinear oscillators from Chua’s oscillators.
Wen et al. regarded the fuzzy modeling and synchronization of
memristor-based Lorenz circuits with memristor-based Chua’s
circuits.®*l Memristor was postulated as the missing fourth
passive circuit element.[3! A great breakthrough that a pas-
sive two terminal physical implementation was immediately
related to memristor theory was obtained by Hewlett—Packard
Labs.[3¢ This new circuit element can be useful for low-power
computation and storage to store information and data.l3”]

Memristor, also, can be used to implement programmable
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analog circuits, leveraging memristor’s fine-resolution pro-  the first base drive system is described as

grammable resistance without causing perturbations due to

parasitic components,*8! and soon. 03(1) = f3(x3(1)): G)
This paper is organized as follows: Section 2, contains the the second base drive system is drown as:

design of DCCS scheme among eight n-dimensional chaotic

systems. The definition of this new type of synchronization is xX4(t) = fu(xa(2)); %)

given. In Section 3, the DCCS for eight identical memristor-

based Chua oscillators as an example, is investigated by using and the first response system is written as:

the Lyapunov stability theory and nonlinear feedback control.

yi(t) =g (i (t)) +ur; Q)
The analytical expressions of the control functions are derived.
In Section 4, the numerical treatments of testing the analyti-  the second response system is defined as:
cal formula of the control functions to achieve the DCCS for

¥2(t) = g2(2(1)) + u2; (6)

our example are illustrated by using fourth order Runge—Kutta

method. The simulation of the chaotic memristor-based Chua the third response system is given by:

oscillator is contracted by using MATLAB/Simulink. We gain
a good agreement between numerical treatments and simula- y3(t) = g3(y3(2)) +us; @)
tion results for our proposed synchronization. The conclusion

. . . he fourth r n m is:
is finally stated in the last section. the fourth response system 1s

Va(t) = ga(va(t)) + u4, (®)
2. Double compound combination synchroniza-
tion scheme where
We will present the technique which is used to achieve the x; = diag (x;1,Xp2, .-, Xin),

DCCS of four drive and four response n-dimensional chaotic yi = diag (yi1, Yz, - - - Vin)

systems. The first scaling drive system is given as follows:
are the state variables of systems (1)—(8),

x1(2) = fi(xi (1)) (D .
fi(xi) = diag (fi1 (xi), fia (%), - -, fin (X)),
the second scaling drive system is written as gi(vi) = diag (g1 (vi),82 (i), -+, 8in(¥i))
X2(1) = fa(xa(2)); (2)  are eight diagonal matrices of continuous functions and

Mi<x1,x2,x3,x4a)’1a)’27Y37)’4) = diag(uil>ui2;--'7uin>7 i= 1727354

are four control functions of the response systems (5)—(8). The topological structure diagram of the drive systems and the
response systems is shown in Fig. 1. Now, we will state the new definition of the DCCS as
Definition 1 For an eight constant diagonal matrices A;, B; € (R” x R") and at least one of B; # 0 (i = 1,2,3,4), such that

lim [le| = lim [|(A1x1 +A2x2)(A3x3 +Agxa) — Biyi — Bayz — Bays — Baya|| = 0, ©)
then the response systems (5)—(8) are synchronized as DCCS with the drive systems (1)—(4), where || - || means the norm of a
matrix and e = diag (e}, ey, ...,e,) is a diagonal error matrix.

Remark 1 If two of B; =0, (i = 1,2,3,4), this kind of synchronization turned into a double compound synchronization.

Remark 2 The compound combination synchronization is a special case of our kind, if one of A; =0 and two of B; =0,
(i=1,2,3,4).

Remark 3 The synchronization of (i) one drive and one response chaotic systems, (ii) two drive and one response systems,
(iii) two drive and two response systems, and so on are special cases of our eight chaotic systems.

Remark 4 For the choice, A; = 0 and three of B; =0, (i = 1,2,3,4), chaos control problem can be obtained.

Remark 5 The error e = (Ajx| + Axx2)(A3x3 + Asxs) — B1y1 — Bay2 — B3ys — Bays can be written for example as e =
[A1x1(A3x3 + Aaxq) — Biy1 — Boya| + [A2x2(A3x3 + Aaxsa) — B3ys — B4ys4], which is considered as the sum of two errors of the

synchronization of compound combination. So, the new Definition 1 can be considered as a DCCS.
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Let A; = diag (a;1,ap, . ..,ain), Bi = diag (b;1,bpn, .. .,bin), i = 1,2,3,4, therefore, the error system can be described as:

e1 = (arxi1 +azix21)(az1x31 +asixa1) — (buiyir +baixar + b31xz1 + barxar),
er = (a1px12 + axx)(azx3 + asxan) — (brayi2 + baxas + b3oxzs + barxan ),

€p = (alnxln + a2nx2n> (a3nx3n + a4nx4n) - (blnyln + boypxon + b3px3, + b4nx4n>- (10)
From systems (10) and (1)—(4), the error dynamical system can be given as:

é1 = (a1 fu1 + a1 fa1)(az1x31 +aq1xar) + (anxin +azxix1) (a1 f31 +aa1 far) — (brign +baigar
+b31831 +ba1ga1) — (briurs +baruzy +ba1uzi + barugr),

é2 = (a12f12 + axn fr2)(az2x32 + aanxan) + (a12x12 + axxn) (as f32 + asa faz) — (b12g12 + b22g2
+b32832 + bangaz) — (brourz + baoun + basuzn + bazugz ),

én = (alnfln + a2nf2n) (a3nx3n + a4nx4n) + (alnxln + a2nx2n) (a3nf3n + a4nf4n) - (blngln +b2ngon

+ 530830 + bangan) — (b1ntt1n + bontizy + b3nttzn + bapitay). (11)
Denote
Ui = briun +baruay + baruzy + baruar, Uz = biaurz + baouz + b3yuzs + baguan,
“+y Un = binttin + bonttan + b3puzn + bapuan. (12)
We will introduce a theorem for the analytical expression of the control functions U = diag (U, Uz, ...,U,).

, diag(y,)
Yy, =9(y,) » B

response system

dia,
Y, =9(y,) ﬂ)’ B,

response system

: diag(=,) diag(z,)
$1:f1(x1) —> Al — [res— xszfd(mj) o A: ‘l -

scaling drive system base drive system

I
)

| diag(a,) : diag(xd)A ’+
:rzzfz(xz) > A2 m—( r,= f4($4) A

scaling drive system base drive system

‘ diag(y,)
Y, = 9(y,) > B

response system

‘ diag(y,)
v,=9,) *» B,

response system

Fig. 1. (color online) The topological structure diagram of the drive systems (1)—(4) and the response systems (5)—(8).
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Theorem 1 If the control functions are selected as follows:

Uy = (a11fi1 +az1f21)(az1x31 +aarxar) + (anxin +aaix1) (@31 f31 +aar far) — (brigi +b21821
+b31831 +ba1ga1) +kier,

U = (annfi2 +anfn)(aznxsn + anxs) + (annxiz +anxn) (@ fi2 +an fo) — (b12gi2 +bngn
+b32832 +bangan) +kaea,

U,= (alnfln + aanZn)(a?anXSn + a4nx4n) + (alnxln + aanZn)(a?’nf?an + a4nf4n) - (blngln +b2,82n

+b3n83n+b4ng4n) +knen- (13)
then the drive systems (1)—(4) and the response systems (5)— | + (apix1; + azixoi) (asi f3i + aqi fai)
(8) achieved DCCS, where ki, k>, ...k, are real positive num- — (b1ig1i + b2igai + b3igi + baigai) —Uj].  (16)

bers s.t. K = diag (k;, k2, ..., k) is a positive-definite diagonal
gain matrix. Substituting system (13) into Eq. (16), we obtain
Proof We may define a Lyapunov function as: "
V==Y ke, 17)
i=1

e, (14)

-

SN

Ver,ez,...,en) =

i=1

since V is negative-definite and V/(¢) is positive-definite, the
and its total time derivative is: Lyapunov direct method implies that lim |le|| = 0. Therefore,
t—eo

v i ciés, (15) the drive .systems (1)—(4) and the response systems (5)—(8) are
=~ synchronized.

Corollary 1 The double compound synchronization can

from Eq. (11), we have be achieved between the drive systems (1)—(4) and the re-

. 1! sponse systems (5)—(8) if one takes Bz = B4 = 0. So the con-
V=Y el(aiifii+axifu)(asixsi+ asixa;)

= trol functions take the form:
_ |

Uy = (a11f11 + a1 fo1)(a31x31 + asixar) + (anxn +azix21)(az1 f31 +aa far) — (b11g11 +ba1g21) +kien,
Us = (a12f12 + an foo) (azox3n + asnxan) + (ar2x12 + axnx) (azfzo + asn faz) — (b12g12 + baogn) + kaes,

Un = (a1nfin + aonfon) (a3nX30 + QanXan) + (a10X10 + @2nX20) (@30 f3n + Qanfan) — (P1n81n + b2ng2n) + kney. (18)

Corollary 2 For the choice Ay = 0, Bz = B4 = 0, then the compound combination synchronization between the drive
systems (1)—(4) and the response systems (5)—(8) is achieved under the following control functions:

Ui = azixz1 (an fir + a2 1) + azi fzi(anxin +azixor) — (brigin +baigar) +kien,
U = anxn(anfia +anfr) +aznfz(ainxia +anxn) — (biagia +bngn) + ke,

Un = a3nx3n(a1nfin + @2 fon) + a3 f3n (10X 10 + a20X20) — (D11&10 + b2ng2n) + knen. (19)

\
Corollary 3 If we choose A| = Ay = A3 = A, =0, 3. Illustrative example
By =By = B4 = 0, then the response system (5) will be consid- In this section, we apply the synchronization scheme of

ered as a chaos control problem, under the following control Section 2 to study the DCCS for eight identical memristor-

functions: . . .
unctions based Chua oscillators as an example. The first scaling drive

memristor-based Chua oscillator is given by
Ui =bungu +kier,

Uz = b12gi2 +kaer, X11 = C11X12 + C12X11 — C13X11X04,
T X12 = X11 —X12 +X13,
Un = b1u81u + knen. (20) X13 = —C14X12 — C15X13,
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X14 = X11, (21) for c1]1 = 15.6, Clp = 3, Cc13 = 21, Clg = 15, Cl5 = 0.5 and

where ci;, (i = 1,2,...,5) are constant parameters. We cal- 10 = diag (0.2,0.2,0.2,0.2). It is clear that one of them is

culated the Lyapunov exponents of system (21) and they are: ~ Positive which means that its solution is chaotic as shown in
A1 = 02522, A, = —0.0296, A3 = —0.0419, Ay = —7.5153,  Fig. 2.

0.5
8 a ot
8
—0.5
—3
1
g.; H: 0+
—1
3
T3 Ty
Fig. 2. (color online) Chaotic attractor of system (21) when ¢;; = 15.6, ¢j2 = 3, c13 = 21, ¢4 = 15, ¢15 = 0.5 and xj9 = diag(0.2,0.2,0.2,0.2): (a)
X14,X11,X13 Space, (b) x11,X12 space, (¢) x13,X14 space, (d) x12,X14 space.
Cl
|1
11
R, R
21 O——AM— WV

> R
. N
+
712 G——AAN, ‘ . R
+
R4 1A —
T AN c. J:

Ty O ANNN— -
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04
- [
Il

+

R
>——W\,— : .

Fig. 3. Circuit implementation of system (21).

r,0
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We designed circuit implementation for system (21) as
shown in Fig. 3. The circuit equations in terms of the circuit
parameters are:

X111 = R21C1x12+ Rllclxll — R31Clx11x%4’

) 1 1 1

X2 = R4C2x“ - R4C2x12+R4C2x13’

. 1 1

X13 = —mxlz - mxl&

4= . 22)

The circuit consists of four channels to realize the integration,

addition, and subtraction of the state variables x1, x12, X13,
and x4, respectively. These variables are corresponding to the
state voltages of the four channels, respectively. For the same
parameters values of system (21) in Fig. 2, the corresponding
values of circuit elements are Ry = 16.67 kQ, Ry, = 2.18 kQ,
R3; =1.59 kQ, Ry =40 kQ, Rs = 3.33 kQ, R¢ = 100 kQ,
R7 =100 kQ, R = 10 kQ, and the capacitors are C; = 30 uF,
C, =25 pF, C3 =20 uF, and C4 = 10 pF. The circuit im-
plementation of system (22) is drown in Fig. 3. The corre-
sponding simulation observations of the chaotic memristor-
based Chua oscillator (21) appear in Fig. 4 which agree with
numerical simulation in Fig. 2.

0.5

8

11

—-04 -02 0 02 04

le

Fig. 4. (color online) Simulation observations of system (21) for the same parameters in Fig. 2: (a) x14,x11,X13 space; (b) x11,x12 space; () x13,X14 space;

(d) x12,x14 Space.
The second scaling drive memristor-based Chua oscilla-
tor is given by
X1 = €21X%02 +C20X21 — 023x21X%4,
X2 = X21 — X22 + %23,
X3 = —C24X22 — C25X23,
X24 = X21, (23)

and the two base drive memristor-based Chua oscillators are
shown below

X31 = 31032 + €331 — C33X310%4,

X33 = x31 —Xx32 + X33,

X33 = —C34X32 — C35X33,

X34 = X31, (24)
X41 = C41X42 + C40X41 — C43x41X42;47

X4 = X41 — X42 + X43,

X43 = —C44X42 — C45X43,
Xa4 = X41, (25)
where ¢;j, (i =2,3,4;j=1,2,...,5) are constant parameters.

The four response memristor-based Chua oscillators are given,
respectively, as

yi1 = diyia +diayi —diynyis +ui,

Y12 = y11 — Y12 +y13 +uiz,
V13 = —diay12 — di5y13 +ui3,

Via = y11 + U4, (26)
Y21 = da1yaa +dxnyar — do3y21yag + ot

Y22 = y21 — Y22 + Y23 + U2z,

Y23 = —daay — dasyr3 + U3,

Y24 = Y21 + U4, (27)
31 = da1ys2 +d32y31 — d33y31y3g + Ui,

Y32 =y31 —y32+y33+u3,

V33 = —d3aysr — d3sy33 + U3z,

V34 = y31 + U34, (28)
Va1 = da1yan + dgayar — dazyaryis -+ ar,

Va2 = ya1 — Ya2 + Y43 + U4z,

V43 = —daayar — dasys3 +us3,

Va4 = ya1 + Uaa, (29)

where dyj, (k=1,2,...,4;j=1,2,...,5) are constant param-
eters and uy, (k=1,2,...,4;1 =1,2,...,4) are the control
functions.

According to Theorem 1, we obtain the control functions
as follows:
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Ui = (a31x31 + aaixar) [ar1 (c11x12 4 c1ox12 — c1ax11x1a2) +az1 (21620 + caox21 — e23%21%24%)] + (a11x11

2 2
+azixo1)[azi(c31x32 + €30x31 — €33X31X347) + a41 (ca1X42 + cax41 — ca3xa1x44”)] — b1 (diiyi2 +dizyni

—di3y1iyia®) — bai (dar1yz + danyar — dazyaiyas®) — bai (ds1ysn +daoyst — dszys1yaa®) — bai (darya

+dayar — duzysiyas®) +kien,

Us = (azxs + aspxa)ain(xi1 —x12 +x13) + a2 (x21 —x22 +x23)] + (@12x12 + azxn ) [az (x31 — x30 +x33)

+as(xa1 — x40 +x43)] —b12(y11 —y12 +y13) —baa(ya1 —y22 +¥23) —b32(y31 —y32 +y33) — bar(ya1

— Y42 +y43) +kaer,

Uz = (a33x33 + as3xa3) [a13(—crax12 — c15x13) + a23(—caax20 — c25x23)] + (a13x13 + a23x23) [a33(—c34x32

—35x33) + a43(—caaxar — ca5x43)| — b13(—diayio — disy13) — baz(—daayrr — dasyr) — bz (—dzaysn

—d3s5y33) — bz (—d3ays — d3sys3) + kaes,

Us = (a34x34 + asaxaa)[a1axi1 + azaxz1] + (a14x14 + a2ax24) [a3ax31 + asaxa1] — brayin — basyar — bzaysi

—basya1 +kaeq,

From Eq. (15) the Lyapunov function for this example is:
V =Y? | e;, which is positive and its derivative is negative us-
ing Eq. (30).

4. Numerical simulation

In this section, numerical treatments are illustrated to
state the effectiveness of the suggested scheme of DCCS of
eight identical memristor-based Chua oscillators. If we take,
cit =dyt =15.6,cp =dp =3, c3 =dp =21, cy = duy = 15,
Ci5 — di5 = 0.5, (i = 1,2,3,4),

A1 = diag (all,alz,a13,a14) = diag(l, —1,2, 1),
A2 = diag (a21 ,6122,(123,024) = diag (2,2,2,2),
A; = diag (a31,a32,a33,a34) = diag (1,1,—1,2),
A4 = diag (a41,a42,a43,a44) = diag (5, 17 —1, 1),
By = diag (b11,b12,b13,b14) = diag(2,3,2,2),
B, = diag (bzl,bzz,b23,b24) = diag (4, 1,3, 72),
B3 = diag (b31,b32,b33,b34) = diag(1,-1,2,3),
100
50
0 I (2x11+2121)(131+5x41)
—50 - 2y11+4‘y21+y151+l2y41 . (a)
0 2 4 6 8 10
t
20 1 ; (2113+v2w23)(_‘1:33_143)
- 2y1:x+3yzx+2y:x:;_y1:x
0
—20 1
0 2 4

(30)

By = diag (bay,bap,baz,bas) = diag (2,3,—1,1),
K= diag (k],kg,k3,k4) = diag (27 1,3,2),

and the initial conditions for the four drive systems (21)-(25)
and the four response systems (26)—(29), are respectively,

x10 = diag (0.2,0.2,0.2,0.2),
—0.4386,0.0531,1.2655,0.4452),
—0.4386,0.0531, 1.26550.4452),
x40 = diag (—0.4386,0.0531, 1.2655,0.4452),

(
xp0 = diag (
(
(
yio =diag(1,1.2,1.4,0.8),
(
(
(

X30 = diag

ya0 = diag (1,—1,1.65,0.355),
y30 = diag (—4.21,-5.52,2.11,—1.14),
y40 = diag (0.5,1,1.2,—0.54).

The corresponding numerical results are shown in Figs. 5 and
6. Figure 5 presents the state variables of the four drive sys-
tems and the four response systems. The synchronization er-
rors converge to zero as shown in Fig. 6.

2 ! :
\s I (7m]2+23322)(x32+z42)
A )
1F “ - 3y1z+y227y52+3942
- \‘-~
0
(b)
-1 .
0 2 4 6 8 10
t
8L - (zl4+2m24)(2m34+z“)
=== 2y1472y24+3y34+y4
4t
ofF

0 2 4 6 8 10

Fig. 5. (color online) State variables synchronization for the four drive systems (21)—(25) (solid curves) and the four response system (26)—(29) (dashed
curves): (a) ()cu + 2x21)(X31 + SX41) and (2y11 +4y21 +y31 + 2y41) versus t; (b) (7)612 + 2)522)(3532 +X42) and (3y12 +y2n —yn+ 3y42) versus t; (c¢)
(2x13 +2x23) (—x33 — x43) and (2y13 + 3y23 +2y33 — ya3) versus t; (d) (x14 + 2x24) (2x34 + X44) and (2y14 — 2y24 + 3y34 + ya4) versus 7.
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2 2
1} ] 1t
q_)H o
0r o
(a) (b)
1 . . . . -1 . . . .
0 2 4 6 8 10 0 2 4 6 8 10
t t
‘ ‘ - ‘ 0.5
O .
0 F
So—1 b ] o'
0.5 f ]
(c) (d)
-2 ‘ : : : -1.0 - - - -
0 2 4 6 8 10 0 2 4 6 8 10
t t

Fig. 6. (color online) Synchronization errors for the four drive systems (21)-(25) and the four response systems (26)—(29): (a) (t,e;) diagram; (b) (,e2)
diagram; (c) (t,e3) diagram; (d) (¢, e4) diagram.

100

(z,,+2z,,)(z,,+5,,)

50 2y, +4y,, Y5, +2Y,

0

—50

E 2-1+3y:u+y44

0 2 4 6 8 10

Fig. 7. (color online) Synchronization results from simulation observation of four drive (21)—(25) and four response (26)—(29) memristor-based Chua
chaotic systems: (a) (x11 +2x21)(x31 +5x41) and (2y11 +4y21 +y31 +2ya1) versus t; (b) (—x12 +2x22) (x32 +x42) and (3y12 +y22 — y32 + 3ya2) versus ; (c)
(213 +2x23) (—x33 —x43) and (2y13 + 3y23 + 2y33 — ya3) versus £; (d) (x14 +2x24) (2x34 +x44) and (2y14 — 2y24 + 3y34 + yaa) versus z.

_ 100 L5
3 >
N I
+ 710 ()
= s
+ %0 Toos
Gy >
¥ 0
g 0 S _15
0 20 40 60 80 100 —0.5 0 0.5 1.0 1.5
(111+2wz1)(z31+5141) (—z12+2122)(w32+w42)
& S
5 ¥
IS § 6
S 4
30
[a]
—30 —20 —10 0 10 0 2 4 6 8
(22134»21723)(71‘337‘143) (z14+21‘24)(2w34+z44)

Fig. 8. (color online) Synchronization results from simulation observation of drive (21)—(25) and response (26)—(29) memristor-based Chua chaotic systems:
(2) (x¥11 +2x21) (x31 +5xa1), (2y11 +4y21 +y31 + 2y41) space; (b) (—x12 +2x22) (x32 +X42), (3y12 +y22 — y32 + 3ya2) space; (¢) (2x13 +2x23) (—x33 — x43),
(213 +3y23 +2y33 — ya3) space; (d) (x¥14 + 2x24) (2x34 +x44), (2y14 — 2y24 + 334 + y44) space.

Synchronization results also have been calculated from MATLAB/Simulink and these results are shown in Figs. 7 and 8.
Figure 7 shows the same results of Fig. 5, while figure 8 explains the relationship between the drive and response systems which
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clearly appears as the form of a line y = x, this means that there is an agreement between the results of Figs. 8 and 6. The

synchronization setup time

91 with different values of &, k, k3, and k4 are calculated as shown in Fig. 9. According to Fig. 9,

the synchronization setup time (e) approaches to zero fast for reasonable large values of k;.

T T T T

— k=15
— k,=2.0
— k,=2.5 ]

k,=3.0

— k,=15]
— k,=2.0 |
— k,=25

k,=3.0

0 2 4 6 8 10
t

0
t
I —k,=1.5|
I —k,=2.0
_ —k,=2.5 |
k,=3.0
(d)
0 2 4 6 8 10

t

Fig. 9. (color online) Synchronization setup time with different parameter: (a) k1, (b) k2, (c) k3, (d) k4.

5. Conclusion

The object of this paper is to propose a new type of syn-
chronization among eight n-dimensional chaotic systems. The
proposed scheme is used to achieve the DCCS between four
drive and four response n-dimensional chaotic systems. Using
the Lyapunov stability theory and nonlinear feedback control,
analytical expressions are obtained for achieving DCCS. As
an example, we consider the eight identical memristor-based
Chua chaotic systems. Numerical results have been calculated
to illustrate the validity of our scheme. Based on complex-
ity of DCCS, our results make more secure and interesting
to transmit and receive signals in applications of communi-
cations. The numerical results of DCCS are shown in Figs. 5
and 6, and agree with the MATLAB/Simulink results as shown
in Figs. 7 and 8.
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