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ABSTRACT. In this paper, we discuss the synchronization and anti-
synchronization of two identical chaotic T-systems. The adaptive
and nonlinear control schemes are used for the synchronization and
anti-synchronization. The stability of these schemes is derived by
Lyapunov Stability Theorem. Firstly, the synchronization and anti-
synchronization are applied to systems with known parameters,
then to systems in which the drive and response systems have one
unknown parameter. Numerical simulations show the effectiveness
and feasibility of the proposed methods.
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Synchronization.
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1. INTRODUCTION

Chaos as an interesting phenomenon in nonlinear dynamical systems,
has been studied extensively over the last four decades [16, 18, 19, 11,
23, 2]. Chaotic and hyperchaotic systems as nonlinear deterministic
systems display complex and unpredictable behaviors. Moreover, these
systems are sensitive to initial conditions. The chaotic and hyperchaotic
systems have many important applications in nonlinear sciences, such as
laser physics, secure communications, nonlinear circuits, control, neural
networks, and active wave propagation [11, 20, 13, 4, 3, 7, 12, 17].
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The synchronization of chaotic systems has been investigated since
their introduction in a paper by Pecora and Carrol in 1990 [19] and
has been widely studied in many fields, such as physics, chemistry,
ecological sciences, and secure communications [10, 6, 23]. Accord-
ingly, various techniques have been proposed to achieve chaos synchro-
nization and anti-synchronization such as adaptive control, active con-
trol, sliding mode, and nonlinear control [1, 14, 22, 8, 9, 15]. Fortu-
nately, some existing synchronization methods can be generalized to
the anti-synchronization of chaotic systems. The objective of the anti-
synchronization is to make the output of the slave system follows the
symmetry of output of the slave system.

In this paper, we use the adaptive and nonlinear control schemes for
the synchronization and anti-synchronization of two identical chaotic T-
systems. The synchronization and anti-synchronization are applied for
system with known and unknown parameters. In unknown parameter
case, each of the drive and response systems has one unknown parameter.

The rest of this paper is organized as follows: Section 2 briefly in-
troduces the chaotic T-system. In Section 3, the chaos synchronization
and anti-synchronization of chaotic T-system with known parameter via
nonlinear controller are discussed. In Section 4, the adaptive control
is used for synchronization and anti-synchronization of T-systems such
that each of the drive and response systems have one unknown param-
eter. Numerical simulations are given section 5. Finally, the concluding
remarks are presented in Section 6.

2. T-SYSTEM

In 2005, Tigen [21] introduced a new real chaotic nonlinear system
called T-system, presented as follows:

.%:1 = a(.%'g — 1’1)
Ty = (¢ —a)ry — arixs (2.1)
fg = T1T2 — b.%’g,

where x1, xo, and xz3 are the state variables and a,b, and ¢ are real
positive parameters.

By choosing a = 2.1, b = 0.6, and some value of 0 < ¢ < 40, the Lya-
punov exponents in FIGURE 1 show that the system (2.1) is a chaotic
system because a Lyapunov exponent of system is positive[14, 5]. Also
this system can be regarded as a dissipative system, since the sum of
its Lyapunov exponents is negative. The attractors of chaotic systems
are bounded but not to a fixed point or limit cycle, characterizing a
property of chaotic systems [5]. FIGURE 2 displays the attractor of the
T-system. In addition, the chaotic systems are sensitive to their initial
conditions. FIGURE 3 show the sensitivity of T-system for a = 2.1,
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FiGure 1. Lyapunov exponents of system (2.1), for
a=21,b=0.6 and 0 < ¢ < 40.

FIGURE 2. An attractor of T-system for a = 2.1, b = 0.6
and ¢ = 28 with initial conditions (z1(0),z2(0),z3(0)) =
(1,3,0).

b= 0.6, and ¢ = 30 with close initial conditions (2, 1,2) and (2.01, 1, 2).
Synchronization and anti-synchronization of this system can be used for
cryptography and decryption of data in secure communication:
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FiGURE 3. Sensitivity of T-system for close initial con-
ditions: Dash line for initial condition (2,1, 2), and solid
line for initial condition (2.01,1,2) .

3. SYNCHRONIZATION AND ANTI-SYNCHRONIZATION WITH KNOWN
PARAMETER VIA NONLINEAR CONTROLLER

Let the drive and response systems are defined as:

&= f(z),
v="r)+u,
where © = (z1,22, - ,2,)7, ¥y = (y1,¥2,- ,yn)] € R"are the state
vectors of the systems (3.1) and (3.2) respectively; f : R” — R" defines
a vector field in n-dimensional space and v = (u,ug, - - - ,un)T is an n-
dimensional control signal.
Let e = 2 —y and € = x 4+ y are the synchronization and anti-

synchronization error vectors, respectively. The goal is to design an
appropriate controller u such that for any initial conditions yy and xg,



Anti-synchronization and synchronization of T-system 89

we have:
i el = lim_Ja(t.z0) ~ y(t. o)) =0,
Tim el = lim_[la(t,a0) + y(t.30)] = 0.
where ||.|| is the Euclidean norm.

For synchronization and anti-synchronization with known parameter,
we define the drive and response T-systems as follows:

71 = a(y1 — r1)
y1 = (¢ —a)x1 — ar121 (3.3)
71 = xy — bz,
and
Ty = a(y2 — T2) +u1
Yo = (¢ — a)zg — azsze + ug (3.4)
Zy = Toya — bza + us,
where 1, z2, y1 Y2, 21 and zo are the state variables, uy, us and ug are
three control functions to be designed and a, b and ¢ are real parameters
and positive, ensuring that the system is chaotic.

3.1. Synchronization of (3.3) and (3.4). For synchronization, we
subtract (3.4) from (3.3), in a way that the error dynamical system is
represented as follow:

€] = CL(SQ — 61) —+ u1
€2 = (¢ —a)er — a(ra22 — ¥121) + U2 (3.5)
€3 = Tay2 — T1y1 — bes + ug.
In the following theorem, the appropriate nonlinear controller is dis-
cussed for synchronization of chaotic systems (3.4) and (3.3).

Theorem 3.1. Systems (3.3) and (3.4) will be globally asymptotically
synchronized for any initial condition with the following control law for
all k> 0:

Ul = —aey
uy = —(c —a)er + a(waze — x121) — keg (3.6)
U3 = —T2Y2 + T1Y1-

Proof. We define the lyapunov function as follows:
V(t) = 3(ef + €3 + €3). (3.7)

Then with the above mentioned conditions we have:

V(t) = €161 + €eg + €363 = —(ae? + kel + be2) < 0.
It is clear that V is positive definite and V is negative definite. According
to the Lyapunov stability Theorem, the error system (3.5) can converge
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in to the origin asymptotically. Therefore, the drive system (3.3) and the
response system (3.4) can be asymptotically and globally synchronized.
This completes the proof. O

3.2. Anti-synchronization of (3.3) and (3.4). For anti-synchronization,
we add (3.3) to (3.4), so the error dynamical system as follow:

;1 = a(e_g — 6_1) =+ uq
ey = (c—a)er — a(woze + x121) + U2 (3.8)
€3 = xoyo + x1y1 — béz + us.

For the two identical chaotic systems without control (u; = 0), the
trajectories of the two identical systems will quickly separate and be-
come irrelevant on the condition that initial values (x1(0), y1(0), 21(0)) #
(22(0),32(0), 22(0)). However, with appropriate control schemes, the two
systems will approach anti-synchronization for any initial values.

Theorem 3.2. Systems (3.3) and (3.4) will be globally asymptotically
anti-synchronized for any initial condition with the following control law

for all k > 0:

U] = —ae
uy = —(c — a)er + a(v222 + w121) — keéa (3.9)
Uz = —I2Y2 — T1Yi1-

Proof. We define the Lyapunov function as follows:
V(t) = 3(e1? + &2 + e3?). (3.10)

Then with the above mentioned conditions, we have:

V(t) = €161 + €263 + €363 = —(aef12 + k6722 + b6732) <0,
It is clear that V is positive definite and V is negative definite. Ac-
cording to the Lyapunov Stability Theorem, the error system (3.8) can
converge in to the origin asymptotically. Therefore, the drive system
(3.3) and the response system (3.4) can be asymptotically and globally
anti-synchronized. This completes the proof. U

4. ANTI-SYNCHRONIZATION AND SYNCHRONIZATION WITH UNKNOWN
PARAMETER VIA ADAPTIVE CONTROL

Let each of the drive and response systems has one unknown param-
eter. Also let the drive and response T-system, are defined as follow:

71 = a(yr — x1)
y1 = (¢ — a)ry — ar121 (4.1)
71 = r1y1 — bz,
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and
Ty = a(yz — T2) +u1
Yo = (¢ — a)zg — axgzy + us (4.2)
29 = xay2 — bzo + ug,

where ¢ and b are unknown parameters and estimates of ¢ and b, respec-
tively.

4.1. Synchronization of (4.1) and (4.2) via adaptive control.
For synchronization, we subtract (4.2) from (4.1), the error dynamical
system as follow:

€1 =ales —e1) +uy
€9 = cxy — ¢r1 — a(x229 + X121 + T2 — 1) + U2 (4.3)
€3 = Tays — x1y1 + bz1 — bzg + us.
The following theorem shows that system (4.1) and system (4.2) can
be effectively synchronized, and estimate the unknown parameters.

Theorem 4.1. By the following controller:

u; = —aez + (a —1)eg
up = —(¢ — a)er + a(z222 — 121) — €2 (4.4)
uz = —x2y2 + T1y1 — €3 — bes,

and the parameter update law

{

the drive system (4.1) and the response system (4.2) will be asymptot-
ically synchronized. Here, b and ¢ are the estimates values of b and ¢
respectively; and b=5b—b and ¢ = ¢ — c.

e S

=b=eyz b (4.5)
=c= €929 — 5,

Proof. We define the lyapunov function as follows:
V(t)=L1(e? +e3 + e+ 02+ &). (4.6)

Then with the above mentioned conditions we have:

V(t) = €1e1 + €aeg + E3e3 + bb+ &6 = —(e 4 €3 + €2+ b% + &%) < 0.
It is clear that V is positive definite and V is negative definite. Accord-
ing to the Lyapunov stability Theorem, the error system (4.7) can be
converged in to the origin asymptotically. Therefore, the drive system
(4.1) and the response system (4.2) can be asymptotically and globally
synchronized. This completes the proof. U



B. Naderi, H. Kheiri, A. Heydari

201
N
6 10
4
yiy2
21 |
x1,x2 o
ol
2 104
4]
o

254
204
15 A
z1,22 v e
10
5]
oM
v
0 2

© )

y2 — — y1

°
N
IS
)
®
5

FIGURE 4. Time series trajectory for synchronization via
nonlinear control; a: x1,x9, b: y1,y2, ¢ 21,29, d:
e1, €2, €3.

4.2. Anti-synchronization of (4.1) and (4.2) via adaptive con-
trol. For anti-synchronization, we add (4.1) to (4.2), the error dynam-
ical system is represented as follows:

?;1 =a(éa —€1) +uy
€y = cx9 + Cx1 — CL(:L'QZQ 4::U121 + x2 + :L‘1) + u2 (4.7)
€3 = Tays + T1y1 — bz1 + bzp + us.

The following theorem shows that system (4.1) and system (4.2) can
be effectively anti-synchronized, and estimate the unknown parameters.

Theorem 4.2. By the following controller:

u; = —aéz + (a — 1)
up = —(¢ —a)éer + a(wzz2 + x121) — €2 (4.8)
uz = —TaY2 — T1Yy1 — €3 — bes,
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FiGURE 5. Time series trajectory for  anti-
synchronization via nonlinear control; a: x1,z2, b:
Y1,Y2, C: 21,22, d: €71, €2, €3.

and the parameter update law

{

The drive system (4.1) and the response system (4.2) will be globally
asymptotically anti-synchronized. Here, b and ¢ are the estimates values
of b and c respectively; and b=0b—b and ¢ = ¢ — c.

b= —e321— D (4.9)

=¢= —€yx9 — C.

e e
Il

Proof. We define the Lyapunov function as follows:

V(t)=@a?+ a2+ a2+ 0%+ ). (4.10)
Then with the above mentioned conditions we have:
V(t) = €161 + €263 + €363 + 135 +éc = —(6712 + &+ 2+ b2+ 52) < 0.
It is clear that V is positive definite and V is negative definite. Accord-

ing to the Lyapunov Stability Theorem, the error system (4.7) can be
converged in to the origin asymptotically. Therefore, the drive system
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yly2

FIGURE 6. Time series trajectory for  anti-
synchronization via adaptive control; a: x1,x2, b:
Y1,Y2, C: 21,22, d: €71, €2, €3.

(4.1) and the response system (4.2) can be asymptotically and globally
anti-synchronized. This completes the proof. O

5. NUMERICAL SIMULATIONS

To demonstrate the validity of the proposed scheme, we present and
discuss the numerical results for synchronization and anti-synchronization
of chaotic T-system. Fourth-order Runge-Kutta method is used to solve
the systems. Numerical simulation are discussed for a = 2.1,b = 0.6, and
¢ = 30 and the initial values conditions (z1(0),y1(0),21(0)) = (4,0, —2),
(22(0),32(0), 22(0)) = (1.5,1,0), and (b(0),é(0)) = (—1,20). Figures
5 and 4 show simulations for synchronization and anti-synchronization
via nonlinear control, respectively. Numerical results for synchronization
and anti-synchronization via adaptive control are given in FIGURES 6
and 7. FIGURES 8 shows the numerical results of parameter estimations
via adaptive control.
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6. CONCLUSIONS

In this paper, we used the nonlinear and adaptive control methods
for chaos synchronization and anti-synchronization of chaotic T-system.
We also discussed the anti-synchronization and synchronization in two
cases, first they were applied for systems with known parameters, then
we applied them for systems in which the drive and response systems
with one unknown parameter. Sufficient conditions for the synchroniza-
tion and anti-synchronization were obtained analytically, by Lyapunov
stability Theorem. Finally, numerical simulations were given to demon-
strate the effectiveness of the proposed scheme.

REFERENCES

[1] M. M. Al-sawalha and M. S. M. Noorani, On anti-synchronization of
chaotic systems via nonlinear control, Chaos Solitons Fractals, 42(2009),
170-179.

[2] B. R. Andrievskii and A. L. Fradkov, Control of Chaos: Methods and
Applications. I, Methods, Automation and Remote Conitrol, 64(5) (2003),
673-713.

[3] P. Arena, S. Baglio, L. Fortuna and G. Manganaro, Hyperchaos from cel-
lular neural networks, Flectron. Lett., 31 (1995), 250-251.

[4] C. Barbara and C. Silvano, Hyperchaotic behavior of two bidirectional
Chuas circuits., Int. J. Circuit. Theory Appl., 30 (2002), 625-637.

[5] H. Broer and F. Takens, Dynamical systems and chaos, Springer, (2009).

[6] B. Blasius, A. Huppert and L. Stone, Complex dynamics and phase syn-
chronization in spatially extended ecological system, Nature, 399 (1999),
354-859.

[7] L.O. Chua, M. Hasler, G. S. Moschytz and J. Neirynck, Autonomous cellu-
lar neural networks: A unified paradigm for pattern formation and active
wave propagation., IEEE Trans. CAS., 42 (1995), 559-577.

[8] E. M. Elabbasy and M. M. El-Dessoky, Adaptive anti-synchronization of
different chaotic dynamical systems, Chaos Solitons Fractals, 42 (2009),
2174-2180.

[9] M. M. El-Dessoky, Synchronization and anti-synchronization of a hyper-
chaotic Chen system, Chaos Solitons Fractals, 39(2009), 1790-1797.

[10] S. K. Han, C. Kerrer and Y. Kuramoto, Dephasing and bursting in coupled
neural oscillators, Phys. Rev. Lett., 75 (1995), 3190-3193.

[11] J. Y. Hsieh, C. C. Hwang, A. P. Li and W. J. Li, Controlling hyperchaos
of the Rossler system, Int. J. Control, 72 (1999), 882-886.

[12] G. Grassi and S. Mascolo, Synchronizing high dimensional chaotic systems
via eigenvalue placement with application to cellular neural networks, Int.
J. Bifurc. Chaos, 9 (1999), 705-711.

[13] T. Kapitaniak, L. O. Chua and G. Q. Zhong, Experimental hyperchaos in
coupled Chuas circuits, IEEE Trans. CAS., 41 (1994), 499-505.

[14] H. Kheiri, M. R. Moghaddam and V. Vafae, Anti-synchronization of the T-
System with Uncertain Parameters Via Adaptive Control, Int. J. of Non.
Sei., 12(4) (2011), 394-399.



(15]
(16]

(17]

Anti-synchronization and synchronization of T-system 97

H. Kheiri, B. Naderi, Dynamical Behavior And Synchronization Of Chaotic
Chemical Reactors Model, Iranian J. Math. Chem., 6(1) (2015), 81-92.
E. N. Lorenz, Deterministic non-periodic flows, J. Atoms Sci., 20 (1963),
150-141.

B. Naderi, H. Kheiri., Exponential synchronization of chaotic system and
application in secure communication., Optik-Int. J. Light Electron Opt.,
17(5) (2016),2407-2412.

E. Ott, C. Grebogi and J. A. Yorke, Controlling chaos, Phys. Rev. Lett.,
64 (1990), 1196-1199.

L. Pecora and T. Carroll, Synchronization in chaotic systems, Phys. Reuv.
Lett., 64 (1990), 821-824.

J. H. Peng, E. J. Ding, M. Ging and W. Yang, Synchronizing hyperchaos
with a scalar transmitted signal, Phys. Rev. Lett., 76 (1996), 904-907.
G. Tigen, Analysis of a dynamical system derived from the Lorenz system,
Sci. Bull. Politehnica Univ. Timisoara Tomul., 50(64) (2005), 61-72.

Z. Wang, Anti-synchronization in two non-identical hyperchaotic systems
with known or unknown parameters, Commun Nonlinear Sci Numer Sim-
ulat., 14 (2009), 2366-2372.

T. Yang and L. O Chua, Secure communication via chaotic parameter
modulation, IEEE Trans. Circuits Syst. I, 43 (1996), 817-819.



