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obtain some conditions on the parameters for hyperchaotic models determined by using a Lyapunov
direct method. Further, an adaptive controller for synchronization is designed by using Lyapunov
functions by which the deriving system and the response system can realize adaptive modified function
projective synchronization up to scaling matrix. Numerical simulation of each system is discussed in
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theoretical results. These results in this article generalize and improve the corresponding results of the
recent works.
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1. Introduction

The concepts of synchronization and chaos control has gotten considerable attention in the past
three decades. They have wide applicability in different areas, such as engineering, chemical reactions,
biological networks and secure communication [36,46,47]. To date, researchers have developed so
many methods and techniques for chaos control, such as linear feedback control, back-stepping design,
nonlinear feedback control and adaptive control [2, 6, 8, 18, 20, 27, 32,49-53]. Regarding nonlinear
chaotic systems, the phenomenon of synchronization is a well-known subject; see, for example [3, 5,
10-12, 17,19, 22, 25,29-31, 34, 37-39, 54] and the references therein. Up to now, various kinds of
synchronization have been presented, which including complete and anti-synchronization [13, 14] and
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projective synchronization. Among these kinds, the projective synchronization topic has garnered a
lot of interest from researchers [26]. Regarding the projective synchronization, a lot of methods have
been considered and presented for projective synchronization, e.g., function projective synchronization
(FPS) [1,7,9,15, 16,23, 40], modified projective synchronization (MPS) [4, 21, 28, 33] and modified
function projective synchronization (MFPS) [41,42], which is a more general definition of MPS and
FPS. A system that has at least one positive Lyapunov exponent is known as a chaotic system [48],
while a system that has more than one positive Lyapunov exponent is known as a hyperchaotic
system [43-45]. However, many existing MFPS studies focus on chaotic systems only. To the
best of the authors’ knowledge, existing literature only contains a few investigations into the use of
the adaptive control method to obtain the MFPS between hyperchaotic systems. Due to its wide
applicability in many areas, in the present work, we use the adaptive control method to analyze the
stability of an unstable equilibrium point. Moreover, a controller is designed to gain the MFPS between
a hyperchaotic Chen system and hyperchaotic Liu system.

Some existing literature on chaos control and synchronization have been presented here: In Section
1, while the remaining sections in the paper are organized as follows. The descriptions of each system
and their dynamical properties (the divergence, equilibrium points and its stability) are presented in
Section 2. The adaptive control technique is applied to hyperchaotic Liu and Chen systems in Section
3, which also contains some numerical results in the form of graphs. In Section 4, AMFPS among
two different hyperchaotic systems is determined and some associated graphical results are presented,
which confirm the importance of the given method. Finally, the conclusion is presented in Section 5,
summarizing the paper.

2. Systems and dynamical properties

In this section, we present some different dynamical systems with numerical results. In what
follows, each system is described by its equations, with graphical results.

2.1. Liu system

The Liu hyperchaotic system given in [24] can be shown through the following set of equations:

p =alg-p),

7 =bp+kpr+es,
g =bp+kpr+es o
i =—cr—hp*+ms,

s =-dgq,

where the state variables are given by p, ¢, r and s and the parameters and their values are chosen as
follows: h=4,e=1,a=10,k=1,b =40,¢c = 2.5,d = 2.5 and m = 1. For these values of the
parameters, we give the graphical results depicted in Figures 1 and 2, which are the phase portraits.
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Figure 1. Liu hyperchaotic system in three dimensions.
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Figure 2. The Liu hyperchaotic system in two dimensions.

Dynamical properties
In this subsection, we give some important properties of the dynamical systems. We give the
following definitions:

e The divergence: The divergence of a vector field can be obtained as follows:
. . Y
voy=2 .00 0 05 - _1s<o
op dq Or Os
therefore, system (2.1) is dissipative.
e Equilibrium points and stability: By assuming that p = ¢ = 7 = § = 0, we can obtain
0(0,0,0,0) as the equilibrium point of (2.1).
At the equilibrium point O, the evaluation of the model (2.1) and determination of the Jacobian
matrix lead to the characteristics, which give eigenvalues that can show the model stability at that
particular equilibrium. We have

A+ 1250 - 372.50% - 968.751 + 62.50 = 0.
The solution of the fourth-order polynomial leads to the following eigenvalues:

A = =25, A, =15.51557,
Az = =25.5785, A4 = 0.06299.

It shows clearly that the equilibrium O is unstable.
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2.2. Chen system

Here, we describe the Chen system and its analysis about the specific equilibrium point and give
its numerical result. Chen et al. reported a hyperchaotic system in [35]. This hyperchaotic system is
shown by the following equations:

p =-qr+fp,

qg =pr+gq,

S , 2.2)
Fo=3pq+ jr+0.2s,

s =Ip+0.5gr+1.05s.

Here, p, ¢, r and s represent the state variables, and the parameters with their specific values are given
by f =5, g =-10, j = =3.8 and [ = 0.1. The graphical results corresponding to these specific
parameters are presented in Figures 3 and 4.

r(t)

()
()
|

20}

-30 -20 -10 70 20 30 30 20 30 20

p() PO

Figure 4. The graphical representation of the Chen hyperchaotic system in two dimensions.

Dynamical properties
e The divergence: The system (2.2) is dissipative since its divergence is negative, as shown below:

0P L 0a O O bte+105=-775<0.

vV.y=2,42 =
8p+0q+(9r 0s
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e Equilibrium points and stability: By assuming that p = ¢ = 7 = § = 0, an equilibrium point
can be easily obtained, say, E(0, 0,0, 0). The evaluation of system (2.2) at this equilibrium point
leads to the Jacobian matrix and, further, to the following characteristics, which show the model
stability that can be described by the sign of eigenvalues.

A+ 7750 - 40.242% - 157.451 + 199.5 = 0.
Therefore, the eigenvalues are obtained as follows:
A =-3.8, 1, =1.05,
A3 =15, A4 =-10.

Here, it can be seen clearly that the two eigenvalues are positive, which shows that the system
(2.2) at the equilibrium point E is unstable.

3. Adaptive control

Here, we apply the adaptive control method to the different chaotic systems of Liu and Chen. The
numerical results for the given parameters are presented. We discuss each system in detail in the
following subsections.

3.1. Controlling the hyperchaotic Liu system

Consider the system (2.1) in terms of adaptive control representations:

p =alg—p)+u(),

g =bp+kpr+es+u(t), 3.0)
i = —cr—hp*+ms + us(t),

S = —dq + uy(t).

In system (3.1), the controllers to be designed are given by u;, u,, us and u4, and the state variables
are given by p, g, r and s. The asymptotic stability of the system (3.1) can be shown through the
Lyapunov function. Define the Lyapunov function:

1
V(p,q,1,s) = 5(192 +q*+ 7+ 50);

then,
V = p(a(q — p) + ui(t)) + q(bp + kpr + es + u(t)) + r(—cr — hp2 + ms + us(t)) (3.2)
+ 5(—dq + uy(1)). '
Thus, the control functions can be formulated as follows:
u(t) = —aq, u(t) = —bq — bp — kpr —es, us(t) = —ms + hp*, uy(t) = dg — ds. 3.3)

Substituting (3.3) into (3.2), we obtain
V = —(ap* + bg* + cr* + ds?).
It can be seen that V < 0, which shows the asymptotic stability of the model (3.1) at the given

equilibrium point.
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3.2. Controlling the hyperchaotic Chen system

In terms of adaptive control, the model (2.2) can be described by the below equations:

p =-—qr+ fp+ul),
q =pr+gq,
”,.

_ 1 ; (3.4)
= 3pq + jr+0.2s + uy(1),

s =1p+0.5gr+ 1.05s + us(t).

In system (3.4), the state variables are given by p, ¢, r and s, while the controllers to be designed are
u, up; and usz. We use a Lyapunov function to show whether the model (3.4) is asymptotically stable.
To do this, let us define the Lyapunov function below:

1
V(p.g:r,8) = 5(P° + 4"+ 1"+ 8);
after taking the time derivative, we get

) 1 .
V = p(—qr+ fp+u() + q(pr+gq) + r(gpq + jr+0.2s + uy(1))

3.5
+ s(Ip + 0.5gr + 1.05s + us(1)).
Thus, the control functions can be formulated as follows:
1
u(t) = -2fp, us(t) = —gpq —0.2s, uz(t) =-2.1s—-0.5gr — Ip. 3.6)

Substituting (3.6) into (3.5), we obtain
V =—(fp*—gq* — jr* + 1.055%).

Obviously, V < 0, which ensures the asymptotic stability of the model (3.4) at the given equilibrium
point.

3.3. Simulation results

Here, we discuss the simulation results for the controlling hyperchaotic Liu and Chen systems. The
numerical results were obtained by using Maple software version 16. The numerical results have been
obtained in the form of graphics, which show the effectiveness of the method proposed. The initial
conditions associated with hyperchaotic Liu system (2.1) and the hyperchaotic Chen system (2.2) are
as follows: ¢(0) = 2.2, p;(0) = 2.4, r1(0) = 0.8, 5;(0) = 0, ¢2(0) = 0.1 r,(0) = 0.1, p>(0) = 0.2
and s,(0) = 0.2. Figure 5, with subgraphs (a) and (b), is presented to show the convergence of the
trajectories of the controlled systems at the equilibrium points O and E. The convergence of the
trajectory at O for the uncontrolled system (2.1) is shown in Figure 5(a), while, in Figure 5(b), we give
the convergence of the trajectory at E for the uncontrolled system (2.2).

In the simulation, the error dynamics approximately tended to zero. The presented method of
adaptive control shows that they are valid for application in hyperchaotic systems.
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Figure 5. Hyperchaotic (a) Liu and (b) Chen systems controlled to a fixed point.

4. AMFPS of Liu and Chen chaotic dynamical systems

Here, we present Liu and Chen chaotic dynamical systems with adaptive MFPS. In what follows,

we explain each system in detail.
The drive system for AMFPS of a Liu hyperchaotic system can be described by the following

equations:

p1 =alq — p1),
g1 =bpy +kpr +esy,

4.1)
i =—cri —hpy +msy,
§1 = —dqi,
and the Chen hyperchaotic model, as a response model, is described by the following equations:
P2 =g+ fpr+tu,
n = +gq> + U,
?2 l172’”2 851.2 U 42)
rh = 5P2Q2+_]7'2+0.2S2+M3,
Sy = lpz + O.SqZ}’z + 1.05S2 + Uy,

where the nonlinear controllers are given by u;, for i = 1,2,3,4, and, in the sense of MFPS, the
synchronization of the two chaotic systems is given by

tgr& lp2 — (@i p1 + a)pill =0,

lim [|g> — (@211 + a2)qill =0,
oo 4.3)

lim ||, — (@317 + as)r|| = 0,
t—+00

lim |52 — (4181 + as)sil| = 0.
t—+00

AIMS Mathematics Volume 8, Issue 10, 23621-23634.



23628

The error dynamics between (4.1) and (4.2) are given by

é1 =—qn + fpr —2anapiqi + 2aap] — apaq) + apapy + ui,
&y = par+gq2 — 2a21bp1q1 — 2a01kp1qir — 2az1eq151 — anbpy — apkpiry — apes; + us,
e; = %szz + jr2 +0.2s, + 2aglcrf + 2a3lhr1p% — 2a3ymry 51 + azery (44)

2
+a32hpl — a3pymsy + Uz,

ey = lpz + O.Squ’z + 1.05s, + 2&’41dQ1S1 + a42dq1 + Uy.

By defining the state errors ei(1) = p> — (@11 p1 + a)p,ex(t) = g — (@aq1 + @n)q1, e3(t) =
ry — (@311 + asp)ry and eq(t) = 57 — (4151 + ag2)s;.

The main purpose is to determine the controls u; (i = 1,2, 3, 4) that could stabilize the error variables
of the model (4.4). So, the following control law is presented:

Uy =qory —2fpy +2aa11p1q1 — 26161’11}’% +aanng —apap; + a]lfp% +anfpi,

Uy = -—parr+2a0bp1qi + 2a01kpiqir + 2az1eq151 + @nbpy + axnkpir
taxnes; + gazlfﬁ + 8anq, 4.5)

uy = —1pagqa — 0285 — 2azicri — 2a31hri p? + 2a3mry sy — anhp] '

. 2 .
ta3ms) — @30 + @31 JF) + @31,

uy, = —Ilp, —0.5g,r, —2.1s, + 1.05&415% + 1.05a4281 — 2da41q1 51 — aqdq, .
So, we have the below result:

Theorm 1. For nonzero scalars a,, @, az and ay, the AMFPS among the two models (4.1) and (4.2)
will be induced by the control input (4.5).

Proof of Theorem 1. Consider the function
1
V= 5(e% +e;+e3+el). (4.6)

Then
V = ¢1e1 + érey + é3e3 + é4e4
2
=e;(— qry + fpr = 2anapiq; + 2ay1ap] — appaq, + apap; + uy)

+ ex(pary + 8q2 — 2a01bp1qy — 2a01kpi1qi11 — 2a01€q1 51 — anbp — ankpir) — axes; + uy)
1
+ e3(§p2q2 + jr +0.2s, + 2a310rf + 2a31hr1pf — 2azymrys1 + azcr) + agzhp% — a3pms; + uz)

+ €4(lp2 + O.SQZVZ + 1.05S2 + 2a41dq1s1 + C¥42dql + M4);

4.7)
substituting the control input (4.5) gives
dv ) )
P ei(— fpy+anfpy + anfp) + exgq2 + §a2qi + ga22q1)
+ e3(jry + @z  jr? + axnjry) + es(— 1.055; + 1.05a4; 57 + 1.05a4351), (4.8)
= (Z—‘t/ = —fel + ge5 + jes — 1.05¢;.

AIMS Mathematics Volume 8, Issue 10, 23621-23634.



23629

Then, we have

d—V = —eTPe, (49)
dt
where
el f 0 0 0 5 0 O 0
o= e p= 0 —g O 0 _ 0 10 O 0
ez |’ 0O 0 —-j O 0 0 38 0}/
e 0O 0 O 1.05 0O 0 0 1.05

since V is negative definite, it shows that the controller (4.5) induces AMFPS in the driving system via
the response system. O

4.1. Simulation results

In the present section, we obtain the numerical results of the systems described above. To obtain
the simulation results, we used Maple 16. The graphical results were obtained that verify the proposed
synchronization method. The initial conditions of the variables in the hyperchaotic Liu system (2.1) and
the hyperchaotic Chen system (2.2) were considered as follows: p;(0) = 2.4, ¢;(0) = 2.2, r1(0) = 0.8,
51(0) = 0, p2(0) = 0.2, ¢2(0) = 0.1, r,(0) = 0.1 and s5,(0) = 0.2. The simulation results for the
synchronization are shown in Figure 6. First, we chose the scaling functions as follows:

01 =05p1+2, p=q1+1, o3 =2r+3, ¢4 =251+ 1;

then the AMFPS between (4.1) and (4.2) was achieved as shown in Figure 6(a). Figure 6(b) shows the
generalized FPS, when the scaling functions are as follows: ¢; = 0.5p1, ¢, = 0.3q1, ¢3 = 2r;, @4 = 5.
Furthermore, by choosing the simplified scaling functions as ¢; = 1, ¢, = 2, ¢4 = 4 and @3 = 3, we
obtained MPS as shown in Figure 6(c). Moreover, by simplifying the scaling functions to ¢; = 1, for
i = 1,2,3,4, we obtained complete synchronization, as shown in Figure 6(d). Finally, Figure 6(e)
shows the anti-synchronization as a result of choosing ¢; = —1 (i = 1,2,3,4).

As can be seen, the error dynamics have approximately tended to zero. The MFPS applied to the
hyperchaotic systems is valid and gives effective results.
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Figure 6. The errors between the Liu and Chen hyperchaotic systems for (a) AMFPS, (b)
GFPS, (c) MPS, (d) complete synchronization and (e) anti-synchronization.

5. Conclusions

We successfully presented and applied the adaptive control technique to the hyperchaotic Liu and
Chen systems. The asymptotic stability of each system on the path to the specific equilibrium point is
discussed. Further, we assigned specific values to the parameters and obtained the graphical results in
detail. The Lyapunov function constructed for each system and its asymptotic stability are discussed.
Further, MFPS was used to synchronize the two different hyperchaotic systems through the use of a
Lyapunov function. Under the conditions of the controller, MFPS of the hyperchaotic Liu system and
hyperchaotic Chen system was successfully achieved. Based on the simulation results, we discussed
the scaling function simplified to scaling factor. All of the simulation results are demonstrated the
corresponding figures to show that the system errors approached zero. The work of this paper provides
a theoretical reference for the control and synchronization of hyperchaotic systems. In future work, we
may apply the idea to applications in the engineering field, such as information processing and secure
communication.
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