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CONTROL AND ADAPTIVE MODIFIED
FUNCTION PROJECTIVE
SYNCHRONIZATION OF LIU CHAOTIC
DYNAMICAL SYSTEM
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Abstract In this work, the feedback control method is proposed to control
the behaviour of Liu chaotic dynamical system. The controlled system is stable
under some conditions on the parameters of the system determined by Routh-
Hurwitz criterion. This paper also presents the adaptive modified function
projective synchronization (AMFPS) between two identical Liu chaotic dy-
namical systems. Based on the Lyapunov stability theorem, adaptive control
laws are designed to achieving the AMFPS. Finally, some numerical simula-
tions are obtained to validate the proposed methods.
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1. Introduction

Control and synchronization have attracted increasing attention due to their ap-
plications in biological networks, chemical reactors, physics and secure communica-
tion [34]. Controlling chaos has become a challenging topic in nonlinear dynamical,
which consists in adding an input control to attempt stabilizing an unstable equi-
librium point. This input control can be set using linear and nonlinear feedback
control, adaptive control and active control [1,6,8,17,19,25,31].

Different kind of chaos synchronization have been studied such that complete
synchronization, anti-phase synchronization, generalized synchronization and pro-
jective synchronization [3,5, 10-14, 16, 18, 21, 23, 24, 27-29, 33, 35-37]. Projective
synchronization has been an active area of research and improved by many authors.
In recent years, modified projective synchronization is introduced in [20], where the
responses of the synchronized dynamical states synchronize up to a constant scaling
matrix [4,26,32]. Later, a new synchronization method called function projective
synchronization is proposed, see [2,7,9,15,30,38]. It means that the drive and
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response systems could be synchronized up to a scaling function. More recently, a
new type of synchronization phenomenon is discussed, modified function projective
synchronization, where the drive and response systems could be synchronized up
to desired scaling function matrix [39,40]. Particularly, MFPS is the more general
definition of MPS and FPS when the scaling function matrix is chosen by a constant
matrix and a scaling function, respectively.

The object of this paper is to guide the chaotic trajectories for Liu chaotic dy-
namical system and to study the modified function project synchronization (MFPS)
of two identical Liu chaotic system with known parameters.

The rest of this paper is organized as follows: In Section 2, we provide a de-
scription of the Liu chaotic systems. In Section 3, the feedback control of Liu
chaotic system is presented. In Section 4, we discuss the modified function projec-
tive synchronization of identical Liu chaotic systems. In Section 5, numerical results
are given to demonstrate the effectiveness of the proposed methods. Conclusion is
obtained in the final section.

2. Liu chaotic system

Liu chaotic system [22] is described by the following system of differential equations:

z=a(y —x),
Y =bxr — kaz, (2.1)
3 = —cz + ha?,

where the parameters a,b,c,h and k are positive real constants. For example, a
chaotic attractor for the parameters a = 10, b =40, ¢ = 2.5, k =1 and h =4 is
shown in Figure 1.

2.1. Equilibrium points and stability

The equilibrium point and stability have been addressed in [22], here we a give a
direct analysis of the equilibrium points and stability analysis of the model.
By putting the right side of equation of system (2.1) equal to zero, that is;

aly —z) =0,
bx — kxz =0,
—cz+ hx? =0.

This system has three equilibrium points:

Pl = (03070)7 P2,3 = (Zt \/Cb/h/ﬂ,:I:\/Cb/hk7 %)

The eigenvalues at each equilibrium point can be obtained as shown in Table 1.
From Table 1, we show that all the equilibrium points are unstable, since at
least one eigenvalue has positive real part for each equilibrium point.
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Figure 1. Liu chaotic system in (a) 3-dimensional (b) z-z plane and (c) z-y plane where a = 10, b = 40,
c=25,k=1and h =4.

Table 1. Eigenvalues and stability of equilibrium points

Equilibrium points Eigenvalues Stable/Unstable
P A1 =15.615, Ao = —25.615 , A3 = —2.5 Unstable
P, A = —17.561 , Ao = 2.53 4+ 10.367i , A3 = 2.53 — 10.367:¢ Unstable
Ps3 Ay = —17.561 , Ao = 2.53 4+ 10.367i , A3 = 2.53 — 10.367¢ Unstable

3. Controlling Liu System

In order to control the Liu system to the unstable fixed points (z;,y;, 2;) for i =
1,2, 3, we introduce the feedback control to guide the chaotic trajectory (x(t), y(t), z(t))
to the unstable equilibrium points (x;, y;, 2;) for i = 1,2, 3. Let system (2.1) be con-
trolled by the following:

i =a(y —z) — ki(z — xi),
y=br —kxz — kio(y — i), (3.1)
2= —cz+ ha? — kiz(z — ),

where i = 1,2, 3.
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3.1. First

For ¢ = 1, the controlled system (3.1) has one equilibrium point (x1,y1,21) =
(0,0,0). Then, control system (3.1) by a linear feedback control of the form:

t=aly — ) — ki1(z — 1),
Y =br — kxz — k12(y — 1), (3.2)

5= —cz+ ha® — ki3(z — 21).

The controlled system (3.2) has one equilibrium point (21,91, 21). We linearize (3.2)
about this equilibrium point. Then, the linearized system is given by:
X =—(a+k1)X +aY,
Y = koY + (b—k21)X — kay Z, (3.3)
Z = —(c+kis)Z + 2hx X,

where (z1,y1,21) = (0,0,0), that is;

X = —(a+ki1)X +aY,
Y = —kY +bX, (3.4)
Z=—(ct+ki)Z.

Lemma 3.1. The zero solution of the linearized system (8.4) is asymptotically
stable whenever the conditions on the gained matriz are ki1 = k13 =0 and ki > b.

Proof. The Jacobian matrix of (3.4) is given by:

—a a O
J = b —klg 01,
0 0 -—c

the eigenvalues of the Jacobian matrix satisfy the equation:
(—c—A) [(—a —N)(—kig — ) — ab} —0,

then
(—c—A) (A2 4 (a+ ki) + akys — ab) —0,

we then obtain

,(a =+ ]{512) + \/(a + k12)2 — 4((1](112 — ab)
2

)\1 = —c¢ and /\273 =

It holds that Ay <0 and Az 3 < 0. This implies that the eigenvalues have negative
real parts and therefore the zero solution of (3.4) is asymptotically stable. O
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3.2. Second

For i = 2, the controlled system (3.1) has one equilibrium point (zo,ye,22) =
(\/cb/ hk,+/cb/hk, %) Let system (3.1) be controlled by a linear feedback control
of the form:

z=aly — ) — ko1(z — z2),
g =bx — kxz — koo(y — y2), (3.5)
5= —cz+ ha?® — koz(z — 22).

The controlled system (3.5) has one equilibrium point (22, y2, z2). We linearize (3.5)
about this equilibrium point. Then the linearized system is given by:

X = —(a + kgl)X + CLY,
Y = —kooV + (b — k20)X — ko Z, (3.6)
Z = —(c+ kos)Z + 2ha X,

where (z2,y2, 22) = (\/cb/hk, \/cb/hk, %), that is;

X = —(a+ ko)X +ay,

Y = —kgY — kv/cb/hkZ, (3.7)
Z = —(c+kaz)Z + 2hr\/cb/hk X.

Lemma 3.2. The zero solution of the linearized system (3.7) is asymptotically
stable whenever the conditions on the gain matriz are koy = kog =0 and koo > 0.

Proof. The proof of this lemma depends on the condition of Routh-Hurwitz. The
Jacobian matrix of (3.7) is given by:

—a a 0
J = 0 —k22 —k Cb/hk ’
2hy/cb/hk 0O —c

the eigenvalues of the Jacobian matrix satisfy the equation:
N (a4 ¢+ koo) A% + (ac + ckag + akao) X + ackas + 2abe = 0,

where

a; = a—+c+ k22,
az = ac + ckaa + akaa,

a3 = ackss + 2abc.

According to the Routh-Hurwitz condition, it holds that a; > 0, aias > a3 and ag >
0. This implies that the eigenvalues have negative real parts and therefore the zero
solution of (3.7) is asymptotically stable. O
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3.3. Third

For i = 3, the controlled system (3.1) has one equilibrium point (z3,ys,z3) =
( — +/cb/hk,—+/cb/hk, %) Let system (3.1) be controlled by a linear feedback
control of the form:

z=aly — ) — ks1(z — x3),
g =bx — kxz — ksa(y — ys3), (3.8)
5= —cz+ ha?® — ksz(z — 23).

The controlled system (3.8) has one equilibrium point (3, ys, z3). We linearize (3.8)
about this equilibrium point. Then, the linearized system is given by:

X = —(a—|—k31)X+aY,

Y = —k3oY + (b — kz3) X — kasZ, (3.9)
Z = —(c+ kss)Z + 2has X,

where (z3,ys, 23) = (— \/cb/hk,—+/cb/hk, %)7 that is;

X = —(a+ks))X +aY,

Y = —kspY + ky/cb/hkZ, (3.10)
Z = —(c+ ks3)Z — 2h+/cb/hkX.

Lemma 3.3. The zero solution of the linearized system (3.10) is asymptotically
stable whenever the conditions on the gain matriz are ksy = k33 =0 and ko > 0

Proof. The proof of this lemma depends on the condition of Routh-Hurwitz. The
Jacobian matrix of (3.7) is given by:

—a a 0
J = 0 —kso +k+/cb/hk| ,
—2h+/cb/hk 0 —c

the eigenvalues of the Jacobian matrix satisfy the equation:
Nt (a4 ¢+ k3o) A% + (ac + cksa + aksa)\ 4 ackys — 2abe = 0,

where

a; = a +c+ ng,
as = ac + ckss + akso,
az = ackss + 2abc.

According to the Routh-Hurwitz condition, it holds that a; > 0, aias > a3 and ag >
0. This implies that the eigenvalues have negative real parts and therefore the zero
solution of (3.7) is asymptotically stable. O
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4. The adaptive modified function projective syn-
chronization of chaotic systems

The drive system and the response system are defined as:

&= f(x),
{y =g(y) + U(t,z,y), (4.1)

where x,y € R"™ are the state vectors, f,g : R® — R™ are differentiable vector
functions, U(t, z,y) is a control function. Let the vector error state be:

e=y— A(t)z, (4.2)
where A(t) is an n*"-order diagonal matrix, i.e. A(t) = diag{a1(t), as(t),..., an(t)}
and o (t) are continuously differentiable functions, «;(t) # 0 for all ¢.

Definition 4.1. For the drive system (4.1) and the response system (4.2), it is said
that system (4.1) and system (4.2) are modified function projective synchronization
(MFPS), if there exists a scaling function matrix A(t), such that

lim_le(t)] =, Tim_[ly — A@)z] = 0.

t——+oo
For AMFPS of Liu chaotic system (2.1), the drive (or master) and response (or

slave) systems are defined below, respectively,

i1 =a(y1 — 1),
U1 = bry — kw121, (4.3)

21 = —cz1 + hx%,
and Liu system as the response system is given by

&y = a(y2 — x2) + u1,
Yoy = bxo — kxozo + us, (44)
Z9 = —Cz9 + h:c% + ug,

where u1, us and ug are the nonlinear controllers such that two chaotic systems
can be synchronized in the sense of MFPS, i.e.;

lim |lza — (a1171 + aq2)71 || = 0,
t—+o0
t_1>i+moo ly2 — (a2191 + @22)y1]| = 0, (4.5)
t—13+moo 22 — (az121 + as2)z1]| = 0.

The error dynamical system between (4.3) and (4.4) is

é1 = —aey + ays — 2a1az1y1 + 01025 — azay; + ui,

éo = bry — kxoze — 20001b21y1 + 2091 kT1Y121 — aobay
+agokTi 21 + Uz,

¢3 = —ces3 + has + azicz? — 2a31hz102 — agaha? + us,
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by defining state errors e1(t) = z2 — (a1121 + @12)x1, e2(t) = ya — (2191 + Q22)y1,
es(t) = zo — (ag121 + as2)z1.

The object is to find a control law w;(i = 1,2, 3) for stabilizing the error variables
of the system (4.4). For this, we propose the following control law:

Uy = —ays + 2a011T1y1 — ac1 T3 + aaay,

up = —bxy + kxozs + 2a01bx1y1 — 20021 kT1y121 + Q22bT1 — ook 21 (@.7)
=5y + Bbao1y? + bagay1, .

uz = —hx% — 043102% + 2a31h21x% + a32h$%.

Then, we have the following theorem.

Theorem 4.1. For given nonzero scalars a;(i = 1,2,3), AMFPS between the two
systems (4.3) and (4.4) will occur by the control input (4.7).

Proof. Define a Lyapunov function:
1
V= 5 (ef +e2 + e%). (4.8)

The differential of the Lyapunov function along the trajectory of error system (4.6)
is:

— =é;¢€ ése ése
0 1€1 + g€z + €zes
=e ( —ae1 + ays — 2a11621Y1 + anaaﬁ — (120Yy1 + u1>
+ e (bl‘g — kxozo — 2001011y + 20001 kx1y121 — Qoobr1 + Qoskx121 + UQ>

+ 63( — ce3 + hal + aziczi — 2az1hz w0t — aspha? + u;;). (4.9)

By substituting the the control input(4.7), it gives that:

dV
A ( — aey + ays — 2011az1Y1 + a1az] — Q2ay; — ayz + 2a00121Y;
— aaux% + aOé12y1> + ez (5372 — kxozg — 2a01bx1y1 + 2001 kx1y121
— apobxy + kw21 — b + kxozy + 2001b21y1 — 2001 kT 1y121
+ aigobr — ok — 562) + 63( —ce3 + hx% + ozglczf — 2a31hzlx%
- Oégghl‘% - hx% - oz3lczf + 2a31h21x% + a32hx%>
dV
= T :—ae%—5e§—ce§.
(4.10)
Then we have,
dV
T —eT Pe, (4.11)
where
el a00 100 O
e=ley|, P=1050=[050

es3 00c 0025
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Since V is negative definite therefore, the response system synchronize the drive
system in the sense of AMFPS by the controller (4.7). This completes the proof.
O

5. Numerical results

5.1. Control for Liu chaotic system

In this section, some numerical simulation results are presented to verify the pre-
vious analytical results where a = 10, b = 40, ¢ = 2.5, k = 1 and h = 4. Figure
2 shows the convergence of the trajectory of the controlled system to the unstable
equilibrium point (21,y1,21) = (0,0,0) of the uncontrolled system (2.1). While
Figure 3 shows the convergence of the trajectory of the controlled system to the

unstable equilibrium point (xs,ys, 22) = (m, \/cb/w7 %) of the uncontrolled
system (2.1). Figure 4 shows the convergence of the trajectory of the controlled
system to the unstable equilibrium point (z3,ys, 23) = ( — \/cb/hk,—/cb/hk, %)
of the uncontrolled system (2.1).

5.2. Synchronization for Liu chaotic system

In this section, some numerical simulation results are presented to verify the pre-
vious analytical results where a = 10,b = 40,c = 2.5,k = 1 and h = 4. The initial
values of the drive system and response system are taken as:

(2103101 51(0) = (7. ~7.5)", (22(0).22(0). 2(0)) = (20, -3,16)".

We choose the scaling functions as:
a1 =21+ 1, ao =y1 +2 and az =2z + 3.

Figure 5 shows the AMFPS between two identical Liu systems. When the scaling
functions are simplified as a; = 2x1 + 2, ay = 2y1 +2 and ag = 2z1 + 2 the MFPS
between two identical Liu systems are shown in Figure 6. Figure 7 shows the
AMPS between two identical Liu systems when the scaling factors are simplified as
a1 =1, as =2 and azg = 3. When «; = 2 for (i = 1,2,3) the MPS between two
identical Liu systems are shown in Figure 8. Furthermore, when the scaling factors
are simplified as o; = 1 for (¢ = 1,2, 3), the complete synchronization between two
identical Liu systems are shown in Figure 9. Finally, when the scaling factors are
simplified as a;; = —1 for (i = 1,2, 3) the anti synchronization between two identical
Liu systems are shown in Figure 10.

Conclusions

In this paper, we have presented the feedback control to the Liu chaotic dynamical
system. The controlling conditions are derived from Routh-Hurwitz criterion. In
addition, we have investigated the AMFPS between two identical Liu chaotic dy-
namical system. The adaptive control laws are attained for stability of the error
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Figure 4. The time responses for the states of the controlled Liu system to a fixed point (z3, y3, 23).



Control and adaptive modified function ...

3 4 5 6 7
t
_50,
~60
~70
*80]
’— e, ——e,—¢;

Figure 5. The behaviour of the trajectories
e1, e1 and ey of the error system tends to zero
for AMFPS.

0
0 1 2 3 4 5 6 7

t

¢ ) ]

Figure 7. The behaviour of the trajectories
e1,e; and ej of the error system tends to zero
for AMPS.

=1
S}
w
~
w
=N
N

_61_62_63

Figure 9. The behaviour of the trajectories
e1, e1 and e; of the error system tends to zero
for complete synchronization.

611
3 4 5 6 7
t
60
,70,
-804
-90l
’ ¢ ) 4

Figure 6. The behaviour of the trajectories
e1,e; and ejof the error system tends to zero
for MFPS.

lOJ

¢ ) ]

Figure 8. The behaviour of the trajectories
e1,e; and ey of the error system tends to zero
for MPS.

20
10
0
1 2 3 4 5 6 7
t
-10
_61_62_63

Figure 10. The behaviour of the trajectories
e1, e1 and e; of the error system tends to zero
for anti phase synchronization.
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dynamical system by using Lyapunov stability theory. The results are verified by
numerical simulations.
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