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Abstract: This study presents the adaptive controller
design for the Generalized Projective Synchronization
(GPS)   of   identical   hyperchaotic   Lu   systems,
i.dentical hyperchaotic  Cai  systems  and  non-identical
hyperchaotic Lü and hyperchaotic Cai systems. The
adaptive  GPS  synchronization  results  derived  in  this
study  have  been  proved  using  the  adaptive  control
theory and Lyapunov stability theory. Since, the
Lyapunov exponents are not required for these
calculations,  the proposed  adaptive  control  method  is
very effective and convenient for achieving the
Generalized Projective Synchronization (GPS) of the
hyperchaotic systems addressed in this study. Numerical
simulations are shown to demonstrate the effectiveness of
the adaptive GPS synchronization results derived in this
study for the hyperchaotic Lü and hyperchaotic Cai
systems.

INTRODUCTION

Chaotic systems are systems are nonlinear dynamical
systems which possess some special features, such as
being extremely sensitive to small variations of initial
conditions, having bounded trajectories in the phase
space, and so on. The sensitive nature of chaotic systems
is commonly called as the butterfly effect[1]. The chaos
phenomenon was first observed in weather models by
Lorenz[2].

Chaos is an interesting nonlinear phenomenon and
has been studied well in the last three decades. Chaos
theory has wide applications in several fields like physical
systems[3], chemical systems[4], ecological systems[5],
secure communications[6-8], etc. Hyperchaotic system is
usually defined as a chaotic system having more than one

positive Lyapunov exponent. Since hyperchaotic system
has the characteristics of high capacity, high security and
high efficiency, it has the potential of broad applications
in nonlinear circuits, neural networks, lasers, secure
communications, biological systems and so on. The
hyperchaos  phenomenon  was  first  observed  by
Rossler[9].

Synchronization of chaotic systems is a phenomenon
that may occur when two or more chaotic oscillators are
coupled or when a chaotic oscillator drives another
chaotic oscillator. Because of the butterfly effect which
causes the exponential divergence of the trajectories of
two  identical  chaotic  systems  started  with  nearly  the
same initial conditions, synchronizing two chaotic
systems is seemingly a very challenging research
problem. 
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Fig. 1(a, b): The phase portrait of the hyperchaotic Lu system

In most of the chaos synchronization approaches, the
master-slave or drive-response formalism is used. If a
particular chaotic system is called the master or drive
system and another chaotic system is called the slave or
response system, then the idea of the chaos
synchronization is to use the output of the master system
to control the slave system so that the output of the slave
system tracks the output of the master system
asymptotically.

Since, the seminal work by Pecora and Carroll[10],
chaos synchronization problem has been studied
intensively and extensively in the chaos literature. In the
last two decades, various schemes have been successfully
applied for chaos synchronization such as OGY
method[11], active control method[12-15], adaptive control
method[16-20], time-delay feedback method[21],
backstepping design method[22-25], sampled-data feedback
synchronization method[26], sliding mode control
method[27-30], etc.

So, far many types of synchronization phenomenon
have been presented such as complete synchronization[31],
generalized synchronization[32], anti-synchronization[33-36],
hybrid synchronization[37-39], projective synchronization[40],
generalized projective synchronization[41, 42], etc.

Complete Synchronization (CS) is characterized by
the  equality  of  state  variables  evolving  in  time  while
Anti-Synchronization (AS) is characterized by the
disappearance of the sum of relevant state variables
evolving in time. In hybrid synchronization of two chaotic
systems, one part of the systems is completely

synchronized and the other part is anti-synchronized, so
that, the Complete Synchronization  (CS)  and  Anti-
Synchronization  (AS) co-exist in the systems.

Projective Synchronization (PS) is characterized by
the fast that the master and slave systems could be
synchronized up to a scaling factor. In Generalized
Projective Synchronization (GPS),  the  responses  of  the 
synchronized  dynamical states synchronize up to a
constant scaling matrix α. It is easy to see that the
complete synchronization and anti-synchronization are
special cases of the generalized projective
synchronization where the scaling matrix α = I and α = -I,
respectively.

This study describes the adaptive controller design
for the GPS of the identical hyperchaotic Lü systems
Chen et al.[43], the identical hyperchaotic Cai systems
Wang and Cai[44] and the non-identical hyperchaotic Lu
and hyperchaotic Cai systems. The adaptive GPS
synchronization results for the hyperchaotic systems
addressed in this paper have been established using the
Lyapunov stability theory[45].

Systems description: In this study, we describe the
hyperchaotic systems addressed in this study. The
hyperchaotic Lu system[43] is described by the 4D Lu
dynamics:

(1)

 1 2 1 4
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
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Fig. 2(a, b): The Phase Portrait of the Hyperchaotic Cai System

where x1, x2, x3, x4 are the states and a, b, c, d are
constant, positive parameters of the system.The system
Eq. 1 exhibits a hyperchaotic attractor when the system
parameter values are chosen as:

a 36, b 3, c 20, d 1.3  

The phase portrait of the hyperchaotic Lu system Eq.
1 is depicted in Fig. 1. The hyperchaotic Cai system ([45],
2009) is described by the 4D Cai dynamics:

(2)

 

2

1 2 1

2 1 2 1 3 4

2
3 3

4 1

x p x -x

x qx +rx -x x +x

x -sx +x

x - x







 









where, x1, x2, x3, x4 are the states and p, q, r, s, g are
constant, positive parameters of the system. The system
Eq. 2 exhibits a hyperchaotic attractor when the system
parameter values are chosen as:

p 27.5, q 3, r 19.3, s 2.9, 3.3     

The  phase  portrait  of  the  hyperchaotic  Cai 
system Eq. 2 is depicted in Fig. 2.

ADAPTIVE GENERALIZED PROJECTIVE
SYNCHRONIZATION OF IDENTICAL

HYPERCHAOTIC LÜ SYSTEMS

Theoretical results: In this study, we deploy adaptive
control to derive results for the Generalized Projective

Synchronization (GPS) of the identical hyperchaotic Lu
systems (2006) when the system parameters are unknown.
Thus, the master system is described by the hyperchaotic
Lu dynamics:

(3)

 1 2 1 4

2 2 1 3

3 3 1 2

4 4 1 3

x a x -x +x

x cx -x x

x -bx +x x

x dx +x x















where, x1, x2, x3, x4 are the states and a, b, c, d are
unknown parameters of the system. Also, the slave system
is described by the controlled hyperchaotic Lu dynamics
We define the parameter estimation errors as:

(4)

 1 2 1 4 1

2 2 1 3 2

3 3 1 2 3

4 4 1 3 4

y a y -y +y +u

y cy -y y +u

y -by +y y +u

y dy +y y +u















where y1, y2, y3, y4 are the states and u1, u2, u3, u4 are the
adaptive controls to be desigend. The GPS
synchronization errors are defined as:

(5) i i 1 ie y - x , i 1, 2, 3, 4  

where, the scales α1, α2, α3, α4  are real numbers. The error
dynamics is obtained as:
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(6)

 1 2 1 2 1 4 1 4 1

2 2 1 3 2 1 3 2

3 3 1 2 3 1 2 3

4 4 1 3 4 1 3 4

e a y - x -e +y - x +u

e ce -y y + x x +u

e -by +y y - x x +u

e de +y y - x x +u

  

 
 
 









We consider the adaptive controller defined by:

(7)

 1 2 1 2 1 4 1 4 1 1

2 2 1 3 2 1 3 2 2

3 3 1 2 3 1 2 3 3

4 4 1 3 4 1 3 4 4

ˆu -a y - x -e -y + x -k e

ˆu ce -y y - x x -k e

ˆu -be -y y + x x -k e

ˆu -de -y y + x x -k e

  

 

 

 

where, are estimates of the parameters a, b, c, d,ˆ ˆˆ ˆa, b, c, d

respectively. Substituting Eq. 6 into Eq. 6, we obtain the
closed-loop error dynamics:

(8)

   
 

 
 

1 2 1 2 1 1 1

2 2 2 2

3 3 3 3

4 4 4 4

ˆe - y - x -e -k e

ˆe c-c e -k e

ˆe - b-b e -k e

ˆe d-d e k e

   















We define the parameter estimation errors as:

(9)

a

b

c

d

ˆe a-a

ˆe b-b

ˆe c-c

ˆe d-d








Using Eq. 9, the error dynamics Eq. 8 is simplified as:

(10)

 1 a 2 1 2 1 1 1

2 c 2 2 2

3 b 3 3 3

4 d 4 4 4

e e y - x -e -k e

e e e -k e

e -e e -k e

e e e -k e

 













For the derivation of the update law for adjusting the
estimates of parameters, the Lyapunov method is used.
We consider the quadratic Lyapunov function defined by:

(11) 2 2 2 2 2 2 2 2
1 2 3 4 a b c d

1
V e +e +e +e +e +e +e +e

2


which is positive definite on R8. We note that:

(12)

.

a

.

b

.

c

.

d

ˆe -a

ˆe -b

ˆe -c

ˆe -d

















Differentiating Eq. 11 along the trajectories of the
system Eq. 12 and using Eq. 12, we find that:

(13)
 

2 2 2 2
1 1 2 2 3 3 4 4

.

a 1 2 1 2 1

. ..
2 2 2

b 3 c 2 d 4

V -k e -k e -k e -k e +

ˆe e y - x -e -a +

ˆ ˆˆe -e - b +e -e -c +e -e -d



   
    
        



In view of Eq. 13, the estimated parameters are updated
by the following law:

(14)

 
.

1 2 1 2 1 5 a

.
2
3 6 b

.
2
2 7 c

.
2
4 8 d

â e y - x -e +k e

b̂ -e +k e

ĉ e +k e

d̂ e +k e

 







where the gains k5-8 are positive constants.

Theorem 1: The adaptive control law (Eq. 7) achieves
General Projective Synchronization (GPS) between the
identical hyperchaotic Lu systems Eq. 3 and 4 where the
parameter update law is given by Eq. 14 and the gains ki,
(i = 1, 2, ..., 8) are positive constants. The GPS errors ei,
(i = 1, 2, 3, 4) and the parameter estimation errors ea, eb,
ec, ed converge exponentially to zero as t64 for all initial
conditions.

Proof: Upon substituting the parameter update law Eq. 13
into the Eq. 14, we obtain the derivative of the quadratic
Lyapunov function V as:

(15)2 2 2 2 2 2 2 2
1 1 2 2 3 3 4 1 5 a 6 b 7 c 8 dV -k e -k e -k e -k e -k e -k e -k e -k e

which is a negative definite function on R8. Hence, by
Lyapunov stability theory[45], it follows that the  GPS 
errors e160, e260, e360, e460, exponentially as t64 and 
the  parameter  estimator errors ea60, eb60, ec60, ed60,
exponentially as t64 for all initial conditions.

Numerical results: For the numerical simulations, the
fourth  order  Runge-Kutta  method  is  used  to  solve  the
two systems of differential Eq. 3 and 4 with the adaptive
controller  Eq.  7.  The  parameter  estimates  of  the
identical systems Eq. 3 and 4 are taken, so that, the
hyperchaotic Lu systems exhibit hyperchaotic strange
attractor, i.e.,

a 36, b 3, c 20, d 1.3   

We take the state feedback gains as:

82



Int. J. Syst. Signal Control Eng. Appl., 13 (4): 79-94, 2020

Fig. 3(a-d): GPS of the identical hyperchaotic Lu systems

ik 4 for i 1, 2, ..., 8 

The initial values of the parameter estimates are
chosen as:

       ˆ ˆˆ ˆa 0 7, b 0 8, c 0 5, d 0 17   

The initial values of the master system Eq. 3 are
chosen as:

       1 2 3 4x 0 2, x 0 -23, x 0 7, x 0 12   

The initial values of the slave system Eq. 4 are
chosen as:

       1 2 3 4y 0 15, y 0 -5, y 0 -12, y 0 2   

The GPS scales αi are chosen as:

 1 2 3 40 1.8, -0.6, -2.4, 1.5       

Figure 3 shows the GPS between the identical
hyperchaotic Lu systems Eq. 3 and 4. Figure 4 shows the
time-history of the GPS errors e1, e2, e3, e4. Figure  5 
shows  that  the  parameter  estimates  convergeˆ ˆˆ ˆa, b, c, d

to the chosen values of the system parameters a, b, c, d,
respectively as t64. Figure 6 shows the time-history of the
parameter estimation errors ea, eb, ec, ed.

ADAPTIVE GENERALIZED PROJECTIVE
SYNCHRONIZATION OF IDENTICAL

HYPERCHAOTIC CAI SYSTEMS

Theoretical results: In this study, we deploy adaptive
control to derive results for the Generalized Projective
Synchronization (GPS) of the identical hyperchaotic Cai
systems (2009) when the system parameters are unknown.
Thus, the master system is described by the hyperchaotic
Cai dynamics:

(16)

 

2

1 2 1

2 1 2 1 3 4

2
3 3

4 1

x p x -x

x qx +rx -x x +x

x -sx +x

x - x







 









where, x1, x2, x3, x4 are the states and p, q, r, s, g are
unknown  parameters  of  the  system.  Also,  the  slave
system is described by the controlled hyperchaotic Cai
dynamics:

(17)

 

2

1 2 1

2 1 2 1 3 4 2

2
3 3 3

4 1 4

y p y -y

y qy +ry -y y +y +u

y -sy +y +u

y - y +u







 









where, y1, y2, y3, y4  are the states and u1, u2, u3, u4  are the
adaptive controls to be designed. The GPS
synchronization errors are defined as:
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Fig. 4: Time history of the GPS errors

Fig. 5: Time history of the parameter estimates
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Fig. 6: Time history of the parameter estimation errors

(18) i i i ie y - x , i 1, 2, 3, 4  

where the scales α1, α2, α3, α4 are real numbers. The error
dynamics is obtained as:

(19)

 
 

 

1 2 1 2 1 1

2 1 2 1 2 1 3

2 1 3 4 2 4 2

2 2
3 3 2 3 2 3

4 1 4 1 4

e p y - x -e +u

e q y - x +re -y y +

x x +y - x +u

e -se +y - x u

e - y - x +u

 

 

 

 

  









We consider the adaptive controller defined by:

(20)

 
 

 

1 2 1 2 1 1 1

2 1 2 1 2 1 3

2 1 3 4 2 4 2 2

2 2
3 3 2 3 2 3 3

4 1 4 1 4 4

ˆu -p y - x -e +k e

ˆ ˆu -q y - x +re +y y -

x x -y - x -k e

ˆu se -y + x -k e

ˆu y - x -k e

 

 

 

 

  

where, pare     estimates    of    the    parameters ˆ ˆ ˆ ˆ ˆp, q, r, s, 

p,  q,   r,   s,   g,   respectively.   Substituting   Eq.   19 
into  Eq.  20,  we  obtain  the  closed-loop  error 
dynamics:

(21)

   
     
 
   

1 2 1 2 1 1 1

2 1 2 1 2 2 2

3 3 3 3

4 1 4 1 4 4

ˆe p-p y - x -e -k e

ˆ ˆe q-q y - x + r-r e -k e

ˆe - s-s e -k e

ˆe - - y - x -k e

 

 



   









We define the parameter estimation errors as:

(22)

p

q

r

s

ˆe p-p

ˆe q-q

ˆe r-r

ˆe s-s

ˆe -







  

Using Eq. 22, the error dynamics Eq. 21 is simplified as

(23)

 
 

 

1 p 2 1 2 1 1 1

2 q 1 2 1 r 2 2 2

3 s 3 3 3

4 1 4 1 4 4

e e y - x -e -k e

e e y - x +e e -k e

e -e e -k e

e -e y - x -k e

 

 



 









For  the  derivation  of  the  update  law  for 
adjusting the estimates of parameters, the Lyapunov

85

 

0                  05                1.0               1.5               2.0                2.5               3.0                3.5               4.0 

Time (sec) 

V
al

ue
s 

30 
 
 
 
 

20 
 

 
 
 
 

10 
 
 
 

 
0 
 
 
 

 
-10 

 
 

 
 

-20 
 
 
 
 

-30 

ea 

eb 

ed 
ec 



Int. J. Syst. Signal Control Eng. Appl., 13 (4): 79-94, 2020

method is used. We  consider  the  quadratic  Lyapunov 
function  defined by:

(24)2 2 2 2 2 2 2 2 2
1 2 3 4 p q r s

1
V e +e +e +e +e +e +e +e +e

2    

which is positive definite on R9. We note that:

(25)

p

.

q

.

r

.

s

.

e -p

ˆe -q

ˆe - r

ˆe -s

ˆe -









 











Differentiating Eq. 23 along the trajectories of the
system Eq. 23 and using Eq. 25, we find that:

(26)

 

 

 

2 2 2 2
1 1 2 2 3 3 4 4

.

p 1 2 1 2 1

. .
2

q 2 1 2 1 r 2

. .
2

s 3 4 1 4 1

V k e -k e -k e -k e +

ˆe e y - x -e - p +

ˆ ˆe e y - x - p +e e - r +

ˆ ˆe -e -s +e -e y - x -



   
         
          



In view of Eq. 26, the estimated parameters are
updated by the following law:

(27)

 

 

 

.

1 1 2 1 1 5 p

.

2 1 2 1 6 q

.
2
2 7 r

.
2
3 8 s

.

4 1 4 1 9

p̂ e y - x -e +k e

q̂ e y - x +k e

r̂ e k e

ŝ -e +k e

ˆ -e y - x +k e

 

 

 



  

Theorem 2: The adaptive control law Eq. 20 achieves
General Projective Synchronization (GPS) between the
identical hyperchaotic Cai systems Eq. 16 and 17 where
the parameter update law is given by Eq. 27 and the gains
ki, (i = 1, 2, ..., 9) are positive constants. The GPS errors
ei, (i = 1, 2, 3, 4) and the parameter estimation errors ep,
eq, er, es, eg converge exponentially to zero as t64 for all
initial conditions.

Proof: Upon substituting the parameter update law Eq. 26
into the Eq. 27, we obtain the derivative of the quadratic
Lyapunov function V as:

(28)2 2 2 2 2 2 2 2 2
1 1 2 2 3 3 4 4 5 p 6 q 7 r 8 s 9V -k e -k e -k e -k e -k e -k e -k e -k e -k e

which is a negative definite function on R8. Hence, by
Lyapunov stability theory[45], it follows that the GPS
errors e160, e260, e360, e460 exponentially as t 64 and the
parameter estimator errors ep60, eq60, er60, es60, eg60,
exponentially as t64 for all initial conditions.

Numerical results: For the numerical simulations, the
fourth order runge-kutta method is used to solve the two
systems of differential Eq. 16 and 17 with the adaptive
controller  Eq.  20.  The  parameter  estimates  of  the
identical hyperchaotic Cai systems Eq. 16 and 17 are
taken so that the systems exhibit hyperchaotic strange
attractors, i.e:

p 27.55, q 3, r 19.3, s 2.9, 3.3     

We take the state feedback gains as:

ik 4 for i 1, 2, ..., 9 

The initial values of the parameter estimates are
chosen as:

         ˆ ˆ ˆ ˆ ˆp 0 2, q 0 8, r 0 5, s 0 13, 0 24     

The initial values of the master system Eq. 16 are chosen
as:

       1 2 3 4x 0 4, x 0 11, x 0 -3, x 0 -10   

The initial values of the slave system Eq. 17 are chosen
as:

       1 2 3 4y 0 -6, y 0 -22, y 0 24, y 0 14   

The GPS scales ai are chosen as

1 2 3 4-1.9, -1.5, 2.3, -17       

Figure 7 shows the GPS between the identical
hyperchaotic Cai systems Eq. 16 and 17. Figure 8 shows
the time-history of the GPS errors e1, e2, e3, e4. Figure 9
shows  that  the  parameter  estimates converge ˆ ˆ ˆ ˆ ˆp, q, r, s, 
to  the  chosen  values  of  the  system  parameters  p,  q,
r,  s,  g,  respectively  as  t64.  Figure  10  shows  the
time-history of the parameter estimation errors ep, eq, er,
es, eg.

ADAPTIVE GENERALIZED PROJECTIVE
SYNCHRONIZATION OF NON-IDENTICAL

HYPERCHAOTIC LU AND HYPERCHAOTIC
CAI SYSTEMS

Theoretical   results:   In   this   study,   we   deploy
adaptive control  to  derive  results  for  the  Generalized

86
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Fig. 7(a-d): GPS of the identical hyperchaotic Cai systems

Fig. 8: Time history of the GPS errors

Projective     Lu    system    (2006)    and    hyperchaotic 
Cai     system  (2009),    when    the    system    parameters 
are   unknown.   Thus,    the    master    system   is

described  by   the   hyperchaotic    Lu   dynamics:
Synchronization  (GPS)   of   the   non-identical
hyperchaotic.
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Fig. 9: Time history of the parameter estimates

Fig. 10: Time history of the parameter estimation errors
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(29)

 1 2 1 4

2 2 1 3

3 3 1 2

4 4 1 3

x a x -x +x

x cx -x x

x -bx +x x

x dx +x x















where, x1, x2, x3, x4 are the states and a, b, c, d are
unknown parameters of the system. Also, the slave system
is described by the controlled hyperchaotic Cai dynamics:

(30)

 1 2 1 1

2 1 2 1 3 4 2

2
3 3 2 3

4 1 4

y p y -y +u

y qy +ry -y y +y +u

y -sy +y +u

y - y +u






 









where y1, y2, y3, y4  are the states, p, q, r, s, g are unknown
parameters of the system and u1, u2, u3, u4 are the adaptive
controls to be designed. The GPS synchronization errors
are defined as:

(31) i i i ie y - x , i 1, 2, 3, 4  

where the scales α1, α2, α3, α4 are real numbers. The error
dynamics is obtained as:

(32)

   
 

 
 

1 2 1 1 2 1 4 1

2 1 2 1 3 4 2 2 1 3 2

2
3 3 2 3 3 1 2 3

4 1 4 4 1 3 4

e p y -y - a x -x +x +u

e qy ry -y y +y - cx -x x +u

e -sy +y - -bx +x x +u

e - y - dx +x x +u

    
  

 

  









We consider the adaptive controller defined by:

(33)

   
 

1 2 1 1 2 1 4 1 1

2 1 2 1 3 4 2 2 1 3 2 2

2
3 3 2 3 3 1 2 3 3

4 1 4 4 1 3 4 4

ˆ ˆu -p y -y - a x -x +x -k e

ˆ ˆ ˆu -qy ry +y y -y + cx -x x k e

ˆˆu sy -y + -bx +x x -k e

ˆˆu y dx +x x -k e

    
  

    
      



where  are estimates of the parametersˆ ˆˆ ˆ ˆ ˆ ˆ ˆ ˆa, b, c, d, p, q, r, s, 
a,   b,   c,   d,   p,   r,   s,   g,   respectively.   Substituting 
Eq. 32 into Eq. 33 we obtain the closed-loop error
dynamics:

(34)

       
     
   
   

1 2 1 1 2 1 1 1

2 1 2 2 2 2 2

3 3 3 3 3 3

4 1 4 4 4 4

ˆ ˆe p-p y -y - a-a x -x -k e

ˆ ˆ ˆe q-q y + r-r y - + c-c x -k e

ˆˆe - s-s y + b-b x -k e

ˆˆe - - y - d-d x -k e

 

 

 

   









We define the parameter estimation errors as:

(35)
a b c

d p q

r s

ˆˆ ˆe a-a, e b-b, e c-c

ˆ ˆ ˆe d-d, e p-p, e q-q

ˆ ˆ ˆe r-r, e s-s, e -

  

  

    

Using Eq. 35, the error dynamics Eq. 34 is simplified as:

(36)

   1 p 2 1 1 a 2 1 1 1

2 q 1 r 2 1 c 2 2 2

3 s 3 3 b 3 3 3

4 1 4 d 4 4 4

e e y -y - e x -x -k e

e e y e y - e x -k e

e -e y + e x -k e

e -e y - e x -k e

 

  

 
 









For  the  derivation  of  the  update  law  for 
adjusting the estimates  of parameters, the Lyapunov
method is used. We consider the quadratic Lyapunov
function defined by:

(37)2 2 2 2 2 2 2 2 2 2 2 2 2
1 2 3 4 a b c d p q r s

1
V e +e +e +e +e +e +e +e +e +e +e +e +e

2    

which is positive definite on R13. We note that:

(38)

.. .

a b c

.
.

d p q

. . .

r s

ˆˆ ˆe -a, e -b, e -c

ˆ ˆ ˆe -d, e -p, e -q

ˆ ˆ ˆe - r, e -s, e -

  

  

   

  

   

  

Differentiating Eq. 36 along the trajectories of the
system Eq. 37 and using Eq. 38, we find that:

(39)

 

 

..

a 1 1 2 1 b 3 3 3

..

c 2 2 2 d 4 4 4 p 1 2 1

. . .

q 2 1 r 2 2 s 3 3 4 1

ˆˆe - e x -x -a +e - e x - b +

ˆˆ ˆe - e x -c +e - e x -d +e e y -y -p +

ˆ ˆ ˆ ˆe e y -q +e e y - r +e -e y -s +e -e y -

        
            

                   





In view of Eq. 39, the estimated parameters are
updated by the following law:

(40)

 

 

.

1 1 2 1 5 a

.

3 3 3 6 b

.

2 2 2 7 c

.

4 4 4 8 d

1 2 1 9 p

2 1 10 q

.

2 2 11 r

.

3 3 12 s

.

4 1 13

â - e x -x +k e

b̂ e x +k e

ĉ e x +k e

d̂ e x +k e

p̂ e y -y +k e

q̂ e y +k e

r̂ = e y +k e

ŝ = -e y +k e

ˆ = -e y +k e

 

 

 

 










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Fig. 11(a-d): GPS of the hyperchaotic Lu and hyperchaotic Cai systems

where the gains ki, (i = 5, ..., 13) are positive constants.

Theorem 3: The adaptive control law Eq. 33 achieves
General Projective Synchronization (GPS) between the
non-identical hyperchaotic Lü system Eq. 29 and the
hyperchaotic Cai system Eq. 30 where the parameter
update law is given by Eq. 40) and the gains ki, (i = 1, 2,
..., 13) are positive constants. The GPS errors ei, (i = 1, 2,
3, 4) and the parameter estimation errors ea, eb, ec, ed, ep,
eq, er, es, eg converge  exponentially to zero as t64 for all
initial conditions.

Proof: Upon substituting the parameter update law Eq. 40
into the Eq. 39 we obtain the derivative of the quadratic
Lyapunov function V as:

(41)
2 2 2 2 2 2 2

1 1 2 2 3 3 4 4 5 a 6 b 7 c

2 2 2 2 2 2
8 d 9 p 10 q 11 r 12 s 13

V -k e -k e -k e -k e -k e -k e -k e -

k e -k e -k e -k e -k e -k e



which is negative definite function on R13. Hence, by
Lyapunov stability theory Eq. 40 it follows that the GPS
errors e160, e260, e360, e460  exponentially as t64 and the
parameter estimator errors ea60, eb60, ec60, ed60, ep60,
eq60, er60, es60, eg60, exponentially as t6 for all initial
conditions (Fig. 11).

Numerical  results:  For  the  numerical  simulations,  the
fourth  order  Runge-  Kutta  method  is  used  to  solve

the two systems of differential Eq. 29 and 30 with the
adaptive controller Eq. 33. The parameter estimates of the
non-identical hyperchaotic Lu system Eq. 29 and the
hyperchaotic Cai system  Eq.  30  are  chosen,  so that, the
systems exhibit 3-scroll chaotic attractors, i.e:

a 36, b 3, c 20, d 1.3, p 27.5

q 3, r 19.3, s 2.9, 3.3

    
    

We take the state feedback gains as:

ik 4 for i 1, 2, ..., 13 

The initial values of the parameter estimates are chosen
as:

       
         

ˆ ˆˆ ˆa 0 2, b 0 9, c 0 12, d 0 6

ˆ ˆ ˆ ˆ ˆp 0 4, q 0 1, r 0 7, s 0 3, 0 18

   

     

The initial values of the master system Eq. 16 are chosen
as (Fig. 12 and 13):

       1 2 3 4x 0 10, x 0 -4, x 0 -17, x 0 6   

The initial values of the slave system Eq. 17 are chosen
as:
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Fig. 12: Time history of the GPS errors

Fig. 13: Time history of the parameter estimates

       1 2 3 4y 0 -3, y 0 4, y 0 8, y 0 -20   

The GPS scales αi are chosen as:

1 2 3 40.5, 1.2, 1.4, -0.8       

Figure 11 shows the GPS between the non-identical
hyperchaotic   Lu   and   hyperchaotic   Cai   systems. 
Figure 12  shows  the  time-history  of  the  GPS errors e1,
e2, e3, e4. Figure  13  shows  that  the  parameter  estimates

,  converge    to    the    chosen    values    of    theˆ ˆˆ ˆa, b, c, d
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Fig. 14: Time history of the parameter estimation errors ea, eb, ec, ed

Fig. 15: Time history of the parameter estimates ˆ ˆ ˆ ˆ ˆp, q, r, s, 

system parameters  a,  b,  c,  d,  respectively  as  t64. 
Figure 14 shows  the  time-history  of  the  parameter 
estimation  errors  ea,  eb,  ec,  ed.  Figure  15  shows  that 
the    parameter   estimates     converge   to   theˆ ˆ ˆ ˆ ˆp, q, r, s, 

chosen   values   of  the  system  parametersp,  q,  r,  s,  g
respectively  as t64. Figure  16  shows  the  time-history 
of    the   parameter    estimation    errors    ep,   eq,  er,  es,
 eg.
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Fig. 16: Time history of the parameter estimation errors ep, eq, er, es, eg

CONCLUSION

In this study, we have designed adaptive controllers
for achieving Generalized Projective Synchronization
(GPS) of hyperchaotic systems, viz. the identical
hyperchaotic Lu systems (2006), the identical
hyperchaotic Cai systems (2009) and the non-identical
hyperchaotic Lu and Cai systems when the system
parameters are unknown. The adaptive GPS
synchronization results for the hyperchaotic systems
addressed in this paper have been proved using the
Lyapunov stability theory. Since the Lyapunov exponents
are not required for these calculations, the proposed
adaptive control method is very effective and convenient
for the GPS of hyperchaotic systems. Numerical
simulations have been presented to validate and
demonstrate the effectiveness of the GPS synchronization
results derived in this paper for the hyperchaotic systems.
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