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Based on the simplified Lorenz multiwing attractor and the generalized Jerk multiscroll at-
tractor, the grid compound chaotic systems are designed via state variables exchanging, state
variables scale transformation, coordinate transformation and switching control. By designing
different switching controllers, four kinds of grid compound attractors are realized. Dynamical
characteristics of these grid compound systems are analyzed by the means of phase diagram,
Poincaré section, bifurcation diagram and the largest Lyapunov exponent (LLE). The digital
circuit and analog circuit are designed, which verify the feasibility of the circuit implement of
the compound chaotic system.
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1. Introduction

In 1963, Lorenz found the first chaotic attractor in three-dimensional autonomous
system when he studied the atmospheric convection.! Since then, the generalized
Lorenz system has been extensively investigated.?® To improve the performance of
chaotic system, people began to study the strengthened chaotic system,® including
multiwing chaotic system”” and multiscroll chaotic system.''! Actually, a variety
of design methods were proposed to generate multiwing chaotic attractor, such as
heteroclinic orbits method,'? fractal method,'*'® and piecewise linear control
method.'%!” Meanwhile, many nonlinear functions were also employed to generate
multiscroll attractor, such as step wave and saturated sequence,'® 2’ hyperbolic
tangent function series.?! Compared with single type chaotic system, compound
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chaotic system has richer dynamic characteristic, so designing new control methods
for constructing complex chaotic attractors has become a hot topic in recent years.
For example, Ref. 22 constructed compound chaotic attractors among the Lorenz
system family by designing the switching controller, and its analog circuit was
implemented with traditional operational amplifiers only for the same type of chaotic
attractors. Reference 23 constructed compound attractors with multiwing and
multiscroll chaotic attractors, and it was verified by circuit simulation. However,
these systems were constructed with simple one-dimensional compound chaotic
attractors, and the characteristic analysis of the compound system was not involved.
An interesting question is whether one can design a multiwing-multiscroll grid
compound chaotic system, which may have a more complex topological structure.

Circuit implementation is meaningful for the chaos application.?* 2% Analog cir-
cuit can generate real chaotic signal, and digital circuit can generate chaotic signal
more conveniently and controllably. Nowadays, current conveyor has been widely
applied to realize simple chaotic circuits.?”2° Meanwhile, DSP implementation of
chaotic systems is repeatable, stable and reliable.’’ So we will take the current
conveyor circuit and DSP platform as experimental verification for the designing of
grid compound chaotic systems.

In this paper, taking the simplified Lorenz multiwing chaotic attractor®! and the
generalized Jerk multiscroll chaotic attractor as the basic systems,*” we designed four
kinds of compound chaotic systems. The rest of this paper is organized as follows.
The compound chaotic systems are designed in Sec. 2. The dynamics of the com-
pound chaotic attractors are analyzed in Sec. 3. The circuit implementation is pre-
sented in Sec. 4. Finally, we summarize the conclusions.

2. Design of the Grid Compound Chaotic System
2.1. Design principle

There are 4 main steps to obtain compound chaotic attractors.?? Considering N
three-dimensional chaotic systems, the design steps are presented as follows:

Step 1. Exchange state variables of the systems to ensure that all these chaotic attractors
are located in different regions in the same phase space.

Step 2. Transform the scale of the state variables of all the N chaotic systems to ensure
that each generated attractor has appropriate and comparable sizes in the
phase space.

Step 3. Transform the coordinates in an appropriate direction for the systems so that
each pair of adjacent chaotic attractors has a common connected domain.

Step 4. Generate a compound chaotic attractor via switching control based on the N
chaotic systems.

The multiscroll-multiwing chaotic system is compounded by switching control.
Through the combination of different transformations with switch controllers, we
designed four kinds of the grid compound chaotic systems as shown in Fig. 1.
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Fig. 1. Block diagram of the design principle.

2.2. Models of the basic compound chaotic system

By replacing a nonlinear cross-product in the simplified Lorenz system®' with a
multisegment quadratic function F(z;), the simplified Lorenz multiwing chaotic
system is obtained as

iy =10(y; — z1),

i1 = (24 — 4c)zy — pr12y + ey,

2 = F(x,) - (8/3)Zla (1)

F(xy) = Fya,? ZF (14 0.5(z; — E;) — 0.5(z1 + E})),

where c is the system parameter, and p is the constant, which can facilitate the design
and implementation of the corresponding circuits. NV, Fy), F; and E; are the adjustable
parameters.

The generalized Jerk multiscroll chaotic system is written as®?

Ty = Yo,
Yo = 29,
By = —x9 — Yy — Py + G(3), (2)

N N
G(z9) = Asgn(zy) + AZ sgn(xy — 2nA) + AZ sgn(zy + 2nA),
n=1 n=1
where [ is the system parameter, and A is the constant. G(x,) is the nonlinear
term, which can control the number of scrolls. The switch controllers S;, S, are
designed as
S1=0.5(1 +sgn(z — 2p)), 5
{Sg =0.5(1 —sgn(z — zp)), ®)
where z; is the switching control point, and it should be located in common con-
nected domain of the two attractors. According to the compound principle, the
Egs. (1) and (2) are in different phase planes, then we exchange the state variable y,
and z, of Eq. (2). In order to ensure that every generated attractor has appropriate
and comparable size in the phase space, we expand 10 times of the state variable x; in
Eq. (1), then the one-dimensional multiwing-multiscroll compound chaotic attractor
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system is designed as

&= (z—=105; 4+ 100(y — 0.1x).5,,

y=(—z—(z—1)— By + G(x))S; + (0.1(24 — 4c)x — 0.1pzz + cy)S,, 4)

z=19yS| + (F(0.1z) — (8/3)2)S,,
where G(z) and F(z) are defined by Egs. (1) and (2), respectively. When ¢ = 1,
p=20,Fy=400,F, = —-20.5,F, =02,6=075,A=1,N=1,M =1,1=3.5,2 =
2.4, we obtained the compound chaotic attractor and time domain waveform
as shown in Figs. 2(a) and 2(b), respectively, and its Poincaré section is shown in
Fig. 2(c), which is calculated with y = 0 as a cross-section. It shows the four-wing and
four-scroll attractor is generated and the compound system is chaotic.

2.3. Design of the Jerk-Lorenz-Jerk-Lorenz compound chaotic system
According to Sec. 2.1, the grid compound Jerk—Lorenz—Jerk—Lorenz system is designed
by
&= (z—1y)S] +100(y — 0.12) S, + (z — I} — f(2))S3 + 100(y — 0.1z)S,,
y=(—z—(2—1y) — By+ G(x))S; + (0.1(24 — 4¢)x — 0.1pxz + cy)S,,
+ (=2 =2+ 1 + f(2) = By + G())S3 + (0.1(24 — 4c)x (5)
— 0.1pa(z — f(2)) + )i,
2 =yS + (F(0.1z) — (8/3)2)5 + yS5 + (F(0.1x) — (8/3)(z — f(2))) 54,
where 1, =3.7,l1,=31,p=20,c=1,0=0.75, and S,S5,,S553,5,, f(2), F(z) are
designed as
S1=0.5(1 —sgn(z — z01)),
Sy = 0.5(sgn(z — zp1) — sgn(z — 202)),
(

S5 = 0.5(sgn(z — zp2) — sgn(z — 203)),
Sy = 0.5(1 + sgn(z — 2¢3)), (6)
f(z) = A(1 +sgn(z — z2)),

N
F(z) = Fyz® — Z F,(1405(zx — E) —0.5(z + E,)),

K3

25"00 5000 -5 0 3

(a) (b) (c)

Fig. 2. Numerical simulations of the compound chaotic attractor: (a) Phase diagram on x — z plane,
(b) Time domain waveform of variable z, (c¢) Poincaré section (y = 0).
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where 2y, =2.3, 200 =4.4, 293 = 6.7, A = 2.05, N = 1, F, = 400, F; = —20.5, F; = 0.2.
S1,5, 55,5, are the switching controllers, and f(z) is the displacement function of
the Lorenz system. According to Egs. (5) and (6), we set the initial value
(z,9,2) = (0.1,0.1,0.1), and the attractor and its Poincaré section with y =0 are
shown in Figs. 3(a) and 3(c), respectively. The time domain waveform of this system is
also plotted as shown in Fig. 3(b). Obviously, the system is chaotic, and the largest
Lyapunov exponent (LLE) of the compound system is 8.6247, which indicates the
chaotic system is very complicated.

2.4. Design of the Jerk-Jerk-LorenzLorenz compound chaotic system

According to the design principle, the grid compound Jerk—Jerk—Lorenz—Lorenz
chaotic system is obtained as

&= 100(y — 0.12), + (= — f1(2))S,

y=1(0.1(24 — 4c)x — 0.1px(z — fo(2) — 11) + cy)S;

+ (2 — (2= f1(2)) — By + G(2)) 5,

2= (F(0.1z) = (8/3)(2 — f2(2) — 11)) S + ySo,
where S}, Sy, g(x), f1(2), fo(2), F(x) are designed as
S1=0.5(1 +sgn(z — zp)),
Sy = 0.5(1 —sgn(z — 2p)),
g(x) = sgn(z) + sgn(z — 2) + sgn(z + 2),
fi(2) = 0.5A,(1 +sgn(z — 1)), (8)
fo(z) = Aa(1 +sgn(z — Iy — 13)),

N
F(z) = Fyz? = Y F(1+05(x — E;) - 0.5(z + E)),
i=1
here, c=1,=0.75,p =20, = 1.1,l, = 24,13, = 3.5, A, = 2.1, A, = 1.1, 2, = 3.5,
N =1,F,=400,F; = —20.5, F; =0.2. z, is the boundary between the Lorenz
system and the Jerk system, and [, is the displacement distance of the Lorenz system.
f1(2) is the displacement function of Jerk system, and f,(z) is the Lorenz translation

10, 10 10 I

; CIURR U DS S e
SRR ™

: | N ‘J |WI|" bl 1)

2 ey S

0% % 2500 soos 05 0 5

(a) (b) (c)

Fig. 3. Numerical simulations of the Jerk-Lorenz—Jerk—Lorenz compound chaotic attractor: (a) Phase
diagram on z—z plane, (b) Time domain waveform of variable z, (c) Poincaré section (y = 0).
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function. S; and S, are the switching function. The compound attractor, time do-
main waveform and Poincaré section at y = 0 are shown in Fig. 4. It indicates this
grid compound system is chaotic.

2.5. Design of the Jerk—MirrorLorenzJerk compound chaotic system

Replacing the variable z with a mirror transformation function sgn(z — z;) x
(z— 29) + 20 — g(z) in Eq. (1), and the mirror Lorenz system becomes to
z=100(y — 0.1z),
9 =10.1(24 — 4c)z — 0.1pz(sgn(z — z9)(z — 29) + 20 — 9(2)) + ¢y, 9)
z=sgn(z — z) F(z) — (8/3)(z — z) — 8/3sgn(z — 20) (2 — 9(2)),
and then the Jerk—MirrorLorenz—Jerk compound system is obtained as
= (z—1;)S; +100(y — 0.12)S, + (2 — 15) S5,
§=(—x—(2—0h)—By+9(x))S +(0.1(24 — 4c)x — 0.1px(sgn(z — 20)(z — 20)
+ 20 — 9(2)) + cy)Sa + (-2 — (2 — ly) — By + 9(2)) 53,
2 =yS; + (sgn(z — 29) F(0.1z) — (8/3)(z — 20)
— 8/3sgn(z — z) (20 — 9(2)))S2 + ySs,

(10)
where S}, S5, 53, g(z), g(2), and F(z) are designed by
Sy =0.5(sgn(z — j1) —sgn(z — ja)),
Sy = 0.5(sgn(z — I3) —sgn(z — 1)),
S3 = 0.5(sgn(z — j3) —sgn(z — js)),
g(x) = sgn(z) + sgn(z — 2) +sgn(z + 2),
My (11)
9(2) = Z (£A(1 £ sgn(sgn(z — 20)(z — 20) — (21 — 20)))),
—1 N
F(z) = Fya? = Y F(1+05(x — E;) - 05(z + Ey)),
=1
T
[ TTIBEER
LI
||| 1 ||||| ||| l Rk i
[ N

0 2 ii)i) 5000 -5 0 5
’

(a) (b) (©)

Fig. 4. Numerical simulations for Jerk—Jerk—Lorenz—Lorenz grid compound chaotic attractor: (a) Phase
diagram on z—z plane, (b) Time domain waveform of variable z, (c) Poincaré section (y = 0).
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where the values of A, z; and z; are obtained by trial and error method, and M, is
nonnegative integer. When ¢ = 1,p = 20, F, = 400, F; = —20.5, F; = 0.2, = 0.75,
A=11,N=1,My=1,20=0.2,2, =2.8,5;, =245, = j1 + 5,j5 = l3 — 5, j, = I3,
Iy =33,ly =-3.05,l3=—-1.95,1, = 2.45, the grid compound attractor, time
domain waveform and Poincaré section at y = 0 are shown in Fig. 5. It is clear that
the grid compound system is chaotic.

2.6. Design of the pseudorandom compound chaotic system

To improve the performance of the compound system further, we designed a
compound chaotic system by employing pseudorandom switch method. It is
defined by

& =100(y — 0.12)5) + (2 = f3(2) — j2)S2 + (2 — f1(2)) S5,
9 =1(0.1(24 — 4c)z — 0.1px(z — fo(z) — I3) + cy) Sy
+ (=2 = (2= f3(2)) —ja =By + 9(2)) Sz + (= — (2 = f1(2)) — By + 9(2))Ss,

z=(F(0.1z) — (8/3)(2 — fo(2) — I3))S1 + ySa + ySs,

(12)
where the switching controllers S;, .S, and S5 are designed by
S1=0.5(1 + sgn(z — 2) ) Wi(2),
Sy =0.5(1 —sgn(z — zp)), (13)
53 = 05(1 + Sgn(z — ZU))WQ(Z)7
6 : 6
| ‘ 7
Vo o
L [ I S
“ 0 N p
15 5 - s e
CLTI T R A
8 T
= RS -6 :
e e 0 2500 5000 -5 0 5

(2) (b) (©)

Fig. 5. Numerical simulations of the Jerk—-MirrorLorenz—Lorenz compound chaotic attractor: (a) Phase
diagram on z—z plane, (b) Time domain waveform of variable z, (c) Poincaré section (y = 0).
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and the functions are designed as
Wi(z) = 0.5(1 4 sgn(Ui(z) — Wi(2)))Ui(2) 4 0.5(1 — sgn(U1(2) — Wi (2)))Wi(2),
W3(2) = 0.5(1 + sgn(Us(2) — Wa(2)))Us(2) + 0.5(1 — sgn(Us(2) — Wa(2)))Wa(2),

U,(z) = 0.5(1 + sgn(R — 50)),
Uy(2) = 0.5(1 — sgn(R — 50)),
fi1(2) = 0.54,(1 +sgn(z — 1)),
fo(2) = Ao (1 +sgn(z — Iy — 13)),
f3(2) = As(1 +sgn(z — j1 — j2)),

N
F(z) = Fya? = Y F,(1+05(x — E;) — 0.5(z + Ej)),

i=1

(14)

where fi(2), fo(2), f3(2) are the parallel transformation functions. A;, A, are con-
stants, j1, Jo, 11, l9, I3 are the space displacements, and they are obtained by trial-and-
error method. Obviously, this compound system is uncertain before the initial values
of chaotic system are selected, so it will be more appropriate than other chaotic
systems when it is applied to secure communication. For simplicity, we set the
switching controller Sy be always valid, and it determines that the half of this system
is Jerk system with 2 x 4 scrolls. There is only one effective controller between S; and
S;, and they eventually determine the type of system to be generated. The flow
diagram is shown in Fig. 6.

Setting j; =1.1,j, =6.1,c=1,8= 0.75,p = 20,2, = 3.5,1; = 1.1,1, = 24,13 =
35,4, =21,A,=11,N =1, F, = 400, F}, = —20.5, F; = 0.2, and changing initial
values, the two kinds of compound chaotic systems appear randomly as shown in
Figs. 7(a) and 7(d), respectively. Here, we get the sum of decimal part of initial three
coordinates, and then let it fall into a specific interval by numerical processing, and
the result is R. When R falls into the half of this interval, Fig. 7(a) appears.
Otherwise, Fig. 7(d) shows up. When R is obtained, one of the groups in U;(z),
Wi(2),S) and Uy(z), Wy(z), S3 are selected. Sy, Sy, S3 are switch controllers. W, (z)
and Wy(z) determine which switch controller is valid between S; and Ss.

Obtain R

Pseudorandom
compound system 1

Ui(z) Wh(2) Si(2)

]

1

]

I

1

1

! Process the

1| initial value of
I =
1 coordinates
1

]

]

1

I

]

1

1

1

|
1

1

1

1

1 .

! Compound
| System
- }
1

1

1

1

1

1

1

Usl(z) Walz) Silz)

Pseudorandom
compound system 2

It determines Select a set of switch
the randomness of controllers
the system | Memememecmcecmeeeaas

Fig. 6. Flow diagram of pseudorandom switch method.

1850049-8



Design of multiwing-multiscroll grid compound chaotic system

10 10 107 — _
i
LR iy
L Wi b il
wmm ef et
"l! Ml F ;
2500 5000 '2.5 0 5
I X
(b) (c)
12 10¢ 7

{ .
00 01 45
wumm%mm LT,

uumm el el
T e 1!

2500 5000 -5 0 5

(d) () (0

Fig. 7. Numerical simulations of the pseudorandom compound system: (a) Phase diagram on z—z plane,
(b) Time domain waveform of variable z, (c) Poincaré section (y = 0), (d) Phase diagram on z—z plane, (e)
Time domain waveform of variable z, (f) Poincaré section (y = 0).

Apparently, it is more difficult for people to predict the orbit of the chaotic
attractor. So, this approach can be used to obtain more complicated attractors. It is
worth mentioning that the randomness of the compound system can not only be
determined by the initial value, but also by other factors.

3. Dynamics of the Grid Compound Chaotic System
3.1. Lyapunov exponents

The Lyapunov exponents of different grid compound chaotic systems are shown in
Fig. 8. It can be seen that the Lyapunov exponents of Jerk—Lorenz are similar to that
of the 1 x 4-wing Lorenz system when ¢ > 2. The Lyapunov exponents of Jerk—Jerk—
Lorenz—Lorenz are similar to that of the 1 x 4-wing Lorenz system when ¢ > 0.5. The
Lyapunov exponents of Jerk—Lorenz—Jerk—Lorenz are similar to that of the
1 x 4-wing Lorenz system when ¢ > 0. The Lyapunov exponents of Jerk—MirrorLor-
enz—Jerk are similar to that of the 1 x 4-wing Lorenz system when ¢ € (2, 6). It shows
that the compound system still contains the dynamic properties of subsystems.

3.2. The LLE analysis

The LLE*® of the grid compound systems are listed in Table 1. The Jerk-Lorenz—
Jerk—Lorenz system has the largest LLE, which means it has more complex
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Fig. 8. The Lyapunov exponents of different compound chaotic systems: (a) Jerk—Lorenz, (b) Jerk—Jerk—
Lorenz—Lorenz, (c¢) Jerk-Lorenz—Jerk—Lorenz, (d) Jerk-MirrorLorenz—Jerk, (e) 1 x 4-wing Lorenz.

Table 1. The LLE of different compound attractors.

Chaotic systems LLE (¢=1,8=0.75)
Multiwing chaotic attractor (1 x 4 Lorenz) 1.7180
Multiscroll chaotic attractor (1 x 4 Jerk) 0.0602
Parallel transform multiwing chaotic attractor (4 x 4 Lorenz) 1.8781
Parallel transform multiscroll chaotic attractor (4 x 4 multiscroll) 0.0698
Multiwing-multiscroll compound (1 x 4 Jerk-1 x 4 Lorenz) 0.5562
Multiwing-multiscroll grid compound (Jerk—Jerk—Lorenz—Lorenz) 6.8354
Multiwing-multiscroll mirror compound (Jerk—MirrorLorenz—Jerk) 1.8312
Multiwing-multiscroll cross grid compound (Jerk-Lorenz—Jerk—Lorenz) 8.6247

dynamical behaviors. The LLE of Jerk—Lorenz system stays between that of Jerk
system and Lorenz system, while the LLE of Lorenz—Lorenz—Jerk—Jerk does not
increased apparently. It can be seen that the complexity of the grid compound
attractor is improved by suitable combination control.

3.3. Chaotic graph of the Jerk—Lorenz-Jerk-Lorenz chaotic system

As the Jerk—Lorenz—Jerk—Lorenz and Jerk—Jerk—Lorenz—Lorenz have the larger
LLE, we focus on the dynamical properties of the two systems. Chaos diagram is a
comprehensive way to reflect dynamics of a chaotic system in the parameter space.
As shown in Fig. 9, the darker the color is, the larger the LLE is, and it indicates that
the chaotic system is more complex. When it is applied to secure communication,

1850049-10
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Fig. 9. Chaotic diagrams for the different compound chaotic systems: (a) The Jerk—Lorenz—Jerk-Lorenz
system, (b) The Jerk—Jerk—Lorenz—Lorenz system.

the parameters of system should be selected in darker areas. While changing
compound systems parameters ¢ and 3, respectively, the maximum value of LLE
reachs 40. One can choose the most suitable parameters from this diagram in
applications. For Fig. 9(a), we found that when the parameter c € (—6,3),

e i

- S | |

8',4 05 06 07 08 09 1
B

(a) (b)

Fig. 10. Bifurcation diagram of the Jerk—Lorenz—Jerk—Lorenz chaotic system: (a) 8 = 0.75, ¢ € [-5, 8],
(b) c=1,B8€10.4,1], (c) 8=0.75,c € [1.1,1.4], (d) 8= 0.75,c € [5.1,5.7].
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B € (0.9,0.98), the system has larger LLE in most area. When § € (0.6, 0.85), the
LLE is relatively smaller. For Fig. 9(b), when the parameter c € (—6,2),
B € (0.9,0.98), the system has larger LLE in most area, and [ should be avoided the
values at the range (0.7, 0.9).

3.4. Bifurcation of the Jerk-LorenzJerk-Lorenz chaotic system

The bifurcation diagrams of the compound system about ¢ and 3 are shown in
Figs. 10(a) and 10(b), respectively. It is found that the system is chaotic over most of
the rang ¢ € [—6,7]. There are two apparent periodic windows at ¢ € (1.21,1.27) U
(5.28,5.5) as shown in Fig. 10(a). It is consistent with the Lyapunov exponent
diagram as shown in Fig. 8(c). To display it clearly, the magnified diagrams are
shown in Figs. 10(c) and 10(d). There exist a pitchfork bifurcation, flip bifurcation
and interior crisis in Fig. 10(d). It is observed from Fig. 10(b) that the grid compound
system is chaotic when ¢ =1 and g € [0.4,1].

4. Circuit Design and Implementation
4.1. Analog circuit implementation

Among all the current conveyers, the current conveyer II is versatile.®* The V-I
characteristics are given as follows: V,, = Vi, = 0, and i, = i,. i, = i, is referred
to positive-type current conveyer(CCII+), while i, = —i, is referred to negative-type
current conveyer (CCII—). CCIIs are implemented by AD844, and it consists of a
CCII+ and a voltage buffer.

Based on the dimensionless state equations and the improved module-based
method, the attractor of Eq. (4) is implemented by analog circuit. The multiwing-
multiscroll compound chaotic attractor circuit based on CCII is shown in Fig. 11(a),
where U1, U2 and U3 are integrators, and A1, A2, A3, A4, A5 and A6 are multipliers
realized by AD633, and D is the inverting amplifier. The circuits of switching con-
troller S1, S2 are shown as Fig. 11(b). The circuits of nonlinear function G(z), F(x)
are presented in Figs. 12(a) and 12(b), respectively.

According to Eq. (4) and the given parameters, the function f;(x), fyo(x), f1(y),
fo(v), f1(2), f2(2) in Fig. 11(a) are obtained as

filz) =—(2-1),

fo(z) = 100y — 10z,

fily) = —(—z — (2= 1) = By + G(x)),
)=
) =

(

(

( (15)
fo(y) =0.1(24 — 4¢)x — 0.1(1/p)xz + cy,

(

(

oy

1\ Y,
fo(2) = F(0.12) — 8/3z.

Considering the parasitic of AD844, we choose its circuit elements R, = 5012,
R,=10MQ, R, =3MQ, C, = 2pF, C, = 4.5pF. The nonlinear circuit system as
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R
s1
—
R16
-2
)

Fig. 11. Design of system circuits: (a) Circuit of the compound chaotic attractor, (b) Circuits for
switching controllers S}, —55.

shown in Fig. 11(a) is described by
& =51 fi(x)/((Ri + By)(C + C)) + Safo(w) /(B2 + R,)(Cr + C.)),
J =5/ (R + R,)(Cy + C.)) + Sa fo(y)/ (Ry + R,)(C2 + Cr)), (16)
2= 51f1(2)/(Rs + R,)(C3 + C.)) + Sy f2(2)/ (Re + R,)(Cs + C.)).

Let C; = Cy, = C3 = 100nF, and compare Eq. (16) with Eq. (4), the resistance
values in Figs. 11 and 12 are obtained by Ry = Ry = R3 = Ry = Ry = Rg = 10k,

(
(

i Woms R
_m s
2 o w '
* Vit X Rr22 k18 3
vz Uy W G
U W —
Z
v R30 X
gt g
X Hin—x )10
=/ U W
—v %
(a) (b)

Fig. 12. Circuits for nonlinear functions G(z) and F(z): (a) For G(z), (b) For F(x).
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Fig. 13. Circuit experimental results of the compound multiwing-multiscroll chaotic attractors: (a) Phase
diagram on z—z, (b) Phase diagram on z—y, (c) Hardware circuit experiment.

R; = Ry = Ry7 = Ryy = Rog = Ryy = Ryy = 47040, Ry = Ryj3 = Rig = Ry = Ryy =
Rog = R3p =5MQ, Ry = Ryy = Rig = Ry = Rys = R = R3p = 114kQ, Ry =
R =5009, Rjg = Ri5 = Rag = R3y = 1k, Ra5 = Ryy = Rsg = 10k, Ry; = 5k,
R3g =50k, Ry = 96.5k), Ryy = 200kS.

The hardware circuit is implemented by using electronic components. All the
supply voltages are set to +15V. The circuit experimental results are obtained as
shown in Fig. 13, it is consistent with Fig. 2(a). Because the center frequency of
multiwing chaotic system is totally different with that of multiscroll chaotic system,
so we use digital oscilloscope to observe the complete phase diagram.

4.2. DSP implementation

The digital circuit of Jerk—Jerk—Lorenz—Lorenz system is implemented based on DSP
technique. There are four parts to realize it as shown in Fig. 14. The CPU is DSP
TMS320F2812, and the DA converter DAC8552 is a 16-bit dual-channel converter.
It is controlled by the DSP board via SPI interface, and the converted data is sent to
the oscilloscope, which is used to record phase portraits of the system.?%

We set the same values of the system parameters in DSP experiment, including
step size h = 0.01, initial value (z,y,2) = (0.1,0.1,0.1), and the phase diagram is
shown in Fig. 15. It is consistent with the computer simulation result as shown in
Fig. 4(a). It is worth mentioning that the differential equations are solved by
employing modified Euler method in DSP implementation.* The precision is lower
than that of the computer simulation which employs the fourth-order Runge Kutta

Computer n Load and Debug DSP

— |
(programme) ¥ < (TMS320F2812)
14
<L
Oscilloscope P | D/A
(Tektronix MDO3104) | (DACB552)

Analog Signal

Fig. 14. Structure diagram of DSP implementation.
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(a) (b)

Fig. 15. DSP Experimental results of the Jerk—Jerk—Lorenz-Lorenz chaotic system: (a) Phase diagram
on z—z, (b) Phase diagram on z—y.

method, so the distribution uniformity of attractor shown in oscilloscope is a little
different from the computer simulation results.

5. Conclusions

In this paper, four types of grid compound chaotic attractors are designed via
switching control. The characteristics of the compound chaotic systems have been
investigated by Poincaré section, LLE, and bifurcation diagram. The results show
that the LLE of Jerk—Lorenz—Jerk—Lorenz and Jerk—Jerk—Lorenz—Lorenz systems
are several times larger than that of other chaotic systems, and the LLE of the Jerk—
MirrorLorenz—Jerk system is as large as that of the 1 x 4-wing Lorenz system. By
choosing suitable combination, the LLE of the compound system increases. It is in
favor of improving the security of chaotic secure communication system. The
pseudorandom switching method has a great potential for applications. Circuit and
DSP experiments show a good agreement with numerical simulation results. We
found that the grid compound attractor has complex dynamics, and its application in
secure communication is our next work.
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