Vol 18 No 7, July 2009
1674-1056,/2009,/18(07)/2680-10

Chinese Physics B

© 2009 Chin. Phys. Soc.
and IOP Publishing Ltd

A novel four-wing chaotic attractor generated from
a three-dimensional quadratic autonomous system*

Dong En-Zeng(# B )T,

Chen Zai—Ping(%EEF)a) )

Chen Zeng-Qiang(I54#45%)?), and Yuan Zhu-Zhi(% #4k)>)

a) Department of Automation, Tianjin University of Technology, Tianjin 300484, China

b) Department of Automation, Nankai University, Tianjin 300071, China

(Received 12 December 2008; revised manuscript received 16 March 2009)

This paper presents a new 3D quadratic autonomous chaotic system which contains five system parameters and

three quadratic cross-product terms, and the system can generate a single four-wing chaotic attractor with wide pa-

rameter ranges. Through theoretical analysis, the Hopf bifurcation processes are proved to arise at certain equilibrium

points. Numerical bifurcation analysis shows that the system has many interesting complex dynamical behaviours; the

system trajectory can evolve to a chaotic attractor from a periodic orbit or a fixed point as the proper parameter varies.

Finally, an analog electronic circuit is designed to physically realize the chaotic system; the existence of four-wing chaotic

attractor is verified by the analog circuit realization.

Keywords: chaos, four-wing chaotic attractor, bifurcation analysis, chaotic circuit

PACC: 0545

1. Introduction

Since Lorenz proposed the first chaotic system, ]
much progress has been made on chaos theory, for ex-
ample, the dynamical properties of chaotic systems
have been thoroughly studied.?~7) Recently, the re-
search focus of chaotic dynamical systems is mainly
on the engineering application, furthermore, many
great achievements have been made in the field of se-
cure communication and information encryption. =10
Therefore, the generation of complex chaotic system
becomes a hot topic. Based on the Lorenz system,
Chen and Uetal'!l presented the Chen system by us-
ing the chaos anti-control method. After that, Lii et
al 12131 proposed Lii system and Lorenz system fam-
ily. Qi et al['* proposed a 3D two-wing chaotic sys-
tem through adding a nonlinear quadratic term into
the Lorenz system. Liu et al'®! proposed a 3D au-
tonomous chaotic system, which can generate a new
butterfly-shaped attractor. Li and Song!'® realized
chaos anti-control of nonlinear systems based on the
sliding mode variable structure control method. Wang
et al'7) presented a 4D chaotic system with multi-
scroll attractors.

Liu and Chen!'®! firstly proposed a 3D four-wing
chaotic system, but in Ref.[19] they proved the im-
possibility of having a single four-wing chaotic attrac-
tor in this system. Chen et al [?°! proposed a 3D au-
tonomous chaotic system which can generate a single
four-wing attractor and a single three-wing attractor
under proper parameter conditions. Qi et al ?! also
proposed a 3D autonomous chaotic system that can
generate a pair of diagonal double-wing attractors.

By utilizing the chaotic anti-control method,
this paper presents a new 3D quadratic autonomous
chaotic system, which contains five parameters and
three quadratic cross-product terms. Compared with
the Lorenz system family, the proposed system has a
different algebraic structure and can generate a sin-
gle four-wing chaotic attractor. The system is proved
to undergo Hopf bifurcations at certain equilibrium
points. Numerical bifurcation analysis shows that the
system has many complex dynamical behaviours. Fi-
nally, an analog circuit is designed to physically real-
ize the chaotic system; the existence of the four-wing
chaotic attractor is verified by the analog circuit real-

ization.
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2. A new four-wing chaotic sys-

tem

The pseudo four-wing chaotic system, which is
presented by Liu and Chen,!'®! can be described as
follows:

T =ax — Yz,
y=—by+zxz
2= —cz+zy. (1)

By introducing a positive linear state feedback
term in the third equation of system (1), a new 3D
autonomous chaotic system is given by

T =azr — byz,

Yy =—cy+xz,

2 =kx —dz + zy, (2)
where a, b, ¢, d, k € RT. The new system (2) can

be chaotic with wide parameter ranges and has many
interesting complex dynamic behaviours. Let

— kvba —
Vb2k2 + 4abd)

back? + 4a?dc),

Y2 = —57 k

Zo = 5 bac,
1

——(kVbac +
2a

1
Yy = —%(k + Vb%k? + 4abd),

Z4 = 3 bac,

then the five equilibrium points of the system (2) can

x4 = back? + 4a?dc),

be described as follows:
= (0,0,0),

= (22,92, 22),

= (—22,y2, —22),
54 = (T4, Y4, 24),

S5 = (—4,Ya, —24).

Whena >0,6>0,c>0,d>0, k>0, the sys-
tem always has five equilibrium points while general-
ized Lorenz canonical form (GLCF) has three equilib-
rium points, thus they are topologically inequivalent.

2.1. Stability of the chaotic system

k2
Whenb>1,c>0,d>0,k‘>0anda<—@,
let the Lyapunov function be
1
Viz,y,x) = 5@ + (b 1)y* + 2%). (3)

Then

V(w, y,z) =xi+ (b— Dyy + 22

=a xQ—&—Exz—l— k—222
o a 4a?

—c(b—1)y? - (d+f) 2

k2
—(d+—)2* .
( +4a)z <0

Thus the zero equilibrium of the system (2) is globally
asymptotically stable.

2.2. Dissipativity and existence

Under the condition that ¢ > 0, d > 0, and a < 0,
we have
or Oy 0z
VV — 7'7; + 7y + i =

o "oy T o —(c+d—a). (4)

According to the ranges of the system parame-
ters, we obtain that —(¢ +d —a) < 0, and thus the
system is a dissipative system. All orbits of the system
converge to a specific subset of zero volume as t — oo
exponentially
a o—(ctd—a). (5)
dt

It is known that a volume element with its initial
volume being V' (0) can shrink to Vye™(¢T4=@)t indi-
cating that every volume element can shrink to 0 with
—(c+d—a). All the system or-
bits can be limited to a point set of which the volume

the exponential speed

is 0, and its asymptotic dynamical behaviour can be
fixed on an attractor.

2.3. Symmetry and similarity

Obviously, system (2) is symmetric with respect
to the y-axis, which can be easily proved via the co-
ordinate transform (z,y, z) — (—z,y, —2).

Equilibrium points Sy and S3 are symmetric with
respect to the y-axis. The same holds for S4 and Ss.
But under the coordinate transformation (z,y,z) —
(=, —9,2), (2,,2) — (@, —y,—
(—z, —y, —z), the system is not the same as the origi-
nal system; this means that the system can show more

) and (2,y,2) —

complex dynamical behaviours.
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The equilibrium points Sy and S3 have the same
eigenvalues; the eigenvalues of Sy and S5 are also the
same, but not the same as those of Sy and Ss.

To verify this, let J; denote the Jacobian matrix
of S;, i =2,...,5, namely,

a —bzy —bys
Jo

z9 —C i) ) (6)

k+ys 220 —d

a bzy —bys
J3 = —Z29 —C —X9

k—FyQ —X9 —d

a —bzy —by,
Jy = Z4 —C T4 ) (8)
k+ys w4 —d

a bzy by4]

Js = —2Z4 —C —I4

k+ys —z4 —d

There exists a matrix T, such that

T 'J,T = Js, (10)

T 'J,T = Js, (11)

where T = diag(—1,1,

matrix,

—1), which is an orthogonal

T '=T"=T. (12)

Therefore, So, S3 and Sy, S5 are two distinct
equilibrium-pairs, and each equilibrium-pair has the
same local stable and unstable centre manifolds.

2.4. Four-wing chaotic attractor

Due to the asymmetry about the x-axis, z-axis
and origin, the system (2) has more complex dynam-
ical behaviours. Through numerical simulations, we
find that the system can generate a four-wing chaotic
attractor with wide parameter ranges. For example,
when a =4, b=06, c= 10, d =5, and k = 1, the pro-
posed system has a four-wing chaotic attractor, and
the equilibrium points are unstable. Figures 1(a)-1(c)

are the phase portraits of the chaotic attractor.
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Fig.1. Four-wing chaotic attractor with a = 4, b = 6,
c¢=10,d =5, k = 1. (a) Projection on z — y plane, (b)
projection on y — z plane, (c) projection on z — z plane.

3. Bifurcation analysis of the sys-

tem

3.1. Hopf bifurcation analysis

The Jaccobian matrix of the proposed system is
as follows:
a —bz" —by*
J@5y' )= | 2 - x|, (13)
k+y* ¢ —d
where x*, y*, z* are the coordinates of the equilibrium
points S — Ss.
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3.1.1. Hopf bifurcation analysis with respect to

a

For the equilibrium point S7, the characteristic
equation is given by

N4 (c4+d—a)\* + (cd — ac — ad)\ — acd = 0. (14)

Fora >0,b>0,¢c>0,d> 0,k > 0, we have
—acd < 0. By the Routh-Hurwitz stability criterion,
Eq.(14) has eigenvalues with positive real part, thus
the equilibrium point S; is unstable. The eigenvalues
are \;1 = a, Ay = —¢, A3 = —d. Since the equilibrium
point S; is a saddle point, it cannot undergo a Hopf
bifurcation at equilibrium point S;.

c+d—a

bek? + dacd — kev/b2k2 + 4abd

The characteristic equation at equilibrium point
Sy is given by

N4 (c+d—a)\+ kcx/ b2k2 + dabd — bek*)\
+ bek? 4 4acd — ke b2k:2 + 4abd = (15)

By the Routh-Hurwitz stability criterion, when
c+d—a>0,

ken/b2k2 + 4abd
bek? + dacd — ken/b2k2 + 4abd > 0,

— bek?) >

and
1

kev/b2k2 + dabd — bek? | > 05
2a

all the eigenvalues of Eq.(15) have negative real part thus the equilibrium point S is stable. When Eq.(16) is

satisfied, Eq.(15) has pure conjugate imaginary roots, and the system trajectory can evolve to a periodic orbit

from a stable fixed point. Therefore, the system possesses a Hopf bifurcation.

c+d—a

bek? 4 dacd — kev/b2k? + 4abd

When b = 6, ¢ = 10, d = 5, £k = 1, solv-
ing Eq.(16) gives a = 2.2105, and the eigenvalues of
Eq.(15) are A; o = £5.0684i, A\3 = —12.7895. Obvi-
ously, a Hopf bifurcation arises at equilibrium point
S5 when a = 2.2105.

As S5 and S3 are an equilibrium-pair, the charac-
teristic equation at Ss is the same as Eq.(15). There-
fore, a Hopf bifurcation arises at S3.

From Fig.2(a), we obtain that this Hopf bifurca-
tion process is in the forward direction. Figures 2(b)—
2(c) show that the system trajectory can evolve to a
periodic orbit from a stable fixed point as a increases
from 1 to 2.5.

The characteristic equation at equilibrium point
Sy is described as

N4 (c+d—a)? - %(kcx/b%? + 4abd + bek*)\
a
+ bek? + dacd + ken/b2k2 + dabd =

(17)

1

keev/BZRZ & dabd — (16)
2a

bek? | = 0-

By the Routh-Hurwitz stability criterion, when a > 0,
b>0,¢c>0,d>0, k>0, the equilibrium point Sy is
stable if the condition

(c+d—a)>0,

—(ken/b2k2 + 4abd + bek?) > 0

and

bek? + dacd + ken/b2k2 + dabd > 0

are satisfied. But

—(ken/b2k2 + dabd + bek?) > 0

is not satisfied in the system parameters range, thus
equilibrium point Sy is a saddle point, and the Hopf
bifurcation cannot arise. Since S; and S5 are an
equilibrium-pair, the same holds for equilibrium point

Ss.
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Fig.2. Hopf bifurcation analysis with respect to a. (a)
Hopf bifurcation process versus a, with b = 6, ¢ = 10,
d =5, k = 1; (b) phase portrait for a = 2.205; (c) phase
portrait for a = 2.2105.

3.1.2. Hopf bifurcation analysis with respect to
k

By using the same method, the Hopf bifurcation
process with k can be studied. For example, fixing
a=4,b=06,c=10, d =5, we find that a Hopf bi-
furcation arises at equilibrium points Ss and S3 when
k = 3.8962. As shown in Fig.3(a), this bifurcation
process is in the backward direction. Figures 3(b) and
3(c) show that the system trajectory can evolve from

a fixed point into a periodic orbit with decreasing k.
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Fig.3. Hopf bifurcation analysis with k. (a) Hopf bifurca-
tion process versus k, with a =4, b =6, ¢ = 10, d = 5; (b)
phase portrait with k& = 3.8962; (c) phase portrait with
k = 3.9162.

3.2. Numerical bifurcation analysis

For a chaotic system, its basic dynamical prop-
erties can be illustrated by numerical bifurcation dia-
gram and Lyapunov exponent spectrum.
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3.2.1. Numerical bifurcation analysis with re-
spect to a

We fix b=6, c =10, d =5, k = 1, and vary pa-
rameter a. As shown in Fig.4(a), the system has com-
plex dynamical behaviours as a increases from 1 to 7;
the system trajectory evolves into a chaotic attractor
from a fixed point, finally into a periodic orbit. There
are three periodic windows [3.65, 3.83], [4.29, 4.45],
and [4.89, 4.93] in the bifurcation diagram.

In this sub-section, Lyapunov exponents are cal-
culated by the Gram-Schmidt algorithm.[?? As shown
in Fig.4(b), when a € [1, 2.2105), the Lyapunov ex-
ponents L1, Ly and L3 are smaller than zero, indicat-
ing that the system is asymptotically stable. When
a € [2.2105, 2.82], the largest Lyapunov exponent L;
is equal to zero, which implies that the system is peri-
odic. Obviously, when a = 2.2105, a Hopf bifurcation
emerges. The largest Lyapunov exponent L, is greater
than zero when a € [2.82, 5.49] except in periodic win-
dows, which implies that the system is chaotic. The
system is periodic when a € (5.49, 7).

Figures 5(a)-5(d) show the periodic orbits on the
x — y plane when a is in different periodic windows,
and Fig.5(e) shows that a four-wing chaotic attractor

l

is generated when a = 5.
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Fig.4. Numerical bifurcation analysis with respect to a,
with b =6, ¢ =10, d = 5, k = 1. (a) Bifurcation diagram
versus a, (b) Lyapunov exponent spectrum versus a.

2.0 8
1.6
4
1.2
>
>
0.8 0
0.4
a —4
. (a) s
0 2 4 6 8 10 —20 —10 0 10
z T
8 20
8
10
4 4
0
> > 0 P>
0
4 —10
—4
() -8 (d) —20
—20 -10 0 10 20 -30 —20 —10 0 10 20 30 —60 —40 —20 0 20 40 60

T

Fig.5. Phase portraits on « — y plane with b =6, ¢ =10, d =5, k = 1. (a) Periodic orbit with
a = 2.4, (b) periodic orbit with a = 3.8, (c) periodic orbit with a = 4.4, (d) periodic orbit with

a = 4.9, (e) chaotic attractor with a = 5.
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3.2.2. Numerical bifurcation analysis with re-
spect to k

We fix a =, b = 6, ¢ = 10, d = 5, and vary pa-
rameter k. As shown in Fig.6(a), as k increases from 0
to 4, the system trajectory evolves into a periodic or-
bit from the chaotic attractor, and finally into a fixed
point. There are four obvious periodic windows in
the bifurcation process. By observing Fig.6(b), the
four periodic windows are [0.09, 0.18], [0.45, 0.48],

0.62, 0.78] and [1.21, 1.26].
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Fig.6. Numerical bifurcation analysis with respect to k,
with a =4, b =6, c =10, d = 5. (a) Bifurcation diagram,
(b) Lyapunov exponent spectrum, (c¢) partly enlarged view
of Lyapunov exponents.

As shown in Fig.6(b), the system is chaotic when
k € ]0,3.01] except in periodic windows. Figures 7(a)-
7(c) show the different periodic orbits when k is in

corresponding periodic intervals. Figure 7(d) shows
that a four-wing chaotic attractor is generated when

k=2
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Fig.7. Phase portraits on x — y plane with a =, b = 6,
¢ =10, d = 5. (a) Periodic orbit with k = 0.16, (b) peri-
odic orbit with k = 0.46, (c) periodic orbit with k = 1.21,
(d) chaotic attractor with k = 2.
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Based on the Hopf bifurcation analysis, the
largest Lyapunov exponent L is smaller than zero
when k& > 3.8962. As shown in Fig.6(c), the largest
Lyapunov exponent L; is also smaller than zero when
k > 3.8962, and L ~ 0 when k = 3.8962. Considering
the tiny calculation error, the numerical simulation is
in agreement with the Hopf bifurcation analysis.

4. Circuit design and realization

To physically realize the four-wing chaotic sys-
tem, an analog circuit is designed. As shown in Fig.8,
the circuit consists of three channels to realize the inte-
gration, addition and subtraction of the state variables
x, y and z, respectively. The operational amplifier
TLO082 and its peripheral circuit can realize the ad-
ditive operation, invert operation, integral operation;
the analog multiplier AD633 can realize the nonlinear
product operation. For this type of realization, the

corresponding state equations are given by

. RQ R2

T ReRC' T RiRuC?®

. Ry Ry

YT RisRiuCY T RigRuC'”

z = [y It T — Ry It z Rs xy.
RuRoR1,C"  RgRoR14C~ ' RyR1.C 18)

Obviously, the state variables z, y and z in
Eq.(18), correspond to the state voltages of three

channels respectively. If we take system parame-
tersa = 4, b =6, c =10, d = 5, k = 1, then
we have Ry = 50 k2, R, = 30 k2, R3 = 75 kQ,
R4 =50 kQ, Rs =5 kQ, Rg = 10 kQ, Ry = 100 k€2,
Rs =10kQ, Ry =10k, R1g = 100192, R1; = 10 kQ,
Rio =10 kQ, R13 =1kQ, R4 =100 kQ, C =1 uF.

With these circuit elements, the state voltages of
the circuit (18) are about 50 V. Considering the satu-
ration property of the analog multipliers and the op-
erational amplifier, we reduce the state variables of
the system (2) fivefold under linear transformation to
avoid saturation distortion, thus the system model is
transformed to

T = 4x — 30yz,

y = —10y + dzz,
z =z — bz + dzy. (19)
Accordingly, fixing the other circuit element values,
we have Ry = 10 k2, R; = 20 k2, R4 = 20 kQ. To
obtain the stable phase portrait in the oscilloscope,
we adjust the capacitor C from 1 uF to 470 pF, which
does not change the shape of the phase portrait but
only increases the vibration frequency of the chaotic
circuit. Thus, the stable phase portraits are observed
in the oscilloscope. As shown in Figs.9(a)-9(e), the
phase portraits observed in the experimental setup are
in agreement with those by the numerical simulation.

Ry
yz
R3 R13
Ry3
x
4 Rio Riy c
Tz
Riz Rus — Ri3
1 1
~ y Ris
+
Ry Hs C
Y
R4 R§ RQ Ria
—r—1__1 L F I - -
Rg + -
L - +
+ L

Fig.8. Circuit realization of the four-wing chaotic system.
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Fig.9. Phase portraits of system (19) observed in the experimental setup. (a) Chaotic attractor on z—y
plane, (b) chaotic attractor on & — z plane, (c) chaotic attractor on y — z plane, (d) periodic orbit on
z — y plane with a = 2.4, (e) periodic orbit on = — y plane with a = 3.8.

5. Summary

A new four-wing chaotic attractor has been generated from a 3D autonomous chaotic system in this paper;
the chaotic system contains five parameters and three quadratic cross-product terms. The Hopf bifurcation
processes are proved to arise at certain equilibrium points through theoretical analysis. Numerical bifurcation
analysis shows that the system has interesting complex dynamical behaviours. Finally, an analog circuit is
designed to physically realize the four-wing chaotic system; the result of circuit realization is in agreement with
that of the numerical analysis. The existence of the four-wing chaotic attractor is verified by the analog circuit
realization. For its simple algebraic structure and complex dynamical behaviour, the proposed system is useful

in secure communication.
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