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A novel memristor-based multi-scroll hyperchaotic system is proposed. Based on a voltage-controlled memristor
and a modulating sine nonlinear function, a novel method is proposed to generate the multi-scroll hyperchaotic attractors.
Firstly, a multi-scroll chaotic system is constructed from a three-dimensional chaotic system by designing a modulating
sine nonlinear function. Then, a voltage-controlled memristor is introduced into the above-designed multi-scroll chaotic
system. Thus, a memristor-based multi-scroll hyperchaotic system is generated, and this hyperchaotic system can produce
various coexisting hyperchaotic attractors with different topological structures. Moreover, different number of scrolls and
different topological attractors can be obtained by varying the initial conditions of this system without changing the system
parameters. The Lyapunov exponents, bifurcation diagrams and basins of attraction are given to analyze the dynamical
characteristics of the multi-scroll hyperchaotic system. Besides, the field programmable gate array (FPGA) based digital
implementation of the memristor-based multi-scroll hyperchaotic system is carried out. The experimental results of the

FPGA-based digital circuit are displayed on the oscilloscope.

Keywords: multi-scroll hyperchaotic attractor, memristor, FPGA
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1. Introduction

Since the first chaotic system was found by Lorenz, great
interest in chaos phenomena has been shown.!!l At present,
the generation of chaotic systems with rich dynamic behav-
iors has been widely studied.”>! As we all know, chaotic
systems are extremely sensitive to slight changing of initial
conditions. Therefore, chaotic systems have been applied to
many engineering fields, such as image encryption,[!%-121 se-

13,141 and weak signal detection. !5

cure communication!

In general, the number of scrolls is closely related to the
topological complexity of chaotic systems. The phase trajecto-
ries of a multi-scroll chaotic system can randomly jump in all
scrolls. Thus, comparison with single-scroll and double-scroll
chaotic systems, multi-scroll chaotic systems have even more
complex dynamic behaviors and topological structures.'®! In
recent decades, design and implementation of multi-scroll
chaotic systems have been emerging. The multi-scroll chaotic
systems can be obtained by introducing a certain kind of non-
linear functions into some existing dynamic systems to expand
the saddle-focus equilibrium points (EPs). For example, based
on the improved Chua’s system, Li ef al. proposed an infinite-
scroll chaotic system by employing the sine function, and the
number of scrolls increases with the increase of the calculat-
ing period of the implemented chaotic system.!!”] Based on the
Jerk system, Wang et al. designed a multi-scroll chaotic sys-
tem by employing a nested sine-PWL function.!!8] On the ba-
sis of the Jerk system, Ding et al. presented a grid multi-scroll
chaotic system by employing sign function series and a mod-

fCorresponding author. E-mail: yuxiali2004@sdust.edu.cn
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ifying sine nonlinear function, which can generate (;m x n)-
scroll chaotic attractors.['®! Based on the Chua’s system, Jia et
al. designed a three-dimensional multi-scroll chaotic system
by employing logarithmic function series.!?’! On the basis of
the Sprott-A system, Hu et al. realized two simple chaotic sys-
tems by employing two different nonlinear functions, which
can generate multi-scroll hidden attractors. 1

In 1971, Chua predicted the memristor as the fourth cir-
cuit element, whose constitutive relation is defined on the
charge-flux plane.[??! In the last few years, a large number
of chaotic systems and hyperchaotic systems are presented
by introducing memristors into some existing dynamic sys-
tems. Owing to the natural nonlinearity and memory charac-
teristics of memristors, the memristor-based chaotic and hy-
perchaotic systems possess rich and complex dynamic behav-
iors such as coexisting attractors>}) and coexisting infinitely
many attractors.””*! By means of a smooth flux-controlled
memristor, a memristor-based hyperchaotic system is con-
structed, which has single-scroll, double-scroll and four-scroll

s.1251 On the basis of the Jerk system,

hyperchaotic attractor:
Li et al. designed a four-dimensional chaotic system by em-
ploying a memristor, which can exhibit extremely rich dy-
namic behaviors.!?®! Yang et al. presented a memristor-based
four-dimensional hyperchaotic system by introducing a mem-
ristor into the Chua’s circuit to replace the resistance.?”]
Xu et al.

(MDB)-based Jerk circuit, which reveals rich and striking dy-

realized an asymmetric memristive diode-bridge

namic behaviors including periodic limit cycles and chaotic

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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attractors. [28]

In comparison with the multi-scroll chaotic systems and
the hyperchaotic systems, the multi-scroll hyperchaotic sys-
tems have even more complex and richer dynamic behav-
iors and better unpredictability. Thus, the multi-scroll hyper-
chaotic systems are of great research significance. On the ba-
sis of the multi-scroll Jerk system, a memristor-based four-
dimensional multi-scroll hyperchaotic system is constructed
by employing a flux-controlled memristor.[*”! Xia et al. pre-
sented two kinds of novel memristor-based multi-scroll hyper-
chaotic system by adding two new voltage-controlled mem-
ristors and a nonlinear function to the Jerk system, which
can generate (2N + 2)-scroll and (2M + 1)-scroll hyperchaotic
attractors.’) By means of the Jerk system, Zhang et al. re-
alized a multi-scroll hyperchaotic system, which can generate
(N + M +2)-scroll hyperchaotic hidden attractors. 3]

In addition, the research on the implementation of chaotic
systems has also been intensively investigated. At present,
there are several methods to implement chaotic systems, which
include field programmable gate array (FPGA),13?-34! analog
circuits*>=7] and digital signal processing (DSP).[3831 The
analog circuits have some practical difficulties such as sen-
sitivity of components to the temperature, and the aging of
the equipments. As the digital signal processors with high-
precision operation, the use of FPGA and DSP digital imple-
mentations can effectively avoid these problems. Nowadays,
FPGA-based digital implementation of chaotic system is one
of the most popular way due to its lower cost and shorter de-
sign periods with comparison to the other hardware platforms.

In this paper, a modulating sine nonlinear function and a
voltage-controlled memristor are jointly introduced to gener-
ate a memristor-based multi-scroll hyperchaotic system. By
comparison with many of the existing results, the main inno-
vations of this paper are as follows:

(i) A modulating sine nonlinear function is designed to
expand the number of saddle-focus line EPs with index 2. It
is convenient to control the number of scrolls by adjusting the
parameters of the modulating sine nonlinear function.

(i1) A voltage-controlled memristor is introduced, and by
using this memristor, the proposed system can display some
complex dynamic behaviors including hyperchaotic attractors
and coexisting attractors.

(iii) In contrast with many existing published literature,
this paper combines a nonlinear function and a memristor to
design a multi-scroll hyperchaotic system. It provides a conve-
nient method to generate multi-scroll hyperchaotic attractors
with adjustable scroll numbers.

The rest of the paper is organized as follows. In Section 2,
a three-dimensional multi-scroll chaotic system is designed by
introducing a modulating sine nonlinear function into a known
chaotic system. Then, by introducing a voltage-controlled

memristor into the above-designed three-dimensional multi-
scroll chaotic system, a novel four-dimensional memristor-
based multi-scroll hyperchaotic system is proposed and its
phase portraits are described. In Section 3, the dynamical
characteristics of this system are analyzed by using the sta-
bility analysis of EPs, Lyapunov exponents, bifurcation dia-
grams and basins of attraction. In Section 4, FPGA imple-
mentation of the proposed memristor-based multi-scroll hy-
perchaotic system is designed, and the experimental results of

the FPGA-based digital circuit are shown on the oscilloscope.

2. A memristor-based multi-scroll hyperchaotic
system

2.1. The design of a modulating sine nonlinear function

In this subsection, a modulating sine nonlinear function is
designed to expand the number of saddle-focus EPs with index
2. Thus, the number of scrolls can be expanded conveniently
by adjusting the designed modulating sine nonlinear function.

Consider a known chaotic system, (401 the mathematical
model of which is

x [y[ —bo
y| = k4 ) (H
b4 |x| —y—aoz—co

where x, y, and z are the state variables, and ag, bg, and cq are
system parameters.

Based on system (1), a novel three-dimensional multi-
scroll chaotic system is proposed as follows:

X L.5f(y)
V| = 4 ; (2)
Z 0.5x—y—0.5z—1
where
2 27
~S M-y, y< -,
2 2
f(y) = q —sgn(cos(1.5y))sin(1.5y), —?M <y< ?N, (3)
o 2y <
3 Y 3 VS Y-

In Eq. (3), the sgn(-) function is the modified sign function,
which is given as

1, x>0,

sen(x) = { ~1, x<0. @

It should be noticed that f(y) is a modulating sine non-
linear function, which decides the number of scrolls in sys-
tem (2). To be specific, since the number of saddle-focus EPs
with index 2 is determined by the number of negative slopes of
the sine function, we transform the positive slope of the sine
function into the negative slope for this purpose. It makes the
number of saddle-focus EPs with index 2 doubled. Therefore,
the number of scrolls in the proposed system (2) has doubled
by employing the modulating sine nonlinear function. When
the parameters M and N are set as different values, system (2)
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can generate multi-scroll chaotic attractors with different num-
ber of scrolls. The waveform of the modulating sine nonlinear
function f(y) with M = N = 4 is depicted in Fig. 1.

A

~10 5 0 5 10
Yy

Fig. 1. The waveform of the modulating sine nonlinear function f(y)
withM =N =4.

Based on system (1), the novel multi-scroll chaotic sys-
tem (2) can be got by expanding the number of saddle-focus
EPs with index 2 in the y direction. Taking four groups of
parameters M = 1, N=2, M =2, N=3, M =N =3 and
M = N = 4 as examples, the chaotic attractors of the proposed
system (2) are displayed in Fig. 2. It can be observed from
Fig. 2 that system (2) can generate M + N + 1-scroll chaotic
attractors, and the number of scrolls is decided by M and N.

Fig. 2. The chaotic attractors of the system (2) with respect to differ-
ent parameters M and N: @) M =1, N=2, (b) M =2, N =3, (¢)
M=N=3,dM=N=4

2.2. The design of a voltage-controlled memristor

In this subsection, a voltage-controlled memristor is in-
troduced to enrich the dynamic behaviors of system (2). The
nonlinear relationship between the voltage v and the current i
of the voltage-controlled memristor can be expressed as

{i=W(<p)v,

de/dt =v, ©)

where W(¢) is the memductance function. In this paper, a
quadric nonlinearity function is selected, which is defined as
W(p)=—0.5+¢>

To get a memristor-based multi-scroll hyperchaotic sys-
tem, the voltage-controlled memristor defined in Eq. (5) is in-
troduced into system (2). Then, a new memristor-based multi-
scroll hyperchaotic system is proposed as follows:

X af(y)

y bW (w)z+cz

: dx—y—ez—g |’ (6)
w z

where W (w) = —0.5+w? and f(y) is the modulating sine non-
linear function defined in Eq. (3).

Next, it will be shown that system (6) can generate hyper-
chaotic attractors with controllable number of scrolls in the y
direction. When the parameters are selected asa =3, b=g =
1 and ¢ =d = e = 0.5, system (6) can generate multi-scroll
hyperchaotic attractors. Meanwhile, the number of scrolls is
decided by the parameters M and N of the modulating sine
nonlinear function f(y). It means that system (6) can generate
M + N + 1-scroll hyperchaotic attractors for different values
of M and N. Taking four groups of parameters M =1, N =2,
M=2 N=3, M=N=3and M =N =4 as examples, and
the initial conditions are taken as (0, 0, 0, 0)T, system (6) can
generate 4-scroll, 6-scroll, 7-scroll and 9-scroll hyperchaotic
attractors, respectively. Correspondingly, the phase portraits
of the 4-scroll, 6-scroll, 7-scroll and 9-scroll hyperchaotic at-
tractors in the y-z plane are described in Fig. 3. It can be clearly
concluded from Figs. 2 and 3 that, owing to the introduction of
the memristor (5), the system (6) can generate multi-scroll hy-
perchaotic attractors with different sizes, in contrast with the
multi-scroll chaotic attractors in system (2).

10

Fig. 3. The hyperchaotic attractors of the system (6) with respect to
different parameters M and N: (@) M =1,N=2,(b)M =2, N =3, (c)
M=N=3,(d)M=N=4.
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3. Dynamic analysis

In this section, the dynamical characteristics of system (6)
are further analyzed, such as the EPs and their stability, Lya-
punov exponents, bifurcation diagrams and basins of attrac-
tion.

3.1. EPs and their stability analysis

By comparison with system (2), the number and the prop-
erties of the EPs of system (6) have changed greatly, because
of the introduction of the memristor (5). At a result, the EPs
of system (2) have been extended to line EPs. To get the line
EPs of system (6), let x =y =z =w = 0, then

0 af(y)

0 | bW(w)z+cz 7
0| |dx—y—ez—g|’

0 Z

where W (w) = —0.5 +w?, f(y) is the nonlinear function de-
fined in Eq. (3) and a, b, ¢, d, e, and g are the system pa-
The line EPs of system (6) can be obtained by
solving Eq. (7). When the parameters are selected as a =
3, b=g=1and c =d =e = 0.5, the EPs of system (6) are
Eo={(x, y, z, w)|x = 4%/ﬁLZ, y= %”k, z=0, w=0} and
Er={(x, y, z, w)|x = 47”k+2, y= %”k, z=0, w=m},
where m is any nonzero real constant, and k = —M, —M +

rameters.

1, ..., 0, ..., N—1, N. The Jacobian matrix of system (6) at
the EPs is given as
0 af (y) 0 0
{0 0 Bb(—0.5+w?)+c 2wzb
/= d -1 —e 0 ®)
0 0 1 0

According to Eq. (8), the corresponding eigenvalues at the EPs
can be obtained. When the parameters are selected as a = 3,
b=g=1,c=d=e=0.5, for the EPs Ejy, we can obtain
the eigenvalues by solving Eq. (8) with y = %”k, z=20 and

—
o
NS
[

Lyapunov exponents

w=0(k=-M, —-M+1, ...,0, ..., N—1, N). For EPs
Ey, system (6) has three zero eigenvalues and a negative real
eigenvalue, and therefore the EPs Ey are critical.

On the other hand, when the parameters are selected as
a=3,b=g=1,c=d=e=0.5 and m is selected as any
nonzero real constant value, for the line EPs E, we can obtain
the corresponding eigenvalues by solving Eq. (8) withy = %”k,
z=0andw=m(k=-M, —M+1, ...,0, ..., N—1, N).
For line EPs E, system (6) has a zero eigenvalue, a negative
real eigenvalue and a pair of conjugate eigenvalues with pos-
itive real part, and therefore the line EPs E| are saddle-focus
line EPs with index 2.

It can be clearly seen from the above analysis that the
number of critical EPs and saddle-focus line EPs with index 2
changes for varying values of the parameters M and N. There-
fore, when the parameters M and N are set as different values,
the corresponding number of critical EPs and saddle-focus line
EPs can be expended. Note that, the saddle-focus line EPs are
very important to generate chaotic attractors, and the number
of saddle-focus line EPs with index 2 has a one-to-one cor-
respondence with the number of scrolls. Therefore, we can
control the number of scrolls of attractors by selecting appro-
priate parameters M and N, and then the M 4+ N + 1-scroll hy-
perchaotic attractor can be obtained.

3.2. Lyapunov exponents and bifurcation diagrams

To explore the influence of the nonlinear function (3) and
the memristor (5) to the nonlinear dynamical characteristics
of system (6), the Lyapunov exponents and bifurcation dia-
grams with respect to parameters a and b are investigated in
this subsection. For simplicity, only system (6) with parame-
ters M = N =4 is used as an example to explore the dynamical
characteristics. The MATLAB simulation results are shown in
Figs. 4 and 5 with initial conditions (0, 0, 0, 0)T.

(b) 15

10

Fig. 4. Lyapunov exponents and bifurcation diagram of the system (6) with respect to a: (a) Lyapunov exponents; (b) bifurcation diagram.

When b =g=1 and ¢ =d = e = 0.5, the Lyapunov
exponents and bifurcation diagram are shown in Fig. 4 with

respect to the parameter a varying in the range 0 < a < 5.

It can be clearly seen from Fig. 4 that system (6) in turn
goes through period, chaos and hyperchaos with the increase
of parameter a. When 0 < a < 0.91, the sign of the Lya-
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punov exponents are (0, 0, —, —), so the attractors is peri-
odic. When 0.91 < a < 1.58, the sign of the Lyapunov expo-
nents are (+, 0, —, —), so the system is in a chaotic state.
When 1.58 < a < 5, the sign of the Lyapunov exponents are
(4, 4, 0, —), it implies that the system is in a hyperchaotic
state. It can be concluded that the hyperchaotic system (6) has
even more complex dynamical characteristics than the chaotic
system (2).

On the other hand, when the parameter b varies from 0 to
9, the Lyapunov exponents and bifurcation diagram are shown
in Fig. 5witha=3,g=1and c=d =e =0.5. It can be
concluded from Fig. 5 that system (6) possesses sustained hy-
perchaotic state with the increase of parameter b, and the bi-

furcation diagram match well with the Lyapunov exponents.

(a) 1.0
2
= 0.5
[}
=]
o
& 0
[}
>
2 —05
=)
o
g, —1.0
kS .

Fig. 5. Lyapunov exponents and bifurcation diagram of the system (6)
with respect to b: (a) Lyapunov exponents; (b) bifurcation diagram.

3.3. Coexisting multi-scroll hyperchaotic attractors

To further explore the influence of the memristor (5) upon
the dynamic behaviors of system (6), the coexisting multi-
scroll hyperchaotic attractors are investigated in this subsec-
tion. For simplicity, the system parameters are set as a = 3,
b=g=1,c=d=e=05and M =N =4 to explore the
coexisting hyperchaotic attractors by analyzing the Lyapunov
exponents, bifurcation diagrams and basins of attraction.

When the initial conditions of system (6) are set to be
(0, y(0), 0, 0)T, the Lyapunov exponents and bifurcation di-
agram are described in Fig. 6 with respect to the initial condi-

tion y(0) varying in the range —9 < y(0) < 9. It can be seen

from Fig. 6(a) that system (6) remains sustained hyperchaotic
state and the Lyapunov exponents vary for different initial con-
ditions y(0). It is observed from Fig. 6(b) that the bifurcation
diagram has a symmetric relationship about the origin. To bet-
ter show this interesting phenomenon, some phase portraits
are given with different initial conditions. The hyperchaotic
attractors of system (6) are displayed in Fig. 7 with the initial
conditions (0, y(0), 0, 0), where y(0) is set to be £2.3, +-4.4
and £6.2. It is observed from Fig. 7 that system (6) can pro-
duce 9-scroll hyperchaotic attractors. In addition, when two
initial conditions are opposite to each other, the hyperchaotic

attractors have a symmetrical positional relationship about the

origin.
a
( )0.5» 1
2 PR OSRPRIACRYIR
z
3
= o
Q
2
8
S —0.5
Q
g
=}
2 —1.0t
>
=
—1.5
—10
10
5
=
0
-5
—10
—10 -5 0 5 10

y(0)
Fig. 6. Lyapunov exponent and bifurcation diagrams of the system (6)
with respect to the initial conditions (0, y(0), 0, 0)T: (a) Lyapunov
exponents; (b) bifurcation diagram.

When the initial conditions of system (6) are set to
(0, 0, 0, w(0))T, the Lyapunov exponents and bifurcation di-
agram are described in Fig. 8 with respect to the initial condi-
tion w(0) varying in the range —9 < w(0) < 9. From Fig. 8,
it can be concluded that the Lyapunov exponents and bifur-
cation diagram are approximately symmetric about w(0) = 0,
and system (6) stays on sustained hyperchaotic state with re-
spect to the initial condition w(0) in the range —9 < w(0) < 9.
For instance, when w(0) is set to be 1, 3.5, 5 and 8, the system
can generate 9-scroll, 4-scroll, double-scroll and single-scroll
hyperchaotic attractors, respectively. From Fig. 9, it can be
seen that the number of scrolls of system (6) varies with the
change of the initial condition w(0).
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Fig. 7. The hyperchaotic attractors of the system (6) with respect to different initial conditions: (a) (0, 2.3, 0, 0)T; (b) (0, —2.3, 0, 0)T; (c)
(0, 4.4, 0, 0)T; (d) (0, —4.4,0,0)T; (e) (0, 6.2, 0, 0)T; (F) (0, —6.2, 0, 0)T.

(a) T T T (b) 15 F
0.57 1
2 10
g or A 1
2 5
§ =
g —0.5T 0
a
2
g —10f WMW‘“ |
=
. . . —-10
—10 -5 0 5 —~10 -5 0 5 10
w(0) w(0)

Fig. 8. Lyapunov exponents and bifurcation diagram of system (6) with respect to the initial conditions (0, 0, 0, w(0))T: (a) Lyapunov

exponents; (b) bifurcation diagram.

—4 -2 0 025 0 2

Y Y
Fig. 9. The hyperchaotic attractors of system (6) with respect to different
initial conditions: (a) (0, 0, 0, 1)T; (b) (0, 0, 0, 3.5); (c) (0, 0, 0, 5)T;
(0, 0,0, 8T

To further confirm that system (6) has coexisting hyper-
chaotic attractors, the basins of attraction of the system (6) in
¥(0)-w(0) plane are displayed in Fig. 10 with the initial con-
ditions x(0) = z(0) = 0. Different colors in Fig. 10 represent
different types of hyperchaotic attractors, in which white rep-

resents system divergence, yellow represents the single-scroll
hyperchaotic attractor, brown represents the double-scroll hy-
perchaotic attractor, green represents the 4-scroll hyperchaotic
attractor and gray represents the 9-scroll hyperchaotic attrac-
tor. It is worth noting that, for simplicity and intuition, only
five color regions are labelled in the basins of attraction. In
fact, for different initial conditions, the various types of attrac-
tors can be found in system (6), such as 9-scroll hyperchaotic
attractors with different topological structures.

Ls —4 0 4 8
y(0)

Fig. 10. The basins of attraction of the system (6) in y(0)-w(0) plane.

070505-6



Chin. Phys. B 31, 070505 (2022)

It can be concluded from the above analysis that there
exist various coexisting hyperchaotic attractors in system (6),
This phe-
nomenon means that, in contrast with system (2), the state tra-

owing to the introduction of the memristor (5).

hyperchaotic system (6) is described as follows:
x[n+0.5] = x[n] +0.5h(af(y[n])),
y[n+0.5] = y[n] + 0.5h(bW (wn])z[n] + cz[n]),
z[n+0.5] =

[

. . . . C)]
jectories of system (6) are even more sensitive to the initial = z[n] +0.5h(dx[n] — y[n] — ez[n] — g),
conditions, and it implies that system (6) has even richer dy-
namic behaviors than many existing memristor-based chaotic wln+0.5] = wln] +0.5h(z[n]),
systems. x[n+1] = x[n] + h(af (y[n+0.5])),
y[n+1] = y[n] + h(bW (w[n+0.5])z[n+ 0.5]

4. FPGA implementation

G plementatio ezn+0.5)),

In this part, the FPGA-based digital implementation is de- N n(d 05 05 (10)
signed for the proposed multi-scroll hyperchaotic system (6). e+ 1] =2fn] +h(dxln+0.5] = y[n+0.5]
Meanwhile, the hyperchaotic attractors with different initial —ez[n+0.5]—g),
condl.tlons are .1mplem.ented by EPGA. Firstiy, the h?/per— win+ 1] = wln] + h(zln +0.5]),
chaotic system is described by the improved Euler algorithm.

The discrete state equation of the memristor-based multi-scroll ~ with
|

27rM ] ] < 27rM

M —vIn nl < -2
3 ying, y 3 M

. 2r 2n
f(y[n]) = —sgn(cos(1.5y[n]))sin(1.5y[n]), — ?M <yln] < ?N, (11

2 2r
SN, SN <l

In Egs. (9) and (10), £ is the iteration step and set to be
h = 1/128. Then, the iteration operation of Egs. (9) and (10)
can be described by employing a three-stage state machine.
Finally, the output digital signals in the FPGA development
board are converted into the analog voltage signals, and the
phase portraits of the multi-scroll hyperchaotic attractors of
system (6) are displayed on the oscilloscope.

Firstly, for the high operation accuracy requirement, the

Multiply-
add step

Next iteration
X[n] = X[0+1]

Out
Cut [29:16]bits

Current_step =0
X[n] = X[0+40.5]

Current_step =1
S14 S

\
state variables are described by employing 32-bit fixed-point

numbers. In this 32-bit fixed-point numbers, we use 1 bit to
represent the sign bit, 7 bits to represent the integer part and
24 bits to represent the decimal part. Then, the digital imple-
mentation of system (6) is designed. The iteration operation of
Eqgs. (9) and (10) can be easily realized by using the three-stage
stage machine. The design of the three-stage state machine for
the hyperchaotic system (6) is displayed in Fig. 11.

Sin and
cos start

S4

Sin and
cos out

S5

S12

X[n+1] = X[n]+f(X[n])/128
X[n+0.5] = X[n]+ f(X[n]) /256

Fig. 11. State machine description of the system (6).
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The n-step state variables of system (6) are denoted as
X[n] = (x[n], y[n], z[n], w[n])T in Fig. 12. In states S4 and S5,
the CORDIC algorithm is used to convert the calculation of
trigonometric functions into addition and shift operations, and
then sine and cosine functions are calculated. In state S12,
we can get the output state variables of the n-step iteration.
If current_step = 0, the next state directly jumps to the state
S1. If current_step = 1, the next state directly jumps to the
state S13, and outputs the state variables of the n-step iterative
operation. In S13 state, we add a positive offset to the state
variables X |[n + 1] of the n-step iterative operation to ensure
that the output digital signals of the FPGA development board
are all positive. Finally, since the digital-to-analog converter
(DAC) module is 14 bits, we should intercept the output data
of the FPGA development board as the final output.

Thereafter, Egs. (9) and (10) are directly described in the
Quartus II design software by using the Verilog HDL lan-
guage. Then, the Verilog HDL code of the FPGA-based digital
implementation is downloaded to the FPGA chip after compi-
lation. The FPGA chip is Altera Cyclone IV EPACE10F17C8
and the DAC module is AN9767. The digital signals can be
converted into analog voltage signals to display on the oscil-
loscope, by employing the DAC module. To prove the feasi-
bility of the design method, the experimental equipment based
on FPGA is tested and shown in Fig. 12.

Fig. 12. Experimental testing of the memristor-based multi-scroll hy-
perchaotic system.

Setting all the system parameters as a =3, b=g =1,
c=d=e=05ad M =N =4, we can obtain the hy-
perchaotic attractors of system (6) corresponding to differ-
ent initial conditions as shown in Fig. 13, respectively. Form
Fig. 13, it can be clearly seen that the hyperchaotic attractors
of system (6) displayed on the oscilloscope are all in accor-
dance with the numerical simulation results of MATLAB in
the Figs. 3, 7 and 9. The existence of the hyperchaotic attrac-
tors is confirmed in Fig. 13.

Fig. 13. The experimental results with respect to initial conditions: (a)
(0, 0, 0, 0)T; (b) (0, 0, 0, 3.5)T; (c) (0, 0, 0, 5)T; (d) (0, 0, 0, 8)T;
(e) (0, 2.3, 0, 0)T; () (0, —2.3, 0, O)T; () (0, 4.4, 0, O)T; (h)
(0, —4.4,0,0)T.

5. Conclusion

The paper proposes a novel method to generate multi-
scroll hyperchaotic attractors by employing a modulating sine
nonlinear function and a voltage-controlled memristor. A
novel memristor-based multi-scroll hyperchaotic system is
constructed which can produce coexisting hyperchaotic attrac-
tors with different topological structures, and meanwhile the
multi-scroll hyperchaotic system (6) is realized by FPGA. In
contrast with most of the existing results, the main innova-
tions of this paper are as follows: To increase the number
of scrolls, the modulating sine nonlinear function (3) is de-
signed to change the number of saddle-focus line EPs with
index 2. Thus, the number of scrolls can be controlled by se-
lecting appropriate parameters M and N in the modulating sine
nonlinear function (3). On the other side, owing to the intro-
duction of the voltage-controlled memristor (5), the proposed
system (6) can generate various complex dynamic behaviors,
such as hyperchaotic attractors and coexisting attractors (e.g.,
M + N + 1-scroll, 4-scroll, double-scroll and single-scroll hy-
perchaotic attractors), in comparison with the multi-scroll sys-
tem (2). Hence, it is more convenient to generate multi-scroll
hyperchaotic attractors with controllable scroll numbers than
many of the existing published literature. In summary, in con-
trast with many chaotic systems, the presented multi-scroll hy-
perchaotic system has larger key space and more complex dy-
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namic behaviors, and therefore is especially suitable for engi-

neering applications.
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