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Abstract: A novel, simple, four-dimensional hyperchaotic memristor circuit consisting of two capaci-
tors, an inductor and a magnetically controlled memristor is designed. Three parameters (a, b, c) are
especially set as the research objects of the model through numerical simulation. It is found that the
circuit not only exhibits a rich attractor evolution phenomenon, but also has large-scale parameter
permission. At the same time, the spectral entropy complexity of the circuit is analyzed, and it is
confirmed that the circuit contains a significant amount of dynamical behavior. By setting the internal
parameters of the circuit to remain constant, a number of coexisting attractors are found under
symmetric initial conditions. Then, the results of the attractor basin further confirm the coexisting
attractor behavior and multiple stability. Finally, the simple memristor chaotic circuit is designed by
the time-domain method with FPGA technology and the experimental results have the same phase
trajectory as the numerical calculation results. Hyperchaos and broad parameter selection mean that
the simple memristor model has more complex dynamic behavior, which can be widely used in the
future, in areas such as secure communication, intelligent control and memory storage.

Keywords: hyperchaotic; memristor; attractor evolution; large-scale parameter permission; spectral
entropy complexity; coexisting attractors; FPGA

1. Introduction

The memristor describes the relationship between magnetic flux and charge, which
was proposed by Chua in 1971 based on the theory of electronics [1,2]. The memristor has
intrinsic properties, and it is considered as the fourth basic circuit element, in addition
to the capacitor, inductor and resistor [3]. In 2008, the team of Stanley Williams of the
Hewlett-Packard Lab in the United States successfully developed a solid-state memris-
tor based on Chua’s memristor idea [4]. Hence, the memristor has attracted extensive
attention and has been studied in depth. Since its introduction, the magnetic-controlled
memristor [5], the generalized magnetic-controlled memristor [6], the smooth quadratic
nonlinear memristor model [7], the magnetic-controlled memristor model with absolute
value and square root algorithms [8], the multistable memristor [9], etc., have been pro-
posed successively. The characteristics of hyperchaotic systems depend on the number
of positive Lyapunov exponents [10,11], while nonlinear systems combine the memory
and nonlinear properties of memristors to generate chaotic behaviors. Considering the
complexity of the circuit structure, many memristor circuits are difficult to design and
implement. Therefore, the design of simple memristor circuits has also attracted attention.
In recent years, the simple chaotic circuit based on memristors [12–14], the simple chaotic
circuit based on a memristor and capacitor [15,16], the simple parallel chaotic circuit based
on a memristor [17], the simple double-scroll chaotic circuit based on a meminductor [18]
and many other simple memristor chaotic circuits have been studied. Thus far, a variety of
memristor-based hyperchaotic circuits have been proposed—for example, the Wien-bridge
hyperchaotic memristive circuit system [19], the novel memristor-based symmetric hyper-
chaotic circuit system [20], the hyperchaotic circuit system based on memristor feedback

Entropy 2023, 25, 203. https://doi.org/10.3390/e25020203 https://www.mdpi.com/journal/entropy

https://doi.org/10.3390/e25020203
https://doi.org/10.3390/e25020203
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/entropy
https://www.mdpi.com
https://orcid.org/0000-0001-6654-7349
https://orcid.org/0000-0003-2481-2663
https://doi.org/10.3390/e25020203
https://www.mdpi.com/journal/entropy
https://www.mdpi.com/article/10.3390/e25020203?type=check_update&version=3


Entropy 2023, 25, 203 2 of 20

with multistability and symmetries [21], the hidden extreme multistability in memristive
hyperchaotic system [22], the hyperchaotic memristive system with hidden attractors [23],
the no-equilibrium memristive system with a four-wing hyperchaotic attractor [24], etc.
Combining the characteristics of a memristor, a simple chaotic system and a hyperchaotic
system, a simple hyperchaotic memristor circuit is proposed in this paper.

The traditional methods for analyzing chaotic systems include the Lyapunov spec-
trum, bifurcation diagram, equilibrium point [25,26], etc., and there are spectral entropy
complexity methods [27–29] for the research methods of chaotic systems with complex non-
linear dynamic behavior. Chaotic systems are extremely sensitive to initial conditions [30],
and some chaotic systems are also extremely sensitive to parameter changes, which leads
to the phenomenon of attractor evolution [16]. In addition, there are extended studies
performed by changing the initial conditions of chaotic systems to generate coexisting
attractors [15,31–34]. Meanwhile, the multistability of a chaotic system depends on the
initial conditions of the system, and the basin of attraction is a method to analyze the
multistability of a chaotic system. The dynamic behavior of the system can be well distin-
guished according to the different attraction regions of the basin of attraction [31,34–37].
With the in-depth study of memristor chaotic circuits, analog memristor circuits are eas-
ily affected by the external environment, while FPGA technology has the advantages of
high flexibility, parallel computing, low power consumption and high reliability [38,39].
Therefore, the design of memristor chaotic circuits using FPGA is significant for practical
applications. Nowadays, a variety of memristor chaotic systems have been implemented
by FPGA [34,40–43]—for instance, FPGA realization of a novel 5D hyperchaotic four-
wing memristive system [44], FPGA implementation of a memristor-based multi-scroll
hyperchaotic system [45], etc.

The significant contributions of this paper are as follows:
(1) A novel, simple, four-dimensional memristor chaotic circuit is designed, whose

structure consists of a magnetically controlled memristor, two capacitors and an inductor.
The circuit is a hyperchaotic system and exhibits complex dynamics.

(2) The simple memristor chaotic circuit is extremely sensitive to changes in the internal
parameters a, b and c, and each parameter change can cause the circuit to evolve a large
number of different types of chaotic attractors.

(3) By numerical simulation, it is found that the parameters a, b and c of the circuit
have large-scale parameter permission. Meanwhile, the spectral entropy complexity of the
circuit and dynamic performance are verified in detail.

(4) The simple memristor chaotic circuit is realized by FPGA technology, and the
results of the hardware experiment are consistent with the numerical simulation, which
proves that the design is feasible and correct.

In this paper, the magnetically controlled memristor model and its characteristic curve
are introduced, and the simple memristor chaotic circuit is composed by combination with
a small number of circuit elements. The circuit has two positive Lyapunov exponents, so it
is a hyperchaotic system. The circuit is very sensitive to parameter changes; not only does
its chaotic attractors evolve, but also the internal parameters of the circuit have large-scale
range capabilities. The chaotic properties of the simple memristor chaotic circuits are
investigated by using spectral entropy complexity, coexisting attractors and the basin of
attraction method. In addition, the circuit is implemented by FPGA technology.

The paper is organized as follows. In Section 2, the magnetically controlled memris-
tor model and its characteristic curves are introduced, and the simple four-dimensional
memristor chaotic circuit is proposed and analyzed. In Section 3, the attractor evolution
phenomenon of the circuit, the influence of large-scale parameters, spectral entropy com-
plexity analysis, coexisting attractor behavior and the study of the basin of attraction are
described in detail. In Section 4, the simple memristor chaotic circuit is designed with
FPGA technology. The paper is summarized in Section 5.
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2. Analysis of the Simple Memristor Chaotic Circuit
2.1. The Structure of the Magnetically Controlled Memristor Model

According to the basic definition of memristors, they can be classified into magnetic-
controlled memristors and charge-controlled memristors. A new type of magnetic-controlled
memristor is proposed, and its expression is as follows:{

i = αϕv
ϕ̇ = βv2 + γv + δ

(1)

where α, β, γ and δ are parameters, ϕ̇ is the internal variable of the magnetic-controlled
memristor, i is the current variable and v is the voltage variable.

To confirm that model (1) is a memristor, we set α = 1, β = 1, γ = 0.5, δ = −3 and the
input voltage is v = Asin(2π f t). When the amplitude is A = 3 V, the characteristic curves of
the magnetically controlled memristor are as shown in Figure 1a under the excitation of
frequency f = 1 Hz, f = 2 Hz and f = 5 Hz, respectively. The effect of amplitude A = 4 V,
A = 3.5 V and A = 3 V on the magnetically controlled memristor at a constant frequency
f = 1 Hz is shown in Figure 1b. It can be seen that the characteristic curves all pass through
the origin in the v-i plane from Figure 1. Meanwhile, Figure 1a shows that as the frequency
f increases, the area of the tight hysteresis loop decreases. The increase in amplitude A
causes the hysteresis line loop to increase as well in Figure 1b. These features verify the
memristor characteristic of model (1) [3].

 

 
Figure 1. The v-i characteristic curves of magnetically controlled memristor from model (1): (a) the
i-v characteristic curve with frequency f ; (b) the i-v characteristic curve with amplitude A.

2.2. Design of the Simple Memristor Chaotic Circuit

The simple memristor chaotic circuit consists of two capacitors C1, C2, an inductor L
and a magnetically controlled memristor W(ϕ), as shown in Figure 2.
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Figure 2. Structure of the simple memristor chaotic circuit.
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According to Kirchhoff’s theorem and the relationship between circuit elements, the
dynamic behavior of the circuit is described as follows:

dV1

dt
= − 1

C1
iL

dV2

dt
=

1
C2

(iL − αϕV2)

diL
dt

=
1
L
(V1 −V2)

dϕ

dt
= βV2

2 + γV2 + δ

(2)

where α, β, γ and δ are parameters, C1, C2 are capacitance values, and L is the induc-
tance value.

We set parameters a = 1/C1 = 8, b = 1/C2 = 1, c = 1/L = 2, α = 1, β = 1, γ = 0.5, δ =−3 in
system (2). After selecting x(t) = V1(t), y(t) = V2(t), z(t) = iL(t), w(t) = ϕ(t), the expression
of system (2) becomes the four-dimensional state Equation (3):

ẋ = −az
ẏ = b(z− yw)

ż = c(x− y)
ẇ = y2 + 0.5y− 3

(3)

Setting the initial conditions of system (3) as (x0, y0, z0, w0) = (0.1, 0.1, 0.1, 0.1), the
state trajectory diagram of system (3) is as shown in Figure 3. The multi-scroll chaotic
attractor corresponding to the different variables can be observed. To verify the chaotic
properties of system (3), we used the classical Wolf algorithm to calculate the Lyapunov
exponents [10]; the corresponding Lyapunov exponents are calculated as LE1 = 0.0433,
LE2 = 0.0159, LE3 = 0, LE4 =−0.0521, where there are LE1, LE2 greater than zero, LE3 equal
to zero and LE4 less than zero, and the nature of the Lyapunov exponents is (+, +, 0, −).
Thus, system (3) is a hyperchaotic system [11].

Figure 3. The state trajectory diagram of the simple memristor chaotic circuit model.
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3. Nonlinear Dynamics Analysis of the Simple Memristor Chaotic Circuit
3.1. Phenomenon of Attractors’ Evolution

Generally, when the internal parameters of a chaotic system change, the nonlinear
behavior of the system will also be affected by it. Through a large number of numerical
simulations, it is found that system (3) is extremely sensitive to changes in the internal
parameters, and the change in parameters will also cause the state trajectory variation of
system (3).

 

 

 

Figure 4. The type-1 to type-9 evolution diagram of the y-z chaotic attractors with varying parameter
a of system (3), where b = 1 and c = 2.

Experiment 1: parameter a change. Changing only the value of the parameter a,
keeping the other parameters constant and the initial condition of (x0, y0, z0, w0) = (0.1, 0.1,
0.1, 0.1), the chaotic attractors of y-z corresponding to different parameters a are as shown
in Figure 4 and marked in red. It can be observed from Figure 4 that different values of
the parameter a correspond to different types of attractors. We found that a great deal
of different attractors are classified in the range of a ∈ (0, 200] and we selected 9 types
from them, so we defined these attractors as type-1 to type-9, respectively. The Lyapunov
exponent spectrum and bifurcation diagram with the variation of the parameter a are
shown in Figure 5. Meanwhile, Table 1 summarizes in detail the Lyapunov exponents,
dynamic state and Lyapunov dimensions of the attractors corresponding to the values of
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the fixed parameter a. According to the value range of a ∈ (0, 200], each similar type of
chaotic attractor is classified in detail and can be seen in Table 1.

Table 1. Relevant information of each type of y-z chaotic attractor corresponding to different parame-
ter a values.

No. Parameter a Lyapunov Exponents State Lyapunov Dimension

1 0.01 0.0609, 0.0144, 0, −0.0529 Hyperchaos 4.4234
2 0.65 0.0156, 0, 0, −0.0112 Chaos 4.3929
3 4.69 0.1745, 0, −0.0118, −0.1566 Chaos 4.0389
4 6.00 0.0388, 0.0125, 0, −0.0440 Hyperchaos 4.1659
5 10.70 0.0123, 0.0115, 0, −0.0144 Hyperchaos 4.6528
6 43.90 0.0140, 0.0078, 0, −0.0133 Hyperchaos 4.6391
7 100.00 0.0112, 0.0108, 0, −0.0128 Hyperchaos 4.7188
8 160.00 0.0112, 0.0092, 0, −0.0127 Hyperchaos 4.6063
9 182.50 0.0108, 0.0091, 0, −0.0127 Hyperchaos 4.5669

Experiment 2: parameter b change. Similarly, we set the parameters of system (3) to
be consistent and the initial conditions to (x0, y0, z0, w0) = (0.1, 0.1, 0.1, 0.1). System (3) also
generates a great number of chaotic attractors of y-z by varying only the parameter b in
the range b ∈ (0, 60], as shown in Figure 6 and marked in blue. At the same time, Figure 7
shows the corresponding Lyapunov exponent spectrum and bifurcation diagram, and the
detailed data can be found in Table 2.

Experiment 3: parameter c change. The parameters and initial conditions of system (3)
are also consistent with the above two experiments. When the parameter c is varied within
(0, 11.15], Figure 8 shows that system (3) evolves 9 different y-z attractors, marked in green.
Moreover, the Lyapunov exponent spectrum and bifurcation diagram with parameter c are
shown in Figure 9. Table 3 indicates the relevant properties of each type of attractor.

 

Figure 5. Lyapunov exponent spectrum and bifurcation diagram with parameter a: (a) Lyapunov
exponent spectrum, where an enlarged portion of the yellow dotted box is shown at the bottom of
subfigure (a); (b) bifurcation diagram.

Comparing the parameter a and the parameter b, it is found that the parameter c varies
within (0, 11.15], the attractor evolution behavior of system (3) is particularly prominent,
and the behavior in a large range is extremely weak. Obviously, the orbit of the circuit
is different from the general chaotic system, and the attractor evolution behavior caused
by the internal parameters not only is sensitive to the changes in parameters a, b and c,
but also illustrates the rich dynamical characteristics of system (3). The randomness and
irregularity of this property provide a good application in the field of information security;
they can form a large capacity of key space, as pseudo-random signals are very difficult to
crack and recognize.
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Table 2. Relevant information of each type of y-z chaotic attractor corresponding to different parame-
ter b values.

No. Parameter b Lyapunov Exponents State Lyapunov Dimension

1 0.01 0.0152, 0, 0, −0.0174 Chaos 3.8736
2 0.11 0.0103, 0.0100, 0, −0.0134 Hyperchaos 4.5149
3 0.21 0.0111, 0.0086, 0, −0.0139 Hyperchaos 4.4173
4 0.50 0.0139, 0.0058, 0, −0.0115 Hyperchaos 4.7130
5 0.53 0.0151, 0.0053, 0, −0.0122 Hyperchaos 4.6721
6 0.57 0.0157, 0.0076, 0, −0.0124 Hyperchaos 4.8790
7 3.80 0.1138, 0, −0.0143, −0.1006 Chaos 3.9891
8 49.60 0.0142, 0, 0, −0.0161 Chaos 3.8820
9 54.60 0.0172, 0, 0, −0.0187 Chaos 3.9198

 

 

 

Figure 6. The type-1 to type-9 evolution diagrams of the y-z chaotic attractors with varying parameter
b of system (3), where a = 8 and c = 2.
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Figure 7. Lyapunov exponent spectrum and bifurcation diagram with parameter b: (a) Lyapunov
exponent spectrum; (b) bifurcation diagram.

 

 

 

Figure 8. The type-1 to type-9 evolution diagrams of the y-z chaotic attractors with varying parameter
c of system (3), where a = 8 and b = 1.
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Figure 9. Lyapunov exponent spectrum and bifurcation diagram with parameter c: (a) Lyapunov
exponent spectrum; (b) bifurcation diagram.

Table 3. Relevant information of each type of y-z chaotic attractor corresponding to different parame-
ter c values.

No. Parameter c Lyapunov Exponents State Lyapunov Dimension

1 0.01 0.0505, 0.0080, 0, −0.0575 Hyperchaos 4.0174
2 0.30 0.0156, 0.0118, 0, −0.0163 Hyperchaos 4.6810
3 0.71 0.1225, 0.0124, 0, −0.1212 Hyperchaos 4.1130
4 1.12 0.0103, 0.0053, 0, −0.0115 Hyperchaos 4.3565
5 2.95 0.0171, 0, 0, −0.0130 Chaos 4.3154
6 3.18 0.0173, 0.0070, 0, −0.0125 Hyperchaos 4.9440
7 3.74 0.0166, 0, −0.0077, −0.0122 Chaos 3.7295
8 4.38 0.0159, 0, 0, −0.0156 Chaos 4.0192
9 11.15 0.0192, 0, 0, −0.0184 Chaos 4.0435

3.2. Wide Range of Chaotic Characteristics of the Internal Parameters of the Circuit

The chaotic system maintains complex chaotic behavior only when the parameters are
varied within a certain range. However, when the parameters are changed in a wide range,
system (3) in this paper still maintains a chaotic state. In the following, one of the three
parameters (a, b, c) is changed separately to show the advantages of large-scale parameters
in this paper.

For instance, setting the initial conditions as (x0, y0, z0, w0) = (0.1, 0.1, 0.1, 0.1), the
Lyapunov exponents spectrum and the bifurcation diagram with the change in parameter a
are as shown in Figure 10a,b. Obviously, it can be seen from Figure 10a that the parameter
a has a positive Lyapunov exponent from 0 to 1000. Furthermore, the corresponding
bifurcation diagram in Figure 10b maintains the clustering phenomenon of dense points.
This illustrates that system (3) always maintains a chaotic state when the parameter a is (0,
1000]. For example, when the parameter a = 1000, the corresponding Lyapunov exponents
are LE1 = 0.0165, LE2 = 0, LE3 = 0 and LE4 = −0.0167. At the same time, we also test
system (3) on a larger scale, and system (3) still has chaotic behavior.

In addition, the parameter b and parameter c were also investigated separately in a
large range, and it was discovered that system (3) also always maintains the chaotic state, as
shown in Figures 11 and 12. It can also be deduced that both the parameters b and c vary in
a wide range of (0, 1000]. In fact, the parameters b and c also have a larger range, similar to
the parameter a, which causes system (3) to continue to be chaotic. The Lyapunov exponent
spectrum and the corresponding bifurcation diagram in Figures 10–12 not only verify that
system (3) has the performance of a persistent chaotic state, but also has very complex
nonlinear dynamic behavior. Moreover, the parameters a, b and c have a wide range of
chaotic properties, as well as the attractor evolution behavior described in Section 3.1. The
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chaotic random sequence generated by system (3) has strong pseudorandomness over a
wide range.

 

 
Figure 10. Lyapunov exponent spectrum and bifurcation diagram for parameter a variation while
b = 1 and c = 2: (a) Lyapunov exponent spectrum; (b) bifurcation diagram.

 

 
Figure 11. Lyapunov exponent spectrum and bifurcation diagram for parameter b variation while
a = 8 and c = 2: (a) Lyapunov exponent spectrum; (b) bifurcation diagram.

 

 
Figure 12. Lyapunov exponent spectrum and bifurcation diagram for parameter c variation while
a = 8 and b = 1: (a) Lyapunov exponent spectrum; (b) bifurcation diagram.

3.3. Spectral Entropy Complexity Analysis of the Simple Memristor Chaotic Circuit

Complexity is an important method for analyzing chaotic dynamical systems, where
the spectral entropy (SE) and C0 algorithms are suitable choices for the accurate estimation
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of time series complexity. SE complexity is a spectral entropy value obtained by using the
Fourier transform combined with Shannon entropy. C0 complexity is a spectral entropy
value obtained by using the FFT transform to remove the regular spectrum in the signal
transform domain while leaving the irregular spectrum entropy [27–29].

Given a pseudorandom sequence x(n), n = 0, 1, 2, · · · , N − 1 of length N, such that
x(n) = x(n)− x̄, where x̄ is the mean of the time series, its corresponding discrete Fourier
transform is defined as

X(k) =
N−1

∑
n=0

x(n)e−j2πnk/N (4)

where k = 0, 1, 2, · · · , N − 1.
The relative power spectrum probability of this sequence can be expressed as

Pk =
|X(k)|2

N/2−1
∑

k=0
|X(k)|2

(5)

Based on the concept of Shannon entropy and the value of spectral entropy converging
to ln(N/2), the normalized spectral entropy SE can be expressed as

SE(N) =

−
N/2−1

∑
k=0

Pk ln Pk

ln(N/2)
(6)

Removing the irregular part of Equation (4), the parameter r is introduced to keep the
spectrum that is more than r times the mean square value, and we set the rest to 0, which is

x̃(k) =

{
X(k), |X(k)|2 > rGN

0, |X(k)|2 ≤ rGN
(7)

where GN is the mean square value of the sequence.
The expression for the Fourier inverse transform of Equation (7) is

x̃(n) =
1
N

N−1

∑
k=0

X̃(k)ej2πnk/N (8)

From the above, the C0 complexity can be defined as

C0(r, N) =
N−1

∑
n=0
|x(n)− x̃(n)|2/

N−1

∑
n=0
|x(n)|2 (9)

 

 
Figure 13. Complexity with parameter a when b = 1 and c = 2: (a) SE complexity; (b) C0 complexity.
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Setting the initial conditions of the system (3) as (x0, y0, z0, w0) = (0.1, 0.1, 0.1, 0.1),
the SE complexity and C0 complexity as the parameter a varies are as shown in Figure 13,
and Figure 14 shows the SE and C0 complexity as the parameter b varies. According to
the information shown in Figures 13 and 14, it can be seen that the fluctuations of SE
complexity and C0 complexity are similar. Moreover, comparing Figure 13 with Figure 10b
and Figure 14 with Figure 11b, it can be found that the trend of the two complexities is also
largely consistent with the total trend of the bifurcation diagram. It can be roughly inferred
from Figure 13 that the normalized average value of SE is 0.23 and the average value of C0
spectral entropy is 0.03, while the normalized average value of SE is approximately 0.57
and the average value of C0 spectral entropy is approximately 0.18 in Figure 14. Apparently,
the results of Figures 13 and 14 show that the normalized average value of SE and the
average value of C0 spectral entropy corresponding to parameter b are greater than that of
parameter a. This not only indicates that Figure 14 contains more complex information, but
also that the variation of parameter b has a greater impact on system (3).

The Lyapunov dimension is a quantitative measure of the complexity of chaotic sys-
tems [46], so different values of parameters a and b were chosen to calculate the correspond-
ing Lyapunov dimensions, which can be seen in Table 4. It can be observed from Table 4
that the calculated four Lyapunov dimension values are all around 4, which indicates that
system (3) is a very complex four-dimensional chaotic system.

 

Figure 14. Complexity with parameter b when a = 8 and c = 2: (a) SE complexity; (b) C0 complexity.

Table 4. Lyapunov exponents, Lyapunov dimension and dynamic behavior with parameters a and b.

Parameter a Parameter b Lyapunov Exponents Lyapunov Dimension Dynamic Behavior

8 1 0.0433, 0.0159, 0, −0.0521 4.1363 hyperchaotic state
200 1 0.0495, 0.0079, 0, −0.0366 4.5683 hyperchaotic state
8 100 0.0478, 0, 0, −0.0524 4.1363 chaotic state
1000 100 0.0617, 0, −0.0172, −0.0501 3.8882 chaotic state

 

 
Figure 15. Complexity with parameters a and b when c = 2: (a) SE complexity; (b) C0 complexity.
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It has been verified in Section 3.2 that large changes in the parameter a and the
parameter b can keep the system (3) in the chaotic state. Let the parameters a and b be
changed to obtain the corresponding complexity, as shown in Figure 15. It can be judged
from Figure 15 that the black region is the highest complexity value, followed by the red
region, and the yellow region is the lowest. The larger complexity value indicates that the
sequence is closer to the random sequence and the security of the corresponding system is
higher. It can be deduced from Figure 15 that the complexity is in the black and red regions
when the parameters a and b change considerably, which shows that system (3) contains
very complex information and the system has good security.

3.4. Coexistence of Attractors

Multistability is a unique phenomenon in nonlinear systems, and coexisting attractors
have the property of multistability. Generally, coexisting attractors are classified as symmet-
ric coexisting attractors and asymmetric coexisting attractors, where symmetric coexisting
attractors are characterized by attractors belonging to the same type and symmetric about
the coordinate axis or origin [31–33]. The proposed system (3) in this paper has multiple
symmetric coexisting attractors.

Figure 16. Coexisting attractor diagram with initial values of (0.1, −4, 0.1, 0.01/−0.01).

 

Figure 17. Time domain waveforms of coexisting attractors corresponding to initial values of (0.1,
−4, 0.1, 0.01/−0.01): (a) x time-domain waveform; (b) y time-domain waveform.

The parameters of system (3) remain unchanged. Using the initial conditions
(x0, y0, z0, w0) = (0.1, 0.1, 0.1, 0.1) as a reference, we only change any two of the initial
values. For example, a set of initial condition values is chosen as (x0, y0, z0, w0) = (0.1,
−4, 0.1, 0.01/−0.01), where only changes to y0, w0 are made, while x0 and z0 remain the
same, corresponding to the coexisting attractors shown in Figure 16. To better reflect the
coexistence characteristics of the coexisting attractors, Figures 17 and 18 show the time-
domain waveforms of the variables x, y and the bifurcation diagram of the variation of the
parameter b. It can be observed from Figure 17 that the x, y time-domain waveform traces
of the initial value (0.1, −4, 0.1, 0.01) and (0.1, −4, 0.1, −0.01) are consistent. Similarly, it
can be found in Figure 18 that the corresponding bifurcation diagrams have essentially the
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same trend in direction. In addition, other coexisting attractors with varying initial values
are shown in Figure 3.4, and detailed data can be obtained from Table 5. It can be discov-
ered that each set of initial conditions in Figure 3.4 corresponds to a completely different
coexisting attractor. These phenomena of coexisting attractors illustrate that system (3) is
not only multistable but also has complex dynamical behavior.

Figure 18. Bifurcation diagram of coexisting attractors corresponding to initial values of (0.1, −4, 0.1,
0.01/−0.01).

                     k                     

Figure 19. Coexistence attractor diagram corresponding to different initial conditions: (a) x-w coexis-
tence attractor trajectory with initial condition (13/−13, 1/−1, 0.1, 0.1). (b) x-w coexistence attractor
trajectory with initial condition (−12, 0.1, 3/−3, 0.1). (c) x-w coexistence attractor trajectory with
initial condition (2, 0.1, 0.1, 0.01/−0.01). (d) y-z coexistence attractor trajectory with initial condition
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(13/−13, 1/−1, 0.1, 0.1). (e) y-z coexistence attractor trajectory with initial condition (−12, 0.1, 3/−3,
0.1). (f) x-w coexistence attractor trajectory with initial condition (2, 0.1, 0.1, 0.01/−0.01). (g) x-w
coexistence attractor trajectory with initial condition (0.1, −3, 3/−3, 0.1). (h) x-w coexistence attractor
trajectory with initial condition (0.1, 0.5, 0.1, 2/−2). (i) x-w coexistence attractor trajectory with initial
condition (0.1, 0.1, 2/−2, −2/2). (j) y-z coexistence attractor trajectory with initial condition (0.1, −3,
3/−3, 0.1). (k) y-z coexistence attractor trajectory with initial condition (0.1, 0.5, 0.1, 2/−2). (l) y-z
coexistence attractor trajectory with initial condition (0.1, 0.1, 2/−2, −2/2).

Table 5. Coexisting attractors corresponding to different initial conditions.

Changed Initial Variable Values Initial Conditions Figure 3.4

x0, y0 S1 = (13, 1, 0.1, 0.1), S2 = (−13, −1, 0.1, 0.1) (a), (d)
x0, z0 S3 = (−12, 0.1, 3, 0.1), S4 = (−12, 0.1, −3, 0.1) (b), (e)
x0, w0 S5 = (2, 0.1, 0.1, 0.01), S6 = (2, 0.1, 0.1, −0.01) (c), (f)
y0, z0 S7 = (0.1, −3, 3, 0.1), S8 = (0.1, −3, −3, 0.1) (g), (j)
y0, w0 S9 = (0.1, 0.5, 0.1, 2), S10 = (0.1, 0.5, 0.1, −2) (h), (k)
z0, w0 S11 = (0.1, 0.1, 2, −2), S12 = (0.1, 0.1, −2, 2) (i), (l)

3.5. Analysis of Attraction Basins

Basin of attraction is an analytical method for studying the dynamical behavior of
chaotic systems, and it can discriminate the types of attractors in which chaotic systems
exhibit bounded behavior. Moreover, generating different regions of attraction indicates
the existence of coexisting multistability [35–37]. By changing the initial values of any
two variables within a certain range, while the initial values of other variables remain
unchanged, the corresponding basins of attraction are obtained, as shown in Figure 20.

 

 

  
Figure 20. Basins of attraction with any two initial values: (a) x(0)-y(0) plane. (b) x(0)-z(0) plane.
(c) x(0)-w(0) plane. (d) y(0)-z(0) plane. (e) y(0)-w(0) plane. (f) z(0)-w(0) plane.

The red region is the attraction region of the periodic chaotic attractors, and the yellow
region is also the attraction region of the chaotic attractors, which implies the coexistence
behavior of multiple attractors. The coexisting attractors of Table 5 in Section 3.4 are
almost in the red attraction region and are all marked in Figure 20. The regions in red and
yellow also represent completely different initial conditions, which shows the coexistence
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of multiple stabilization phenomena and the existence of symmetry in each of the attractor
basins in Figure 20. The corresponding initial conditions S1–S12 are also identified in
Figure 20, which are consistent with the results in Figure 3.4. Therefore, system (3) has
multiple attractor coexistence behavior.

4. FPGA Implementation of the Simple Memristor Chaotic Circuit

FPGA technology has the advantages of high flexibility and parallel computing [38,39],
so a hardware experiment was performed on the simple memristor chaotic circuit (3) based
on FPGA. The main platform of the experiment adopts a Cyclone IV E series, FPGA main
chip with model EP4CE10F17C8N, 14-bit dual-channel AD9767 DAC chip and oscillo-
scope. The experimental hardware platform is shown in Figure 21, where the PLL module
configures the appropriate frequency for the digital chaotic system module.

PLL
Digital Chaos 

System

EP4CE10F17C8N

AD9767 Oscilloscope

 

Figure 21. Experimental hardware platform plot.

4.1. Discretization of Simple Memristor Chaotic Circuit Model

We use Verilog HDL programming and signed fixed points to design the circuit model
(3) accordingly. Because model (3) is extremely sensitive to changes in parameters, the fixed-
point format is 1-bit signal bit, 5-bit integer bit and 26-bit decimal bit. At the same time,
considering the accuracy problem and the relative simplicity of model (3), the improved
Euler algorithm is used to discretize model (3); we call this a decomposition of the time
domain. The discretized simple memristor chaotic circuit can be described as follows:

x(n) = x̄(n) + ∆t[−az̄(n)]
y(n) = ȳ(n) + ∆t[bz̄(n)− bȳ(n)w̄(n)]
z(n) = z̄(n) + ∆t[cx̄(n)− cȳ(n)]
w(n) = w̄(n) + ∆t

[
ȳ2(n) + 0.5ȳ(n)− 3

] (10)


x̄(n + 1) = x̄(n) + ∆t

2 [x(n) + x(n + 1)]
ȳ(n + 1) = ȳ(n) + ∆t

2 [y(n) + y(n + 1)]
z̄(n + 1) = z̄(n) + ∆t

2 [z(n) + z(n + 1)]
w̄(n + 1) = w̄(n) + ∆t

2 [w(n) + w(n + 1)]

(11)

where ∆t = 2−11 is the time sampling step. Equation (10) is the expression of Euler’s
algorithm for the circuit model (3).

4.2. State Machine Execution Operation

State machine programming has the advantages of logical completeness, a clear
program structure and flexibility, so the state machine is used to design system (11). The
state machine contains five states and the detailed process is described below:

• Initialize the initial conditions (x0, y0, z0, w0) of the circuit;
• Intercept the calculated 64-bit yw and yy;
• Parallel calculation to obtain the result of x(n), y(n), z(n) and w(n);
• Repeat the above steps to calculate x(n + 1), y(n + 1), z(n + 1) and w(n + 1);
• According to Equation (11), add and shift to obtain the final result x̄(n + 1), ȳ(n + 1),

z̄(n + 1) and w̄(n + 1).
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4.3. FPGA Implementation and Comparison

The 14-bit output data are intercepted and burned into the EP4CE10F17C8N, which
is then converted into an oscilloscope via the AD9767, and the experimental platform is
connected, as shown in Figure 22. Finally, the chaotic attractors of the simple memristor
chaotic circuit (3) shown on the oscilloscope are as shown in Figure 23.

 

 

Figure 22. FPGA experimental platform connection diagram, which shows the comparison of the
z-w trajectory with an oscilloscope and computer.

 

 

 

 

 

 

Figure 23. FPGA implementation of y-z chaotic attractors with different parameters (a, b, c): (a) the
attractor trajectory corresponding to a = 0.65; (b) the attractor trajectory corresponding to a = 6.00;
(c) the attractor trajectory corresponding to a = 10.70; (d) the attractor trajectory corresponding
to b = 0.21; (e) the attractor trajectory corresponding to b = 0.53; (f) the attractor trajectory corre-
sponding to b = 0.57; (g) the attractor trajectory corresponding to c = 0.30; (h) the attractor trajectory
corresponding to c = 0.71; (i) the attractor trajectory corresponding to c = 1.12.

Comparing the state trajectories of the attractors of type-2, type-4 and type-5 in
Figure 4; the attractors of type-3, type-5 and type-6 in Figure 6; and the attractors of type-2,
type-3 and type-4 in Figure 8, the results of both are essentially the same. The experimental
results of FPGA are accurate and consistent with the results of the MATLAB simulation.
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5. Conclusions

In this paper, the characteristic curves of the magnetically controlled memristor model
are first analyzed. Then, a novel four-dimensional simple memristor chaotic circuit is
proposed by using a magnetically controlled memristor in combination with other circuit
elements, and the circuit is analyzed as a complex hyperchaotic system from the theoretical
results. The internal parameters a, b and c of the circuit are tested separately, and it is
deduced that the circuit is extremely sensitive to parameter changes. Moreover, the circuit
can generate a large number of different types of chaotic attractors under the influence of
the parameters a, b and c, respectively. At the same time, the circuit maintains the chaotic
characteristics for each parameter (a, b or c) varying in a large-scale range of (0, 1000]. By
investigating the spectral entropy complexity of the circuit, it is further illustrated that
the circuit contains a large amount of nonlinear dynamical behavior. Next, multiple sets
of symmetric initial conditions are chosen, and the circuit has many different coexisting
attractors, while the internal parameters of the circuit are kept consistent. In addition,
setting any two initial values of the range and keeping the other two constant, the circuit’s
basin of attraction is classified into two chaotic attractors with red and yellow attraction
regions, which reflects the multistability and dynamic characteristics of the circuit. Finally,
based on the time-domain method, a simple memristor chaotic circuit is implemented by
FPGA, and the experimental results are compared with the numerical simulation results to
verify the accuracy of the experimental results. Therefore, the circuit has wide potential
for application in secure communications, neural networks and engineering applications.
In this paper, the complex dynamic behaviors studied are based on integer-order settings,
and future research can be extended in the field of fractional order.
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