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Abstract: In the paper, we futher consider a fractional-order system from a modified Chua’s circuit
system with the smooth degree of 3 proposed by Fu et al. Bifurcation analysis, multistability and
coexisting attractors in the the fractional-order modified Chua’s circuit are studied. In addition,
microcontroller-based circuit was implemented in real digital engineering applications by using the
fractional-order Chua’s circuit with the piecewise-smooth continuous system.

Keywords: modified Chua’s circuit; stability; bifurcation; fractional-order analysis; microcontroller-
based implementation

1. Introduction

In the first half of the last century, the analysis of oscillatory systems developed by
nonlinear oscillation theory was emphasized slowly. Based on the numerical method, some
classical attractors are found with unstable equilibria [1-4]. These attractors can be found
from the neighborhood of equilibrium and be evolute of the local unstable manifold. Re-
cently, Leonov et al. [5-7] proposed a ‘hidden attractor” where there are no neighborhoods
of equilibria in the basin of attraction. By investigating hidden oscillations, Leonov et al.
discovered hidden Chua attractor [5], which can be used as the experimental vehicle for
chaotic and nonlinear research. However, there exist some critical issues in Chua’s circuit
for chaotic application, such as control issues, circuit implementation, and fractional-order
analysis. As shown in the Lorenz system and the Henon map, smooth quadratic functions
are considered. It is therefore very reasonable to ask what the application is for piecewise
quadratic functions in some chaotic models.

Nowadays, digital designs of chaotic systems and applications provide convenience
for engineering applications. Microcontrollers are preferred in chaotic system-based ap-
plications because of their high performance and relatively inexpensive microcontrollers.
As we know, microcontrollers can be used in chaos applications such as chaos-based
encryption [8-10], random number generators [10,11], chaos-based communication [12],
chaotic synchronization [13]. Chaotic systems were used in some applied fields [14,15]. If
microcontroller-based realization of fractional-order chaotic systems is provided, it can be
used easily in these applications. Therefore, the microcontroller-based implementation of
the fractional-order 3D Chua’s circuit system is also applied.

In this paper, improved circuit implementation of a 3D modified Chua’s system
is given. Analyses are carried out for the fractional-order from the modified system
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to investigate the dynamical behaviors. Section 3 shows the form of fractional-order
3D Chua’s circuit. Section 4 gives the results about bifurcation analysis, route to chaos,
multistability and coexisting attractors in the fractional-order model. Section 5 implements
the microcontroller-based circuit in real digital engineering applications. The 3D Chua’s
circuit with function x|x| is implemented by simulation environment in Section 6. In the
final section, the results and conclusion are provided.

2. The Modified Chua’s Circuit System with the Smooth Degree of 3

By using the function x|x| in the circuit, Prof. Chen et al. considered the following
modified Chua’s circuit system [16]:

x=a(y—g(x)),

y=x—y+z

1
g(x) = ax + bx|x|, M
z = —Py.

Here a, B, a and b represent the system (1)’s parameters. System (1) is piecewise smooth
and first-order differentiable at the boundary on the switching interface. Moreover, the
smooth degree of the system at the equilibrium (0, 0, 0) is three [17]. Therefore, compared
with smooth Chua’s circuit, system (1) is needed to further be studied and some new
results can occur due to the smoothness property [16-18]. If &« = 9.267,8 = 14,a = —1/6,
and b = 1/16, a chaotic attractor given in Figure 1 can be obtained [16].
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Figure 1. When a = 9.267,8 = 14,a = —1/6,b = 1/16, chaos can be obtained in system (1) with
initial values (—1.01,—0.01,—0.01).

3. Fractional-Order Model of Modified Chua’s Circuit

The Caputo method is one of the most common methods used in Solving the fractional-
order systems numerically. However, the Grunwald-Letnikov (GL) method can be pre-
ferred for numerical solutions of the fractional-order systems because of the smoothness
of the resultant approximations [19,20]. Thus, we choose the GL method in this section
because of its iterative feature. The memory effect can be observed in the sum and binomial
coefficients are defined recursively and have smooth properties. Using the continuous
Riemann-Liouville method for the discretization of the fractional equations [21-23], the GL
derivative can be used and requires a discrete convolution of binomial coefficient function
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and the function of interest. Here, the binomial coefficients are defined analytically [3].
Some related results can be found in refereces [24-30].
The definition of GL derivative is

t—a
“[SHDIf(1) = Timy o X, (=1)"()f(t— jh) @
= limy, o %AZf(t)

and

“[CLIDIF(E) =iy & TN bif (£ — i), 3)

where a and f represent the limits, AZ f(t) represents generalized difference, & is the step
size and g is the fractional-order. In order to limit the memory for binomial coefficients,

short memory principle is used.
. t L
N = mm{ [h]’ {h} } 4)
The binomial coefficients can be calculated as,

ﬁj—( a+4>@ N ®)

Below the 3D fractional-order Chua’s circuit general form is given.

D1 = A(x,y,z,t),
D1 = B(x,y,z,t), (6)
D1 =C(x,y,z1t).

The discretization method given in (7) is used to solve the system (6) numerically with
GL method.

BN

x(t) = A(x(t1),y(B1),2(B1) )T — LY oﬁq,x(tk —ih
y(te) = B(x(fx-1), y(tk-1), z(te— )W—Z ~0 By (te—j), @)
z(tx) = C(x(te-1), y(te-1), 2(te—1) )1 :oﬁ'j z(t —)

where f is the binomial coefficients as given in (5). The N value is selected as L, that is the

truncation window size or as k for all the used memory elements.
The definition of the autonomous fractional-order abs system (FOABS) is given below.

tx
tx

Dix = a(y — g(x)),
Dly=x—-y+z, (8)
Diz = —py,

where g(x) = ax + bx|x| and « =9.267, = 14,a = —1/6,b =1/16.
Using (8) in (7), the discrete form of the FOABS is,

x(te) = a(y(te—1 — g(x(te-1)))hT — Tio Bla(te—)),
y(te) = (x(t—1) —y(tx—1) +z(k- 1))h”7— Yo Bly(te)), )
2(t) = (=By(te1))h — LY Lo Blz(tk—)-

The N value is selected as L, that is the truncation window size or as k for all the used
memory elements. When parameters « = 9.267,8 =129 or 14,a = —1/6,b = 1/16 and
commensurate fractional-order g = 0.995, the FOABS exhibits chaotic oscillations for the
initial values of x(0) = —1.01,y(0) = z(0) = —0.01 as shown in Figure 2.
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Figure 2. Phase portraits of the fractional-order abs system (FOABS) (8) for (a) § = 12.8; (b) B = 14.

4. Dynamical Properties of the FOABS System
4.1. Lyapunov Exponents

To find the Lyapunov Exponents (LEs) of the FOABS, the modified Wolf’s algo-
rithm [31,32] is used. The LEs of the FOABS are found tobe Ly = 0.247,L, = 0,L3 = —2.12
for the initial values x(0) = —1.01,y(0) = z(0) = —0.01, parameter values &« = 9.267, 8 =
14,0 = —1/6,b = 1/16 and fractional-order g = 0.995.

4.2. Route to Chaos

Bifurcation diagrams and dynamic behaviorof the FOABS are given in Figures 3 and 4
with respect to the fractional-order g4 and parameter 3 respectively. In Figure 3a the
parameter § = 14 while in Figure 3b the parameter § = 12. Figure 3a shows that the
FOABS exhibits chaotic behavior for 4 > 0.9915 and Figure 3b shows that the system
exhibits chaotic behavior for g > 0.953. It is obvious that the FOABS takes period doubling
route to chaos. Figure 4 shows the bifurcation with parameter § when the fractional-order
g = 0.995, and the FOABS takes an inverse period doubling exit from chaos. For the
Figures 3 and 4, the other parameters are kept at « = 9.267,a = —1/6,b = 1/16.
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Figure 3. The bifurcation of the FOABS (8) with respect to g for (a) § = 14; (b) g = 12.
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Figure 4. Bifurcation of the FOABS system (8) with respect to g for g = 0.995.

4.3. Multistability and Coexisting Attractors

The discontinuous bifurcations in Figures 3 and 4 confirm that the FOABS system
can show multistability and coexisting attractors. To investigate this the well-known
forward and backward continuation are used [33]. In forward continuation, the parameter
of interests is increased from minimum to maximum and initial values are initialized to
the end values of state trajectories. Finally, the local maxima of the state variables are
plotted. In backward continuation, the parameter of interests is decreased from maximum
to minimum. The next steps are carried out as same as in forward continuation. Figure 5a
shows the multistable plots of the FOABS with fractional-order g while the other parameters
keptasa = 9.267,8 = 14,a = —1/6,b = 1/16. Blue plots show the forward continuation
and red plots show the backward continuation. Similarly Figure 5b shows the bifurcation
with respect to  while other parameters kept as « = 9.267,a = —1/6,b = 1/16. and
fractional-order g = 0.995. Red plots show the forward continuation and blue plots show
the backward continuation. Figure 6 shows the coexisting attractors for different values of
g and B.
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Figure 5. (a) Bifurcation of the FOABS with respect to g (the blue plot is forward continuation and
the red plot is backward continuation); (b) Bifurcation of the FOABS with respect to f (the red plot is
forward continuation and the blue plot is backward continuation).
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Figure 6. the coexisting attractors shown by the FOABS system (8).
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5. Microcontroller-Based Implementation of FOABS System

In this section, microcontroller-based circuit design of the FOABS system was im-
plemented at ATmega328p microcontroller in Arduino UNO board to use in real digital
engineering applications. Equation (9) is adapted to the microcontroller and microcon-
troller program was written in the Arduino v.1.8.9 compiler program. The flow chart of the
microcontroller program is given in Figure 7. In the software, the initial values (x0,y0,z0),
fractional-order g value and parameters (a, b, , §) values of the FOABS system are first
taken from the user via USB (Universal Serial Bus) communication with a computer. With
these values, the FOAB system state variables (x, y, z) are calculated and sent via USB port.

START

A 4

Set microcontroller initial settings

Y

Set step size &

y
INPUT
System initial
conditions

Xoy Vo, o

h 4

INPUT
Fractional order ¢
value

y

INPUT
System paramater
(a, b, o, )

y
Calculate the next value of the system
state variables <

Xnity ¥Fnits Zaii

y
Assign new values to the state
variables
Xn=Xnt+1s ¥n=¥n+139 Zn=Zi+1

h 4

Send to Computer
x"! .‘»:IH zI’I

Figure 7. The flow chart of the microcontroller program.

The designed system using the Arduino—Uno microcontroller platform is connected
to the computer and testing was realized in Figure 8. The test parameters were taken as fol-
lows: step size h = 0.01,x0 = —1.01,y0 = —0.01,z0 = —0.01,9 = 0.995,a = —0.16666,b =
0.0625,0 = 9.267 and B = 12.8. An example screenshot of the communication between
the microcontroller and the computer is given in Figure 9. The data coming from the
microcontroller to the computer were drawn in Matlab (Figure 10). When Figures 2a and 10



Symmetry 2021, 13, 340

8 of 13

are examined together, it is seen that the results obtained with the microcontroller and the
numerical simulation results confirm each other. Desired parameters (x0, y0, z0,4,a,b, «, B)
can be easily changed in the designed microcontroller-based system. In this way, the
FOABS system outputs can be obtained in a very flexible way with different parameter
values.

Figure 8. Microcontroller-based system test platform.

@ coma

Enter initial value of x0, x0=-1.01000

Enter initial value of y0, y0=-0.01000

Enter initial value of z0, z0=-0.01000

Enter q parameter value, g=0.99500

Enter a paramcter value, a=-0.l8686

Enter b parameter value, b=0.0€250

Enter alpha parameter value, alpha=5.26700

Enter beta parameter value, beta=12.80000

-1.0100001000000000000 -0.0100000010000000000 -0.0100000010000000000
—1.0158148000000000000 -0.0203447600000000000 -—0.0072852150000000000
—1.0261425000000000000 -0.0305393720000000000 —0.0032567023000000000

-1.0383215000000000000 -0.0407082010000000000 0.00205287496000000000
—1.051%333000000000000 -0.0508505930000000000 0.0057814471000000000
-1.0663086000000000000 -0.0609603750000000000 0.0167889560000000000
—1.0828590000000000000 -0.0710371960000000000 0.0261177550000000000
—1.1000335000000000000 -0.02810789760000000000 0.0367€36900000000000
-1.1182975000000000000 ~-0.0910835040000000000 0.0487221480000000000
—-1.1376252000000000000 -0.1010485100000000000 0.0619831020000000000
-1.1579952000000000000 -0.1109716400000000000 0.0765561€50000000000
-1.1793%71000000000000 -0.1208505000000000000 0.052420&000000000000
-1.2018067000000000000 -0.1306826200000000000 0.1095753100000000000

Figure 9. An example screenshot of the communication between the microcontroller and the com-

puter.
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X Y
(a) (b)
Figure 10. 2D phase portraits of the FOABS system obtained from the microcontroller, B = 12.8
@x—y,(b)y—z.

6. Electronic Circuit Realization of Modified Chua’s Circuit (1)

Recent years have seen rapid improvements in chaos science and also in studies on
understanding chaos and chaotic systems, detecting features and differences, observing
experimental data. Among such studies are chaotic circuit studies on modeling the chaotic
systems [34-36]. In this section, the modeling of a chaotic system with absolute function is
implemented in ORCAD-PSpice simulation environment.

The chaotic system’s electronic circuit with absolute function is realized in ORCAD-
PSpice. The parameter values are set as &« = 9.267,8 = 14,a = —1/6 and b = 1/16 in
electronic circuit implementation. Compared with the result in [16], Figure 11 has different
components like inductor. In our design, there are two Op-amps for g(x) function, but
¢(x) function in [4] has four Op-amps for the circuit implementation. Select C1 = C2 =
C3=1nF R1=43k(Q,R2=259k0, R3=69k(}, R4 =R5=R9=R10=R12=R13=R14 =
R15 = R16 = R17 = R18 = 100 k), R6 = R7 = R8 = 400 k), R11 = 28.5 k), R10 = 333 k().
The ORCAD-PSpice simulation outputs, are seen in Figures 12 and 13 with initial values
(—1.01, —0.01, —0.01).
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Figure 11. The circuit schematic of the electronic design for system (1).
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Figure 12. Time series of the system (1) state variables.
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V(Y)

Figure 13. The all phase portraits of electronic circuit design in ORCAD-PSpice for parameters
« =9267,8=14,a = —1/6 and b = 1/16 in system (1).

7. Conclusions

This paper considers the improved circuit implementation of the 3D Chua’s system
with this function x|x|. In addition, analysis and microcontroller-based implementation of
dynamical properties of the fractional-order form of this modified system is presented by
bifurcation diagram, phase portrait, Lyapunov exponents, multistability and coexisting
attractors. Using the designed microcontroller-based circuit of the FOABS system and
electronic circuit implementation, this system can be used in various chaos-based real engi-
neering applications such as encryption, random number generator and communication.
More studies on possible applications of this research are planned in future works.
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