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ABSTRACT Aiming at the complexity problem of fractional-order Jafari-Sprott chaotic system, in this paper,
Adomian decomposition method is used to study its numerical analysis and a complexity analysis method
of fractional-order Jafari-Sprott chaotic system based on fuzzy entropy algorithm, sample entropy algorithm
and dispersion entropy algorithm is proposed. For the synchronization and control of fractional-order
Jafari-Sprott chaotic system, sliding mode control is used to achieve synchronization of fractional-order
Jafari-Sprott chaotic system and a control method of fractional-order Jafari-Sprott chaotic system is proposed
based on frequency distribution model of fractional-order integral operator. The main results are as follows:
(1) The complexity of the fractional-order Jafari-Sprott chaotic system is greater than the integer-order Jafari-
Sprott chaotic system, and fractional-order chaotic system has better application prospects. (2) Moreover,
it is concluded that the effect of the dispersion entropy algorithm on detecting complexity is the best, which
provides theoretical and experimental basis for the practical engineering application of the fractional-order
Jafari-Sprott chaotic system. (3) Synchronization and control of fractional-order Jafari-Sprott chaotic system
is accomplished by sliding model control and frequency distribution model of fractional-order integral
operator respectively. In particular, the control effect of each variable is accomplished by designing a control
law based on the frequency distribution model of fractional integral operator.

INDEX TERMS Fractional-order chaotic system, Adomian decomposition method, complexity analysis,

sliding mode control, frequency distribution model of fractional-order integral operator.

I. INTRODUCTION

Research on complexity is involved in various fields. So far
there is no unified concept of complexity. Complexity refers
to metric value, which has comparative significance, and
different complexity algorithms characterize different aspects
of complexity. Horgan [1] pointed out that there are multiple
definitions of complexity, such as time complexity, space
complexity, semantic complexity, Kolmogorov complexity,
etc. There are multiple algorithms for calculating complex-
ity. Lempel and Ziv [2] proposed Lempl-Ziv algorithm.
Pincus [3] and Sun ez al. [4] proposed an approximate entropy
algorithm. Chen et al. [5] and Sun et al. [6] proposed a fuzzy
entropy algorithm. Larrondo et al. [7] and Sun et al. [§8]
proposed a strength statistics algorithm. Azad et al. [9]
proposed a symbolic entropy algorithm. At present, there
are spectral entropy algorithm [10], wavelet entropy algo-
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rithm [11] and Cy algorithm [12] based on Fourier transform
and wavelet transform. In addition, complexity algorithms
based on entropy are often used in biological and medical
research. Yang and Liao [13] applied approximate entropy
to the comparison of heart rate between children with sudden
infant death and normal children. Lake er al. [14] used sample
entropy to analyze the change of newborn heart rate signal as
the basis for diagnosis of neonatal sepsis. Liu et al. [15] used
sample entropy to study the electroencephalography (EEG)
during sleep, and distinguished the different stages of sleep
through the change of sample entropy value. Yang ef al. [16]
analyzed depression by using sample entropy. It can be seen
that entropy can be used to test the complexity of various sys-
tems. Fractional-order chaotic system is widely used because
of its rich dynamic behavior, especially related to complexity.
The complexity of fractional-order chaotic system analysis
by fuzzy entropy algorithm, sample entropy algorithm and
dispersion entropy algorithm has not been reported, so it is
necessary to carry out this research.
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The current synchronization control methods commonly
used in chaotic system research are OGY (firstly proposed
by E. Ott, C. Grebogi, J. A. Yorke) control method [17],
drive response control method [18], [19], linear and nonlinear
feedback control method [20], [21], real-delay feedback con-
trol method [22], linear error feedback control method [23],
generalized synchronous control method [24], neural net-
work control method [25], [26]. With the deepening research
of scientists, a large number of methods have been pro-
posed, such as self-adaptive synchronization method [27],
active control synchronization method [28], [29], variable
structure synchronization control method [30], [31], fuzzy
control synchronization method [32], [33], synchroniza-
tion method based on state observer [34], coupled syn-
chronization method [35]-[38], etc. Scholars at home and
abroad have also achieved some achievements. Mao [39] and
Mao and Li [40] studied the synchronization problem of the
fractional-order Duffing system with a new approach law and
the synchronization control problem of the fractional-order
Genesio-Tesi chaotic system. Based on the nonlinear sliding
mode integral control method, the control problem of a class
of systems has been studied and the proportional integral
control method has been widely used in the field of cybernet-
ics [41]. Based on proportional integral control, an accurate
tracking and guidance method has been studied, and sliding
mode control method has also been widely used in control
field [42]. Xu et al. [43] studied on sliding mode control for a
class of chaotic systems. Aghababa and Akbari [44] studied
the control synchronization of two types of chaotic systems
with uncertain disturbances and designed an appropriate slid-
ing mode controller and adaptive rate to eliminate the effects
of system uncertainty and external disturbances, and finally
achieved system synchronization. Song et al. [45], [46]
studied a class of uncertain fractional-order nonlinear sys-
tems subject to uncertainties and external disturbances and
the adaptive output feedback resilient control problem, and
designed a fractional adaptive backstepping neuro-fuzzy slid-
ing mode controller with neuro-fuzzy network system and
the fractional Lyapunov stability theory and the finite-time
stability theory, and pointed out that observer-based adaptive
output feedback control scheme for fractional-order (FO)
nonlinear systems is one of our future work. Today, most
three-dimensional fractional-order chaotic systems require
three control laws for synchronous control [47], [48], and how
to design fewer control laws needs further study, and how
to optimize the control law that makes it contain only state
variables is also a question worth studying.

Because of the advantages of entropy in complexity
analysis, this paper combines the complexity analysis of
fractional chaotic system with entropy. Firstly, for the
integer-order Jafari-Sprott chaotic system, the classical Lya-
punov exponent, Poincaré section, and bifurcation diagram
are used to analyze dynamics. Secondly, the fractional-order
Jafari-Sprott chaotic system is taken as an example to intro-
duce the decomposition steps of the Adomian decomposition
method in detail. Then, the effects of system parameters
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and orders on the complexity of fractional-order Jafari-Sprott
chaotic system based on Adomian decomposition method and
three entropy are analyzed. The combination of entropy and
the complexity of fractional-order chaotic system can better
reflect the characteristics of the system. Finally, synchro-
nization control of the fractional-order Jafari-Sprott chaotic
system is accomplished by sliding mode control and the
frequency distribution model of the fractional-order integral
operator respectively.

Il. DYNAMICS ANALYSIS OF INTEGER-ORDER
JAFARI-SPROTT CHAOTIC

A. INTRODUCTION TO MATHEMATICAL MODEL

The mathematical model of the integer-order Jafari-Sprott
chaotic system [49] is as following:

dx

g
? =—x+yz (1)
Z
i —x — axy — bxz
In this three-dimensional system, x, y and z are system
variables, a and b are system parameters. When a = 15,

b = 1 and the initial values is (0, 0.5, 0.5), the system is in a
chaotic state. By using the Runge-Kutta method, phase space
diagram is shown in Figure 1.
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FIGURE 1. Phase space diagram of each plan.

Time domain waveform of each variable is shown in
Figure 2.

B. B ANALYSIS OF DYNAMIC CHARACTERISTICS

1) LYAPUNOV EXPONENT

Lyapunov exponent is a quantitative criterion for describing
the state evolution of dynamical systems, and used to measure
the degree of attraction or separation of two adjacent trajecto-
ries with different initial conditions in phase space according
to the exponential law over time. This ratio of trajectory

53361



IEEE Access

G. Li et al.: Complexity Analysis and Synchronization Control of Fractional-Order Jafari-Sprott Chaotic System

[P
0s
o
S5
B
sl
2

| U

o
2
00 450 500

FIGURE 2. Time domain waveform of each variable.
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convergence or divergence is called the Lyapunov exponent.
In a three-dimensional chaotic system, there is a Lyapunov
exponent greater than 0, which means that the system is in a
chaotic state.

For integer-order Jafari-Sprott chaotic system, when the
system parameters a = 15, b = 1 and the initial values
is (0, 0.5, 0.5), the Lyapunov exponent diagram is shown
in Figure 3. Fixed system parameter » = 1 and the system
parameter a € [10,20], its Lyapunov exponent is shown
in Figure 4.

Lyap
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FIGURE 4. Lyapunov exponent diagram with a € [10, 20].

2) POINCARE SECTION
A section is selected in the multi-dimensional phase space.
This section is not tangent to the trajectory, and convenient
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for observing the motion characteristics and changes of the
system. This section is called the Poincaré section. When
the system parameters a = 15,b = 1, h = 0.001, A is the
step length and the initial values is (0, 0.5, 0.5), the Poincaré
section of the integer-order Jafari-Sprott chaotic system is
shown in Figure 5. Figure 5 shows that the Poincaré section
is a dense cluster of slices, so it can be concluded that the
Jafari-Sprott chaotic system is in a chaotic state.

FIGURE 5. Poincaré section diagram.

3) BIFURCATION DIAGRAM

Bifurcation refers to the type of dynamic movement changed
when a parameter changes. When the system parameters
a € [10, 20], the bifurcation diagram of the Jafari-Sprott
chaotic system is shown in Figure 6. It can be seen from
Figure 6 with the change of the system parameter a, the sys-
tem continuously branches between different states, and
finally the system reaches a chaotic state.

FIGURE 6. Bifurcation diagram.

Ill. NUMERICAL ANALYSIS OF FRACTIONAL-ORDER
JAFARI-SPROTT CHAOTIC SYSTEM BASED ON ADOMIAN
METHOD

A. COMMON DEFINITION OF FRACTIONAL CALCULUS

1) The Griinwald-Letnikov fractional differential is defined
as following [50]:

PN AV t—a
CAl d(t — ayt N%oo[N]

— i(q r—a
y g(_ly (J. )f(l—J[T]) P

where, D is the fractional calculus operator. ,D{ can simul-
taneously represent the derivative of the fractional order and
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the integral of the fractional order. When g > 0, ,DY repre-
sents the derivative. When ¢ < 0, ,D{ represents the integral.

2) The Riemann-Liouville fractional differential is defined
as following [51]:

b
I(—9)

f@ q=0
DD "f ()] q>0

t
/(z —0) T (ydr ¢g<0

«DIf ) 3)

The power series and constant of g-order differential are
defined respectively as following:

qd .r __ F(r+ 1) _ r—q

D" = mrri=gt 4)
so- S

DiC = F=g — ™) 5)

where I'(+) is the Gamma function. This is the most basic
function in fractional calculus, which is defined as:

o0

M'x) = / F e dr (6)

0

When x € [-5,5], the Gamma function is shown in
Figure 7. Places marked in Figure 7 are 0!, 1!, 2!, 3!.

FIGURE 7. Gamma function graph.

3) The Caputo fractional differential is defined as follow-
ing [52]:

I [ fmodr
Pm—q) ) —oyrti-m
0

DLf() = m—1<qg<m @)
dm
! O
g=m

The g-order differential of constant and power function is
defined respectively as following:

C(r+1)

Dqtr — t — 1 r—q 8
S e s () ®)
DiC =0 ©)
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B. THE ADOMIAN DECOMPOSITION METHOD

The Adomian decomposition method [53] is the latest pro-
posed time-domain approximation algorithm, and suitable for
numerical solution of fractional-order chaotic system. This
algorithm does not require discrimination and takes up a
lot of computer memory, and can provide high-precision,
fast-convergent numerical analysis.

For fractional-order chaotic system

DY x(t) = f(x(0) + g(1) (10)

where, x(1) = [x1(2), x2(0), . . ., x,()]7 is the corresponding
function variable, g(t) = [g1(?), g2(¢), ..., gn(t)]T is con-
stant. The system is divided into three parts as following:

DI x(t) = Lx(t) + Nx(1) + g(t)
x(k)(ig ) = by,
meN,

k=0,....m—1
m—m<gq<m

Y

The nonlinear term is decomposed according to the follow-
ing formula:

1 dt

i_ 2 i
Aj = SN0
' i (12)
Vi = Z ()‘)kxjk
k=0
where the nonlinear term can be expressed as following:
S . .
Ne =Y AGOx" a2 X (13)

i=0

The solution of the equation is as following:

o0 o0 o0
x=Y x'=JILY XTI Y AT+ @ (14)
i=0 i=0 i=0

m—1 r
where @ = ) bk% is the initial condition to satisfy the

system, and its iterative relationship is as following:

10 = J;(])g + @
xl =T 4+ 71AYGO)
X =L + 70 AN, X as)

= L 4 AT RO,

The mathematical model of the fractional-order Jafari-
Sprott chaotic system is as following:

q
Dtoxl =X
D?Oxz = —x1 + x2x3 (16)
D?O)c3 = —x1 — ax1xp — bxix3
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The linear and nonlinear terms in this system respectively
are as following:

Lx; X2 Nxy 0
Lxy | =] —x1 |, Nxy | =| x2x3 an
Lx3 —X1 Nx3 —ax1xy — bxixz

Decompose the nonlinear term according to Equation (12).
The decomposition Nx, process is as following:

0 0.0
Ay = Xy X3
A} = [F5)Kh)Y
= [k IX)FRE) + ) xD)]
= x%xg -+ )cg)c31
1 _ _
A= 5[(/& LRy + k=1 okady

1
= 5[2)6%)62 + 2x21x31 + 2xgx32]

= x%xg + lexg + xSx%
A3 = %[(k(k — DA W) 2k b (kb
+ (x5 ke — DAF2hyY
= %[6x§xg + 6)c%x3l + 6x21x32 + 6xgx§’]
= xgxg +x§x31 + x21x32 + xgx33 (18)
Since each decomposition principle is the same,
Equation (18) only lists the specific decomposition process of

the previous three terms. The complete decomposition result
is as following:

0_ 0.0
Ay =113
1_ 1.0, .01
Ay = xyx3 + X535

2 2.0, 1.1, 02
A5 = x5x3 + X5 X3 + Xy X3

A% = xgxg + x22x31 + x21x§ + xgxg (19
A3 = 003 + X335 + 2303 + 203 + 293

A3 = 0338 + x5 + 0335 +a33 +0af + a0

Ag = a(—x?xg ) — bx?xg

Aé :a(—xllxg — x?le) — b(xllxg + x?x;)

A% =a(—xx) — x{xd — x%%3)

—b(x%xg + x11x31 + x?x32)

A% :a(—xfxg — x12x21 — )cll)cz2 — x?xg) 20)

—b(xf’xg + xlzx; + x11x32 + x?xg)

A% :a(—x;‘xg — x?le — xix3 — xllxg - x(l)xg)
—b(xilxg + ) +x3x? + xllxg + x0x3)

Ag =a(—x15xg — xfle — xfx% — xlzxg — xllxﬁ — x(l)x;)

—b(xfxg + xi‘x31 + x?x% + xlzxg + x%x? + x?x35)

The initial condition is as following:

x) = xi(to)
x = xy(to) (21)
X3 = x3(to)
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Let c(l) = x?,cg:xg,cg = xg, we can obtain from
Equation (15):
0 0
0 ) &
L =4 —x) ¢ =1 = (22)
0 0
- €1
0
X — )4
13 1
S0 = St =n (23)
b [T@+D
1
0.0 A?(XO) 00 0
A% = 1 A00) ¢ = { 9]
Ag(xo) —ax?xg — bx?xg
0
=1 (24)
—ac?cg — bc?cg
0
t —t9)?
JA%(%) = 1 9 =" (25)
0 0.0 00| Tg+1
—acjc; — bc1c3
S
1 a7.0 | 7940,.0 ol U -1
x =J ' x"+J A (x) =1 —¢ _—
Iy 1o ( ) _C(l) F(q+ 1)
1
0
t—19)?
+ 1 e Kol : 0)1)
—ac(l)cg — bc(l)cg q+
C% q
t — I
={ -+ Q (26)
b 25% 00| lg+1)
—c| —acjcy — bcjcy
=0 (t —10)?
7 2r@g+1)
1 0, 0.0 —10)
=[- - 27
Xy =[—c] + 303 NCE) q 27
1 — I
x31 = [—c(l) — ac?cg — bc(l)cg]Q
I'lg+ 1)

Assign the coefficient to the corresponding variable,
we can get:

10
=0

e ==+ 5 (28)
e =[-c —ac) - bc?cg]
The derivation method for the remaining 5 items is the

same as the above formula:

21

2 1,10, 01
¢ = [—cp + 3 + 66l

(29)
c% = [—ci + a(—cicg — c(l)cé)
+b(—c{c(3) — c?c;)]
3=a
reg+1)
3 2 2.0 1.1 02
Ch = |—C] + C5C3 + CHheC3———— + C5C
» =1[—¢ 2€3 23F(q+1)2 2631
(30)

r'q+1)
20 1.1 0
162 _Clcz—r( Dz~
g+ 1)
11 T@Qg+ 1) 02
ClC3—2) _CIC3]
F'ig+1)

cg = [—c% +a(—c c%)

+b(—c%c(3) —
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ct=ac
'cdg+1)
4 3 30 21 12
CH, = |—c7 +c5c3 +c5¢2 + ¢,
2 [ 1 23 2%3 23F(q+1)F(2q+1)
+5e3]
G=[-c +a(—=c3) — clch +cles
FG3q+ 1) (31)
g+ DI'QRg+1)
—c{c3)
'Gg+1

+b(—c?c(3) — c%cé + c{c% (3¢ ) )

I'g+ HI'QRg+1)
—cie3]
A =c

g+ 1)
5 4 40 3.1 13
¢y, = |—C{ + 03 + (¢hc3 + ¢5HC
> =[—c1 + o3+ (e3¢ 3)r(q+1)F(3q+1)
L)
27TQq +1)?
¢} = [—c! + a(=cid — (cleh + elcd) (32)
F'4g+1) 2 2 '4g+1) 04
—cic; 5~ €1¢)
F(g+ DM Gq+ 1) PG+ D

'dg+1)
+b(—ct — (Sl + el
(el — (e e 3)F(q+l)F(3q+l)
s o 'Ag+1)

TGy

6 _ 5
=0

0 4
+ c5¢3]

04
cjcs]

I'(5g+ 1)
g+ DI'(dg+ 1)
+ 53]

o = [—¢] + 3¢5 + (3¢5 + e¢3)
'Sg+1)
I'2q+ DI'Gqg+1)
cg = [—C? + a(—c?cg — (C?Cé + cic‘zt)
L'Sg+1) 39 2 3 33
— (cic; +cfc (33)
T(q+ D(4g+1) (€13 + i)
r'dg+1)

32, 23
H(cz¢5 + ¢3¢3)

—de3)
I'2qg+ DI'Bg+ 1) 0
q
+b(—2 — (Fel + et
(maic3 — (cie3 e 3)F(q+1)F(4q+1)
I'(5qg+ 1) B
I'2qg+ DHI'Gg+1)

At this time, the solution of the system equation can be
expressed as:

32,23 05
—(cjez +1¢3) cjezl

t—1p)? t—t0)% f— 10)3
xj(t)=CQ+c! ( 0) 62 ( 0) C3 ( 0)
7T T@g+1) ‘T'Rg+1) ‘T'Bg+1)
S (=10 (=11 ot — 1)

+ (34)

c; c; c;
'TM@g+1) 'TGg+1) /Tg+1)

Whena = 15, b = 1, g = 0.96, and the initial values is
(0, 0.5, 0.5), phase space diagram is shown in Figure 8.

The Adomian decomposition method has the advantages
of high precision, no occupy computer memory, no need of
discretization, etc. It is suitable for cases where the maxi-
mum number of nonlinear terms is less than 3. If the high-
est order of nonlinear terms is greater than or equal to 3,
then the calculation amount of its decomposition process
is large, and the Adomian decomposition method is not
recommended.
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FIGURE 8. Phase space diagram of each plane.

IV. COMPLEXITY ANALYSIS OF FRACTIONAL-ORDER
JAFARI-SPROTT CHAOTIC SYSTEM

The complexity of chaotic characteristics is also a method
for analyzing the dynamic characteristics of chaotic system.
It has the same effect as the Lyapunov exponent, Poincaré
section, and bifurcation diagram. In a nutshell, complexity
is the degree to which a correlation algorithm is used to
calculate the approximate random sequence. The greater the
complexity, the closer the random sequence is, the higher the
security is. The complexity of chaotic sequences is divided
into behavioral complexity and structural complexity. Behav-
ioral complexity refers to using a certain method to measure
the probability of a sequence generating a new pattern in
a short time window from the chaotic sequence itself. The
larger the probability of generating a new pattern, the more
complex the sequence is. Structural complexity refers to
analyzing the complexity of a sequence by changing fre-
quency characteristics, energy spectrum characteristics, etc.
The more balanced the energy spectrum distribution of the
sequence, the more complex the sequence is.

A. FUZZY ENTROPY ALGORITHM

For judging the complexity of a sequence, fuzzy entropy is an
effective measurement algorithm, and it has lower sensitiv-
ity dependence on sequence length, phase space dimension,
and similarity tolerance. The algorithm process [54] is as

following:
Step 1: Perform phase space reconstruction of the
sequence. For a given sequence [u(l),u(2),...,u(N)],

the reconstructed phase space is:

X)) = [u@, u@+1), ..., u(i+1—m)] —up@i) (35)

m—1
where, uo(i) = L 3 u(i + ).
j=0
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Step 2: Introduce fuzzy membership function. The fuzzy
membership function is defined as:

1, x=0

A =1 aplmin R, x>0
r

(36)

where, r is the similar tolerance. The fuzzy membership
function is given:

am
Al =expl—In @)(—)], j=1,2..... N—m+1, j#i
r

(37
where,
dil = d[X (@), X ()]
= maxp=12,.. m([u@ +p —1) — up(i)|
= luG+p—1) —uo(D (38)

is the maximum absolute distance between the vectors
X, X().

Step 3: Calculate the fuzzy entropy. Average value each i
to get:

N—m+1
J=Lg#
1 N—m+1
") = ——— cn 40
=51 2 G0 (40)

i=1
So the fuzzy entropy is:
Fuzzy(m, r,N) = In ®"(r) — In ®"*1(r) 41)

where, m, r, N are the dimensions of phase space, similar-
ity tolerance, and number of selected data, select m = 2,
r = 0.2 SD, N = 15000, SD is the standard deviation
of N. When the system parameters b = 1, g = 0.96,
a € [12, 20], the fuzzy entropy complexity of the fractional-
order Jafari-Sprott chaotic system is shown in Figure 9 (a).
When the system parameters a = 15,b = 1,4 € [0.2, 1],
the fuzzy entropy complexity of the fractional-order Jafari-
Sprott chaotic system is shown in Figure 9 (b). When the
system parameters a = 15, g = 0.96,b € [0.2,1.2],
the fuzzy entropy complexity of the fractional-order Jafari-
Sprott chaotic system is shown in Figure 9 (c).

A single parameter change is not as complicated as a multi-
parameter change. In the following, the chromatogram is
used to simulate and analyze the situation under the changes
of the two parameters. When a € [12,20],9 € [0.2,1],
the chromatogram of the change of fuzzy entropy complexity
is shown in Figure 10 (a). When b € [0.2, 1.2], g € [0.2, 1],
the chromatogram of the change of fuzzy entropy complexity
is shown in Figure 10 (b). When a € [12, 20], b € [0.2, 1.2],
the chromatogram of the change of fuzzy entropy complexity
is shown in Figure 10 (c).
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FIGURE 10. Fuzzy entropy complexity chromatogram.

B. SAMPLE ENTROPY ALGORITHM
Sample entropy is a method for measuring the complexity
of a sequence, and it is used in a variety of research fields,
especially medical biology. The algorithmic process [55] is
as following:

Step 1: Perform phase space reconstruction of the
sequence. For a given sequence [x(1l),x(2),...,x(N)],
the reconstructed phase space is:

Xon(1) = {x1, %2, - X} = X["
Xn(2) = {62, 23, .. X1} — X5
(42)

m—+1
Xi

Xm(l) = {-xl'v-xl'-‘rlv s 7-xi+m} -

XN —m) = {XN —m, XN—m+1, - -

SxN—1} = XN,
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m+1
i) xm+1} - Xl

m+1
.y xm+2} — X2

Xn+1(1) = {x1, x2, ...
X,n-l,—](z) = {x25x35 ..

— xH (43)

X1 (D) = {xi, Xip 1, -+ Xigm)

1
Xm+l(N - m) = {xN—m’xN—m—Ha L 7xN} _X]’\/;ljm

where, ﬁ, Xierl is the mean of the sequences {x;, x;+1,, . ..,
Xitm—1} and {x;, Xi+1, . . ., Xiym} respectively.

Step 2: Calculate the distance between the vectors. The
distance between the vectors X,,,(i), X, (j) is defined as d, then
the distance between the two vectors can be defined as:

d[Xim(D), Xm(D] = max [x(i + k) — x(j + k)| (44)
d[Xim41(0), X1 (D] = max [x(i + k) — x(j + k)

Step 3: Calculate the sample entropy. Given a similar
capacity r, count the number that the distance between the
vectors is less than the similarity capacity, and calculate the
ratio to the total number A”'(i) and A;’H‘l(i). It is specifically
defined as:

d[Xm(D), Xm(D] = r

Aty = WD 2]
it oy _ A1 D, X1 (D] < 7 (45)
AT = JYR—

The average of the reconstructed m-dimensional and
m + 1-dimensional sequences is recorded as B"(r) and
B"*1(r), and the specifically defined is as following:

1 N—m
B(r) = 5 3 AT
i=1

L N (46)

m-+1 _ m+1,-

B = X;A, (i)

=
The sample entropy calculation formula is:
Bm+l
Samp(m, r.N) = —1In 2 (47)
B™(r)

where, m, r, N are the dimensions of phase space, similar-
ity tolerance, and number of selected data, select m = 2,

r =0.2%SD, N = 15000, SD is the standard deviation of N.
When the system parameters b = 1, g = 0.96, a € [12, 20],
the sample entropy complexity of the fractional-order Jafari-
Sprott chaotic system is shown in Figure 11 (a). When the
system parameters a = 15, b = 1,q € [0.2, 1], the sam-
ple entropy complexity of the fractional-order Jafari-Sprott
chaotic system is shown in Figure 11 (b). When the system
parameters a = 15, g = 0.96, b € [0.2, 1.2], the sam-
ple entropy complexity of the fractional-order Jafari-Sprott
chaotic system is shown in Figure 11 (c).

When a € [12,20], g € [0.2,1], the chromatogram
of the change of sample entropy complexity is shown in
Figure 12 (a). When b € [0.2, 1.2], ¢ € [0.2, 1], the chro-
matogram of the change of sample entropy complexity is
shown in Figure 12 (b). When a € [12,20], b € [0.2, 1.2],
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FIGURE 12. Sample entropy chromatogram.

the chromatogram of the change of sample entropy complex-
ity is shown in Figure 12 (c).

C. DISPERSION ENTROPY ALGORITHM
The dispersion entropy algorithm process [56] is as follow-
ing:

Step 1: Map the sequence x;G = 1, 2, ... , N)to
y = {y, j=1, 2, ..., N} by using a normal distribution,
and then use a linear transformation to map y to the range of
1,2, -+, ¢]

z; = round (cyj + 0.5) (48)

where round and c respectively represent integer function and
the number of categories.
Step 2: Calculate the embedded vector z;"¢

m,c

5 = {va2§¥d’ . "Zlg-i-(m—l)d} (49)
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where i = 1,2,...,N — (m—1)d, m and d respectively
represent embedding dimension and time delay.

Step 3: Create an embedding vector ¢ with an embedding
dimension m and a time delay d. Each time series c is mapped
to a decentralized pattern ¢, where x, y = {y1, y2, -+ , yn}.

Step 4: Calculate the probability p (yy,v,.....v,,_, ) for each
dispersion pattern 7y, v, v, _;:

p (ﬂvo,vl,..‘,vm,l) = (50)
where N (yg,v,,...,v,,) Tepresents the number of z/"*
mapped to Ty, ;... v,_q- SO P (n\,o,vl Vi1 ) can be expressed
as the ratio of the number of z/"“ mapped to 7y, . to
the number of elements in z/"°.

Step 5: According to the definition of Shannon, the disper-
sion entropy of original time series is defined as:

.....

< Vm—1

Cm
DE (x,m,c,d) = — ZP (”vo,vl,.-nvm—l)
r=1

x In (p (”vwl ----- mel)) (51)

where x is the number of selected data, m is the embed-
ding dimension, c is the category, and d is the time delay,
select x = 15000, m = 2, ¢ = 3,d = 1. When
the system parameters b = 1, g = 0.96,a € [12,20],
the dispersion entropy complexity of the fractional-order
Jafari-Sprott chaotic system is shown in Figure 13 (a). When
the system parameters a = 15, b = 1,9 € [0.2, 1], the
dispersion entropy complexity of the fractional-order Jafari-
Sprott chaotic system is shown in Figure 13 (b). When the
system parameters a = 15, g = 0.96,b € [0.2, 1.2], the
dispersion entropy complexity of the fractional-order Jafari-
Sprott chaotic system is shown in Figure 13 (c).

! \u“ |
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FIGURE 13. Dispersion entropy complexity.

When a € [12,20],9 € [0.2,1], the chromatogram
of the change of dispersion entropy complexity is shown
in Figure 14 (a). When b € [0.2, 1.2], ¢ € [0.2, 1], the chro-
matogram of the change of dispersion entropy complexity is
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FIGURE 14. Dispersion entropy chromatogram.

shown in Figure 14 (b). When a € [12,20],b € [0.2, 1.2],
the chromatogram of the change of dispersion entropy com-
plexity is shown in Figure 14 (c).

From Figure 9 (b), Figure 11 (b), and Figure 13 (b), the
complexity is the largest at the 0.6-order, especially compared
with the 1-order complexity, so we can conclude that the com-
plexity of the fractional-order Jafari-Sprott chaotic system is
greater than the integer-order Jafari-Sprott chaotic system.
The maximum complexity detected by using three types of
entropy when system parameter a, b and order g changed is
shown in Table 1.

TABLE 1. Comparison results of maximum complexity.

Fuzzy entropy Sample entropy Dispersion entropy
a 0.009964 0.03686 1.14

0.01076 0.03324 1.106

0.06002 0.1994 1.249

According to Table 1, when using a single parameter as
the independent variable, the complexity of the detection of
dispersion entropy is larger than that of fuzzy entropy and
sample entropy. In practical application, if the detection com-
plexity is too small, it is not conducive to actual application.

By comparing the chromatograms in Figure 10, Figure 12,
and Figure 14, we can obtain two conclusions:

1) Regardless of whether a, g, b, g or a, b are dual param-
eters, the color of the chromatogram of dispersion entropy is
deeper than that of fuzzy entropy and sample entropy, which
means that dispersion entropy can detect greater complexity
not only under a single parameter, but also under the dual
parameter.

2) By carefully observing the chromatograms of Figure 10,
Figure 12, and Figure 14, it can be seen that dispersion
entropy can detect areas where fuzzy entropy and sample
entropy can not be detected, which means that the detection
area of dispersion entropy is widest.
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In summary, comparing two aspects of the detection
complexity value size and the detection area size, it is con-
cluded that in the complexity detection of the fractional- order
Jafari-Sprott chaotic system, the detection performance of
dispersion entropy is the best.

V. SYNCHRONOUS CONTROL OF FRACTIONAL-ORDER
JAFARI-SPROTT CHAOTIC SYSTEM

A. SYNCHRONIZATION OF FRACTIONAL-ORDER
JAFARI-SPROTT CHAOTIC SYSTEM BASED ON SLIDING
MODE CONTROL

The mathematical model of the fractional-order Jafari-Sprott
chaotic system is:

D;IO)Cl )
Dixy = —x1 4 x2x3 (52)
D?Ox3 = —x1 — ax1xp — bxyx3

Make (52) as the driving system, the response system is:

Dy =y
Dy = —y1 +y2y3 (53)

Diy3 = —y1 — ay1y2 — byiys

The state error between the drive system and the response
system is:

el =y — x|
e =y—x 54
e3 =y3 —x3

Then the state error between the drive system and the
response system is:

Dz)el =er+up
Dler = —e) — eze3 + e2y3 + e3y2 +up 55)
Dles = —e + aleres — e1y2 — eay1)

+b(erez — e1y; — e3y1) +u3

The control law design steps are as following:
Step 1: Introduce the fractional-order sliding mode surface.
Three fractional-order sliding mode surfaces is:

t
si(t) = (D? +A1)/€1(f)df
0

t
52() = (DY + A2) / ex(0)d (56)
0

t
530 = (D7 + 3) / ex(x)d
0

The first-order derivative of the synovial surface is:

s1(t) = Dley (1) + Aier (1)
52(t) = Dlex(1) + Apex(r) (57)
53(t) = De3(1) + Azes(r)
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When the error system moves on the synovial surface,
s1(t) = Ois satisfied. So the dynamic equation of the synovial
surface is as follows:

Diey = —Aieg
Diey = —hser (58)
Diles = —Aze;3

Step 2: Design the control law.
Design the first Lyapunov function as:

1
Vi(t) = Es% (59)

Its first-order derivative can be obtained:

Vi) = 5181
s1(Dey + Arer)
= s1(ex +uy + Arey) (60)

We can get u; = —ep — A1ey — kysign(sy).
Design the second Lyapunov function as:

1
Va(t) = Esg (61)
Its first-order derivative can be obtained:

Va(t) =525
=s52(D%ey 4 Xze2)
=s2(—e1 — ezez + exy3 + e3y2 + Arexr +uz)  (62)

We can getupy = ej+ere3—ery3—esyr—Azer —kasign(sz).
Design the third Lyapunov function as:

1 2
Vs = 333 (63)

Its first-order derivative can be obtained:

Va(t) = 5353
= 53(D%e3 + Aze3)
= s3(—e1 +alerea — e1y2 — e2y1)
+b(erez — e1y3 — e3y1) + Azez + u3) (64)

We can get:

u3 = e; — aeyez + aery; + aexy1 — bejes + beyys +
be3y; — A3ez — kzsign(s3) where, A1, A2, A3 are synovial
surface parameters, select A; = Ap = A3 = 4, and ky, k2, k3
are the gain of control law, select ky = kp = k3 = 1.

The error graph between the drive and the corresponding
system is shown in Figure 15.

From Figure 15, it can be seen that under the three control
laws, the drive-response systems of fractional-order Jafari-
Sprott chaotic system have completed synchronization, and
the error tends to 0 with time, which illustrates the three
control laws effectiveness and correctness.
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FIGURE 15. Synchronization error graph.

B. FRACTIONAL-ORDER JAFARI-SPROTT CHAOTIC SYSTEM
CONTROL BASED ON FREQUENCY DISTRIBUTION MODEL
OF FRACTIONAL-ORDER INTEGRAL OPERATOR

The mathematical model of the fractional-order Jafari-Sprott
chaotic system is:

D;IOxl =X

quox2 = —Xx1 + x2x3 (65)
q

Dyyx3 = —x1 —axix2 — bxix3

Defining fractional-order systems D7x(¢f) = y(t), where
0 < g < 1, it is equivalent to a linear continuous frequency
distribution model [57]:

8z(;4;, 2 = —wz(w, t) + ¥(t)

x(t) = / L)z, 1)dw
0

(66)

sin(gm)

where, weight function u(w) = =7,

ziw, 1) e R.

The control law design steps are as follows:

Step 1: For the first equation in the mathematical model of
the fractional-order Jafari-Sprott chaotic system, define the
new coordinates as:

system status

wl =X (67)
The dynamic equation of the first new coordinate is:
D?OWI =X (68)

According to the frequency distribution model of the frac-
tional integral operator, Equation (68) is equivalent to the
following equation:

az(;‘;’ 2 =—wzi(w, 1) +x2

7 (69)
wi(t) = / L)1 (w, Dl

0
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Select Lyapunov function as:

9]

1
Vi) =5 / uw)zi (w, D)dw (70)
0

Its first-order derivative can be obtained:
o

Vi) = / u(w)z1(w, )
0
Take Equation (69) into Equation (71) to get:

daz(w, t)

dw (71)

[e¢]

Vl(t) = /u(w)zl(w, H(—wzi(w, t) 4+ x2)dw
0

=— / wi(w)zT(w, Ddw + x / pw)zi (w, Hdw
0 0

= - / wu(w)z%(w, t)dw + xpw
0

=— / wi(W)zr(w, dw — wi +wi(xi +x2)  (72)
0

Step 2: Define the second new coordinate as:
wy = X1 + X (73)
The dynamic equation of the second new coordinate is:
D?sz =Xy — X1 +x2x3 (74)

According to the frequency distribution model of the frac-
tional integral operator, Equation (74) is equivalent to the
following equation:

az(w, t
% = —wzo(w, t) + x2 — x1 + X2x3

o (75)
walt) = / OO0,

0

Select Lyapunov function as:
1 o
Va0 =i+ 5 [ uondonndw a6
0

Its first-order derivative can be obtained:
o

Va(t) = V(1) + / ww)z2(w, 1)

0

az(w, 1)
ot

dw (77

By taking Equation (75) into Equation (77), we can get:
o
Vo) =Vi(1) + / uw)za(w, )
0

az(w, t)

dw
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]

=V (t)+/ uw)za(w, Hl—wza(w, 1) + x2 — x|
O -
+ xpx3]dw =
o
=Vi(t) - / wi(w)z5(w, Ddw + (x2 — X1 + x2x3)
0
o
X / uw)za(w, t)dw
0
o
=Vi(t) - / WI(W)Z3(W, D)dw + wa(x2 — X1 + X2x3)
0
o o T r—— pr—
=— / wi(w)zi(w, H)dw — / wi(w)z(w, t)dw — wi ©
0 0 FIGURE 16. Control effect of each variable.
+wilxr +x2) + walxa — x1 +x2x3)
o0 o o0
=- f w(w)zi (w, D)dw — / wi(w)z3(w, Hdw — wi = Vao(t) + / uw)zz(w, H—wz3(w, 1) + x2 — 2x|
0 0 0
— W% + wa(x1 + 2x2 + x2x3) (78) 4+ 2xpX3 — X1X3 — X1X2 + x2x32 — ax1x22
Step 3: Define the third new coordinate as: — bx1x2x3 + uldw
o
w3 = x1 + 2xp + x2x3 (79) = Vz(t) — / WM(W)Z%(W, Hdw + (xp — 2x1 + 2x0x3
The dynamic equation of the third new coordinate is 0
obtained: —X1X3 — X1X2 + xpc% — ax1x22 — bx1xpx3 + u)

o0
DZ)W3 =Xy — 2x1 + 2X0X3 — X1X3 — X1 X2 +x2x32

X / uw)zz(w, t)dw

0

— ax1x22 — bxixpxzs +u  (80)

where, u is the required of control law. According to the fre-

oo
quency diStribl'ltiOIl rpodel of the fractiogal integra}l operator, — V2(t)_ / W M(W)Z%(W, Hdw+ws(x2 — 2x1 + 2x0x3
Equation (80) is equivalent to the following equation: ;

Bz(th, 1) — —wza(w. 1) + X — 2X] + 2X0X3 — X1X3 —X1X3 — X1X2 +x2x32 — ax1x22 — bxyxpxs + u)
—X1x2 + xzx32 — ax1x22 — bx1xox3 +u v 5 T 2
o (81) = — | wuw)zi(w, )dw — | wuw)z;(w, t)dw
wi(t) = / nw)zz(w, t)dw ° . 0
0 2 2 2
— | wuw)zz(w, Hdw — wy — w.
Select Lyapunov function as: / 3 : 2
0
. . 7 dz(w, 1) +wa(x1 + 2x2 + x2x3)
Vi(t) = Valt) + / ww)za(w, 1) dw  (82) (s — 21 + 2093 — X133 — x1x3 + 1212
0 — ax1x22 — bx1xpx3 + u)
Its first-order derivative can be obtained: S oo
_ . ce 320w, 1) = —fwu(w)z%(w, Hdw — /w,u(w)z%(w, t)dw
V(1) = Vo) + | n(w)zz(w, 1) dw (83) 0 0
ot -
0
Take Equation (81) into Equation (83), we can get: - / wiL(w)Z3(w, dw — wi — w3 — w3
00 0
V(1) = Vo) + / wzs, 020D gy +ws(dxz + 3003 — X130 — X123 + 017 — axg
0 — bx1xox3 + u) (84)
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From Equation (84) we get the law of control u = —4xp —
3xox3 +x1x0 +x1X3 — x2x§ + axlxg + bx1xpx3, and the effect
of each variable control is shown in Figure 16.

From Figure 16, we can see that under the action of the
control law:

u=—4xy — 3xpx3+x1X%2 + X1X3 — xzx32 + axlx% + bx1xpx3,

each state variable approaches, which illustrates the effec-
tiveness and correctness of the design of the control law.
Compared with other control methods, the control method
based on the frequency distribution model of the fractional
integral operator has the advantage that it only needs to design
a control law to complete the control of each state variable.

VI. CONCLUSION

Based on the Adomian decomposition method, this
paper combines fuzzy entropy algorithm, sample entropy
algorithm, and dispersion entropy algorithm by compar-
ing detection complexity value size and detection area
size, and the dispersion entropy algorithm in analyzing
the complexity of fractional-order Jafari-Sprott chaotic
system is the best. In addition, the complexity of the
fractional-order Jafari-Sprott chaotic system is greater than
the integer-order Jafari-Sprott chaotic system, and the com-
plexity is the highest especially at 0.6-order. Compared with
the integer-order Jafari-Sprott chaotic system, the fractional-
order Jafari-Sprott system has more research significance
and it provides relevant theoretical basis for the application
of fractional chaotic system in the fields of cryptography,
confidential communication, and information security. Syn-
chronization and control of fractional-order Jafari-Sprott
chaotic system is accomplished by sliding model control
and frequency distribution model of fractional-order integral
operator respectively. In particular, the control effect of each
variable is accomplished by designing a control law based
on the frequency distribution model of fractional integral
operator. The advantage of this method is that you only need
to design a control law to complete the control of three state
variables, at the same time the designed control law contains
only state variables, and does not include integer or fractional
order derivatives of state variables, so it is easy to implement.
The system studied in the synchronization control in this
paper is ideal, but in practice, many systems have external
interference. How to complete the system’s synchronous
control in the presence of external interference is worthy of
further study.
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