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ABSTRACT This paper investigates the fractional order chaotic systems synchronization with input delay.
To reduce the utilization of communication resources and achieve system synchronization, an adaptive neural
network backstepping sliding mode controller is proposed based on event-triggered scheme without Zeno
behavior. To avoid “‘explosion of complexity” and obtain fractional derivatives for virtual control functions
continuously, the fractional order dynamic surface control (DSC) technology is introduced into the controller.
The sliding term is introduced to enhance robustness. The Pade delay approximation method is used to handle
the input delay, which can reduce the analysis complexity of fractional order chaotic systems with input
delay. The unknown nonlinear functions and uncertain disturbances are approximated by the RBF neural
network. An observer is used for state estimation of the fractional order system. By applying the Lyapunov
stability theory, we can prove that the all closed-loop signals are bounded. Examples and simulations prove

the feasibility of the proposed control method.

INDEX TERMS Fractional order chaotic systems synchronization, event-triggered, dynamic surface control,

neural network, observer, input delay.

I. INTRODUCTION
In practice, most coupled dynamic systems have complex
dynamics. The dynamical systems have the chaotic dynamics
characteristics whenever its evolution sensitively depends on
the initial conditions. It is observed that chaotic dynamics
exist in many naturally occurring systems [1]-[3]. It is an
ideal treatment of actual chaotic systems to describe chaotic
systems through integer-order calculus. Fractional calculus
has unique memory properties and the ability to accurately
model the system [4]. Therefore, the fractional order dynamic
systems can more truly reflect the situation of the system
itself and present the physical phenomena reflected by the
system, so the use of fractional calculus can more accurately
describe the chaotic phenomenon [5], [6].

The chaotic systems synchronization is an important
research field of chaotic system dynamics and it plays
an important role in the field of control and industrial
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applications, especially in the application of physical sys-
tems, electrical circuits and secure communication [7]-[9].
To date, the chaotic systems synchronization has made many
progresses in the field of integer order control, such as adap-
tive control [10]-[12], linear matrix inequality (LMI) control
[2], [13], sliding mode control (SMC) [14]-[16] and so on.
Up to present, there are some progresses in the research
on the synchronization problem of fractional order chaotic
systems. In [17], a fractional order adaptive synchronization
controller was proposed for a new four-scroll chaotic sys-
tems. In [18], the authors studied adaptive terminal sliding
mode synchronization for fractional chaotic systems with
uncertainty and nonlinearity. In [19], the authors studied the
fractional order chaotic systems with randomly occurring
uncertainties and proposed a feedback controller based on
LMI control to reach chaos synchronization. To deal with
the uncertain of nonlinear systems, the universal approxi-
mation theories of neural networks(NNs) and fuzzy logic
systems can be employed to approach the unknown non-
linear functions [20]. For example, by introducing radial
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basis function (RBF) into the backstepping control method,
[21] developed an adaptive NN controller for an uncertain
fractional order chaotic systems synchronization. [22] intro-
duced fuzzy neural network technology into sliding mode
controller to approximate those uncertain terms and unknown
parameters. For fractional multi-agent systems with unknown
uncertainty, [23] designed a distributed controller based on
NN control method, the NN was used to approximate the
system unknown uncertainty. Based on RBFNN, an adaptive
backstepping control method was proposed by [24] for the
consensus problem of fractional order nonlinear multi-agent
systems. In most practical applications, the system states can-
not be fully accessed. In this case, observer-based control is
usually required. For example, [13] introduced a disturbance
observer to estimate disturbance and uncertainty and [25]
designed a state observer to obtain the system unmeasurable
state for fractional order chaotic systems.

Due to the limited information processing and transmis-
sion speed, the time delay is common in actual engineering
systems. The time delay phenomenon can easily cause the
stability of the controlled system to decrease [26]. Therefore,
it is important and necessary to consider the time delay prob-
lem of nonlinear systems. For example, Pade approximation
method was introduced to cope with small delay and the
designed controller was robust to the uncertain input delay to
some degree in [27] and [28]. [29] applied Pade approxima-
tion technology to nonlinear systems to deal with input delay,
and designed backstepping controller based on fuzzy logic
system. [30] considered the control problem of fractional
order systems with time-varying delays. [31] studied two dif-
ferent fractional order chaotic systems synchronization with
time delay and introduced the delayed function to solve time
delay.

Furthermore, the above-mentioned work input control
signal must be continuously updated, which may cause
unnecessary resource consumption. In terms of reducing the
utilization of communication resources, the event-triggered
control scheme has proven to be superior. It has been
shown in [32] that the proposed dynamic triggering mech-
anism, wherein the threshold involves an internal dynamic
variable, can allow for the larger minimum interevent
times than a static counterpart. Based on event-triggered
scheme, [33], [34] designed an adaptive backstepping con-
troller to ensure that the tracking error converges in finite
time for fractional order system and gave a proof pro-
cess to avoid the Zeno behavior. [35] studied the prob-
lem of adaptive consensus tracking control for uncertain
nonlinear fractional-order multi-agent systems with unmea-
surable states and unknown nonlinearities and proposed
an event-triggered mechanism with a decreasing threshold
function. Aiming at the fractional order chaotic systems,
[36] proposed impulsive control and event-triggered con-
trol to achieve systems synchronization. [37] investigated
the adaptive networked synchronization communication for
nonlinear uncertain fractional order chaotic systems based on
the event-triggered mechanism. And the author proposed a
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novel event-triggered mechanism by combining two types of
event-triggered conditions.

Based on the previous discussion, this paper designs an
adaptive neural network backstepping sliding mode con-
troller to reach fractional order chaotic systems synchro-
nization. A dynamic event-triggered scheme is considered to
reduce the number of transmissions of control input signals.
It should be pointed out that the theoretical results obtained
in this paper is not a simple extension from integer-order
systems to fractional systems. We use some properties of
the Caputo fractional derivative and the integral inequal-
ity to overcome the adverse effects from the incorporation
of weakly singular kernels in fractional derivative. Com-
pared with the current research, this work has the following
contributions:

1) Aiming at the fractional order chaotic systems synchro-
nization, an event-triggered adaptive neural network back-
stepping sliding controller is proposed for the first time.

2) In comparison with [12], [21], the sliding mode con-
trol technology is introduced into the proposed method to
enhance robustness. An event-triggered scheme without Zeno
phenomenon is proposed, which can reduce the frequency of
network governance. The fractional order dynamic surface
control technology is introduced into the controller to avoid
“explosion of complexity” and obtain fractional derivatives
for virtual control functions continuously. The state observer
is used to estimate system states. Compared with the pre-
vious works in [36], the RBF neural network is developed
to estimate uncertain parts. And in our design, the proposed
fractional update laws estimate the unknown parameters and
the upper limit of the approximation errors.

3) Compared with the previous works in [33] and [36],
we consider that fractional order chaotic systems synchro-
nization problem contains input delay, and introduce Pade
delay approximation method into fractional order control
system to solve input delay problem. By using this method,
the original system can be converted to the system without
input delay.

The rest of the paper is organized as follows. Section II
introduces basic theory about fractional calculus and the
fractional order chaotic systems model. In Section III, First,
we construct an observer to estimate the system state, then
we propose an event-triggered adaptive backstepping sliding
mode controller and finally analyze the stability and Zeno
behavior. In Section IV, the effectiveness of the proposed
control method is proved by example. In Section V, we sum-
marize the paper and give some conclusions.

Il. PRELIMINARIES
A. FRACTIONAL CALCULUS
The Caputo fractional derivative [4] is defined as

AN ()

F'n—oa)ty (r — .L.)1+a7n

SDYf (1) = M

where neN andn—1<a <n, I'(7) = f0°° e tdr s
the Gamma function.
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The Laplace transfer of equation (1) is given as

00 n—1
/ eMEDIf (1) =5F () — Y _s“ O 0 @
0

k=0
where F (s) is the Laplace transform of f (), and o € (0, 1].
Definition 1 [4]: The Mittag—Leffler function is given as

0 k

_ 9
Eqy () = ;} TetT ) 3)

where ¢ is complex number and «, y > 0. Its Laplace trans-
form is given by

s4TY

L(1" " Eay (©)) = @)

s +a
Lemma 1 [38]: For a complex number 8 and two real
numbers «, v satisfying « € (0, 1) and

7%)[ < v < min {7, Ta} (®)]
For all integer n > 1, we can obtain
> 1 1
Eyp(s)=— .+0< ) (6)
“f ;F(ﬂ—w) B

when [¢| — 00, v < |arg (¢)| < 7.

Lemma 2 [38]: Let o € (0,2) and B be an arbitrary
real number, and for Vv > 0 such that (na / 2) < v <
min {77, T}, one has

|Ea.p (5)| < (7

w
1+ gl

where £ > 0, v < |arg (¢)| <, and |g| > 0.

Lemma 3 [39]: Let x (t) = [x1 (), ...,x, (#)] € R" be a
vector of continuous and differentiable function. And then,
the following relationship holds

%D“ (xT (t) Px) < xT (1) PD%x (1)
Ya € (0,1),Vt > 1y (8)

where P=diag (p1,p2,...,pn)andp; >0,i=1,2,...,n.
Lemma 4 [40]: For any x, y € R", the following inequality
relationship holds

a

C 1
xy < — x4+ — Iyl® ©)
a bc

wherea > 1,b>1,c>0,and(a—1)(b—-1) = 1.
Lemma 5 [41]: The following inequality relationship holds

D (af (1) + bg (1)) = aD’f (1) + bD*g (1)~ (10)

where a, b € R.
Lemma 6 [42]: The following inequality relationship holds

D* (DPx (1)) = DP (D"x (1)) = D**Px (1) =% (1) (11)

where x(¢t) =[x; (t),...,x, ()] € R",
o+ B=1.

o, B €R* and
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Lemma 7 [43]: The following inequality holds

Cl2

- <)
Va2 +b*

0<lal - (12)

where @ € R and b > 0.

Lemma 8 [4], [33]: In fractional-order nonlinear sys-
tem, if the o-order derivative of Lyapunov function V (z, x)
satisfying

DV (t,x) < —CV (t,x) +D
we can obtain
V(t,x) S VO Eg (~=Ct)+ 2, 1=0  (13)

where 0 < @ < 1, C > O0and D > 0. Then, V (¢, x)
is bounded on [0, 7] and fractional order systems are stable,
where u is defined in Lemma 2.

B. SYSTEMS MODEL

In synchronization task, there are two dynamic systems,
called the master system and the slave system. From a control
point of view, the task is to design a controller that obtains
signals from the master system to adjust the behavior of
the slave system. This article describes the fractional order
master system as

D%x1 (1) = xp +f1 (x)
D%x; (1) = xip1 +fi (%)

D% (1) = fn (x)
VvV =X]

(14)

The fractional order slave system with input delay is
described as

D%y (1) =y2+ g1 () +di (1)

D% (t) = yit1 + g () +di ()

" (15)
Dy (1) =u(t — 1)+ gn (y) +dn (?)
n=y
wherei=2,....,n—1,a € (0, 1);x = (x1,x2,...,x))] €

R*and y = (y1,2,...,¥x)! € R" are the system state vec-
tors, u (+ — 7) is the control input of the system with delay,
w and v are the systems outputs. f; (x) and g; (y) are unknown
nonlinear functions. d;(¢) is the external disturbance,
i) < d.

Defining the synchronization error as z; = y; — x;. Accord-
ing to Lemma 5, the designed synchronization error system
can be defined as

D%z (1) =22 + 1 (2) +dy (1)

D%z (t) = zit1 + hi (z) + d; (1)

D%z (1) = u(t — 1) + hy (2) + dn (1)
U =2z

(16)

where z = (21,22, ..., z0)" € R", h; (2) =gi () — f; (x) is the
new nonlinear function by the difference between the nonlin-
ear functions g; (y) and f; (x).
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To solve the input delay problem in the system (16),
the Pade delay approximation method is extended to frac-
tional order systems, which converts the original system into
system without input delay. Then we can have

e—m/z
Liu(t -0} =e "L{u®)} = —7L{u®} A7)
ets2

where L {u(¢)} is the Laplace transform of u (¢) and s is
Laplace variable.

According to the Taylor formula, e can
be approximately equal to (1—7s/2)/(1+ rs/2). There-
fore, we introduce a variable m () to satisfy the following
equation.

—15/2 erx/Z

1—r1s
1—L {fu@®=L{m@®)}—L{u®)} (18)
+ 715
so that
Til T Tl
- — = —_— —u—- — 19
u > m+ > u 2 (19)
Then, we can obtain
m= —nm+ 2nu (20)
where n=2/r.
D* (Dl_am) = —nm+2nu (21)
we set
D' %m (1) = n(r) (22)

so that, we have

D%n(t) = —nm (t) + 2nu (t)

D' m @) = n() (23)

Introducing the above transformation into the synchroniza-

tion error system, the synchronization error system (16) can
be written as

D%z1 (1) =22+ 1 (2) +d1 (1)

D%z (t) = zit1 + hi (2) + d; (1)

(24)
D%z, (1) = m (1) —u(t) + hn (2) + dy (1)
¥ =2z
Rewrite the system (24) by
n
D'z =Az+ K0+ Bilhi (2) +dil + B(m—u)
i=1
Y = Cz (25)
—k11 ki 0
where A = : I, 1 , K = L B=] |,
—ky, 0...0 ki 1
B;i=[0...1...01",C =[1...0...0] and given a positive
matrix Q7 = Q, there exists a positive matrix PT = P
satisfying
ATP4PA= 20 (26)
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Remark 1 [27]: Due to the increasing complexity of the
engineering environment, input delay may bring some devia-
tions, which leads to an uncertain 7. In the analysis process,
the variable m (¢) is introduced in the system. When deviation
in n occurs, m (t) will be uncertain (i.e., the time-varying
case). Since the designed controller u (#) can be used to
eliminate such item, it is robust to the uncertain input delay
to some degree.

Remark 2 [28]: Pade approximation method is introduced
to cope with the small unknown delay. Since Pade approxi-
mation has some limitations in handling delay, the proposed
scheme can not work in long-delay case. Relaxed control
design for systems with long delay and output constraint
deserves further investigation.

Control Objectives: This paper aims to take the system
(14) as the driving system, the system (15) to respond to
the system, construct the synchronization error system (16),
and design the fractional order controller based on the state
observer to make the synchronization error converge as close
to the origin as possible.

Ill. MAIN RESULTS
A. OBSERVER DESIGN

Assumption 1: The unknown function h; (x),i=1,...,n
can be expressed as

hi(z16,) =01 ¢i(z), 1<i<n (27)

where 6; is the ideal constant vector, ¢; (z) is the basis function
vector and Gaussian basis function is used in this paper.

Assuming that the states of the system are not available.
In this case, the system states need to be estimated by an
observer, and the observer is designed as

n
D =A:+ K0+ ) Bihi (216;) + B (m—u)
i=1
D =cCz (28)
where z = (21, 22, ..., 2,1)T is the estimated value of
= (le Z27 ceey ZH)T‘
Define the state observation error e =
(25) and (28), we can obtain

z — z, from

n
Dre=Ae+ Y Bi[hi (¢) — i (216:) + Ay +di| 29)
i=1

where Ah; = h; () — hi ().
According to Assumption 1, we can obtain
hi (216:) = 6] ¢i (2) (30)

Defining the vector of optimal parameters as

il,‘ (2|9,) —h; (2) ] 31

6" = arg min [su N
i g@,-eQi pz,EUl

where 1 <i <n, Q; and U; are compact regions for 6;, z;
and Z;.
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Defining error of the optimal approximation and parame-
ters estimation as

= i (2) i (]5)

0, =6 —6,i=1,2,....n (32)

Assumption 2: The optimal approximation error remain
bounded, there exists positive constants ;o and 6;", satisfying
|eir| < eio. 16i] < 67

Assumption 3: There exists a set of known constants y;,
the following relationship holds

lhi (@) —hi )| <vi|z—2| (33)
Combining (29) and (30) together gives rise to

n
D% = Ae + ZB[ I:hl' (2) — /;,' (2 |9,’) + Ah; + di]
i=1

n
= Ae+ Y Bilei+ A+ 6 0i (2) + di]

i=1

n
=Aet Atk + Y B [0 (2)] (34)
i=1
where k = [e1 +di, ..., & +dnl, AR =[Ahy, ..., Ahy].
Constructed Lyapunov function:
1 7
Vo = Ee Pe (35)

According to Lemma 3, we can obtain

1
DVy = e’ (PAT +AP> e+ TP (c + Ah)

+ Xn: e PB: 0] ¢ (2)]

i=1

n
< —e"Qe+e" P+ Ah)+e"PY B ¢i(2)
i=1

(36)
By Lemma 4 and Assumption 3, we obtain
e’ P (k + Ah)
)eTPK‘ + ‘eTPAh‘

IA

IA

Lo ] L SN S T 2
= —||P = —||P||*|| AR
S llel™+ SIPkl” + Sllell” + SIPITI Ahll

IA

1 1 -
el + 2 |2 " 4+ S1PI> Y 1Ak
i=1

1 . 1
< llel® + S lellIPI? 3 vi? + EHPK*H?
i=1

1 - 1
< Jlell? (1 +5IPI ) mz) + E||PK*||2 (37)
i=1
and

n
e"PY " Bib i (2)
i=1
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1 | N
< EeTPTPe+§ E 6l 0i 2)o! (2)6i
i=1
1 1 &
2 2 Z 5T
=< E)“max (P) ”e” + 5 91' ei (38)

i=1

where k* = [e10 +df, ..., &n0 + d}].
By equations (36), (37) and (38), we obtain

1 1 o s
DV < —qollel* + 5||P,<*||2 +5 Sare (39)
i=1

n
where o = Amin (Q) — (1 + SIPIF Y v + 322 (P)>.
i=1

B. CONTROLLER DESIGN

Theorem 1: Consider the master system (14) and the slave
system (15), construct the synchronization error system (24)
and design state observer. Suppose that Assumptions 1-3
hold. The following designs can ensure that all the sig-
nals remain semi-global uniformly ultimately bounded in
the closed-loop system and the synchronization errors can
converge to near zero, the error variables

S1=2z
{Sl’ZEi—V,‘,iZZ,...,n (40)

the intermediate controllers
Q) =— [clSl + 67 o1 (2) + sign (51)81]

aj=— [Si—l +ciSi + 6] pi (2) + sign (Sp) & 1)

oi—1 — Vi
A

the parameter adaptive laws

Dzﬁ’i = 09 (2) Si — pib; 42)
D%58; = r; |Si| — n:d;

the event-triggered controller
o (1) = Su—1 + cuSu + 6, @u (2) + sign (S) &
Op—1 — Vn
An
. Sn(KlOln)2 .
n
\/ (Sukc10)” +ic3 \/ (SuM1)? + K3
u(®) =i (1), Vvt tir1)  k €N

SaM?}

i) = —a

(43)

where i=2,...,n—1, ¢, 0, pi, i, n; are design constant
parameters, ¢; >0, o; > 0, p; >0, r; >0, n; > 0. Si =
87 —6; is the upper bound estimation error. S; is defined as the
sliding mode surface. sign (S;) is the sliding term to enhance
robustness. #; denotes the update time of controller.

Proof: In this section, we combine backstepping control,
DSC technology and Lyapunov method to design virtual
control laws, control input and fractional parameter adaptive
laws.
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Step 1: Definde the error variable
Si=09 =z (44)

According to ey=zp — 7, the Caputo fractional derivative
of S is given by
D*S| = D%z
2+h @ +d
=2+ h (@) +di +e
=25 +00 01 (2) + 60 o1 (2) +di +e1+ Ahy +e2
(45)

Define the second error surface S, and the output error wy
of a fractional order filter

S =2-wn
wy = V) — o] (46)

Substituting it into (45) generates

DSy = Sr+wa+a1 + 0] o1 (2) + 6] o1 (2) + di

+e1+ Ah1 + e (47)
Constructing Lyapunov function:
v—v+152+199+152 (48)
PO T g T T 2

And we can obtain the following Caputo fractional deriva-
tive D*V:

1~ ~ 1~ -
D*Vy < D*Vy + S1D*S; + —91TD°‘91 + —81Da81

ZeTe

+5) <52+W2+a1+91 <p()+91 so())+S1ez

< —qollell* + ||P

AT o 1< o
+S1(e1+ Ahy +dy) — —91 D*6y — —81D%6;
(e} r
1 2
< —qollel®+5 | Pt +81 (Sa4+w2 + a1 + 6] 1)

- 1
+ S1e2+S1 (814 Ahy+dy)+ 67 (golSl — U—D"‘Gl)
1

——le°‘51 + = Ze (49)
i=1

Designing the virtual controller « together with the
parameter adaptation laws 61 and & as follows:

— [C1S1 +67 g1 (2) + sign (S1) 31] (50)

o) =
D0y = o191 (2) S1 — p161 (51
D81 = r1|S1] —médy (52)

Substituting (49),(50) and (51) into (48) produces
1 2
D*Vi < —qollell* + §||PK*|| + 5 (Sz — 181 — 0] o1
—sign (S1) 81 + 9{<p1) 81 (61 + Ahy +dy)
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~ 1
+Siex + Sywa + 67 (90151 —— (o10181 — 0191)>

——51 (r1 111 = mid1) + ZeTe
i=1
2

_QO”e”z“r —HPK*” —Clsl + 515

|51|51 +5162 + Siwa + 81 (1 + Ah1 +dy)
+ 9 01 — 81 1] +—5151 += ZeTe (53)

i=1

where ¢1 + Ahy +di = Aj, and S1A; <
Sl < 15118 = 1511 (1 +81)-

Further, we can obtain

IA

[S1A1] <

1 2
D*Vi < —qollel® + S |[Px*[" = e1ST + 5152
—[S1181 + S1e2 + Siwa + 5187 + —0{91
— 181181 + —8181 + = ZeTe
i=1
2
< —qollell* + 5HPK*U — 187+ Six2

— 151181+ Ste2 + Siwz + 181 (51 + 81)

+ 91T91 S1181 + —3151 + - ZGT@

i=1

< —qollel* + = ||P/c*||2 — 182 4+ 815, + Sies

+S1W2+—01T91+ 5151+ ZeTe (54)

i=1

According to Lemma 4, we have

Lo, 1 o
S < —|S — 55
1e2 < 2| 1 +2|€2| (55)
L oo, 1
Siwz < =811+ EIWzI (56)

Substituting (55) and (56) into (54), we arrive at

ZeTe — ¢85}

+818 + —91 ) + —5151 +151% +

D*Vy < —qillel* + ||P

|W2|2
(57)

where g1 = qo — 1/2.
By using DSC technique, we can obtain the state variable
V2 as

AD%Vvy + vy = aq, v2 (0) = a1 (0) (58)

according to (58), we have

__n-o D
A2
w
=—+B (59)
A2
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where A, represents a constant, By is a continuous function
of variables Sy, S, wa, 01, 81, S3, ws.

Step 2: Define the error surface S3 and the output error of
the fractional order filter

S3=23—v3
w3 = V3 — o) (60)
And the Caputo fractional derivative of 7 is given by
DSy =234+ 63 92+ 6] ¢
+kiner + & + Ahy +dy — D%y
=S3+witar+601 o461 pm

+kizey + &2+ Ay +dy — D%y (61)
We construct the Lyapunov function candidate as
1 1
Vo=V + 252 + —92 92 + —52 + 2W2 (62)

According to Lemma 3 and the solution of (61), we can
obtain the fractional derivative D*V;:

D%V, < D*Vy 4 $:D*S> + UiézTD“éz + %SZD“SZ
+wyD%wy ’ ’
< —qillel” + 3 [P | — 187 +- 5152
+$5 (Sa +wi 4o+ 6 gr+ 67y —D“V2)

+k1282e1 + 82 (62 + Ahy + do) + —9 01

o
+ 52}:9,. b;
1=

1 AT noA 1 R W%
+a_920 92+—52D 52——+32W2
2

Z@Te — 8%

+52 (Sl + 83 +ar+ 670 + 61y —D%vy)

l ~
508+ 18112 + S lwal?
r 2

< —qlel® + —UP

1~ 1. _
4830y — —0T D0, — —8,D%, + 14T 0,
[ep) mn o]
2

~ w
+ﬂ,3]51 + 15112 + 1821 = =2 + Bow
ry A2

1 1
+§IW2|2 + §|W3|2 (63)

where g2 = q1 — k%, /2 and note that k12821 < [S2]*/2 +
k%,le1|? /2. Further, we have

D*Vy < —gqallel® + ||P

ZeTe — 187

o] — V2
%)

~ 1~ 1.
1821 (524 82) = —8] D6, — — 50"
o) n

+$5 (51+S3 +ar+6; 00+ 03 9y —
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2
w ~ ~
-2 + Bowy + ﬂ@{@] + ﬂ5151 + |S1|2
A2 o1 |
[ L)
—|W — W
2| 2l +2| 3]

+1821% + (64)

where ¢y + Ahy + d» = A, and SH2A;, <
1S2] 1A2] < 182185 < IS2] (62 + 82 ).

Selecting the second virtual controller «» together with the
parameter adaptation laws as follows:

[S2A,] <

w = — [6252 + 81+ 67 92 (2) + sign (S2) &2
oy — V2
- 65
" ] (65)
D0y = 029 (2) S2 — p2 (66)
D8y =12 |S2| — mda (67)

Substituting (65),(66) and (67) into (64) produces
D*V,

= ‘D”e” +—“P —C1512

29
+8 (S1+ 83— 285 — 81 — 92 @2 — sign (S2) &2

p1 ~ n = 1
+=00 01 + =818 + 112 + [S2* + = |wal?
ol r 2

1 w2
+§|W3I2 - —2 + Bows

< —qllel® + nP i — 157

Ze
—283 + 8283 — 152162 + 92 ‘P252
+1521 (82 +82) — 6 g2 + &égez —~ 1515,

+—5262 + —91 01 + —8161 + 18117 + 15212

2

2 2. WM
= = ——=+B 68
+2|W2| +2|W3| A2+ 2w (68)
. . . W2B2
By employing Young’s inequality, we have wy By < # +
2. Then, we have
D*V,
< —qlel? + ||P ZeTe — 18% — 352
i=1
+ 8283 + —9592 + —5252 + —91 01 + %3151
1
2 22
w w5 B
SIZ 4152 4+ —lwol? 4 —lwal? — 22 272 5
18117 + [S2] +2|W2| +2|W3| N o +2u
(69)

Step i: According to Theorem 1, design the error surface

Si+1 and the output error of a fractional order filter.
Sit1 = Ziy1 — Vi1

Witl = Vitl — Q; (70)
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The intermediate control function «; and the update laws
are designed as

@ = —[Si1 +ciS;+ 07 g1 (2) + sign (505,
o1 — Vi
_ 71
Ai ] 7D
D%6; = oip;i ( )Sl — pibi (72)
D*8; = ri|Sil — nid; (73)

Employing DSC technique, v; can be obtain as
1iD%vi +vi = aj—1,v; (0) = a;—1 (0) (714)
by (74), we have

o Wi
D*w; = —— +B; (75)
A
where A; represents a constant and Bj= — D%x;_1.

Selecting the Lyapunov function candidate as follows:
1, 1 ~p~ 15 1,
Vi = Vi—l + ESZ + qui 9i + 2—ri(Si + EWZ- (76)

We can obtain the following fractional derivative D*V;:

ZcmS + SiSit1 + = ZQT

m=1
Z 07 0y +Z”’"
+Z|Sm|2

B2 1 1\, 1, ,
+m2=:2(ﬂ—E+§>wm+§wi+l+2u(z—l)

(77)

D*V; < —qgillel?

\PK I

where ¢; = gi—1 — klzi/z and w;B; < %ﬁ’z +2u.

Step n: At this step, we will design the event-triggered
controller. Because of input delay in system, we define the
new error variable S, and the output error of a fractional order
filter

. 1
Sp=Zn— vt ;n(t)

Wn = Vp — Qp—1 (78)
Constructing the Lyapunov function as follows:
Vi ="Vp-1+ ls,% + Lé,fén + LS,% + lwﬁ (79)
2 20, 2ry 2
We can obtain the Caputo fractional derivative of V), as
follows:

I~ ~
Davn S Davn—l + SnDaSn + U—@ZD“Q,,

n

1. -
+—68,D%6,, + w,D%w,

'n

VOLUME 9, 2021

n—1 n

1 U

< —guillel® = eiS? + Su1Sn + 5 > are;
i=1 i=1

LR z,mzw e

§ i 2

1 -~ 1~
+8,D%S, — —6I'D*0, — —8,D%8, + w,D*wy,
On 'n
(80)
Combining (77), (79) and the Caputo fractional derivative
of S, together leads to

n—1

DV < —qu-tllel® = ) ciST + Su-1Su+ ZeTel
i= 1 i=1
n—1

2—9 6+ Z “+lezl2 Slee
nl 1 1
+Z<——— 2)w$+§wﬁ+2u(n—2)

+S, (m —u-+ ke + GnTgon + 5,1T<pn — D%,
1
+; (—nm + 277“)) + Sn (e + Ahy +dy)

1 1
——6'D*0, — —8,D%8, + wuD%W,

On 'n
n—1 1 n
ZCiSiZ—FSnflSn-FEZl@iT@i
+Z 9 9+Z 35 +Z|S|2
n—l 2

B~ 1 1 1

—_— = — 2 -2
+;<2M Al+2>w +2wn—l— w(n—2)
+Su <u + kiner + 93‘/% + é‘;@n - Davn)

2
< —qn-1llell” —

HPK* I

_ i~T o
+ 8 (en + Ahy + dy) pu 6, D*0,
n

1.
——38,D%, + w,D%w,, (81)
I'n
The event-triggered controller u () and the parameter
adaptation laws can be given by

D0, = On%n (2) Sn — Pnbn (82)
D8, = 1y ISyl — Nnbn (33)
an = Sp—1 + cuSn + 95%1 (2) + sign (Sy) én
Qp—1 — Vn
_Ynol T Vn 84
o (84)
Su(kian)® SiM}
u(t) = —oy — -
S 2 Jsamn? + 2
(85)
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The actual controller and the triggering condition for the
sampling instants are as follows:
u(t) =u(te), Vi, tiv1)
ke = inf{t € RI|A D) = k1 lu @)+ M1} (86)
where A (¢) =u (t) — u(¢) is the event sampling error, 0 <

k1 < 1, M is a positive constant, ty, k € N* is the controller
update time.

C. STABILITY ANALYSIS
From (86), the following equation can be arrived at

A@)y=u@) —u)=p1 @) kiu) + 2 ()M (87)

where B (), B> (t) are time-varying parameters satisfying
|B1 (1)] < 1 and |B2 (¢)| < 1. Accordingly, one can obtain

a0 — o () My
Y (85)

Thus, substituting (88) into (81) produces
n—1 1 n
Z CiS] + Sn1Sn + 5 Z 676;

D*Vy < —gu-illel* —

n—1 n— 1

PizT 2 2
+ 1 o 06+ 35 +Z|S,| ||PK*||
=
n—1 2
B 1 1 1
+Z<ﬂ——+2>wi2+2wn+2u(n—2)
=2
u(t) — B (t) My T T
Sy | ——— 4k 0 6
+n< 1+ B, () k) + kine1 + 6, on + 6, on
—D"V,) + Sy (en + Ahy + dy) — —6] D6,
Un
1 -
——8,D%8,, + w,D%W, (89)

I'n
where ¢, + Ah, + d, = A,, and S,A, <
1Sul 18] < 15,185 < 150l (2 + 8,
Further, we can obtain

YVAV I

n— n
1 Jus——
D*Vy < —guillel? Zcisf+snflsn+529iT9i

n—1

+Z 9 6; +Zﬂaa +Z|S|2

= 1 B? 1 1 1
i 2 2
+ 22 (2__A_i+§>wi +§wn+2u(n—2)
= 1

ut)—p )M

+S,,<u() B2 (1) M,
[+ B Ok

— 1Sul 80 + KinSner + O Sun + 15,1 (8 + 5 )

2
IIPK* |

+ an) - any% — Sn—18n

1 - 1~
_;enT (002hnSn — Pnbn) — —8n (ru |Sul — 1udp)
n

I'n

+w,D%Ww,,

100876

2
< —qn-tllel” -

n 1 n
et +3 L

DILIES TS SIS I)
l
1 W2 1
+Z ——+2 Wi 5w 2 (1= 2)
u(r) — po () My
Sy | ——————— k1nS,
" ( T+ Bk o) e
Wn
+Wn (__ + Bn) (90)
n
By employing Young’s inequality, we have
2p2
B
woB, < 2121 4 o, 1)
2u
Further, we can obtain
- 1 & 1 2
DYV, < —gullel? — Zc,-s,? +5 Zefe,- + 5P|

+§ p’9T9+§ 55+§ |S|+
l
B2 1 1
i 2
2: L+ W H2un—1
+ (2,& Ai * Z)W’ +t2u =1

=2
u(t) — B2 ()M
+Sn (—1 +‘31 (l‘) s +Oln>
Ze 6; — Zc,s2
+Z"’9T91+Z i +Z|Sl|2 e

n BZ 1 1 ’
+Z(_Z_A_,+2 wi +2u(m—1) (92)

< —gallel® + = HP

2p

where g, = g1 — k3, /2.
According to Lemma 4, the following equation can be
given

- lops 1

6lo, < —EG,T 6 + 59,”9,*

g 1 2 1< 2

bid < =287 + 387 (93)

Substituting (93) into (92) produces

D"V, < —gullel* + HP

ZeTe - ch
1 ¢ ni pi
_ ng _ fs2 4 HloxT g*
21_1 ;ri’+2§m’ !

n
Ni o2 12
+§;;5i +X;|Sl| +
1= 1=
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n n
1 Di PO
—gallel® = St =5 ) (;ﬁ - 1)9,-%
i=1 i=1
2
gy (B 10
R (G 3

(94)

n

note that & = %Z(”’Q*TQ* "i8;"2+2|5i|2) +
i=1
2

HPes1? + 2 (n— 1) +
Define

C = min {2in/)\min (P), 2¢i, (pi — 0i)

B 2 1 05
ﬂ_)&_i—i_z 95)

Combining (95) into (94) together leads to

DV, < —-CV,+& (96)
Along with (96) and Lemma 8, we can obtain
Vy <V (0)Ey (—Ct¥) + %“ 97)
Then we can obtain
11m [V, ()] < %L (98)

Since %IS (1)|? < V, (1), we can obtain

lim 1S ()] < | SCM (99)

Then we can summarize that all the signals remain
bounded in the closed-loop system and the synchronization
errors converge to near zero.

To ensure that the proposed control method can avoid Zeno
phenomenon, the proof is as follows:

By A (t) =u () — u(¢) and u (t) = u (t), we have

D (A1) =D () —u(t)) =D @) —u(t))

= D* (u (1)) (100)
According to (1), we can obtain
1 LA (@™
D¥ |A =
A0 Cn—a) Jo (t—1)ten
1 ! (sign (A () A (x))™
= dt
F'n—a)fy (t — 7)o
_sign (A (D) A (1)
- Frm—a) Jy (t—‘l:)H'a_"
= sign (A (1)) D* (A (1)) (101)

Combining (100) into (101) together leads to
D" (JA (n]) = sign (A (1) D* (A (1) < [D*u (1) (102)
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According to equation (85), we can conclude that u (¢) is
«-th differentiable and D* (u (¢)) a bounded function. There-
fore, we get that there exist ¢ > 0 such that |[D* (u (1))| < ¢.
From A (#) = Oand lim, ., A (t) = my. Thus, there exists
t* such that r* > m / ¢. Therefore, there exists t* > 0 such
that Vk € N*, {tx+1 — tx} > t*, the Zeno phenomenon will
not occur.

Remark 3: The system matrix A is Hurwitz stable by appro-
priate selection of a vector K. It is shown that the changing
trends of z and z coincide well and the boundedness of e
is well validated. It should be noted that the observer and
controller are designed synchronously in this paper, which
does not satisfy the separation principle. That is to design the
observer to be bounded while ensuring that the controller is
bounded.

Remark 4: Tt should be noted that the parameters 1, M
that will affect the synchronization accuracy of the system
and the minimum trigger interval. According to (86), itis easy
to know that when « and M change, the trigger interval and
the number of trigger will change. However, inappropriate
parameters will affect the synchronization accuracy. Accord-
ing to equations (94) and (99), it can be concluded that if «
changes, & will change accordingly, thereby affecting the syn-
chronization error accuracy. Therefore, it is very necessary to
select the appropriate parameters.

IV. SIMULATIONS
In this section, we use the following examples to verify the
validity of the proposed method.

A. EXAMPLE 1
we consider the fractional order Duffing-Holmes chaotic sys-
tem [44], and select the master system as follows:

Dy =
S X (103)
D%xp = x1 — axp — x{ + bcost
where « = 0.98,a =0.25,»=0.3,x (0) =
The slave system is as follows:

[0.2,0.2].

D%y =y
D%y =y —ay; —y? + bcost
+Af @, ) +d@)+u(—r1)
where 7=0, y(0) = [0.1, —0.2], the nonlinear function is
Af (t,y) = 0.1sin () y% —i—y%, d (t) = 0.1sin (). Accord-

ing to Theorem 1, we design the controller as follows

(104)

B0 = —ay - 2 SMY
S +i3 M) + 3
(105)
u(t) =u(te), V€l k1) (106)
where oy = S1 4+ 25> +92 (2 ( ) + sign (S2) 82 — 011);\12 and
a1 = —c157. Choose the design parameters as c; = 15, ¢y =
35,60 (0) = [0.01,...,0.0117,6(0) = 0.1, p = n = 40,
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the master system

_____ the slave system

05 |

State Y
o

State X

FIGURE 1. Fractional order Duffing-Holmes system and its slave system.
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Amplitude

L
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time(s)

FIGURE 2. The state trajectories of the fractional Duffing-Holmes system
and its slave system.

Amplitude

L
0 5 10 15 20 25 30
time(s)

-0.5

Amplitude

L
0 5 10 15 20 25 30
time(s)

FIGURE 3. The synchronization trajectories of the master system and its
slave system in Example 1.

o=r=1kx =05k =2, M =0.5,K = [40, 1600].
Figure. 1-Figure. 5 show the simulation results of Example 1.

Figures. 1-2 show that the states trajectories of the master
system and the slave system, which can be seen from the

100878
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1
Q
e e VAV
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5 0.1 1
<
0 0.5 15 20 25
-0.5 L L L ! !
0 5 10 15 20 25 30
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T T T
2 e2
002 — | — e2 esmation
04 I
[}
3 o] % 0
= -0.2
] 04 L7 -0.02
2 0 0.5 15 20 25
L L L L L
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FIGURE 4. The trajectories of the synchronization errors and its
estimation in Example 1.

Control Input

0 5 10 15 20 25 30

time(s)

— Interval (triggered number:442)

Release interval

time(s)

FIGURE 5. The trajectories of u, u and release interval in Example 1.

40
the master system
_____ the slave system

20
N

) 0
8
(2]

-20

State Y -4 State X

FIGURE 6. Fractional order Arneodo system and its slave system.

figure that there is difference in the states trajectories between
the master system and the slave system. Figure. 3 shows the
states synchronization trajectories of the master system and
the slave system. Figure. 4 shows the synchronization errors
and the estimated errors. It can be seen that the controller
designed by the method in this paper has satisfactory control
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FIGURE 7. The state trajectories of the fractional order Arneodo system
and its slave system.

40 the master system
_____ the slave system
20
N
2 0
8
()
-20
5

State Y 54

State X

FIGURE 8. The synchronization trajectories of the fractional order
Arneodo system in Example 2.

performance. Figure. 5 shows the trajectories of u, u and
release interval and it can illustrate the boundness of # and u
in Example 1.

B. EXAMPLE 2

Consider the fractional order Arneodo chaotic system [45]
and the master system is as follows:

Dxy () = x (1)
Dx (1) = x3(1) (107)
D'x3(t) = f(x)

where & = 0.97, f (x) = x3 (t) + 5.5x1 () — 3.5x2 (1) —
0.8x3 (¢) is the unknown function, the initial conditions are
given as x (0) = [—0.2,0.2,0.2].
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FIGURE 9. The state synchronization trajectories of the master system
and its slave system in Example 2.
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FIGURE 10. The synchronization error trajectories of the master system
and its slave system in Example 2.

The slave system is given as
D%y (1) = y2 (1)
D%y (1) = y3 (1)
Dy3 () =u—1)+g() +AgEy) +d@)
where T = 0.01 is input delay, y(0) = [0.1,0.1,0.1],

Ag(ty) = sin(,/y?+y§).and g0 = yim +

5.5y1 (¢) — 3.5y2 (¢) — 0.8y3 (¢) are the system nonlinearity.

(108)
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FIGURE 11. The trajectories of u, u and release interval in Example 2.
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FIGURE 12. The triggered number of different sampling step size.

d (t) = 0.1sin(¢) is the external disturbance. Choose the
design parametersascy = 20,c2 = c3 = 10,0 =r=1,p =
n=40,k; =0.7, ko =2,M; =2, K = [60, 1200, 8000].
Figure. 6-Figure. 11 show the simulation results of Exam-
ple 2. Figures. 6-7 show that the states trajectories of the
master system and the slave system. Figures. 8-9 show the
states synchronization trajectories of the master system and
the slave system. Figure. 10 shows the synchronization errors
and the estimated errors. Figure. 11 shows the trajectories of
u, u and release interval in Example 2. We have simulated the
number of event triggers with different sampling time steps
(see Figure. 12), in which variable-step sampling is used for
simulation in this paper. It can be seen from the simulation
results that different sampling times have some effects on the
number of event triggers. Therefore, the appropriate sampling
time will reduce the number of triggers to a certain extent.

V. CONCLUSION

This paper investigates the synchronization problem for
fractional order chaotic systems with input delay and
nonlinear dynamics, and designs an event-triggered adap-
tive neural network backstepping sliding mode controller.

100880

An event-triggered scheme is considered to reduce the num-
ber of transmissions of control input signals. The fractional
order dynamic surface control technology is introduced into
the controller to avoid ‘“‘explosion of complexity” and obtain
fractional derivatives for virtual control functions continu-
ously. The sliding term is introduced, which can enhance
robustness. The nonlinear functions and external disturbance
of systems are approximated by the RBF neural network
and the state observer is designed for states estimation of
system. By utilizing the Pade delay approximation method,
the original systems can be converted into systems without
input delay. Under the Lyapunov stability theory, the stability
of systems is ensured by the proposed controller. Exam-
ple and simulation results show the feasibility and effec-
tiveness of the proposed results. In addition, the method
proposed in this paper can be applied to the synchronization
of high-dimensional fractional order chaotic systems, so the
results of this paper have great theoretical significance, espe-
cially in the field of communication security.
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