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Adaptive Synchronization for a Class of Fractional Order Time-delay Un-
certain Chaotic Systems via Fuzzy Fractional Order Neural Network

Xingpeng Zhang, Xiaohong Zhang, Dong Li*

, and Dan Yang

Abstract: Uncertainty and delay are common phenomena in chaotic systems, but their existence will increase the
difficulty of synchronization. For the sake of actualizing synchronization of fractional order time-delay uncertain
chaotic systems, we propose an adaptive fractional order fuzzy neural network synchronization scheme based on
the linear matrix inequalities. A fractional order radial basis functions neural network is applied to approximate
uncertainties. According to the output of the neural network, we design a general adaptive controller for fractional
order time-delay uncertain chaotic systems with different topological structure. Furthermore, we propose an adap-
tive fractional order fuzzy neural network by introducing fuzzy rules into the network. Then the fractional order
extension of the Lyapunov direct method is utilized to demonstrate the stability of the error systems under the
adaptive controller. Finally, numerical simulations are conducted to verify the effectiveness of the conclusions.
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1. INTRODUCTION

Fractional calculus has recently become the hot re-
search direction in the nonlinear control field owing to not
only its widely and meaningful applications in science and
engineering but also the incomplete mathematical theory.
In fact, fractional order description is more consistent with
the true nature of the system in reality, while integer-order
systems are only an idealized and simple representation.
Theoretical and experimental analysis has proved that the
known chaotic systems will also possess chaotic phenom-
ena although the order is a fractional order [1,2].

The classical stability theory is not applicable to frac-
tional systems for its distinctive definition. Therefore, re-
searchers have proposed new methods to analyze the sta-
bility of fractional order systems. Laplace transformation
[3, 4] is the first proposed solution. Then a derivation
method of Lyapunov stability theory is proposed to an-
alyze the stability of fractional order systems, which is
the fractional order extension of Lyapunov direct meth-
ods [5-8]. Therefore, the synchronization methods of in-
teger order chaotic systems, such as impulsive method [9],
fuzzy method [10, 11], intermittent method [12], sliding
mode [13] and so on, can also be applied to fractional-
order ones by combining the fractional order stability the-

ory. Accordingly, researchers have proposed a large num-
ber of synchronization methods for fractional order sys-
tems, such as impulsive synchronization [6], sliding mode
synchronization [14], fuzzy synchronization [15], projec-
tive synchronization [16], adaptive synchronization [17]
and so on.

Uncertainty and time-delay are two familiar phenom-
ena in nonlinear systems, which increase the complexity
and difficulty in realizing synchronization of the real sys-
tems. Even so, researches have designed a large number
of synchronization methods for systems with uncertainties
[18-20] and time-delay [21-23].

Based on the fractional order stability theory, many syn-
chronization methods for fractional order chaotic systems
with uncertainties are proposed. The methods widely used
in practice are impulsive [24], sliding mode [25], adaptive
[26], fuzzy [26], projective [27], adaptive neural network
[28,29], fuzzy neural network [30,31] and so on. Time-
delay emerges due to the finite speed of transmission and
speeding as well as congestions [32]. It has been reported
that the existence of time-delay may destroy synchroniza-
tion [33]. Hence, the synchronization of chaotic systems
with time-delay was studied in some literature [32-36].

And in fact, time-delay and uncertainty sometimes oc-
cur together, which makes the system more complex and

Manuscript received May 21, 2018; revised November 27, 2018 and December 26, 2018; accepted January 4, 2019. Recommended
by Associate Editor Guangdeng Zong under the direction of Editor Hamid Reza Karimi. The project is supported by the Qinzhou
University Nurturing Fund for Projects of National Natural Science Foundation of China (No.2014PY-GJ04), the National Natural Science
Foundation of China (Grant No.11202249, 61772093, 61602071) and the Fundamental Research Funds for the Central Universities

(No.106112016CDJXY 100006, 106112017CDJXSYY0002).

Xingpeng Zhang, Xiaohong Zhang, and Dan Yang are with the School of Big Data and Software Engineering, Chongqing University,
Chongqing 400030, China (e-mails: xpzhang@cqu.edu.cn, xhongz@cqu.edu.cn, dyang@cqu.edu.cn). Dong Li is with the College of Math-
ematics and Statistics, Chongqing University, Chongqing 400030, China (e-mail: donglicqu@ gmail.com, Lid @cqu.edu.cn)

* Corresponding author.

@ Springer

(©ICROS, KIEE and Springer 2019


http://www.springer.com/12555
https://orcid.org/0000-0002-6514-705X

1210 Xingpeng Zhang, Xiaohong Zhang, Dong Li, and Dan Yang

difficult to control. It is inevitable to study the syn-
chronization of fractional chaotic systems. Therefore, re-
searches pay attention to the synchronization of fractional
order time-delay uncertain chaotic systems [37—41]. Slid-
ing mode method [37, 38], adaptive sliding robust mode
control [39], adaptive fuzzy projective control [40], adap-
tive impulsive method [41] and integer order RBF neural
network [42] and proposed.

Among these methods, some have unique characteris-
tics and can be aggregated to achieve simpler and eas-
ier control [24,28, 30, 38—41]. The radial basis function
neural network has been theoretically proved to be able to
approximate arbitrary continuous functions with arbitrary
precisions, which is a good choice for solving uncertain-
ties. And the adaptive method can let the network and
system can easy learn the parameters. The fuzzy method
is widely used because of its simple implementation and
good effect on nonlinear functions. And the study on frac-
tional order time-delay uncertain chaotic systems is worth
doing further research to propose more methods for prac-
tical use.

All the above observations motivate us to carry out the
present study: based on the fractional order extension of
Lyapunov direction method and linear matrix inequality,
we propose an adaptive fractional order neural network
and adaptive fuzzy fractional order neural network to real-
ize the synchronization of fractional order time-delay un-
certain chaotic systems. Our proposed methods take full
advantage of the fractional order neural network, adap-
tive method, and fuzzy method. We adopt refinement con-
trol, that is, each sub-controller has its own unique con-
trol function. This design not only makes the controller
easy to understand but also facilitates the design in prac-
tice. Our study proposes the fractional order neural net-
work for fractional order chaotic systems, which fill up
the shortcomings of the fractional order neural network
synchronization method.

Compared with other methods, our adaptive controller
is subdivided into six sub-controllers corresponding to un-
certain and time-delay terms. The first sub-controller is a
gain controller whose primary role is to set the gain ma-
trix and eliminate useless information. The second and
third sub-controller are adaptive controllers correspond-
ing to the unknown Lipschitz constants. The fourth sub-
controller is a fractional order neural network controller,
which is used to control the unknown nonlinear dynamics
based on the neural network approximation. The last two
sub-controller are used to control the effect of uncertain-
ties corresponding to the nonlinear time-delay term.

In summary, our contributions mainly include the fol-
lowing three aspects. Firstly, our proposed adaptive frac-
tional order neural network controller is applicable to
all fractional order time-delay uncertain chaotic systems.
Secondly, the structure of multiple sub-controllers makes
the adaptive controller easier to understand and design.

Thirdly, the design of fractional order neural network,
adaptive law, and stability theory closer to the characteris-
tics of the system itself.

The rest of the paper is organized as follows: In Sec-
tion 2, basic definition, essential lemma and the model
of fractional order time-delay uncertain chaotic systems
are introduced. In Section 3, an adaptive controller is
designed based on the output of the fractional order ra-
dial basis function neural network. In Section 4, we pro-
pose a new controller by introducing fuzzy logic rules into
the fractional order radial basis function neural network.
Then, the numerical simulations are given to illustrate the
effectiveness of our theoretical results in Section 5.

2. PRELIMINARIES

In this section, we give some basic definitions, nota-
tions, and preliminary results.

2.1. Definition and lemma

Till now, there are many different definitions of frac-
tional derivatives, that is, Riemann-Liouville, Griinwald-
Letnikov and Caputo definitions. In this paper, we adopt
the Caputo definition for the reason that the proof of
Lemma 2 and Lemma 3 is based on this definition.

Definition 1 (The Fractional Derivative Caputo Right
Hand Definition) [24,32]: The Caputo fractional deriva-
tive of order ¢ of a continuous function f : R* — R is de-
fined as follows.

t (m)
SDIf(r) = 1) /0 ( O )

T(m) Jo (t—z)rri—n

where m — 1 < g < m, I'() is the gamma function, satisfy-
ing[(z) = [Ce 't 'dt and T(z+ 1) = 2I'(2).

Lemma 1 (Fractional-order extension of the Lyapunov
direct method) [5]: Let x = 0 be an equilibrium point for
the non-autonomous fractional order system §D{x(t) =
f(x,t). Assume that there exists a Lyapunov function
V(x,r) and class-K functions ¥,i = 1,2,3, satisfying

nlx@)| <Vix,t) < pllx()],
6DV (x,1) < —p|lx(1)|, 2

where 0 < g < 1. Then fractional order system §D{x(t) =
f(x,1) is asymptotically stable.

Lemma 2 [7]: Let x(¢) € R be a continuous and deriv-
able function. Then, for any time instant ¢ > 7,

JEDE2(0) < (0§ D). G)

If x() € R, the inequality satisfies

1

5o D! (7 (0)x(0)) <" (0 DIx(1). @
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Because we use linear matrix inequalities in the follow-
ing proofs, we make little modifications to Lemma 2.

Lemma 3: Let x(r) € R" be a continuous and derivable
function vector. Then, for any time instant ¢ > #,

WD (" (0x(1)) <« (6)5Dx(2) + (5D x(r)) " x(r).
&)

The proof is straightforward, decomposing the expres-
sion (4) into two parts and applying Lemma 2.

2.2. Fractional order time-delay uncertain chaotic
systems

In this paper, we consider a class of fractional order time-

delay uncertain chaotic systems with different topological

structure, where the drive and response systems are shown

as follows:

WDix(1) —AX( )+ f(x(t)) + Cx(t — 7)
+F (x(1),x(t — 7)), (6)

and

WDiy(1) =By(t) +g(y(t)) + Dy(r — 7)
+G((1),y(t = 1)) + ABy(1) + Ag(y(1))
+d(@)+E(y(1),y(t —1)) +u(t), M

where x(2),y(t) € R" are the system state vectors, A,B €
R"™" are the constant matrix, C,B € R"*" are the constant
matrix corresponding to time-delay. f(x(z)),g(y(t)) € R"
are the nonlinear valued vector functions, F(x(z),x(r —
7)),G(y(¢),y(t — T)) € R" are nonlinear time-delay vector
functions. Besides, AB and Ag(¢) denotes the linear and
nonlinear uncertain terms respectively. 7 denotes time-
delay. E(y(t),y(t — 7)) € R" denotes the uncertain terms
of time delay. u(¢) € R" is the control input.

Let e(t) = y(t) — x(¢) be the error between the drive sys-
tem (6) and response system (7). Therefore, we realize the
synchronization between systems (6) and (7), if we can let
lim;_e(t) = 0. The dynamical expression of the error
system is obtained as follow.

Dle(r) =By(r)+ (B—A)x(1) +g(y(t))
—f( (t))De(t —7) + (D —C)x(t — 1)

B(y) +P(x,y.1,t— )
+E((t).y(t— 1)) +ulo), ®)
where ¥(x..1 =) = GO~ 9) = Fls(0)a( -

)f
7)) and B(y) = ABy(r) + Lg(y(1)) +d(1).

2.3.  Assumptions

In addition, we give three assumptions commonly used
in nonlinear areas.

Assumption 1: The nonlinear vectors of the chaotic
system satisfy the Lipschitz condition, i.e., Vx(z),y(r) €
R", there exists positive constants /; and L, such

17 (@) = Fx@)I] < Lylly (@) = x(@)]],

18(y(8)) — g(x(0))[| < Lgly(r) —x(2)]]- ©

The most known chaotic systems satisfy Assumption 1,
for instance, Lorenz system, Chen system, Rossler sys-
tem, Qi system and so forth. Generally, the Lipschitz’
constants Ly and L, usually are unknown.

The chaotic systems will also show chaotic phenom-
ena when time-delay to occur in nonlinear terms [43]. It
should be noted that delay terms are usually closely re-
lated to the linear terms and nonlinear terms of the system.
In many time-delay chaotic systems, it is a direct substi-
tution in mathematical form. Hence, the time-delay term
should also satisfy the assumption similar to the Lipschitz
conditions.

In addition, the time-delay function vector is also
bounded which have been introduced in the paper [32].
Hence, two assumptions about time-delay are introduced.

Assumption 2 [32]: There exist two constant matrix
H,, H, such the time-delay term W(x,y, 7,7 — 7) also satis-
fies following inequality.

el (1)®(x,y,t,t — 1) < e’ (t)Hye(t) + e’ (t) Hae(t — 1),

(10)

where ®(x,y,t,t —1T) —G(x(t),x(t—7)+
F(y(t),y(t —1)).

Assumption 3 [23,32]: There are two unknown con-
stants A; and A, such the uncertainties corresponding to
time-delay E(y(¢),y(t — 7)) € R" satisfies following in-

equality.

IE( @),y =) < Mlly@)ll+ A2y = 7). (A1)
Remark 1: Let D? be the simplified form of ngq.

:lp(xayatatff)

3. ADAPTIVE FRACTIONAL ORDER NEURAL
NETWORK CONTROLLER DESIGN FOR
FRACTIONAL ORDER TIME-DELAY
UNCERTAIN CHAOTIC SYSTEMS

In this section, we design an adaptive fractional or-
der neural network controller, which has several sub-
controller corresponding to the adaptive parameter uncer-
tain and time-delay terms.

3.1. Applying neural network to approximate the un-
certainties
The radial basis function (RBF) neural network is a three-
layer neural network with fast local convergence prop-
erty. It is also theoretically proved to be able to approx-
imate arbitrary continuous functions with arbitrary preci-
sion. Therefore, we apply the RBF neural network to ap-
proximate uncertainties ®(y) = ABy(¢) + Ag(t) +d(¢) in
error system (8).
The second layer of the RBF neural network is custom-
arily Gauss function.

—(y—¢&;)?

¢j(y):exp[87]7 (]:1,2,717’1), (12)
J
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where y € R" is the input of the neural network, which is
also the intermediate output of the response system. &; is
the center of the neural cell lying in the i-th hidden layer,

and &; are the width. ¢ (y) = [¢1(), 92(3),- .-, 0u(»)]".
The third layer of RBF neural network is a linear output.

m

= ZwiTj(l)j(y) =Wro(y), (i=1,2,...,n).
j=1
13)
Then, the output is also the approximate value of ®(y).

D(y) =W (y), (14)

where W = [Wy, Wa, ..., W,] € R™", and W; = [Wj,
Wi, .., Wiu|T is the weight vector fo the network.

We use optional weight value to evaluate the weight values
W, which is defined as:

W= argmm[sup|<l>(y/W)
cQ yeSy

o), (15)

where Q = {W :|| W < M} is a valid field of the parameter,
and M is a designed parameter. S, C R" is an allowable set
of the state vector.

Then, the optimal estimate of uncertain terms as

D(y) =W o(y)+e(y), (16)

where ||€(y)|| < &, & is the minimum approach error of
RBF neural network, which is given and can be ignored
when it is small enough.

3.2. Designing adaptive controller

Based on the output of the fractional order RBF neural
network, we design an adaptive controller, which also han-
dle the unknown constants corresponding to Assumptions
1 and 3.

u(t) =uc(t) +ur, (1) +ur, (1) +uw (1) +uy, (1)
+uy, (1), 17)

where u.(t) is the main component of controller; ug,(¢)

and uy, (t) are designed to control the Lipschitz constants

L, and L, respectively; uw(¢) is applied to control the

weight of fractional order RBF neural network; uy, (f) and

uy, (1) are designed to control the unknown positive con-

stants A; and A, corresponding to delay uncertain term.
And each sub-controller has the following form:

ue = —Ke(t) + f(y(t)) —g(x(1)) — (B—A)x(1)

—(D-C)x(t—71)—G(x(t),x(t — 1)
+F(y(t),y(t — 1)),
ur, = —YrLyse(t),

= _YEL e(t),
uw=—WT(>, (18)

=30 le” ()] =0
l mplll Ily(#)]], otherwise,
=% le” (1)l =0,
| Egpeally(t—1)ll,  otherwise,

where K is the control gain matrix, I:f and f,g are the esti-
mation value of unknown Lipschitz constants Ly and L,
respectively; A1 and A, are the estimation value of un-
known constants A, and A, respectively. ¥z, ¥, p1, p2 are
positive constants.

The adaptive law of unknown parameters satisfies fol-
lowing fractional derivative:

) 19)

3.3. Stability analysis

Theorem 1: Designing the controller u(z) as (17) and
each sub-controller as (18). The adaptive law of the
weight and uncertain terms are designed as (19). Assume
there exist two positive constants §; and f3,, and two semi-
definite positive matrix P,Q, if the following conditions
are satisfied.

(A1) The following linear matrix inequality holds.

(B—K)'+B—K+H!+H, +BP Hy+D
HI + DT B0
<0, (20)

(A) 7> 1y > 1,p1 > 1,y > 1.
Then the error system (8) is asymptotically stable.

Proof: Firstly, we construct a Lyapunov function based
on Lemma 1 to analyze stability.

V() +Z
+(Ly

*Lf) Jr(Lg*Lg) +(AI*AI)2
+ (A — M) 21)

T(W, — W)

Applying Lemma 3, the derivative of Lyapunov function
satisfies

DV (1) =e" (1 )D" (1) + (De(1)) (1)

—Z [(W;— W) DIW;+ (DIW,) (W, —W;)]
+ 2(Lf —Ly)DLy+2(L, — L,)DL,
+2(A = M)DIA 4 (Ao — )D Dy (22)
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Substituting controller (17) whose each sub-controller is
(18) into the error system (8), we get the new presentation
of the error system.

Die(t) =(B—K)e(t) +g(y(t)) — g(x(t)) + De(t — 7)
fFO) = f(x(1)) +O(x, .1, — 7)
E((),y(t=0)+W-W)o(y) (23
+Ay(tt—1)— foe() YeLe(r)

1

—WMIIXU)II e TH/leX( D)l

Applying Assumptions 1, 2 and 3, then the sub-term
el (t)Dle(t) + (D%e(t))Te(t) in (22) satisfies
e (1)Dle(t) + (D%(t)) e(t)
<e'([(B—K)" +(B—K)+H{ +He(t)
+e' (t)(Ha+D)e(t—1)+e" (t—7)(Ho+D)" e(t)
+2Lge" (t)e(t) +2Lse" (t)e(t)
D)W =W) $() + " () (W —W)e(r)
+el ()P [lx(1) ]| + 22 |x(r — 7))
—2ysLse" e(r) —2y,Lge" e(r)
=2le(®) |11 [x(2)[| =2l (1) |2 Ao x(r )]
24)

For other sub-items of (22), the fractional order adaptive
law (19) is considered, then we get the following results.
1

Y 0= W)W, (D) (7, = W)
=1

- _Z’E( Wi)" wiei(1)9 ()
- YT ) )i~ W) @)

and
e, Dlef, = (Ly—Ly)yse’ (t)e(t),
e{que{g = (Ag —Lg)ygeT(t)e(t),
ef D) = (h—M)pre (1)|x(1)]), (26)
eh, D¢}, = (Ao — A)pae” (1) |x(t — 7))

Combining inequality (24), (25) and (26) to rewrite and
simplify the fractional derivate of Lyapunov function (22)
leads to

DIV (1) <e" () (B—K)" +(B—K)+H +Hile(t)
+eT (t)Hye(t — ) + e’ (t — T)HY e(t)

+2(1 =) Lylle(®)|P* +2(1 = %) L [le(0) I
+ (1 =p)lle()x(@)]l

+ (1= p2)dale(t)x(t — 7). (e2)]

Applying LMI method to solve the time-delay terms in
inequality (27) i.e.,

' (1)[(B—K)" +(B—K)+H{ +Hile(r)
+el (t)Hye(t — 1) + e (t — T)HT (1)

() (o "))

(28)

where & = (B—K)" + (B—K)+H] +H,.
Then, we apply condition (A1) and (A2).

DV (r)

< (%) (07 _po) (i)

+ (1= y)LpPlle(@)|]* + (1 = %) LgPlle(r)]?
+ (T =p1)AiPlle(t)x(t) ||
+ (1= p2) 1aP|le(t)x(t — 7))
<0. (29)

Obviously, inequality (29) satisfies Lemma 1. Hence,
error system (8) tends to be stable, which implies syn-
chronization of fractional order uncertain chaotic system
(6) and (7) is achieved. [l

4. ADAPTIVE FRACTIONAL ORDER FUZZY
NEURAL NETWORK CONTROLLER DESIGN
FOR FRACTIONAL ORDER TIME-DELAY
UNCERTAIN CHAOTIC SYSTEMS

In this section, we introduce fuzzy logic rules into RBF
neural network to propose an adaptive controller. The de-
signed fuzzy RBF neural network is also used to approxi-
mate the uncertainties.

4.1. Applying fuzzy neural network to approximate
the uncertainties

Fuzzy radial basis function network (RRBF) can realize

fortification by adding a layer based on the RBF network.

The inputs of the FRBF are the elements in vector y.

The second layer is the membership layer, where each
node in this layer corresponds to one linguistic label of
one of the input variables in the input layer [18]. With the
choice of the Gaussian membership function, the opera-
tion performed in this layer is

_ _ £ )2
;) = exp[(y"sif’”)], (30)
kj

where &jand & (j=1,2,...,m k=1,2, ..., r) are the
mean and standard deviation of the Gaussian function of
the k-th partition for the j-th input variable y.
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And the third layer is the rule layer, where each node in
this layer represents one fuzzy logic rule and performs
precondition matching of a rule [18]. The output of a rule
node in this layer is calculated by the product operation as
follows:

Hexp —Oe b))

2
5k]

¢j Vi) H¢j Vi)
(€29

where r; represents the j-th output of the rule layer, which
also represents the firing strength of the corresponding
fuzzy rule.

Hence, the final output of FRBF as

Ri(9;(v0)) szm ¢;(3)), (32)

wherei=1,2,...,n.
The output of the network is also the approximate value of
®(y). Therefore,

D(y) = Ri(9; () =W'r(y), (33)
where W = [Wy, Wa, ..., W,] € R™*" and W, =
.., Win]? is the weight vector for network.
We use optional weight value to evaluate the weight values

W, which is defined as

[ ils vViZ,

W =arg nnn[sup|<1>(y/W) D(y)],

VES

where Q = {W :|| W < M} is a valid field of the parameter,
and M is a designed parameter. S, C R" is an allowable set
of the state vector.

Then, the optimal estimate of uncertain terms as

(y) =Wr(y)+e(y),

where ||e(y)|| < &, & is the minimum approach error of
RBF neural network, which is given and can be ignored
when it is small enough.

In addition, we also apply this FRBF network to ap-
proximate the uncertainties corresponding to the time-
delay instead of Lemma 3. In order to achieve this, the
input of the network should be y(¢) and y(t — 7). There-
fore, the approximate value of uncertainties ®(y(r)) +
E(y(t),y(t — 1)) is as follows:

P(y(1) +E(y(1),y(t = 7)) =W r(y,t — 1) +£(y).
(34)

Remark 2: This network implements the method of
fuzzy reasoning. The number of nodes in each layer rep-
resents the number of inputs, partitions, rules, and dimen-
sions respectively.

4.2. Designing fuzzy adaptive controller

Considering a fuzzy rule basis with R rules which have
the following I f — T hen forms.

Plant rule i: if z; is Mj;, 20 is M}», z3 is M3. Then
Aix(t) +C,'X(t — T), (35)
= Biy(t) + Diy(t — ) + W r(y,1 = 7) + ui(t).

Dix(t) =
Dy(t)

Also let e(r) = y(t) — x(¢) be the error between drive and
response system. Then we get the error system under the
i —th fuzzy rule as

Die(t) =B;y(t) —Ax(t) + Diy(t — T) — C({)x(t — 1)
+WTr(y,t =)+ ui(0). (36)
Based on the output of the fractional order FRBF neural
network, we also design a fuzzy adaptive controller, which

also satisfies the above fuzzy rule, i.e. plant rule i: if z; is
Mil, 22 is Mi2, 3 is M,‘3. Then

l/t,'(t) =— K,-e(t) — (B, —A,’))C(l) — (D, — C,').X(t — T)
—WTr(y,t—1). (37)

The updating law of the fractional order FRBF neural net-

work satisfies the fractional order differential.
D'W, = fiei(t)r(yt — 1), (i=1,2,...,n). (38

Therefore, combining the controller (37), the error system
(36) can be rewritten as

De(t) =(B; — K;)e(t) + Dje(t — 1)
+ (W =W)Tr(y,t —1). (39)

Next, using singleton fuzzifier, product inference, and
weighted average anti-fuzzification, the system (13) can
be rewritten as

:i‘{h;(e(t))((Bi —K;)e(t)+Dje(t — 7))

+(W=W) (3t =), (40)
where hi(e(t)) = 529, wi(e(t)) = [Ty Mij(e(t)),
and Y @;(e(i)) > 0, X hile(r)) = 1.

4.3. Stability analysis

A new theorem is proposed based on the adaptive fuzzy
fractional order FRBF neural network controller.

Theorem 2: Designing the fuzzy controller u(r) as
(37). The adaptive law of the weight satisfies (38). As-
sume there exist two positive constants ¢; and f3;, and two
semi-definite positive matrix P and Q. If the following
LMI condition satisfies.

KT A (R KL e A
((Bz K;) +g§l K+ oP éi)lQ)<o (41)

Then, the fuzzy error system (40) is asymptotically stable.
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Proof: Constructing a Lyapunov function which satis-
fies Lemma 1.

V(1) +Z T(W,—W;). (42

According to Lemma 3, the derivate of Lyapunov function
(42) satisfies
DIV (t) =" (t)Dle(t) + (De(t))" e(t) (43)

i[(Wi—vv,-)TD’fvv,~+(Dqu)T<vai—vvi)]-

n
i=1"1

Therefore, applying (40), the e’(t)Die(t)+(D%e(t)) e(t)
in (43) satisfies

e (1)Dle(t) + (D(t)) e(t)

= Y (e(t)e” ()(Bi— K + B~ Kelr)
e’ (t)Dje(t — 1)
—17)D] e(1) (44)

ET(I)(W 7W)Tr(y7tat - T)
T (y,t,6 —T)(W —W)e(t).

For other items of (37), the fractional order adaptive law
(38) is considered, then we get the following results.

):ui [(W; — W) DIW; + (DIW)T (W; — W;)]

=1

_ X‘T; ei(t)r(y,t,t =)
—ii,uiﬁ(w—r)ez-<r><v~vz-—Wz-> @s)

i=1 M

=—e" ()W —=W) r(pt,1 — 1)
— T (1,0 —T)(W —W)e(2).

Combining (44) and (45), the derivate of Lyapunov func-
tion (43) can be simplified as

DV (1)
—Zh ((Bi—
—i—Zh
+ Z{hi(e(t))er(t —

=St () (5 ) ()

—K)" +B;—K)e(t)
t)Dje(t — 1)

7)D7e(t) (46)

M*ﬂ

Therefore, based on the LMI condition (41), the derivate
of Lyapunov function (43) satisfies

DV (t)

< — Zr:h, (1)

i=1

Pe(t) + Bie" (1 = 7)Qe(t — 7)]

r

~[ae” (1)Pe(t) + Be’ (= 7)Qe(t — T)] ) hile(r))

i=1
< —[ae’ (t)Pe(t) + Be’ (t — T)Qe(t — 7)]
<o0. 47)

IN

Obviously, inequality (47) satisfies Lemma 1. Hence, er-
ror system (40) is asymptotically stable. O

5. NUMERICAL SIMULATION

We provide the following numerical examples in this
section to verify our main results developed in this paper.

5.1. Adaptive fractional order neural network syn-
chronization for fractional order time-delay un-
certain Lorenz system

The model of the fractional order time-delay Lorenz sys-

tem is shown as follows:

D7x, (t)
Dix, (l‘)
Dix; (I)

- o 0\ [x(r) 0
=y -1 0 xz(t)) + | =2 (t)xs(t)
(t)

0 0 0/ \x( x1(1)xx(t
00 0 xi1(t—1)

+(0 0 o xn(t—-1)]. (48)
00 —ﬁ )C3(l—‘L')

When the parameters are appropriately chosen, i.e., ¢ =
10, B = 8/3, v = 28, time-delay 7 = 0.4 and order ¢ =
0.95, the fractional order time-delay Lorenz system also
show chaos phenomenon (Fig. 1 and paper [35]).

When fractional order time-delay Lorenz system has
uncertainty, the mathematic model is below.

Dy, (t)
Dy, (1)
Dys(t)
—6 o 0\ [yi(r) 0
=y -1 o) yz(l)) + | =31 (@)ys(r)
0 0 0/ \»@) yi()ya(t)
00 0 (yl(f—f) 0.1(y2(t)—y1(2))
+100 0 || yat—71) |+[0.1(31(t)—y2(r))
00 —B/\y(t—1) 0
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Fig. 1. The fractional order time-delay Lorenz chaotic at-
tractors with o = 10, B = 8/3, vy =28, ¢ = 0.95,

and T =0.4.
15
e,
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§ 2
ﬂh"5* €,
c
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w
10
A5 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
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Fig. 2. The chaos synchronization error between system
(48) and (49) under controller (50) with k = —10.

0
+ 0 . (49)
—0.1y3 (l — T)

Because this is the self-synchronization of fractional order
Lorenz system, hence the adaptive parameters are only yr
and p,. Therefore, design the controller based on equation
the adaptive controller (17) and (18) satisfying the adap-
tive law (19).

ur (1) = —kier (1) =W ¢(y) — yLsei (1),
up(t) = —kaea(t) — Wz ¢(y) YiLsea(t),
us(1) = —kaes (t) — Wy 9 (y) — vrLses(t)

— padaes(t )Hy%( 7). (50)

In controller (50), the gain matrix is K = diag(—10, —10,
—10), and the parameters are L = 1, 7y = 1.2, p, = 1.2.
Then the result of synchronization under controller (50)
is shown in Fig. 2 and Fig. 3. The numerical results in
Fig. 3 also illustrate that the adaptive parameters eventu-
ally tends to a stable value.

value of constants

10 I I I I I I I I 1
0 8 16 24 32 40 48 56 64 72 80

Time(s)

Fig. 3. State curve of uncertain parameters (¥y and p,) be-
tween system (48) and (49) under controller (50).

Fig. 4. The fractional order time-delay financial chaotic
attractors witha=3,b=0.1,c=1,¢=0.95, and
7=0.5.

5.2. Adaptive fractional order neural network syn-
chronization for fractional order time-delay un-
certain Lorenz system and financial system

Then, we do the simulation of synchronization of the

chaotic system with the different structure. Considering

fractional order time-delay financial system [43] as the the
response system.

qul t)

+ | 1=y —1) |. (51)

When the parameters are approximately chosen, i.e.
(a,b,c) = (3,0.1,1), T= 0.5, g = 0.95, the fractional or-
der time-delay financial system will also has chaotic phe-
nomena [43] shown in Fig. 4.
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When fractional order time-delay financial system has
uncertainties

qul(l‘)
Dy, (t)
D7y;(t)
—a 0 1Y\ /[yi(t) 0 00\ /(-1
= 0 -b0 yz(f) +{ 0 00 yz(l‘—’l')
0 0 —c/\»s(0) —100/\y;(t—7)
yi()y2(t—17) 0.1(y3(t) —y1(2))
+ l—y?( —-7) |+ —0. lyz(t)
—0.1y3(2)
r—1) OOlsm (7t)y2 (1) y5(t)

2
+ (t—71

0
0 1y1 )ya(
0.1y3(r
0
(52)

Because chaos is bounded, there exist a positive constant
M such that ||y(¢)||< M. Then Assumption 2 satisfies

T

ei(t) Yi(t)ya(t =) —x1 (t)xa2(t — 7)
es(t) yit—1)—xi(t—1)
es(t) —ei(t— 1) — Bes(t)

=ei () @Oy2(t—7) —x1
+e1 (1) (x1 ()y2(t — ) —x1 ()2t — 7))
+er(y1(1—1)—x1 (t=7)) 1 (1= 7)+x1(1—7))
—e3(t)e1(t—1)— Bes(t)es(t — 1)
=y(t—1ei(t)er(t) +xi(t)er(t)ex(t — 7)
+ (1t =71) +x1(t —7))ea(t)er (t — 7)
—e3(t)e (t—1)— Pes(t)es(t— 1)

(0)y2(r = 7))

= el (t)He(t) + e (t)Hpe(t — T), (53)
where
yz(l - T) 0 0
H, = 0 0 0},
0 00
0 X1 (l‘) 0
H, = yl(th)erl(tf‘L') 0 0
-1 0 —B

Therefore, the adaptive controller is design based on (17),
(18) and (19).
ui(t) = —kiei(t) + (a— o)x (t) + oxa(t) — x3(¢)
W o) —xi (0)xa(t—7) = (YL +veLg e (1)
= pioer (1)1 ()| —p2Aoer (1)1 (1 = T)l,
uz(t) = —kaea (1) + (b — 1)xa(r) — y1(2)ys(1)
—x{(t=7) =W, 9(0)~¥rLser(t) —YeLger (1)
—p12aes (1) [y2(1) | —palae (1) ly2 (1 = )|,
u3(t) = —kses (1) +x3(r) +xi(t — 7) — B3 (1)
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Fig. 5. The chaos synchronization error between system
(48) and (52) under controller (54) with k = —10.
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Fig. 6. The state curve of uncertain parameters (¥f, ¥, P1,
and p;) between system (48) and (52) under con-

troller (54).
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Fig. 7. The chaos synchronization error with the gain ma-
trix K = [-12,-9,0; —30,—-20, 14; —12,0,—7].

+y1(0)y2(0)=W5 9 (v) = vrLres(t) —veLges (1)

— pihies(t)|lys(t) — padaes (1) ||ys (t — 7).
(54)

In controller (54) the gain matrix is K = diag(—10, —10,
—10). Designing the update law of parameters as (19),
where =1, vy =125, ¥, = 1.5, p1 = p, = 1.75.
Then the result of synchronization under controller (54)
is shown in Fig. 5 and Fig. 6. When the gain matrix is

-12 -9 0
K=1-30 —20 14 | shownin Fig. 7.
-12 0 =7
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5.3.  Adaptive fractional order fuzzy neural network
synchronization for fractional order time-delay
uncertain financial system

Applying the IFF — THEN rule proposed in section 4 on
the drive and controlled response systems (48) and (51).

Plant rule i: if z; is My, 20 is My, z3 is Mz, (i=1, 2,
..., r). Then
Dix(t) = Aix(t) + Cix(t — 1),
Dy(t) = Biy(t) + Diy(t — 1) + W' r(y,t — ) + ui(t).

Consider the case where there are only two fuzzy rules,
i.e., r =1, 2. Hence, for x () € [d,dz] = [2,6].

-0 o O -0 o O
A= A =1 =d |, A= 2 -1 -a» |,
0 4 O 0 d 0
—da —d1 1 —da —d2 1
Bi=|d —-b 0|, B=|d —-b 0],
0 0 -1 0o 0 -1
0 —dy O 0 —d, O
=4 0o o), =4 0 0|,
0 0 —B 0 0 —B
0 —d 0 0 —-d, O
D1: O O d] 7D2: O 0 d2
-1 0 O -1 0 O

And the membership function M| and M, are

—X|+dy
dy+d,’

x| —d

M, = = .
! dy + d

2

Then the gain matrix is designed as K = diag(—5, —5,
—35). The initial value of drive and response systems are
x0 = [-2,4,—2] and y0 = [2,—3,1]. Then the controller
u;(t) is designed as (37). Therefore, the synchronization
error is shown in Fig. 8.

IS

N
I

o

-

o
.

Synchronization error
5 A

[
T

. . . . . . |
16 24 32 40 48 56 64 72 80
Time(s)

&

o
@

Fig. 8. The chaos synchronization error between frac-
tional order time-delay uncertain Lorenz and finan-
cial system under the fuzzy neural network.

6. DISCUSSION AND CONCLUSION

6.1. Discussion

Our proposed adaptive controller can well implement
the synchronization of fractional order time-delay uncer-
tain chaotic system, But there are still limitations. In the
process of using fractional order neural network to ap-
proximate uncertainties, we only update the weights W
of the last layer but neglect the center £ and width & of
Gaussian function.

The cause of this problem is chain rule of derivatives
does not apply to the three common definitions of frac-
tional calculus. Therefore, this is the challenge we are
facing and will be the focus of our future research. In the
following research, we will try to use the local fractional
derivatives, which is a new definition, to study the syn-
chronization method of fractional order neural network.

6.2. Conclusion

In this paper, two adaptive controllers based on frac-
tional order radial basis function neural network and fuzzy
fractional order radial basis function neural network are
proposed for the synchronization of the fractional order
time-delay uncertain controller. The scheme is based on
the linear matrix inequality, the properties of the fractional
order neural network, the fractional order differential and
fuzzy method. The design of the controller as a combina-
tion of several sub-controllers is also very helpful for the
practical use of this method.
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