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Abstract: In this paper, the exponential synchronization of fractional order fuzzy memristor neural networks with time-varying delays
and impulses is studied. In order to save cost and ensure that the control system does not jitter, two unsigned controllers are designed,
and some criteria for guaranteeing exponential synchronization are given based on the differential inclusion theory and the fractional
calculus theory. Finally, two numerical examples are given to verify the effectiveness of the results.
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1. Introduction

Fractional calculus was developed more than 300 years
ago, however, it has not been intensively studies until the
last 20 years. For example, important results have been
achieved in the fields of fluid mechanics [1], physics [2],
pharmaceutics [3], and neural networks. Fractional
calculus, with its arbitrary positive real-order derivatives
and integrals, alongside its memory inheritance properties,
has been applied by some researchers to neural networks to
more accurately study their related properties, thus forming
fractional neural networks [4, 5].

In 1971, Zeili used the symmetry theory to derive the
fourth circuit element in addition to inductors, capacitors,
and resistors, and named it the memristor [6]. Then, in
2008, HP LABS demonstrated the memristor in real life for
the first time [7]. After that, the memristor gradually came
into the public eye, and research has shown that it has the
benefits of having a small size, a low power consumption,
and scalability; thus, it can replace traditional resistors [8,9].
After the switch is turned off, the memristor can also
record the history of the charge, which is similar to the

synaptic response of a biological neuron when stimulated,

which makes the memristor highly sought after [10, 11].
Satheesh and Sakthivel [12] studied the synchronization
problem of multi-memristive neural networks with a
fault-tolerant anti-interference control, delay, mismatched,
Fu and Zhong [13] studied

the projection synchronization of fuzzy memory neural

and matched interference.

networks with a fixed impulse control. Zhang and Bao [14]
proposed a five-dimensional isomorphic memristive coupled
adaptive synaptic neuron (mCASN) network using non-ideal
memristive coupled two-dimensional adaptive synapses. Fu
and Zhong [15] studied the exponential synchronization of
memory neural networks (MNNs) with inertia and nonlinear
coupling terms.

Due to sudden external interference, various systems
will deviate in real life from their original trajectories at
The

short-term interference of pulses is inevitably going to have

certain points. This interference is called a pulse.
some impact on the system. Therefore, when analyzing
the dynamic characteristics of a nonlinear power grid, it
is necessary to consider the effects of pulses and delays.
Yang et al. [16] obtained some new results on global
synchronization using multiple recurrent neural networks

with delay and pulse interactions. LaMar and Smith [17]
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studied the effect of the correlation between input and
output degrees on the performance of the same pulse-
coupled oscillator synchronization system in a random
directed network. Zhang [18] studied the finite-time (FNT)
synchronization and pulse synchronization of fractional-
order quaternion neural networks (with fractional-order
quaternion numerical neural networks and delays). Fu
and Jiang [19] studied the (FNT) and fixed-time (FXT)
synchronization problems of complex networks with semi-
Ling and Shi [20]

studied the exponential synchronization problem of a class

Markov switching and pulse effects.

of time-delayed coupled neural networks with a delay

compensation and impulse control.

There are additional real-life factors to consider
when discussing pulse systems, including approximation,
uncertainty, and vagueness. In 1996, Yang [21] combined
the cellular neural networks (CNNs) pioneered by Chua
and Yang [22] with fuzzy logic to form fuzzy cellular
neural networks (FCNNs).

neural networks, fuzzy neural networks can maintain local

Compared to traditional

connections between units and output binary signals. Due
to the uncertainty of its origin, FCNNs can achieve
nonlinear filtering, which makes it better suited to handle
real-world problems. It is inevitable to consider the
performance, stability, and synchronization of the neural
network, and consequently, related research has also been
widely developed. Liu [23] studied the global stability of
the delayed fuzzy cellular neural networks (FCNNS) with
constant and time-varying delays by constructing suitable
Lyapunov functions. Huang [24] studied the stability of the
distributed delay fuzzy neural networks with the minimum
feedback kernel. The finite-time synchronization problem of
fuzzy neural networks with time-varying delays was studied
using inequality techniques and analytical methods based on
finite-time theory in [25].

Synchronization is an important behavior in dynamics,
and it also has significant implications in the research
of intelligent control, secure communication, medical
treatment, and image processing. At the same time, the
research methods for neural network synchronization are
also very extensive, such as anti-synchronization, fixed-
time synchronization, global asymptotic synchronization,

exponential synchronization, etc.; for example, see [26-29].
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Among the synchronization methods mentioned
above, exponential synchronization is undoubtedly
an important solution to deal with synchronization

problems. Peng et al. [30] discussed the non-fragile
fixed-time synchronization problem of discrete continuous
neural networks (FONNs) with nonlinearly growing
Fan [31] studied the global

Mittag-Leffler synchronization problem of fractional-

activation functions.

order time-delay memory neural networks (FMNNs) by
constructing appropriate Lyapunov functions under several
synchronization conditions. Zhao [32] designed two discrete
control schemes with leakage and a transmission delay,
and proposed several new delay-independent algebraic
conditions to ensure the FXT synchronization of the driven
response (FOMFNN). Zhang [33] designed two control
systems with fractional-order impulse effects based on the

two-layer structure for the response-order (FMBAMNN).

The above scholars conducted in-depth research into
various neural network models, but there is little literature
on the exponential synchronization and impulsive effects of
fractional-order fuzzy neural networks under time-varying
delays. Therefore, there is great need for research in this

area.

Inspired by the above discussion, the exponential
synchronization of fractional order fuzzy memristor neural
networks with time-varying delays and impulses is studied
in this paper. The main contributions of this paper can be

summarized as follows:

(a) This paper relaxes some of the limitations of the
finite activation assumption in activation functions from the
literature [34—37] to make activation functions more general

and less conservative in the results.

(b) Compared to the literature [38], the system considered
in this paper is more flexible, and two controllers have been
designed to avoid the use of symbolic functions, thereby
enabling the control system to avoid chattering and save
costs.

(c) Compared to the literature [38], we propose a new
dynamic impulse gain concept to replace the static impulse
gain in the reference, and effectively combine synchronous
and desynchronization pulses to provide a clear view of their
impact on the system.
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2. Preliminaries

In this section, some assumptions, definitions, and
lemmas will be introduced.
(Al) The activation function f(-) satisfies the Lipschitz
condition; for any u, v € R and u # v, there exists a constant
L, such that

|fi@) = fiv)] < Lilu — vl
where [ =1,2,3,...,n.

Remark 2.1. In the systematic discussion, many literatures
impose certain restrictions on the activation function, such
as [34-37]; this paper weakens this condition, which makes

the results less conservative.

Definition 2.1. [39] The Caputo fractional derivative of
order q € (0, 1) for a function h(t) € RY([0, +0), R) is defined

as follows:

! f (t = $)"7H (s)ds.
-9 1

Definition 2.2. [40] A set-valued map F with nonempty

WDi = T

values is said to be upper-semi continuous at yy € € C R",
if there exists a neighborhood O of yo such that F(O) ¢ M
for any open set M containing F(y0). F(y) is said to have
a closed (convex,compact) image if F(y) is closed for each

y€e€

. . d

Definition 2.3. [41] Consider the system d—f = f(),y €
R" with discontinuous right-hand sides; a set-valued map is
defined as follows:

¢ =[] () coLfBO.oNM],
6>0 p(M)=0
where co is the closure of the convex hull of set F, B(y,0) =
{zllz—yll < 6},and u(M) is the Lebesgue measure of the set M.
A solution in Filippovs sense of the Cauchy problem for this
system with the initial condition y(0) = yq is an absolutely
continuous function y(t),t € [0, T], which satisfies y(0) = yg

and the differential inclusion:
dy
7€ (),
forte[0,T].
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Definition 2.4. Define the following M-L fuction:

+00
<
E, = _
as(0) ;ﬁ T(ak + )’
where @ > 0,8 > 0, and E,(t) = E, 1(?).

Definition 2.5. [42] If @ € (0,1), V(t) € [ty,) is a

continuous function, and
DV(t) < pV(»),
for the constant p, then
V(1) < V(to)Eo(p(t — 19)").

Definition 2.6.

{tx}; o(to,t) represents the number of impulsive times the

[43] Consider the impulsive sequence

impulsive sequence {ty} appears in the time interval (ty,t).
If T and T satisfy

t—t t— 1
0 — Ty < o(tyg,1) < 0

+ Ty,
then T is called the average impulsive interval of the
impulsive sequence {t;}.

Lemma 2.1. [44] Let g(t) be a continuously differentiable
Junction on t € [0, +00); then, for 0 < g < 1, one has the

following:
D7 |g(0)] < sign (g(1)) Dg(0).

Lemma 2.2. [38] Under Assumption 1,

|b;l*fl(yl(t) - b;zfl(xl(t)| < by Lile (D)
+ [Bpr = bp| (L T1 + /O,

|ex? fiu(t = 1) = el fiat = Ti0))| < cpLilen(t = Ti(1)
+ |épr = Ep|(L T + 1/ (O))).

Lemma 2.3. [45] Suppose ujand v are two states of neural
networks (1); then, we have the following:

n n
‘ /\ a;jgj(u;) — /\ a;;gi(v;)
=1 =1

smem»wwm

J=1

\/ﬂijgj(uj) - \/ﬁijgj(vj) < Z 1Bijllgj(uj) — gi(vl.
j=1 Jj=1 Jj=1
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Lemma 2.4. [46] If0 < a < 1, |arg(s)| < &,

N > 1,5 # 0, then the M-L function expansion is as follows:

and make

1 15 1 s 1
E, =—sae't — +0 .
,ﬁ(s) Q,S 4 ;:1 T3 - ar) (SN+1)

In this paper, we consider the following fractional-order
memristive neural network with time-varying delay and

impulsive interference:

DA, (1) = —apx, (1) + Z_il epCep (O fixi(t = 7))
+ i dpvy + /n\ Spvi + \n/ Hpyv,
=1 I=1 =1
+ VBfiCat =700 + 3 by ) fixio)

+ l& pfixt = T(0)) + It # 1,

Axp(t) = pup(t)x, (7).t = t;,

2.1
where p = 1,2,3,...,n,n is the number of neurons, a, > 0
is the self-regulating parameter of the neurons, 0 < ¢ < 1
is the fractional order, x,(?) is the state variable connected
with the ith neuron, f;(-) is the activation function. T7(¢)

is a time-varying delay and a continuously differentiable

function which satisfies 0 < 7;(f) < tand 7;(t) < 71 < 1. A
=1

and \”/ denote the fuzzy AND and the fuzzy OR operation,
respé_cltively, dp signifies the fuzzy feed-forward template,
S, and Hp are the elements of the fuzzy feed-forward
MIN template and the fuzzy feed-forward MAX template,
respectively. The elements of the fuzzy feedback MIN and
MAX template are a,; and ,;, respectively. v; signifies the
bias of the pth and Ith neuron. Ax,(t;) = x,(t7) — x,(£)),
and x,(#;) = limpx,(t;) = xp(t7). pp() is time-varying
impulsive gain which satisfies p,(t;) < p,, where u, is
constant. [, is the constant external input, b,/(x;(¢)) and
cpi(x)(t)) are the memristive connection weights, which are

defined as follows:

-

by, |x,O<T,,
bty =1 7 P
byt 1xp(O1 > T,
Cpt» pOI < T,
Cpl(xp(t)) = \[7 b
Cpl7 |xp(t)| > T ’
where the switching jump 7, > 0, by(+T,) = b, or
Bpl, cpi(xT),) = &y or ¢y, I;I,l, B,,l, Cp1, and ¢y are all

constants. The initial condition of system (1) is x,(s) = ¢(s),
s € [-T,0].

Mathematical Modelling and Control

Using the differential inclusion theory and the set-valued
mapping theory, one can obtain a system solution in the

sense of Filippov. System (2.1) can be represented as

follows:
Dix, (1) = —apx, (1) + é colby (e, ()] filx()
+ é colep(xp (O filxi(t = Ti(1)))
+ 3 dy + lﬁl S v + IKI @ il = 7))
j= = =

n n
+ 1\/1 Hpv + l\/l Borfilx(t — (D) + I, t # 1;,

Axp(t) = ﬂp(ti)xp(ti_)’t =1,

2.2)
where

by, b, ()] < T,

colbp(xpM] =3 cotbp by}, 1,0 = T),

by, X, (O] > T,

épty bep (DI < T,

colepi(xp(M] =3 colép, el 1,0 =T},

Epiy bep (D] > T,
and colbyi, by} = (b, bpil, by, = mintby, by, by =
max{byr, byl cotépn,ep} = ¢, Cpil, €, = Min{épr, Ep),
e = max{épepl, coldpdpy = Id,dpl, by =
max{|b,l, [byl}, and ¢, = max{|épl, |¢]}.  Alternatively,

there exist b;l € co[bp(x,(1)], and c;Z € co[c,pi(xp(1))] such
that

Dx,(t) = —a,x, (1) + ]il ey fila(t = Ti(0) + il dyvi
= 2
+ l/—\l Spvi + 1\—/1 Hpvy + l/—\l apfilxi(t — (1))
+ gn)l by, filxi(1) + l\_n/l Bpfitx(t — 1) + 1,

t#t,

Axp(ti) = ﬂp(ti)xp(ti_),t =1.
(2.3)
We can regard system (2.1) as the driving system, in
which case the corresponding response system would be as

follows:
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Diy,(t) = —apy,(t) + Zil cp(ypO) filyi(t — 7i(1))) + _il dpivi
< =
+ l{\l S pivi + 1\7/1 Hpv + 1/—\1 a, fiyi(t = (1))
+ Zn]l by () fin(6) + l\il/lﬁplﬁ(yl(t -7() + 1,

t+t,

Ay, () = ppE)yp(t), t = t;,
2.4)

where u,(#) is the controller, the memristive connection

weights b,;(y;(1)) and c,,;(y,(t)) are defined as

by = | o D01 < T

e bp,  lyp@)| > T,
s IypDI < T,

Cplyp@®) =4 "

e {c,,,, V@] > T,

and the initial condition of system (2.4) is given by y,(s) =
ll’(s)’ s € (_T’ O]

Similarly, system (2.4) is rewritten as follows:

DIy, (1) = a0+ 3 it =) + 3 dv
= Jj=
+ 1/—\1 S pivi + 1\—/1 Hpv, + 1/—\1 apfilyi(t — 7i(1)))
# S bt FO0) + V BufiOite = i) + It % 1

Ayp(ti) = up(t)yp(t;), t = ti,

(2.5)
where b;l* € colbpy (1, c;l* € colcp(yp(1))] and
by, yp(0l < T,
colbp (N1 =3 colbp, by}, lyp®] =T,
by, yp0] > T),
Epts yp(O] < T,
colep(pM] =1 coléppls  yp®l =T,
Cpls yp(Ol > T).

The synchronization error is defined as e,(f) = y,(t) -

xp(t); then, we have the following:

Die,(t) = —ape,(t) + up(n) + 121 bE* fi(e) — B filx()
* é it = T(®)) — eyt - T,(;)))]
+ A anfint =7 = A apfitatt = 7i0))
+V Bpfii(t = 7)) =V BpfiCate = 7)), 1 # 1,

Aep(l‘i) = ﬂp(ti)ep(ti—),t =1,
(2.6)

Mathematical Modelling and Control

and the initial condition of system (2.6) is given by e,(s) =

U(s) — @(s).
3. Main results

In this section, an appropriate state feedback controller
is designed to ensure exponential synchronization between
the driving system (2.1) and the response system (2.4).
Furthermore, some sufficient conditions for exponential
synchronization of the neural network with time-varying
delay and a fractional memristive impulse are obtained
through a rigorous mathematical proof.

In this part, we assume the state feedback controller as

follows:

ey
—opep(t) = s lle@ll #0,
”p(f)={ pep® = Epis  Nle@lh

0, lle@ll = 0,

3.1)

where 0, > 0 and £ > 0 are the parameters to be determined

later.

Remark 3.1. Compared with the literature [32], the
controller designed in this paper is able to effectively
avoid the problem of a system jitter caused by the existing
controllers, and the model considered takes the pulse control

into account; thus, the conclusion is less conservative.

Remark 3.2. Compared with the literature [38], the
boundaries of the activation function fi(-) in this paper are
relaxed, and there is no symbolic function that affects a
system jitter in the designed controller; thus, the results are

less conservative.

Remark 3.3. If |le(?)1=0,

system (2.1) and the response system (2.4) can achieve

then the driven response

synchronization; thus, the controller (3.1) is no longer
needed, that is, u,(t) = 0. Compared with some previous
controllers (such as [47,48]), the above controller does not
use symbolic functions to reduce the system’s sensitivity to
Jjitter; which makes the system more practical and useful in

real-world applications.

Remark 3.4. According to the literature, in the
synchronization controller design of fractional-order
time-varying delay memory neural networks, most authors

design a symbolic controller to handle constant terms that

Volume 5, Issue 2, 164—179.
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arise in mathematical derivations, such as [47,48]. While
this controller design solves the problem, it can easily cause

a system signal jitter, which results in conservative results. ~ D7V (t) < — Z(ap +ople, (D + Z Z bpiLile) (1)l

p=1 I=1
Theorem 3.1. Under assumption (Al), the drive-

response systems (2.1) and (2.4) will achieve exponential + Z | /\a/plfl()’l(t -7(1) - /\aplﬁ(xl(t - Tl(t)))|

synchronization under controller (3.1), if the following p=l El

conditions are satisfied: e S ettt =+ Y Y by = by,

(Ch == i1 zil [“B”l = bypil + 1 = Epll(Li T + 1i(O)) + et p=l =1
¥
+ t—7() - (it = 7(0)))| -
[ept + lapl + Bl ILi(Y(s) — go(s))] > 0; ; | l\/]ﬁplfl()’l i \/:Bplﬁ x(t-T)| - &
— s n( 7)
(C2) e=Mi+ = <0 +1/O)) + Z Z 16t = Epl(LiT1 + | £iO)]). (3.5)
p=1 I=1

with M = {121 {blp +p + lagpl + |,31p|} Ly-ap- 0'17}-

. . Based on Lemma 2.3, we can obtain the following:
Proof. Construct the following Lyapunov functional:

V@ = ) ey

p=1

For t € (ti_1,t], by Lemma 2.1, V(¢) can be calculated as < Z lepill fiit = Ti(0))) = filx(t = Ti(D))], (3.6)
follows: =

il = 7i(e) = /\ epfitutt = 7i(1)
=1

n

DIV(t) < Z sign(e,(1))D%(e, (1)

q=1

< —a, e, + Y sign(e, D)y ()
p=1 p=1

e =700 = \/ Bttt = 7))
=1

< Z Bpill fiyi(r = 7(0))) = filxi(t = T(0))]. (3.7
=1

+ 3  ent fitvute = 1) = eficute = (o)
p=1 =1 Substituting (3.7) and (3.6) into (3.5), we have the following:

+ 3 | N\ apfint = 1)) = /\ apfitu(t = 7))
Z [\ [y DIV() < - Z(a,,+cr,,)|e,,(t)|+ZZb,ﬂLz|ez(t>|

p=1 I=1
+ Z | \/ﬁp,fm(r —T(1) - Vﬁ,,lﬁ(x,(t 0

= £ Z cpLiler(t = 7))

4 Z Z |b% fiu() = b filxa®)|- (3.2) L
= + 3" > laplLileit = (@)

According to assumption (Al) and Lemma 2.2, the p=t =
following inequality can be yielded: + Z Z 1By — bl (LiT; + |£i(0)))

b4 Fi(0) = b i) e
<bpLiler(®)] + |bpi = by (LT, + 1£i(O)). (3.3) * ; IZJ 1Cpt = Epl(LaTs + 1fi(O))
ey + Z Z BpilLles(t = Ti(O)| - €. (3.8)

|3 it = 7)) = el filxt = Ti(®)))] p=1 =1
<cpLile(t = T(0)| +|¢ + £ (O)D. (34 On the other hand,

Substituting (3.4) and (3.3) into (3.2), we have the following:

Mathematical Modelling and Control Volume 5, Issue 2, 164—-179.
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et = 71(1)) < sup_r<s<ilei(t)|
< Supfrﬁxs()|el(t)| + sup0§s§t|el(t)|
= lei(D] + ¥ (s) -

ZOR 3.9)

By putting (3.9) into (3.8), and combining conditions (C1)
and (C2), we obtain the following:

DIV() < Z[ (ap + Tplep)] + Z bipLylep(0)]

p=1
* Z Z cipLplep ()] + Z Z jasplLple, ()
p=1 I=1 p=1 =1
+ " D T BIL(s) = p(s) + D D BiplLle, (1)
p=1 I=1 p=1 I=1
+ D el Li(s) - p(s) - £
p=1 I=1
+ 0 euliW(s) - 9(s))
p=1 I=1
+ 37 g = LTy + /O
p=1 I=1
+ 37 byt = bpl(LiTy + 1/(O))
p=1 I=1
< MV(@). (3.10)
From Definition 2.5, we have the following:
V() < V(L DE(M(t = ti-1)7), 1 € (ti-1, ;]
For any i € N, we obtain the following:
V() = Y lep(t = D 11+ pp(@lley ()] < vV (),
p=1 p=1
(3.11)

where max{|1 + u,|} = v. From (3.10) and (3.11), for ¢ €
(to,11], V() < E,(p(t — 19))V(t;), then we get V(7)) <

E (p(ty — to)DV(ty) and V() < vE,(p(ty — 1))V ().
When 1 € (11,12] , V(53) < V2 E(p(ty = 1))V (i) Ey(p(t; —
1))V (ty). Similarly, when ¢ € (t;, ;1] , V(t) < [1 E,(p(tx —

k=1

teo1 )q)viEq(M(t— t)?)V(¢;). Based on Lemma 2.4, we obtain
the following:

1
M (tx—t-1)
>

1
Eq(p(te — ti-1)?) < 2 (3.12)

Mathematical Modelling and Control

1,1
Ey(p(t - 1;)") < aeM‘“’*ff). (3.13)
By Definition 2.6, we can obtain the following:
o(to,t)
V() < [ | Egplt = i)W Ey(M( = 1o, )V (5.
k=1
(3.14)

By putting (3.12) and (3.13) into (3.14), and combining
conditions (C1) and (C2), for t > 1y, if 0 < ‘5’

we can obtain the following:

< 1, then

oltp.1)

1
V(o) < (1, e py M (t4-1;-1) ol ,)l MY =10y
q° q
< (= )"(’° DLt )
q q
< (Z)J_TO Mq(; to)
q
() b e
q q
v\-To 1 L in(¥)
=(=) °—e< M+ =7)et0) (3.15)
q
If g > 1, then we derive the following:
H([OJ)M% 1 .
V() < oty t)€ E‘ (Zi_tiil)vo("]”)—eM 7 (=tory.0)
q q
< (Z)o(to’t)leM%(f—fo)
q q
< (27 Lo
q q
viTo 1 (%)
— (_) 2o o T (t=10)
q’ 4
YNTo 1l o,
= (=) "=, (3.16)
q’° 4
1 In(%)
Make k = max((H)T0L, (4) o1} e = Ma + Z < 0; then,

V() < KeEV(tg). Therefore, when t — oo , V(£) — 0.
This indicates that the error system (2.6) is exponentially
synchronizable. O

We designed an anti-resonant adaptive controller for the
response system to achieve synchronization between the
response system and the driving system. The expression of
the adaptive controller is as follows:

op(Dey(t) = g(t)”Z’(’,()ﬂl

up(t) = {
0,

lle@ll # 0,

lle®ll; =0
(3.17)
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where Dio,(t) = wle, ()] — e1(o,(t) — 0), DIE(@) = x —
e(&@) - E), w >0,y >0, and a € and ¢ are appropriate

constants.

Theorem 3.2. Under the assumption (Al), the drive-
response systems (2.1) and (2.4) will achieve exponential
synchronization under the control of the controller (3.17) if
the following conditions are satisfied:

(C) N=&-3

p=11=1

ey + |apl| T 1BlILi G (s) - ¢<s)>] > 0;
( )

| Uyt = byl + 16t = (LT + 1GOD +

{0, —2€, 26&} with
Q = {lgl {blp + Clp + |a1p| + Iﬁlpl} Lp —dap— E}

Proof. Construct the following Lyapunov functional:

U =V(e)+ W),
where
_ o (0,0 -0 (€@ - €
W(r)—|1+up<n>|{; R §

and o, and Eare the parameters to be determined later. By
combining the calculations of Theorem 3.1, for ¢ € (¢,_1, #;],
U(¢) can be calculated as follows:

DIU()

f() é

<DIV(t) + Z o () + =—=DI(t)

< Z[ (ap + Dle, ] + Z Z lpl i (s) = 9(s))

p=1 I=1

+ Z Z cipLplep ()] + Z Z lsplLple, (1)

p=1 I=1 p=1 I=1

+ Z Z byt = bypl(LT; + |fi(O))) - —(E(t) - &7

p=1 I=1
+ Z Z 1Ept = Epl(LiTs + 1fi(O) =
p=1 I=1
+ Z bipLple,(0)l] + Z Z BulLiY(s) - ¢(5))
p=1 I=1
+ Z Z BiplLple, (1)l + Z Z cpLi(s) = ¢(s))
p=1 I=1 p=1 I=1
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- Z ~(op(n) -7

<ovin- Y S0 -7 = 2w -
p=1

<RU(1). (3.18)
For any i € N, we obtain the following:
(o (n) NGO &7
v = eyl + Y T
p=1 p=1
= Z 11+ (el (D)
p=1
L (o) - TP () - )?
+ 1+ (1) {; R }
<vU(t)). (3.19)

For t > ty, and similar to the calculations in Theorem 3.1, if

0< g < 1, then we can obtain the following:

oligH) 1 1 1
R (t;i—t;- q
e E‘l (tit; l)yo(zo’[) _eR‘I (t=toay.n)

U(t)SW p

IA

)o(zu Hl Rq(t )

IA

(f 1)

v
v
(K)i_T" R%(l—lo)
q
(Z

) R‘I (t-10),

l R+ Yit0)

= (—) (3.20)
q q
If f] > 1, then we derive the following:
U(rOJ)R% 1 '
U(I) < - t)e E‘l (ti_ti’l)vo(l‘o»t)_eRg(t*tn(foﬂ)
gt q
< (K)"““ D1 R -
q
v T’“TU R‘I(t 1)
<) et
q
_ (Z)Tf’l R (1- ), 22 (-1
q° 4
(Z)Tole( % I(q))(t to) (3'21)
q° 4
Make y = max{(2)Y"0!,(2)™1) and £ = R¥ + ) <oy

then, U(f) < yet U(t*) Therefore when t — oo U(t)
0. This shows that the error system (2.6) is exponentially
synchronous. O

Volume 5, Issue 2, 164—-179.



172

Remark 3.5. Compared with Reference [49], this paper
further discusses fractional-order models and relaxes the
restriction on activation functions. The controller used in
the discussion does not contain sign functions, which can
prevent the system signal from jittering and make the results

less conservative.

Remark 3.6. It is worth noting that the method discussed by
the author is only applicable to continuous-type memristive
neural network systems, and its effect in discrete-type
memristive neural network systems needs to be further

verified.
4. Numerical examples

Here are two numerical examples to illustrate the

applicability of our criterion.

Example 4.1. Next, we consider the exponential
synchronization problem of fractional-order fuzzy resistive
neural networks with time-varying delay and impulses,
where the driving system is composed of the following

parts:

DO x,(1) = —a,x,(1) + é ep (D) filxi(t = Ti(1)))
+ i dpvi + /n\ S pivi + \n/ Hpyvy
j=1 I=1 =1
+ N apfitalt =7iO) + 2 bpxp(O)fi0(e)
+ I_Q BotfiCui(t = 7)) + It # 1

Axp(t;) = sin(t)x, ().t = 1,
4.1)

where

a=12,a =14, filx) =

T(t) = 1+e” =v =1, (a,pl)2><2 = (

L1 -5
Br1)r = (—0.5 1.2 )

02 O
(= )= )= (2 )

and the initial values are (¢1(0), 92(0)) = (0.3,-0.5)". The

impulsive moment t; satisfies the following:

f(x) = tanh(x — 1),

1.6 -1.3
-1.1 1.2 )

Igg+1 = g + 2nl, 13g+2 = 75r+ 2rl, I3gg+3 = 7 + 2nl,
I3g+a = T+ 2nl, I3g+5 = %ﬂ + 2nl, I3g+6 = 37” + 2nl,
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fsgr7 = 74—" + 27, g = 21 + 27, fgg9 = 2+ 2nl,
q=0,1,2,.. =4.4>1, I, =0.1,15,=0.3,
1.6, x| < 1,
by (xi (1) = :
14, |x1(0)>1,
L5,  |x@l<1,
b (x1(?)) =
(1)) = { 13 o) L,
1.1, |x@) <1,
ba1 (xa(1)) = :
1.2, |x@)|>1,
14, |x@)| <1,
by (x7(2)) =
2(x2(1)) = { 15, @) > 1.
1.1, |xq(n <1,
ci(xi () = :
1.3, [x1 () > 1,
1.3, lx1(0)] < 1,
Cia(xi (1) = !
14, |x(0)| > 1,
_1.6, @)l <1,
Can(xa(t)) = ?
L1, x> 1,
1.4, [x2(0)| < 1,
Co(Xxo(1)) =
2(x2(2)) { 13 0l L,

and the corresponding response system of (4.1) is given in

the following form:

= —a,x, (1) + i ey it = 7))
+ 21 dpv; + /\ Spivi + \/ Hpyv,
]

+ /\ apfilx(t — 7,(2)) + Z bpi(xp(D) f1(xi(1))
+ l\_/l Borfilx(t = T(0)) + I, t # t;,

D" x,(1)

Ax,(4;) = sin(t)x, (), 1 = 1,

4.2)
where the initial values are (1(0),¥»(0)) = (=0.7,0.5)7.
The rest of the parameters used are the same as for the
drive. If u,(t) = 0, then drive and respond to states x(t)
and y(t) no longer achieve synchronization under control
of the curve is shown in Figure 1, drive and respond to
states x,(t) and y,(t) no longer achieve synchronization
under control of the curve is shown in Figure 2, and the
synchronization error evolution is shown in Figure 3, which
leads to the conclusion that the systems (4.1) and (4.2) are
not exponentially synchronized without a controller. Choose
L = K =1, f(O) = g(0) = —1.56. Additionally, the

feedback gains are set as o1 = 11, 0y = §, and & = 43.
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Then,
N=¢- [ué,,, — byl + 11 = (LT + 1fO)D
p=1 I=1
+ Lep + lapl + BallLiG(s) - @(s)] = 0.7 > 0,
i ln(ﬁ)
e=Mi + =-42<0.

That is, conditions (C1) and (C2) are satisfied. According to
Theorem 3.1, drive and response states x1(t) and y(t) under
controller (3.1) can achieve synchronization, as shown in
Figure 4. Drive and response states x(t) and y,(t) under
controller (3.1) can achieve synchronization, as shown
Under the controller (3.1), system (4.1)

synchronizes with system (4.2), as shown in Figure 6.

in Figure 5.

X, (0,0

0 2 4 6 8 10
time t

Figure 1. Drive and respond to states x;(f) and
y1(#) no longer under control of the curve.

X, (0,0

0 2 4 6 8 10
time t

Figure 2. Drive and respond to states x,() and

v2(#) no longer under control of the curve.
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e, (te,(t)

0 5 10 15 20 25 30 35
time t

Figure 3. Evolution diagram of controller-free

control of synchronization errors.

X, (0,0
<
/

-8

0 0.5 1 15 2 25 3
time t

Figure 4. Drive and response states x;(¢) and y; ()
under controller (3.1).

X, (0,0

-8

0 0.5 1 15 2 25 3
time t

Figure 5. Drive and response states x,(¢) and y,(?)

under controller (3.1).
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e he,()

0 2 4 6 8 10
time t

Figure 6. Evolution diagram of synchronization

error under controller (3.1).

4.2. Here,

synchronization problem of fractional-order fuzzy resistive

Example considering the exponential

neural networks with time-varying delay and impulses, the

driving system is composed of the following parts:

DO, (1) = —apx,(1) + é cpi(xp() filx,(t = 7(1)))
+ i dpv; + /n\ S pivi + \n/ Hy,v
= =1 =1
+ l/_\l apfilx(t — (1)) + E,l bpi(xp () fi(xi(1)
# B fiCauts = i) + It # 1

Axp(t;) = Ysin(t)x,(6),1 = 1;,
4.3)

-1.5
12 )

where

a; =1.6,a, = 1.8, fi(x) = fo(x) = sin(x + 1),

0= vi=n=1 (apl)zxz - (_1173
-1.2 -0.4
(Bri) = [_1.1 —0.7)’
03 0
(d/’[)zxz - (Sf’l)zxz - (H”[)Zx2 - [ 0 0.5]’

and the initial values are (¢1(0), ¢2(0)) = (-0.4,0.7)T.

impulsive moment t; is the same as in Example 4.1.

The

£ =0.69<1,1, =06, I, = 0.3,
1.5, x| <1,
by (xi (1) = (o)l
~13, a@) > 1,
1.6, x| < 1,
bia(xi (1)) = :
14, |x1(0)|>1,
1.7, [x2(0)| < 1,
ba1(x2(2)) = 2
12, o0l > 1,
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sr={ 11
s ={ 70 o
R T
o { |a|c§t(>t|)l><1f’
{1

and the corresponding response system of (4.3) is given in

the following form:

DOPx,(1) = —apx,(1) + ,Zl e (O) it — 7))
+ i dpv; + /n\SprZ + \n/ Hpyv,p
=1 I=1 =1
# A apufiCatt =700 + 3 byCey(O)fiC(1)

- Qﬁpzﬁm(r ) + It #

Ax,(t;) = sm(t,)x,,(t ), t=

4.4)
where the initial values are (1(0),¥»(0)) = (0.6,-0.3)7.
The rest of the parameters used are the same as for the drive.
If u,(t) = 0, then time evolution diagram of drive response
states x1(t) and y(t) without controller no longer achieve
synchronization in Figure 7, time evolution diagram of drive
response states x,(t) and y,(t) without controller no longer
achieve synchronization in Figure 8, and the synchronization
error evolution diagram is expressed in Figure 9, which
shows that the systems (4.3) and (4.4) are not exponentially
K, =1, and
f(0) = g(0) = 0.84. By calculation, we have o(t) = 10,
op(t) = 10, and E =
of the adaptive laws as follows: o(t) = 12, o(t) =
&) =11.6, ¢ = 0.6, and e = 0.5. Then,

synchronized without a controller. Choose L; =

38. Choose the initial conditions

N == 3 |5y = byl + I = EpllLiT1 + 15O

p=1 I=1

+ [cpr + lapl + BpllLi(y(s) = ¢(5))| = 0.9 > 0,

=-0.33 <0.

PO
= q 4+
¢ T

Therefore, conditions (C3) and (C4) are satisfied. According

to Theorem 3.2, time evolution diagram of the drive response
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states x1(t) and y|(t) under controller (3.17) can achieve
synchronization, as shown in Figure 10. Time evolution
diagram of the drive response states x,(t) and y,(t) under
controller (3.17) can achieve synchronization, as shown in
Figure 11. The systems (4.3) and (4.4) achieve exponential
synchronization under under the control of (3.17), as shown

in Figure 12.

X, (0,0

0 5 10 15 20 25 30 35
time t
Figure 7. Time evolution diagram of drive

response states x;(7) and y;(#) without controller.

X, (0,0

0 5 10 15 20 25 30 35
time t
Figure 8. Time evolution diagram of drive

response states x;(7) and y, () without controller.
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N -

e he,()

NN NN ¢ (NN

Figure 9.

10 15 20 25 30 35
time t

Time evolution diagram of

synchronization error without controller.

X,(t)
6 Y,
4l
oL ]
e

oL
4l
6L
-8

0 0.5 1 15 2 25 3 3.5 4

time t

Figure 10.

Time evolution diagram of the

drive response states x;(f) and y;(f) under
controller (3.17).

X, (0,0

Figure 11.

time t

Time evolution diagram of the

drive response states xp(f) and y,(#) under
controller (3.17).
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e he,()

0 p—
2l
al
6|
-8
0 1 2 3 4 5 6 7 8
time t
Figure 12. Time evolution diagram of

synchronization error under controller (3.17).

5. Conclusions

This paper studied the exponential synchronization
problem of fractional-order memristive neural networks
with time-varying delay and impulses. By establishing
a sign-function state feedback controller and an adaptive
controller, the problem of a system jitter caused by the
controller setting was solved. A Lyapunov function was
established using the norm and calculus knowledge, and
several new sufficient conditions for system exponential
synchronization were discussed. Finally, two simulation
experiments were used to verify the theoretical results. In
future work on neural networks, we will continue to study
the synchronization problem of non-autonomous neural

networks with diffusion and impulses.
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