Int. J. Fuzzy Syst. (2024) 26(5):1507-1518
https://doi.org/10.1007/s40815-024-01686-3

q

Check for
updates

Practical Finite-Time Synchronization of T-S Fuzzy Complex
Networks with Different Couplings via Semi-intermittent Control

Li Cao' - Wanli Zhang'

Received: 8 September 2023 /Revised: 20 November 2023/ Accepted: 23 January 2024 /Published online: 8 April 2024
© The Author(s) under exclusive licence to Taiwan Fuzzy Systems Association 2024

Abstract Based on Takagi-Sugeno(T-S) fuzzy models,
this paper investigates practical finite-time(PFET) syn-
chronization of complex networks with a linear coupling
and two different kinds of nonlinear couplings, including
nonlinear relative state coupling and nonlinear absolute
state coupling. A new stability lemma is established based
on different time intervals. Two kinds of controllers are
designed including semi-intermittent state feedback control
and semi-intermittent adaptive control. As a result, with the
help of new stability lemma and control schemes, the goal
of PFET synchronization is realized via Lyapunov func-
tionals. Eventually, simulation experiments are presented
to verify our new results.

Keywords Practical finite-time synchronization - T-S
fuzzy complex networks - Nonlinear couplings - Semi-
intermittent control

1 Introduction

Complex networks(CNs) which compose of multiple
interacting nodes generalize complex systems as network
systems. With the help of CNs such as neural networks,
information networks, biological networks and social net-
works, complex systems are widely investigated. Note that
many real systems and processes are nonlinear, many T-S
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fuzzy CNs are established because of their advantages in
the analysis of nonlinear systems. T-S fuzzy model is
described by a set of fuzzy IF-THEN rules [1]. By means of
IF-THEN rules, the nonlinear system as well as the output
space will acquire a linear representation [2]. As a result,
nonlinear system are represented as a sum form of some
linear subsystems, then T-S fuzzy models become an
effective link between linear system and complex nonlinear
systems.

The couplings of CNs can be grouped into linear coupling
and nonlinear coupling. Although linear coupling is usually
considered in large quantities of references, the coupling of
real-world applications is always nonlinear coupling. The
nonlinear coupling can be classified as two cases: nonlinear
relative state coupling and nonlinear absolute state coupling,
one can see itin [3, 4] and some the other references. Relative
state coupling refers to the direct detection of relative states
between subsystems, while absolute state coupling refers to
the transmission of absolute information between adjacent
subsystems. In practice, we may obtain different couplings in
variable engineering scenarios. The switch of couplings is
always random, which can be described by a random vari-
able. Bernoulli random variable is considered in some papers
to describe a random switch variable, for example, Bernoulli
random variable denotes whether the nodes is attacked or not
in [5], Bernoulli random variable is used to described random
time delays in [6, 7].

As one of the significant dynamic behaviors, synchro-
nization of CNs has received extensive attention from
many scholars. When the synchronization of dynamic
systems is mentioned, finite-time(FET) synchronization is
always considered at present stage. There are two main
reasons: FET synchronization has optimal convergence and
it also has better robustness [8—10]. Accordingly, FET
synchronization has aroused considerable interest in
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control science and engineering. Note that the evolution of
systems will be influenced by lots of factors such as
environment, time delay and stochastic perturbations.
Those interference factors will bring some difficulties to
the control of systems, which means that the error states
may not approach to the origin accurately. Then the
viewpoint of practical stability is proposed in [11, 12].
According, practical synchronization means that system
errors can converge to a small region of origin [13, 14],
which expands the practical application of synchronization
and stability. Based on FET synchronization and practical
synchronization, practical finite-time(PFET) stability and
synchronization are considered actively, some results can
be seen in references [15-19].

As we all know, the synchronization of dynamic systems
will not be realized automatically, then additional con-
troller is always necessary. The control schemes can be
summarized as continuous control and discontinuous con-
trol. Especially, discontinuous control methods are con-
sidered commonly, such as sampled-data control, event-
triggered control, impulsive control, intermittent control
and so on. On one hand, discontinuous control does not
need to control constantly and control technique can be
implemented easily. On the other hand, control resources
can be saved. For example, intermittent control which is
one of discontinuous controls is flexible and economical.
For class intermittent control, control is exerted in control
interval while control is not implemented in rest interval
which can be seen in references [6, 20-22] and so on. In
order to adapt the applications, many improved intermittent
control methods are also developed, such as intermittent
pinning control, semi-intermittent control, adaptive inter-
mittent control in [23-26] and some other references.
Especially, semi-intermittent control is designed via the
idea of intermittent control, but the control is also imple-
mented in rest interval to realize control goal. It is worth
noting that the control schemes are different in control
interval and rest interval.

Inspired by the above analysis, we focus on the study of
PFET synchronization of T-S fuzzy CNs with different
couplings. The main contributions of the paper are as
follows:

(1) The system of this paper contains not only the linear
coupling but also the nonlinear coupling, where the
nonlinear dynamic behavior can be expressed as
nonlinear relative state coupling and absolute state
coupling;

(2) We improve a stability lemma. This lemma can
guarantee the systems synchronize to an interval,
which is different from some previous results that
the systems synchronize to the origin accurately;
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(3) Two new semi-intermittent controllers via tanh are
designed to help to realize PFET synchronization.

The arrangement of this paper are as follows. In Sect. 2, the
considered model of this paper as well as some assumptions
and lemmas are presented. In Sect. 3, two different con-
trollers are designed to deal with PFET synchronization of
T-S fuzzy CNs. Then in Sect. 4, two numerical simulations
are presented to prove the effectiveness of the results. In
Sect. 5, the conclusions are drawn.

2 Model Description and Some Preliminaries

Notations: In this paper, the notations are standard.
N ={0,1,2,---}, Ry, R, R" and R™™ denote the set of
positive real numbers, the real numbers set, n-dimensional
Euclidean space and the set of all n x m real matrices,
respectively. [[v]| = VT, [v| = (vi], [val, -, [val)" € R?,
diag(v) = diag(vy,v2,--+,v,)  and
YT e R with L€ R, for v=(vi,va, -, vp)"
€ R". Moreover, I,, denotes the identity matrix of n, || - || is
2-norm of a vector or a matrix. Am.(A) denotes the the
maximum eigenvalue of matrix A, P{a} represents the
probability of occurrence of a and £[-] means the mathe-
matical expectation.

The considered T-S fuzzy CNs can be presented as:

Rule s: IF z;(t) is My, and z5(1) is My, - - -, z4(1) is My,
THEN

|V|k = (‘V] |k’ ‘V2|Z7

£(0)=3 94(2(1) [Asx,m B (1)

+B(1)y(1) D eyDx(t)—xi(1)

=1
+(1=B(1))y(1) Z ciiDg(x;(t) —xi(1))
J=Lj#
+(1=y(1)) Z ciiD(p(x;(t)) —p(xi(1)))+U; (t) | -
J=Lj#i

(1)

where ieN'={1,2,-N}, x;(t)=(x;1 (£),xi2(1) -, xin (1)) €
R" is the state vector, A,€R™" and B;€R"™" are known
constant matrices. f(x;(£))=0(xn(2)) 2 (x2(t)),
(xin(1)))"€R" is a continuous function. The continuous
nonlinear coupling functions where g(x;(r)—x;(r))€R" is
nonlinear relative state coupling, which meets g(x;(¢)—
x;(1))=0 if and only if x;(r)=x;(¢) and p(x;(1))—p(xi(1))€
R" is nonlinear absolute state coupling. () and y(¢) are
Bernoulli random variables, and there are P{f(t)=1}=



L. Cao, W. Zhang: Practical Finite-Time Synchronization of T-S Fuzzy Complex Networks... 1509

EIB(N]=P and P{A()=0} =1—B, PLy(1)=
and P{y(t)=0}=1 —y, where f§ and y are constants and
satisfy the inequalities: 0<f<l and 0<y<Il. D=
diag{d,,ds,--,d,} with d;>0(l=1,2,-~-,n), submits the
inner coupling matrix; C=(c;j)y,y is the outer coupling

=& (n)]=y

matrix, which meets the conditions of ¢;>0(i#j), cii=
—Z][Ll#icij and c¢;j= cj;. U(t)€R" is the controller. The
x(0)ER".  z(f)=
(21(2),22(2),-+,2,(t))" is the premise variable vector,

initial value of system (1)

M(s=12,---,mj=1.2,--, q) is the fuzzy set. Moreover,
wi(2(2)) 1
Us(z(1) = = ws(2(1)) Mi;(z(
2 wil2(1)) =1t

J=1

with wy(z(¢)) >0and Y wy(z(r)) > 0,5 = 1,2, ,m, it
is clear that

m

D 0i(z(1)) =1, V,(z(r)) >0, for teR".

s=1

Remark 1 The system (1) can be divided into the fol-
lowing circumstances:

, linear coupling,

(1,0), nonlinear absolute state coupling,

, nonlinear absolute state coupling.

It can be seen that different couplings can be obtained by
different values of Bernoulli random variables.

The target nodes are presented as follows:
50) = Y0460 |Ax(0) + BI60)]. @)
and the initial value of system (2) y(0) € R".

Let ei(r) = xi(r) —y(1), flei(t)) =f(xi(1)) —f (1)),

©(ej(1) = p(xi(1)) — p(y(r)). From system (1) and (2),
then error system can be expressed as the following form:

Z 0 {A ei(t) + Bf (ei(t))
1) Z ciiDej(1)
+(1- ﬁ(t))v(t)Zci;Dg(ei(t) — e(1))

1 - V ch/Dp e] + UT( ):|

)
)

(0,1), nonlinear relative state coupling, .
)

Based on references [15], this paper gives the following
definition of PFET synchronization.

Definition 1 System (1) is said to be practical synchro-

nized with system (2) in finite time if there exists a constant

A >0 and a settling time 7; > 0 such that linTl El|le:
1—1)

()|l <A and &[||e;(?)|]] < A for any ¢ > T.

So as to facilitate the derivation of the final results, the
following assumptions and lemmas are utilized:

Assumption 1 There are positive constants L; and L,
such that

If(x) =fW)II <Liflx — y|| and [p(x) —
[lx=yll, Vx, yeR"

pII<L,

The following Assumption 2 is a useful assumption to
deal with nonlinear relative state coupling in some existing
papers, such as [3, 4] and so on.

Assumption 2 [3] It is assumed that the nonlinear func-
tion g(x;(r) — x;(r)), which satisfies the following natures:

() () —x(1)) = —gly(r) — (1)

() e (i) = 25(0))" (xil) = x:()) < () = ;(1)) g (i)
—x(1) < e(xi(1) = 5(0))" (xi(1) = x(1)(0<er < e2).

Lemma 1 [27] As for any yx € R, there exists

(ex) < L where ¢ > 1 and 1 = 0.2785.

Lemma 2 [28] If 60,,0,,...,
inequality is tenable

S ($20).
i=1 i=1

0,>0, O0<v<l1, the

Lemma 3 [r is assumed that there is a time sequence
{te,k € N}, which meets 0 =to<t;< -+ <t <---, and
klim t = 400, V(1) : R" — R is C-regular and satisfies
—+00

the following condition:

. — V() — P, V(t) + by, tE [tar,t ,

V(z)g{ P V(1) — 9:V°(1) + ¢ [t 2k+1). )
V(1) + o,

where ¢ € [0,+oo), w € (0,1), ¢y, ¢y, ¢, and ¢; are

positive constants. Moreover, if there exists a k € N such
that

t € [toks1, trs2),
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Y(k) = (®(k -+ AO) exp(—o1(tax+1 — tar)) — Ao <0,
then there exists a positive constant 7 such that
V(1) < (%)i for t > T}, and
T = by 4 In ( ! Ok, — 1) +1)

L=t t Ag )
where a1 = (1 — w)¢;, 02 = (1 —®)d,p, a3 = (1 — w)
$3, oa=(1—-w)py, pe(0,1), o1 =2 0,=2 and
01 >0, with Ao=0—0, OK—1)=V'"0)+

Ol)eXP(Zf 01( o1(tip1 — ti)+ 03(tis2 —f2i+1))) with
ty=1t1=1 =0,k =min{k € N: Y(k) <0}.
Proof As for p € (0, 1), the inequality (4) can be rewrit-
ten as
R B O e A
U @ V(0) V(1) —(1—
(5)

Po
Define two sets as m} and

Q= {1V(1) > 5
Case 1: If ¢ € ,, overwrite inequality (5) yields,

— V(1) — pp VO (1), 1€ [tar, o1 )

Q= {y?(1) <

CE RGN
thus, the proof of (4) converts to (6).
Consider the comparison system below:
J(0) = { —v(t) — pppv(1), 1€ [tan; tows1),
P3v(t) + G (1), 1 € [taryr, tars2), -
v(0) = V(0).
(7)

Due to 0 < V(¢) < v(z), then if there exists 7; > 0 such that
v(T)) =0 and v(r) =0 for t>Ty, it has V(t) =0 for
t > Ty. Therefore, it just remains to prove the zero solution
stability of system (7).

Let W(t) = v!~*(¢), one has
) —1W(t) — 02, 1€ [tax, takr1),
W(t) = { "
a3W(t) + 04, € [tusr,tons2), .
w(0) = v'"?(0),

then one obtains

W)= (W(tar)+01)exp(—a 1 (t—tax)) —01,tE [tok, k1),
(W (tas1)+02)exp(o3(t—ta 1)) — 02,1 € [t 1,12k 12) -

(3)

When 7€ [ty;,t+1), it can be concluded from (8) that
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P) PV (t)+ g, tE€[tout1,t2k42)-

W ()= (W (t20) 01 )exp(—a1 (1—t0) o1
:((W(tgk_l)+()2)exp(o3(tgk—tZk_l))+Ar1)
exp(—oy(t—tx))—o0i
=((W(tax—2)+01)exp(—ai(tax—1—122)
+03(ta—t2x-1)) — Ao exp(o3 (tar —t2—1))
+Ao)exp(—o1(t—t))— 0

k-1
=( 0)+o1)exp Z —01(tir1—tai)+03(tais2— f21+1)))
i=0

k—1 k—1
—A0y  [(exp(a3(t—ty-1)) =) exp(D_(—o1 (t2in1
J=1 i=j

*lzi)+03(f2i+2*lzi+1)))] *AOGXP(GS(ka*fzk—l))JrAO)

exp(—oy(t—tw))—

Because of 01>0,, so —Aoexp(as(ty—tx-1)) <0, and

—Ao(exp(a3(tj—tyj-1))—1) <0, je{1,2,---,k—1}. Then,
we can obtain the following result:

k-1
W(1) < (W(0) + o1) exp (Z(*Gl(tzm — 1)

i=0

+ 03(taiy2 — hit1))) + Ao) exp(—a1 (1 — 1)) — 01
<(®(k — 1) + AO) CXp(—O’l (l — tZk)) — Ao.

©)

In the same way, when ¢ € [fax11, f2r4+2), one derives from
(8) that

W(I)Z(W(l‘zprl)+02)€Xp(0’3(l—t2k+1))—02
=((W(r26)+o01)exp(—01 (tae41—12k))
—Ao)exp(03 (l—t2k+1 ))—02

k-1
= {((W(0)+01)CXP(Z(*01(12i+1 —ti)

i=0
+03(hisa—tit1)))
k=1

_AOZ [(exp(o3(tyj—12j-1))—1)

=

k=1
EXP(Z(*M (taig1 —t2i)+03(t2iy2—t2it1 )))]

i=j

(10)

—Aoexp(o3(tax—tr—1 ))+A0>

exp(—ay(taxsi *fzk))*AO} exp(a3(t—tayi1))—02

<((©(k—1)+A0)exp(—a1 (tax11—121))

on) exp(a3(t—tyi1))—02

<((O(k—1)+A0)exp(—a1 (tax1—12x))
—Aa)exp(aq(z—IZkH)).

As a result, from (9) and (10), it can be acquired that
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(@(k— 1)+A0)6Xp(—0'1 (t_l2k)) —Ao, te [l2k7t2k+1):
((®(k—1)+Ao)exp(—a (taxr1 —tax)) —Ao)

exp(a3(t—taxi1)), tE€[Taks1,tn42)-

W(t) <

Same analysis method as [22], one can obtain that there
exists a unique k.€N and Tj€[ry, tor,+1) such that
W(T;)=0 with the help of the following comparison
system

(@(k* 1)+A0)exp(70'| (I*Z‘Zk))*AO7 lE[l‘zk,lszr] ),
((@(k* 1)+A0)€Xp(70'1 (t2k+1 *Z‘Zk))*AO)

exp(o3(t—tur1)), tE€[tur1tur2)-

S(t)=

(11)

Then, we estimate the settling time 7, which belongs
[f2k. ,f2k, +1)- Let S(T1)=0, one has from (11) that

(O(k, — 1) + Ao) exp(—a(t — ty,)) = Ao,

by solving the above equation, we can obtain

Ao

Case 2: If 1 € Q, according to Case 1, V(t) is bounded.
Here, T} is still an effective estimation. The proof is
completed. U]

1 1
T, = ty, +0_—11’1 (—@(k* — 1) + 1)
1

Remark 2 ILemma 3 is employed to investigate the issues of
PFET synchronization of intermittent control systems and has
wide applicability. We identify the sets Q; and €, by means of
o> ¢, w and p to determine the range of convergence. In this
case, it is required to satisfy ¢, > 0. In case ¢, = 0, which
implies that Lemma 3 will transform into the form presented
in [22], and it is capable of achieving FET synchronization.
In addition, Lemma 3 indicates that if Y(k) <0, V() is able

1
to converge to an interval [0, (ﬁ )”] at the moment, and
PFET stability is achievable.

3 PFET Synchronization via Semi-intermittent
Control

This section we design two kinds of controllers. Based on
those controllers, two PFET synchronization criteria are
established. In order to present the advantages of our
results, some comparisons are given.

One controller is designed as follows:

—Cih(ei(t)—&  diag(sign(e())) (i ()|
—&,tanh(eh(e;(t))), 1€ |tk tokr1), -
foh(e,(t)) - fztanh(ah(ei (l)))7 re [[2k+1 312k+2)7

U=

(12)

where (}>0,s=1,2,---,m are control gains, ¢, >0, & >0,
&>1, and 0</<1 are tunable constants. h(-): R—II is a
quantizer, where II={#r1,=7"19,0<n<1,k=0,%1,
+2,---}U{0}, 70 is a positive constant. For YveR, the
quantizer I)(v) is defined as follows:

. 1 1
Ticy if FQTK<V< q‘fk,
bV =90 i v=0,
—h(—v), if v<0,

where 9 = ﬁ, it can be seen that there is a Filipov solution
0 € [—0,0) such that h(v) = (14 )v. In this paper,
h(ei() = (b(ein (1)), blen(n)), -+, blen(®)’,  [h(e()]
= (I(en ()", Iblea )’ Iblem()])".

Via controller (12), we give the following Theorem 1.

Theorem 1 If Assumptions 1 and 2 hold, the control gains
of (12) satisfy the following condition

1 _
0> ————(2||A|| + 2||BS|ILt + 2B72max (C
2(1—@)( [As ]| + 2[1Bs|[L1 + 27 Zmax (C) (13)

+2(1 = YLy Amax (C) + 1),

and there exist constants w € (0,1), p € (0,1), ¢y >0,
¢, >0, ¢, >0, ¢p3 >0 and a k € N such that

Y(k) = (@(k -+ AO) exp(—0o1(tax+1 — tar)) — Ao <0,

(14)
where C= (éij>N><N, Cij = dmaxCijs Cii = dminCiis
C = (Cj)yxns Cij=FCj Ci =dminlci| With dpax =
max{dy,d,,---,d,} as well as dy,;, = min{d;,d,,--,d,},

C= %(é + CT) and C = %(C’ + CT). Moreover, 7}, 63, 03,

04, 01, 02, Ao, O(k — 1), k, are defined as those in Lemma
41

: nNi&, Gl l
3 with ¢ = 272, ¢y =1, =27 ¢1(1—0), 0 =41
Then, under the controller (12), the systems (1) and (2) can
achieve PFET synchronization within a finite time,

1 1
T, = —In(— « — 1 1). 15
] t2k*+01 H(A0®(k )+ 1) (15)

Proof Consider the following Lyapunov function:
1 &
— T .
V() =5 ?:1 e; (1)ei(?). (16)

Next, via Lyapunov function (16), two cases will be given.
Casel: when f € [ty t+1), k € N, considering error
system (3) and controller (12), we obtain
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N m
LV(1) = z el () {Z V5(z(1)) (Axel-(z) + Bf(ei(t))

+ B@)(1) D csDes(1)

N

;Cl]Dg ej(t) —ei(t) (17)

Z c;iDi(e;(t)
— Gih(ei(r)) — & diag(sign(ei(1))) [h(ei(r))|
-& tanh(sh(e,-(t))))} .

+ (1 —=y(1)

It is obvious that

Zﬂs(Z(t))Z NAseit Z 0)lAs IIZHe (18)
s=1 i= s=1
Using Assumptions 1, we know
m N
> 0(2(0)D el () (B (eilt <Zﬂ 1)Ly |By HZHe (19)
s=1 i=1
The following inequality can be easily derived
N N
e; (1)cyDe;(t)
i=1 j=1
N N N
<3 cudmine! (Dei)) 3" 3 cydmanlles®lllle ()]
i=1 i=1 j=1j#i
N N N
= ciel ei(t) + Y > Cyllen)llllei (1)l
i=1 i=1 j=1j#i
- 5 2
< Z;“max(c)”et(t)”
i=1
(20)

Similarly, according to Assumptions 1, it can be acquired
that

N
Z Z e; (1)c;Dg(ej(t

i=1 j=1

£ Y el o)

i=1 j=1j#i
N N
O+> D ciballe® e )

i=1 j=1j#i

el

Z |Cu |dm1nLZe ( )

2 )Lmax

I
23

(1)

According to Assumptions 2, by using c¢; =cj; and
e;(t) — ei(t) = x;(t) — x;(¢), we can obtain
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ZZeZ(I)Cing(ej(t)*ei(l‘))

N N
*l /*1
N N

) esDg(e;(t)—ei(r)

=323 (e
i=1 j=1
1N N

5*52261

i=1 j=1

) eiDg(ei(r) —¢(1))

Czjdmin (e,«(t) *Ej(l)) SO

(22)
The following inequality can be easily gained
m N
- Z s (2(2)) Z ef (1)Ch(ei(1))
(23)

m N
1_

< - ; 0

i=1

o) Gllein)].

With the help of Lemma 1 and Lemma 2, one can derive
that

- & Ze
< — ézzz elj tanh 1 - Q)elj( )))

i=1 j=

t) tanh(eh(e;(1)))

(24)
) Zzweu
i=1 j=1
L N
< —Va&( Zne JIP)! + E?If;.

From 0</<1, we know 0 < “Tl < 1. From Lemma 2, it is
obtained that

- & Ze
<-&0-9' ) la]™

N
< =& ( 1*@ Zze,

i=1 j=1

1 & i
V(52 o))

i=1

(r)diag(sign(e; (1)) h(ei(r))|"

(25)

=
.\>|+

= 2% 511*Q

Substituting inequalities (18)—(25) into (17), it is easy to
derive that
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D3 (I + LB+ B0 (O

s=1 i=1

+ (1= (1) Lo/max (C) = (1 — e)éf-] lei(2)]
—2%¢,(1 Z lei()|%)F

1 nN
- \/_52 Z ||€ H 2 8(1 iéZ) .

(26)

Furthermore, taking mathematical expectations on both
sides of (26) and considering the condition (13), it
generates

s S
((2||As|| 2L [By]| 4+ 2B (C) + 2(1 — )L (C)
21—l +1)
lest)IP ||e,«<r>||2) — 2%, )( Zue 24

)

GEV(H)] 7 + bo-

0y

i=1

l\) |

— V26 (5 Zue %) +
V()] -

S —
(27)

Case2: when t € [far11,tui2), K €N, we can obtain the

following inequality
ELLVOe |33 00 Y (20421184261 (O
s=1 i=1
+2(1_V)L2;~max( ~)_2(1_Q)C:
s IO+ Z
fﬁ@(anei(r)Hz)ﬂ
<BEVO+ .

N

Z\let )I)

sl

(28)

Based on the inequalities (27)—(28) and Lemma 3, it

obtains that E[V(r)] < ( gb7(d1)07p) )‘_” within the settling time
Ty, which is described by equality (15). Furthermore, one

can derive &[|le;(7)]|]] < \/§(¢2(d:[p) )ﬁ. According to Def-

inition 1, PFET synchronization can be realized. The proof
of Theorem 1 is completed. O

Remark 3 By Assumptions 2, nonlinear relative state
coupling is overcome by means of inequality (22). Note

that there are very few results about PFET synchronization
via semi-intermittent control. The results of Theorem 1
improve some existing results in the sense of application.
Moreover, our model includes linear and nonlinear cou-
plings which are more general than those results that only
linear or nonlinear couplings are considered.

Note that some control parameters are always large in
some applications. Some control parameters of adaptive
control will adjust automatically according to the states of
systems, then it can save control cost to a certain extent.
Considering the advantages of adaptive control, the fol-
lowing controller is designed

—{}(1)h(ei(r)) =&  diag(sign(e;(1))) [h(ei(1)) |
—éztanh(eh(ei(t))), te [lzk,I2k+1),

=i (t)h(ei(t)) —Ertanh(eh(ei(t))), 1€ [farr1,t2k42),
(29)

Ui(n)=

with adaptive laws

-9

2205(2(1)) ((ei (1)) hlei(1)) =i (G (1) =)

. (1+o)
G)= —@sign(C (-5 1€ [tkstor1),
ﬁaiﬁs(zm)( (ei(0)) hlei(t) =i (G () =8}, 1€ [t Lars2),

where o;, 17; and ¢; are positive constants, other parameters
are the same as those in controller (12).

Theorem 2 [f Assumptions 1 and 2 hold, and under the
adaptive controller (29), there exists constants w € (0, 1),

€ (0,1), ¢pg >0, ¢; >0, ¢, >0, ¢3 >0 and a k € N
such that

Y‘(k): (@(k* 1)+A07)€Xp(*6| ([2k+1 *l‘z/{))*A(jgo, (30)

then there exists 77 such that the systems (1) and (2)
achieve PFET synchronization, where 6, = (1 — w)¢,,
73 = (1 = w)¢3, 62 = (1 = 0)hyp, G4 = (1 — W)y, 01 =
2, 0y =2 with Ao =0, — 0, >0, Ok — 1) = (V'"°(0)
+01) exp (Zk o (=G1(taiet — 1) + G3(tai2 — hit1))),
¢, = min{1,2n,,}, <l7>2 min{27'¢,(1 - o)’ ¢},

N = mm{n o= m1n{2 7 (p,oc } the values of ¢, and w

and

are the same as in Theorem 1.

Proof Define the following Lyapunov function:
V(1) = Vi(r) + Va (1),

where

:%Zeir(t)e ()Wt

When 7€ [fog,t2111), KEN, considering error system (3) and

(31)

m N 1
=22 5

s=1 i=1
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controller (29), and according to (18)—(25), it is easy to
derive that

m N

Vi< D 0G0) Y |14+ LilB + B
s=1 i=1

e (€) + (1 = 9(0)) Lo (€) — (1 — Qm-m}

lei(D)]* = 27,1 - 0)'( Zne 2%

~Vaa (3 a0 + E’N%

(32)

By V1(1), it can be attained that
Va0 =303 (0
L8 ) hten)
= L4300 - &)~ Lsien(Gi ) - DI - I
< Sooten . (1050 - 18 et

#3030 (L@ - 87 - Ligw -,

(33)
The following inequalities can be easily got
nl s S S S
— =2
;‘le L (G Zmz (oG
< S 75\2
21,323 (60
m N ® o m N o 1
“2 D L GO-GIT <=3 D 2T e
=1 i=1 i s=1 i=1
1 E2 n N £
s 75\2 S s\2 |
—(& ()= <-— —(¢; (7)—
(027 <=5( XY g t0-57)
(35)

Substituting (34) and (35) into (33), L£V,(f) can be
rewritten as follows:

@ Springer

m 3
=Y )Y (-0 EHQ; &)l

i=1

—2'1,,1;;2—“’_(60) &)

From (31)—(32) and (36), it derives

e[cvunsegfmZu»Z(<2HAS||+2L1\|Bs|\+2ﬁ<r>y<z>

s=1 i=1
(1-o)’

)Lmax(é)+2(l—“/(f))LZ)Lmax(é)_z 2
(1+o)

m 11
—27¢,(1-0) ZZHe, )

V24 (*Z”ei( 2%222% i

s=1 i=1

fnnei(rmz)

41

(23500 —)¥$ﬁ~

Let  G={U A +2Li 1Byl 42877 (C)+2(1-7)
Ly/max (C)+1), then
ELLV)] < — ()
— 2%, (1= 9 V] T — 20, ED(1)] -
+EDN]T — VILEMI()] + oy

< = $EVM)] — HENVDI + .

Case2: when t € [fog11, faks2), k € N, similarly calculation,
we can obtain the inequality:

]<5{ Zﬁ Z ( (2| Ag|| + 2Ly || Bs ||

i=1

+2ﬁ( ) ( ) maX(C) + 2(1 - /( ))L2}max(é)
PSRN ) Vae( Zue

(1+ )2
S 7_9 nN1é
-n 35350 2<FM
< (1= g3)EMI ()] + b:EV (1)] — (21,
+ $3)EVL(1)] + G3EV2(1)] — V2EEV ()] + b

< $:EV()] + do.
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Based on the inequalities (37)—(38), Lemma 3 and the
identical analysis method with Theorem 1, it obtains that
PFET synchronization can be realized. The proof of The-
orem 2 is completed. O

Remark 4 1In controller (12) and (29), —&, tanh(eh(e;(t)))
is introduced which plays an important role in PFET syn-
chronization and can be seen in [27]. The roles of
—{i(t)h(ei(t)) and —¢& diag(sign(e;(1)))|h(ei(1))|" can be
seen the reference [20]. Theorem 1 can be realized flexibly
while Theorem 2 can improve the efficiency of control
resources by using some adaptive parameters. In practical
applications, one can choose Theorem 1 or Theorem 2
according to the requires.

¥,(t) -4 -2 y,0
Fig. 1 Chaotic trajectories of isolated nodes  with
¥(0) = (0.64,0.78,0.85)"
1.2 ]
1
0.8
0.6
=
0.4
0.2
0
-0.2 |
0 o‘.5 1 15 >

(a)

4 Numerical Example

In this section, consider system (2), where m = 2, then
s = 1,2, 9,(z(t)) = cos*(z(t)), 92(z(f)) = sin*(z(¢)) and

—0.42 —-0.29 —0.06 0.0700
Ai=|-008 0.13 03 |,Bi=| 0 00],
0.13 —-0.31 0.06 0 00
—0.23 -0.31 0.07 0.0600
Ay=| 0.13 -0.07 021 |,Bo=| 0 00],
0.04 —0.23 -0.13 0 00

and y(r) = (1 (1),y2(1),y3(1))", for p=1,2,3, £,(3(1))
=3 (p0) + 1] = [yp(0) = 1), 2(1) = O (1), i (6), 3 ()
Figure 1 shows the chaotic trajectory of T-S fuzzy system
with y(0) = (0.64,0.78,0.85)".

As for T-S fuzzy system (1), where N =6, n =3,
D = diag([1,0.1,1]), and the outer coupling matrix C is
given as

62 3 0 0.1 1 2.1

3 -52 12 1 0 0

0 12 —64 32 0 2

“=1 o 1 32 —63 2 0

1 0 0 2 —55 25
210 2 0 25 —66

We take the Bernoulli random variables f(¢) with § = 0.85
and y(r) with y = 0.8, then the Bernoulli sequences are
plotted in Fig. 2. For nonlinear relative state coupling, we
select ), (x;, (1)) = 2x;,(¢) + sin(xj,()). As for nonlinear
absolute state coupling, we take g,(x;(1) —x;(1)) =
(6ip (1) =xip(1))(3 = cos(xjp (1) —x;p(1))). By  simple

1.2 1

0.8

0.6

0.4

0.2

0.5 1 1.5 2

o

(b)

Fig. 2 The Bernoulli random variables f(¢) with f = 0.85 and y(¢) with y = 0.8
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calculation, Assumptions 1 holds with L; = 1, L, = 3 and
Assumptions 2 is satisfied when ¢; =2 and e, = 4. The
quantizer parameter is given as = = 0.9, and then we obtain
0= %, if the time sequence {t,k € N} meets to41 — to =
0.08 and ty12 — t2r+1 = 0.02. The time sequence is pre-
sented in Fig. 3.

Now, we verify Theorem 1. By simply computing, we
can attain C} =9.9129 and Cf =9.7935,i=1,2,3,4,5,6.
Take (=1 p=09, & =10, & =1, =100, and
¢3 = 2. Then by calculating, we can obtain the following
parameter values: ® =10.6, o, =04, o7, =5.3295,
o3 = 0.8, a4 =5.9217, ¢, = 0.0564, ¢, = 14.8043. Fur-
thermore, one obtains Y(289) = —0.0014 <0,
01 = 13.3239, 0, = 7.4021, 01 > 05, V(0) = 93.9696 and

1.2 T T T

081

0.6

0.4

0.2

-0.2 . . .
0 0.5 1 1.5 2
t

Fig. 3 The time sequence {f,k € N}

6 x 10~ |

T

2 0.4 0.6 0.8

1,2,...,

N
0O =+ N W H O

lei®)ll, i

1.5 2

p
t
@
Fig. 4 Trajectories |le;(7)|| and ||A(e;(7))|| under the PFET fuzzy controller (12)

@ Springer

T, = 28.9794. The trajectories ||e;(¢)|| and ||h(e;(7))| are
presented in Fig. 4. Through calculation, we can derive
V(t) <0.0043, along with &[||e;(¢)]]] <A = 0.0929. That is
to say, the errors of systems (1) and (2) converge to a small
interval as time goes by, and &[||e;(¢)||] progressively sta-
bilizes to an exact range of [0, 0.0929]. Therefore, one can
see that PFET synchronization based on controller (12)
achieved within the settling time from Fig. 4.

Next, in the simulation of Theorem 2, the relevant
parameters of the adaptive laws are selected as «; = 0.4,
7; =08 and ¢; =08 for i=1,2,3,4,56. Let (=4
p=09, & =10, &, =1, e =100 and take <Z>3 =2, it is
calculated by known conditions that o = 0.6, ¢, = 0.4,
G = 0.6298, 63 = 0.8, 64 = 0.6998, ¢, = 0.0564, ¢, = 1
and ¢, = 1.7494. Accordingly, 6; = 1.5744 and 0, =
0.8747 satisfied with o] > 0, and Y(445) = —0.00029
69 <0. In addition, we acquire V() <0.1516 by comput-
ing, and verify that &[||e;(¢)|]] <A = 0.5506 is valid within
a finite time. Ultimately, the trajectories |le;(¢)|| and
||a(ei(t))|| are presented in Fig. 5, indicating that the sys-
tem (1) and (2) are synchronized to an interval in a finite
time.

5 Conclusions

Via semi-intermittent control, this paper establishes some
sufficient conditions to realized the PFET synchronization
of T-S fuzzy complex networks with different couplings.
Firstly, Lemma 3 presents a improvement PFET stability
result which is used to guarantee the PFET synchroniza-
tion. Secondly, two kinds of semi-intermittent controllers
are designed, then the proof of PFET synchronization is

6 x 10 4

e

2 0.4 0.6 0.8

N
0O =+ N W b O

(b)
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6

le®l,i=1,2,...,
w
1

0.2 0.4 0.6 0.8

o

t

(a)

Fig. 5 Trajectories |le;(7)|| and ||A(e;(7))]| under the PFET fuzzy adaptive

proposed via the designed control schemes. Moreover,
some comparisons are given to present the advantages of
our results. Finally, simulation examples are presented to
confirm the validness of theoretical results. Note that the
relationships of nodes are always assumed to be coopera-
tive in many existing CNs. However, there also exists
competition between the nodes of CNs. Then both com-
petition and cooperation should be considered if the CNs
are considered. The PFET synchronization of T-S fuzzy
CNs with competition and cooperation will be our future
research focus.
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