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An Improved Fuzzy Event-Triggered Asynchronous
Dissipative Control to T-=S FMJSs With Nonperiodic
Sampled Data

Xin Wang ¥, Ju H. Park

Abstract—In this article, an investigation about the issue of
fuzzy event-triggered asynchronous dissipative control for T-S
fuzzy Markov jump systems (FMJSs) with unknown transition
probabilities and nonuniform sampling is conducted. First of all,
a mode-dependent looped Lyapunov-Krasovskii functional (LKF)
is proposed, which takes full use of the available information not
only from sawtooth structure characteristics but also from the
inner sampling dynamics. Meanwhile, a hidden Markov chain is
employed to depict the mismatch between the original system and
the state-dependent fuzzy event-triggered controller. Then, based
on the LKF methodology, matrix inequality techniques, and the
reciprocally convex combination protocol, some relaxed criteria
with respect to the stochastic stable of the considered system and
the desired dissipative performance are derived, simultaneously. A
numerical experiment is given to illustrate the significance of the
theoretical results.

Index Terms—Asynchronous control, fuzzy event triggered
control, Fuzzy Markov systems, reciprocally convex technique.

I. INTRODUCTION

ECOGNIZED as one of the hybrid dynamic systems,

Markov jump systems (MJSs) have been successfully
applied to various fields of science and engineering, including
but not limited to industrial manufacturing, aviation systems,
communication system and transportation [1]-[5]. The crucial
feature of MJS is usually utilized to model many physical plants
with abrupt changes in parameters and structures caused by
component failures, environmental noises, or actuators failures.
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Accordingly, it comes to no surprise that the research of dy-
namical behavior in MJSs has harvested fruitful results. Please
refer to [6]-[10] and the relevant references therein. On the other
side, the T-S fuzzy model proposed by Takagi and Sugeno [11]
has acquired increasing attention from various fields in the last
decade. The reason why we study T-S fuzzy systems (FSs)
is that they can be utilized to approximate complex nonlinear
systems by employing a quantity of [F-THEN rules on fuzzy sets
[11]-[16]. Recently, stability analysis of fuzzy MJS (FMIJSs)
has been hotly debated on account of its mode evolution in
T-S FSs, thus many excellent achievements have emerged in
[17]-[19] and references therein. For example, by taking exter-
nal noise and matched uncertainties into account, the authors in
[20] concerned the dissipativity-based asynchronous stability of
FMJSs via fuzzy integral sliding mode control. Xue ef al. [21]
discussed the imperfect premise matching #, output tracking
control for FMJSs, some new fuzzy-basis-dependent stability
criteria were derived under a mode-dependent LKF approach.
In light of asynchronous switching resulting from the sampling
intervals, the dissipative sampled-data control scheme with re-
spect to FMJSs has been designed in [22], and the developed
results can be utilized to H, and passivity issues. Meanwhile, a
hidden Markov model (HMM) is introduced to address the fuzzy
jumping genetic regulatory networks in [23], where the filters
cannot directly be applied to the mode information of the plant.

In addition, with the development of digital technology, digital
control has an important status in speed, accuracy, and low cost.
Particularly, sampled-data control, an important digital control
strategy, has attracted much more attention on account of its
efficiency, high reliability, and easy installation. Ulteriorly, in
the respect of the event-triggered scheme [29]-[31], the sampled
data will be delivered when it meets a certain event-triggered
condition. Different from the ordinary sampled-data control pro-
tocol [24]-[28], the event-triggered control (ETC) mechanism
can effectively improve limited network bandwidth by reducing
data transmission rate. Naturally, it is significant to research
stabilization for T-S FSs via event-triggered control. In this
regard, by considering both the available information of thresh-
old error and sampling behavior, Wang et al. [32] improved
the communication efficiency of T-S FSs by an adaptive ETC.
Further, Cheng et al. [33] proposed a novel ETC to study the
stabilization of FMJSs with general switching rates, the new
ETC is characterized by state-independent and state-dependent
indexes, which is utilized to derive low transmission rates.
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Finally, for the sake of saving network bandwidth, Xue et al.
[34] concerned the problem of the ETC for delayed FMJSs with
general transition probability matrix (TPM), where the TPM is
partly available.

Despite the unremitting efforts devoted by many researchers
to the study of FMJSs, many aspects are still worthy of attention
and need to be further improved. First, these works in [10] and
[17]-[20] were grounded on an ideal assumption such that the
TPM is available for the related elements. Actually, this is an
unrealistic expectation. Because it is difficult to estimate or
measure the value of all elements, thus how to achieve the sta-
bilization of FMJSs with unknown measurable transition prob-
abilities has become a tricky and crucial point of the theoretical
study. Besides, the fuzzy controllers designed in [33] shared the
same modes with the considered systems. However, because of
environmental noises and communication constraints, the con-
trollers cannot receive the accurate modes information of plants.
Accordingly, it is necessary to improve the existing traditional
controllers for FMJSs. On the other hand, it is of great necessity
to further explore and study the FETC based on nonperiodic
sampled state with respect to the FMIJSs, for the reason that
it is not capable of improving the communication efficiency,
but also reducing the data transmission rate. However, this is
seldom mentioned in FMJSs. What’s more, the aforementioned
results on LKF methodology can be applied to determine the
stability criteria for many FMJSs, but their conditions seem to be
restrictive. For example, most of the above literature requires that
the LKF is both positive definite and fixed on each subinterval
[20], [33], [34]. All these motivate us to conduct research works
in this article.

As a result of the above analysis, the issue of asynchronous
fuzzy event-triggered control (AFETC) for FMJSs with un-
known transition probabilities and nonuniform sampling is elab-
orated on. The main advantages of this article can be highlighted
as follows:

1) The studied FMJSs are subject to the unknown transi-
tion probabilities, which may be partly unknown or even
completely unknown. So, the criteria can loosen some
constraints as compared to existing works [18], [20], [21],
[33], [34].

2) A new AFETC based on the HMM and nonperiodic
sampled data is constructed to save the limited commu-
nication resource as compared to the published results
[30]-[33], where the network-induced delays randomly
occur.

3) Unlike earlier works, the restrictions with respect to the
LKF is very loose. By using LKF methodology, matrix
inequality techniques, as well as the reciprocally convex
protocol, some new criteria with respect to the stochastic
stable of the considered system and the desired dissipative
performance are derived, simultaneously.

Notations: Throughout this article, R™ denotes n-dimensional
Euclidean space, and R™*" stands for n x m real matrices.
Sym{ X} represents X + X7 The superscript 7" and —1 stand
for the transpose and inverse, respectively. The symbol * is
used to represent the transposed element in symmetric matrix.
diag{...} denotes a diagonal matrix.
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II. PRELIMINARIES

Consider a fuzzy HMM-based MJS, the +th rule of the FMJS
is presented as follows:

Plant Rule i: If 01 (t) is Wi1, 02(15) is Wi, ..
wip9

THEN

., and 6,(¢) is

{ {,C(t) = Ao(t)vix(t) + gg(t),iw(t) + Bo‘(t),iu(t) )

Z(t) = Cg(t)yiw(t) + ]-'g(t)yiw(t) + Do(t),iu(t>

where i € S = {1,2,...,r} is the number of IF-THEN rules;
0(t) = (61(t),02(¢),...0,(t)) is the premise variable vector;
{wij }(7 =1,2,...,p) denotes the fuzzy sets; x(t) € R™ rep-
resents state vector, u(t) € R™ and z(¢) € R™* imply control
input and output vector. w(t) € R“ represents external distur-
bance belonging to 5[0, +00). Au(1),is Bo(t),is Co(t),ir Do(t),is
Fo(t),i» and Gy (4 ; are known constant matrices. o(t) € N' =
{1,2,..., N} stands for the system mode, which describes
the jump phenomenon. The transition rate matrix (TRM) A =
{pmn} is given as follows:

Prob{c(t + At) = n|o(t) = m}

Tl 14 prmAt + 0(At), n=m

where m, n € N, At > 0, lima;_0 "(AA:) = 0, pmn 18 the tran-
sition rate from mode m at time ¢ to mode n at time ¢ + At,
which is subject to 0 < prn < 1, Prm = — 22[:1 ntm Pmn-

In this article, the TRM A may be expressed as

pin 7 - 7
P21 P22 P23 " P2N
A=| 7 ps2 7 - 7
?2 2?2 2 ?

where ? represents the unknown transition rate.

For convenience, A =APJAD, with AP ={n:
Transition rate  pp,, is known} and Al ={n:
Transition rate p,, is unknown}, A,,; denotes A, ;.
By using the fuzzy method in [11], the system (1) can be
inferred as follows:

{ B(t) = 3 wi(0() {Am,ix(t) + Gm,iw(t) + B iu(t)}
2(t) = 22:1 1i(0(t)) {Cm,im(t) + 'Frmiw(t) + Dm,iu(t)}
2)

P wii(65(t .
where 1:(0(1)) = sl s > 0, and wg(0;(1) is

the membership value of 0;(t) in w;;. In addition, 1, (6(t)) €
0,1] and Y7, 1 (6(2)) = 1.

In order to save network bandwidth, an improved state-
dependent ETC mechanism is developed. The configuration of
event-triggered FMJS is shown in Fig. 1. We use ¢, represent
the last triggered sampling instant, then the next triggered instant
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Fig. 1. Configuration of event triggered FMJS.

ts,., is determined as follows:
¢
t5k+1 =1, + mzin { Z 777;|‘%T(tsk7£)®(J(t5kae))‘%(tsk7£)
i:Sk

> C(U(tsk,z))xT(tsk)‘P(U(tsk,e)):v(tsk)}

Sk+171

=t + > W 3)

’i:Sk

where 7y, is the nonperiodic sampling period of sensors and satis-
fies 0 < ng = trp4+1 — tx < m, nis aknown constant. The scalar
parameters (o (¢s, ¢)) € [0,1) is the threshold, and ® (o (t5, ¢))
> 0 is a weighting matrix to be determined. t,, , = {5, +
ey s st — L= min{ 137 (£, ) B (0 (tsy,0))2(Fsy ) >
C(o(ts0))x” (s, )@(0 (s, 0))a(ts, )} K ELZT, k< sp
&(ts,¢) = x(ts, ) — x(ts,) denotes the error with
respect to the current sampling instant and the last
triggered sampling. Moreover, the current signal
data x(ts,¢) can be delivered if the state-dependent
event-triggered  condition 27 (ts, o) P(0(ts, 0))E (s, 0) >
Clo(tsy.0)xT (ts, )P (0 (ts, 0))m(ts,) is satisfied. Otherwise,
the signal data would be discarded.

On one hand, as pointed out in [29], tWwo communication
delays are unavoidable, i.e., sensor-to-controller delay 7. (t),
controller-to-actuator delay 7., (¢). Hence, the network-induced
delays can be denoted as follows:

T(t) = Tse(t) + Tac(t)

where 7(¢) € [0, 7] and 7(0) = 0.

On the other side, in view of the fact that there exist com-
munication networks during the event generator to actuator, the
considered AFETC can be designed as follows:

Controller rule j: If 6 (t;,) is w1, O2(ts, ) is wjo, ..., and
Op(ts,) is wjp
THEN
u(t) = Kﬂ(t)’jx(tsk) “4)

where j € S, and the control signal is characterized by a
zero-order-hold function under holding time ¢ € [ry, r;11) with
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Tk = ts,, + T(s1). Moreover, Ky ; is the jth fuzzy control
parameter to be determined. J(¢) describes the HMM, which
denotes the mode of the controller and takes value in AT =
{1,2,..., N'}. Similarly, the corresponding conditional prob-
ability matrix (CPM) A = {6, } is satisfying the following
condition:

Prob{d(t) = n'|6(t) = m} = 6,1, m € N, nf € N

where 0 < 4,1 < 1, Z%;l Ot = 1.
Then, the HMM-based AFETC (4) with 9(¢) = n! can be
inferred by

u(t) =Y p(0(ts, ) Kot ja(ts,). (5)
j=1

For the technical convenience, the holding interval [rg, ri41)
can be divided as

Sp1—1

[Py Tha1) = U Qe

(:sk

where kag = [Tk,g,Tk7g+1) with Tk = tsk + Zfzsk Mi—1
sgn(i — sg) + 7(ts, + Zf:% ni—18gn(i — s;)) (0 = si, sk +
1,...,8k+1 - 1)

In addition, we denote

hi(t) =t —Tho, hi = Thop1 — Thye

4
hk(t) =t — <t5k + Z ni_lsgn(i — Sk)> ,t e kag.

7;:5),;

Then, we have 0 < hy(t) < hy(t) < h, where i=n+ 7 is a
known constant.

Based on the above discussions, the final controller can be
described by

ult) =Y (0t ) Kot et — hu(t)) — &(t — hio(1)) ).
j=1

(6)
In conclusion, one has
B(t) = 31y Yjoy Hibti { Am i (t) + Gm i (t)
+Bm,1'KnT,jx(t - hk (t))
—Bm,iKnT,ji’A?(t — hi(t))} (7)

2(t) =321 Z;=1 it {Crm i (t) + Fim,iw(t)
+Dm,iKnT,jx(t - hk (t))
_Dm,iKn?,j:%(t - hk(t))}

where f1; = pi(0(t)), n; = p;(0(ts,)) for Vi, j € S.

Remark 1: Since there exist the network-induced delays,
a wide variety of approaches have been adopted to analyze
the considered system (7) by the well-developed delay sys-
tem theory studied in [29]-[31], [33], [34]. However, differ-
ent from these existing works, by denoting 7y, (t) =t — (¢, +
Zfzsk ni—1sgn(i — si)), we make the analysis process of the
system (7) clean, simple, and intuitive as possible in this article.
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Definition 1: The system (7) is stochastically stable with

w(t) =0,if
E {/O+00 ||x(t)||2dt} < oo

Definition 2: For a given constant « > 0, any matrices () =
QT =-QTQ <0, S, R=RT >0, the system (7) is said
to be strictly (@, S, R)—a—dissipative, if the following two
requirements are satisfied: 1) The system (7) is stochastically
stable when w(t) = 0 in Definition 1; 2) under the zero initial
condition, for nonzero w(t) and 7 > 0, the inequality

E {/T[zT(t)Qz(t) +22T(t)Sw(t) + wT(t)Rw(t)]dt}

0

.
T
> a /O T (Bt dt.

Lemma 1: (see [35]) For a given matrix M € R™ ",
M = MT >0, and a continuously differentiable function w :

[, ] = R™, the inequality:
b 1
ol (s)Mas(s)ds > m(X{MM +3x5 Mx2)
where y1 = w(f) — w(@), X2 =w(B) +w(a)— [J(2w(s)/
(8 —«))ds.
Lemma 2: (see [36]) Let wq,ws,...,wx : R”™ — R have

positive values in an open subset © of R™. Then, the following
reciprocally convex combination of t; over ® is satisfied:

- Y

min

{P7‘P1>0 Z 9171} Z

subject to

{%j (R™ = R, p,.4(t) =2 i (t), {Zi((tt)) ﬁfg))} = O} ’

Lemma 3: (see [37]) If the following inequalities hold:

Wi <0, 1<i<r

T%Wii+Wij+Wji <0, 1<i#j<r
then, the inequality i, >=7_; p1i(t);(t) Wiz < Ois satisfied,
where 11;(t) € [0,1], Y74 pi(t) = 1.

Remark 2: Based on the HMM, a new AFETC is constructed
to save the limited communication resource as compared to
the published results [30]-[33]. It is noted that if N'T = {1},
the AFETC is converted to the case investigated by [31], [32],
while when N'T = {1,2, ..., N'}, the AFETC turns into the case
addressed by [30], [33].

III. MAIN RESULTS

Based on a new AFETC with a hidden topology, some new
conditions with respect to FMJS (7) will be derived. For the
sake of simplicity, e, = [0y, (0—1)n In On,(10-0)n Onw]” (£ =
1,2,...,10), e11 = [0p10n IL.]7 are defined as block entry
matrices and the other notations are defined in Appendix A.
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Theorem 1: For given scalars 7, 7 and (,,, matrices
Q=QT=-Q7Q<0,5, R=RT >0 and controller gain
matrices K, ;, the T-S FMJS (7) is said to stochas-
tic stable and strictly (@, S, R)—«a—dissipative, if there ex-
ist positive definite matrices ®,,, P, Z¢(¢ =1,2), sym-
metric matrices 2" = [%1 %2], X = {%H %12} , M =

x Ao * K2
M Mo M3
[ x Moo ///23], any appropriate dimensional matrices ),
* x M3z
Vi, .7 (0 =1,2,3) and N, (¢ = 1,2), for Vhy, € (0,h], 14,5 €
S,meN,nt e NT, the following conditions hold:
Case 1:if A" # 0, A7 # 0, ppm € A} andforany ¢ € A7

;| M M3
%[ * ,//334'%22 >0 (8)
@2 =yl yQ
* @2 yg >0 9)
* * @2
Zmn*ii(hkvs) < 07 1<i<r (10)
2

szmnm(hkv $) + Lynntij (i, s)

+ X ntjilhe,8) <0, 1<i#j<r
with s = {O7 hk}, and

(11

U, i (h T
Emnuj(hk, 0) = mnT’LJ( 1k 0) O,

* —1I
mn'z] (hk7hk) @T \% hel'Y
EmnTij<hk7hk) = —I 0
* 4

in addition, U, ,,1;;(hx,0) and W, ,,;;(hy, hy) and other pa-
rameters are given in Appendix B.

Case 2: if AJ* # 0, A # 0, prm € Al and there exists
Py — Py > 0(n € A7, n #m), (8), (9) hold and

EmnT”(hk> ) <07 1§Z§rr (12)
2
h h
r—1 mnmz( kyS ) ’mn'zj( ky S )
+ 3 iy s) <0, 1<i#j<r (13)

with s = {0, hy, }, and

v iR (h/in ) @,717—"7,
mnlij
mn'n(hk’ ) * —I
\Iljmw(hk,hk) el Iy
3 ntii (hies b)) = - 0
* * .y
where \I/mnw (hi;0) and W) .. (P, hy;) and other parameters

are given in Appendix B.
Case 3: if there exists a matrix &2 such that 2] + 22, <0
for n # m, and &} + 2, > 0 for n = m, (8), (9) hold and

S (g, s) <0, 1<i<r

mnltii

(14)
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2
.(hk,s) + ET

r— lzmnTiz mnTij(

hk, S)

+ 3 (hes) <0, L<i#j<r (15

mntji

with s = {0, hy. }, and

(hi,0) = [\Ijm"iij(hk,O) @}ﬂ

]
> * -1

mntii

-1 0

mnfz] (hk7hk) ®T \/7F1y
E;nn‘u(hk’ hk) =
— M

* *

where W, .1, (A, 0) and W, .1, (h, hy,) and other parameters
are given in Appendix B.
Proof: Consider a looped LKF:

V()= Vi(t), t € Quy (16)
j=1
where
Vi(t) = 2T (t) Py yz(t)
Va(t) = (hy, — hy,(£)) BT () 2 B1 (2)
Valt) = (i~ bu(0) [ BT (5)@5a(s)ds
t—hu(t)
Va(t) = (h — hi (1)) / BT (s).00 B (5)ds
t—hy(t)
Vs (1) :/ti T(s)2,2(s ds+h/ /ﬂp $) Do (s)dsdp.

First of all, for ¢t € ¢, we prove that the mode-dependent
looped LKF V(¢ )is continuous. Itis clear thatlim, - Vj(t) =

limHT+ Vi(t) >0, (j =1,5). In addition, when ¢ — r; ,,
we have lim, . Vj(t) = limt_er Vi(t) =0, ( =2,3,4),
Thus, one has lirri,HTM V(t) = V(TM)

Let .Z be the infinitesimal operator along system (7). Differ-
entiating the time derivative of V'(¢), we then have

N
LVi(t) = E(t) + Y pmna” () Ppa(t)  (17)
n=1
LVo(t) = 2(hg — hy, (1)) B (8) 2 Ba(t) — BT (1) 2 Br(t)
(18)

LVs(t) = (hi — hi ()83 ()% Ba(t)
- / BT (5)Ba(s)ds
t—hp(t)

= (hi — hi (1)) B3 (t)%Ba(t)
(02T — he(t)Brrz(t — ha(1))

—22T(t—h K12 t z(s)ds
et [l

IEEE TRANSACTIONS ON FUZZY SYSTEMS, VOL. 29, NO. 10, OCTOBER 2021

- /t 27 (5)Ron(s)ds (19)
t—hy(t)

(hie — () B3 (t)4 B3 (t)

— / Bg(s)//lﬂg(s)ds
t—hy(t)

= (h — hi(t))B3 (t).2Bs(t)
— hi )z (t — hy (b)) A1 2(t — D (1))

LVi(t) =

2Tt — (1) [///12(55(?5) ~a(t— (1))

t
+ ///13/ :z:(s)ds}
t—hy(t)

¢
_ T Moy Moz
/thk(t) Bs (s) [ (///33} Bs(s)ds.  (20)

For any matrix ) with appropriate dimensional, if the (8)
holds, the following inequality can be derived:

t ~
- / BT (5.4 B5(s)ds
t—hi(t)

< (YT QYA YT ()

x(t) - a(t = hi (1))
Ji- i ®(3)ds ] @D

Furthermore, for any matrix Y with appropriate dimension,
one has

+ 297 ()Y [

OV | Sn
On the other side,
LVs(t) = 2T () 2, 2(t) — 2T (t -

t
+ K257 () Do (t) — / 7 (5) D (s)ds
t—h
(23)

a(s)ds — hi(Ha(t)| =0. @2

)2,z (t — h)

Further, by Lemmas 1 and 2, we have

t
—h i (5) Do (s)ds
t—h

t t—h(t)
= fh/ i (5) Do (s)ds — h/ 7 (5) Doir(s)ds
t—hy(t) t

t—hy (t)
t— hk(t)
_h /
t—h

1
— g {lat) -
h

@7 (5)2ai(s)ds

IN

w(t = hi(t)" 2o(x(t) — 2t — ha(t)))

+ (z(t)+x(t—hi(t))— 2 )/th‘(f)x(s)ds)T?)o@g(x(t)

b (t

2

+x(t — hi(t)) — m /tih o x(s)ds)}



WANG et al.: IMPROVED FUZZY EVENT-TRIGGERED ASYNCHRONOUS DISSIPATIVE CONTROL

1
~ T @l
h

X Do(a(t — hi(t)) — 2(t — I (1))
+ (2t = hi(t)) + (t — g (1))

2 tfhk(t)
 ue(t) — h(2) /t—nk,(t)

t—hi(t) — a(t — ()T

x(5)ds)T32y(x(t — hy(t))

2 t—hy(t)
+a(t — h(t)) — m /thk(t) x(s)ds)}
- ﬁ{(m(t — hi(t)) — z(t — h)T
h

X Do(x(t — (1)) — z(t — )
+ (z(t — hi(t)) + z(t — h)

t—hy(t)
_ h%hk(t) /tih 2(5)ds) 732 (w(t — hi(t))

t—T (t)
+x(t—h) — 7}1_;(0 /t_h z(s)ds)}
Be(t) 2 S| | Bel(t)
< — | B(t) 2> S5 | | Br(t) 24)
Bs(t) x Do | | Bs(t)

From (7), for any matrices NVy(¢ = 1,2) with appropriate

dimension, it yields

QZZ,“LL"J

=1 j=1
X [—(E(t) + Am’sz(t) + Bm,7i-[<7ﬁ,j'ir
- Bn@,il(nT

ONT + 2T (N

(t = hi(t))

Gt = he(t)) + Gm,iw(t)] = 0. (25)

In addition, when the current sampled-data is not transmitted,
it follows from (3) that

0< — 2T (t = hp(t)®rmd(t — T (b)) + Con(z(t — Fye(t))

=&t = hi ()" P (2(t — hi(t)) — & (t — hi(t))).
(26)

Next, define J(t) = aw? (t)w(t) — 27 (#)Qxz(t) — 22T
(t)Sw(t) — w?'(t)Rw(t). Then, according to (17)~(26), we
then get

E{LV()+T O} Y mipti € (0 nisg (i, hi(£)E(2)

i=1 j=1
L hi — hy(t) _
= E E pipg € (t) khik():mn*ij(hkvo)
N N k
=1 j=1
hi(t)
+%):nmj<hk7hk> TONNEY)
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where Emnfij(hka hk (t)) = \I/mnfij(hka hk (t)) + hg (t)rly
//Z’lnylT +0ele,, + 25:1 pPrne1 Pnel,
W, nitij (A, hi(t)) is given in Appendix B.
When A}* # Qand A7}, # (0, we have the following two cases:
Case 1:if pym € A7, then for any £ € A7}, one has

N

neA LeAT

Z pmn

LeA™ EneAm Pmn { neAm

neA™,

uk

- Z Zan{ Z ,Omn y @[)}
teny, ZeneAzy, Prn ik

neA

Case 2: if pp,,, € AJ} and there exists &7,
A" n # m), then we have

- Z,>0(n

N
n=1 neA neA ,nFEm
< Z pmnyn""_pmmf@m'i' Z pmnr@m
neA neAT, ,nFEmM
= Z pmn@n + pmmgm
neA”
neAj®

= Z pmn(gn - Wm)-

neAy

When A} = () and AT = A, we have the following case:

Case 3: if there exists a matrix &2/ such that 2] + 22, <0
for n # m, and &}, + £, > 0 for n. = m. From the property
of TRM, we have

N N

n=1 n=1

In conclusion, based on Lemma 3 and Schur complement to
the conditions of Theorem 1, it yields

E{2V(t) + T (1)} < —eE{z()|}, t € Qe

where & = min; jes{Amin(—Em,1i;(0,0)),
(h7 0)))‘mzn(_5mn'1j (h7 h))}

When w(t) = 0, one has 7 (t) =
have

(28)
mm( Emnfij

—2T(t)Qz(t) > 0, thus we

E{2V ()} < —eE{|z(®)]*}, t € Qe (29)
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Then, for &(t) #0, it yields V(t) > lme, 7y, V(t) =
V(rg,e+1) > 0, which means that V' (¢) is positive definite.

In addition, by integral transformation for /¢ = s, s; +
1,..., 5,41 — 1, it follows from (29) that

E{V(rt gy} = E{V(rrs)}

Skr1-l The4+1
{/ HM@W%}.Gm

<-e > E

l=sy
Thus, we have
0 tet1+7(tks1)
SR / l2(s)[2ds} < e "E{V(0) 5. @31)
k=0 tk+T(tk)

That is to say, the system (7) is stochastically stable.
When  w(t) #0, denote T, =t,+7(t,)(p=0,1,
Skk41,...), weassume T € [T;, -1, T, ), it follows
from (28) that

,
EUNTHEUKﬁH10}+E{/

Topsr1

j(s)ds} <0
(32)

and

E{V(T;, -1} —E{V(0)}

Sk+1-2 To+1
+Z {/T ()ds}<0.

Under the zero initial condition V(0) = 0, from the above
inequalities, we can obtain

]E{/: }+Sk§:2E{/TM ()ds}<0.

k411
(34)

(33)

Based on Definition 2, system (7) is strictly dissipative. This
completes the proof. |

Remark 3: Given some uncertain factors including data
dropouts and quantization, not only the considered FMIJS is sub-
jected to the unknown transition probabilities, but also weighting
matrices and the thresholds are mode-dependent in this article,
thus the derived results are more practical as compared to exist-
ing works [18], [20], [21], [33], [34] for describing real-world
scenario.

Remark 4: In comparison with the aforementioned literature
require that the LKF is both positive definite and fixed on
each subinterval [20], [33], [34], we established a new mode-
dependent looped LKF, which takes full use of the available
information on sawtooth structure characteristics. Meanwhile,
by employing the reciprocally convex combination approaches
together, some new conditions concerning the stochastic stable
and the desired dissipative performance are derived for the
related FMJSs under the state-dependent AFETC.

Next, the controller design synthesis results are provided by
the theorem as follows.
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Theorer:n 2;' For given scalars 0, n, T and (,,,, matrices () =
QT = -QTQ <0,5,R=RT > 0,the T-SFMIS (7) is said to
stochastic stable and strictly (Q, S, R)—a—dissipative, if there
exist positive definite matrices Oy P, Qp(é =1,2), sym-
> _ {%11 3{12} P {%’11 %’12} b=

metric matrices 2~

ES ,%2 ’ * %22 ’
Ay Mz A A
{ x Moo ///23}, any appropriate dimensional matrices ),
* *  Mas

37T, 5% (t=1,2,3), ’Cnnj, and any invertible matrix N , for
Vhy € (0,R], 4,5 €S, m € N, nf € N1, the following condi-
tions hold:

Case 1:if A" # 0, A7 # 0, ppm, € A} and forany ¢ € AT

7 M Mo
M = . A >0 35
[ * M3z + Ko (33)
@2 ,5’21 5’22
* @2 5’%3 >0 (36)
ES * @2
Soantii (B, 8) <0, 1<i<r (37)
2 - R
mzmn“i(hkv $) + Xpntiz (e, 5)
+ S nijihe,s) <0, L<i#£j<r (38)

with s = {0, by}, and

. I .. AT
mn}l](hk, O) = \I/mnT’L]*(hkv 0) (?SI'L

\IjmnTm (hka hk) @T V Fly
—1I 0

W

imn\\ij (hk:a hk) =

* *
where @mnw (hk,0) and @mnu ; (h, hy) and other parameters
are given in Appendix C.

Case 2: if A" # 0, A} # 0, prmm € A}, and there exists

Py — Py > 0(n € A n # m), (35), (36) hold and

Efmlu(hk, 5)<0, 1<i<r (39)
- irn'rﬁii(hlﬁ s) + 2:nnTij(hk’ s)
+E¢m’u]z(hkvs) <07 1§Z7é‘7§r (40)

with s = {0, ht. }, and
U (he,0) OF,

mntij

mn‘m(hk? O)

* —I
‘I’fnmw(hk, hi) ©F, VI Y
mn'u(hk’h’k) -1 0
* S

where \il;‘mﬁij (hg,0) and \i/ (hi, hi) and other parameters

ntij
are given in Appendix C.
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Case 3: if there exists a matrix @jn such that gjjn + @n <0
forn # m,and &} + £,, > 0forn = m, (35), (36) hold and

2;71*'1‘1'(”’“5) <0, 1<i<r 41)
2 - A
! f
r—1 mntii (s 8) + Zmn?ij(hkn 5)
+2Zﬂn*ji<hk75) <0, 1<i#j<r (42)

with s = {0, hy, }, and

mntii % -7
) \ilmnTij(hk:y hk) é?n V hkrljj
Elnnm(hkv hi) = * —I 0

— N

* *

where \ijmnfij (hk,0) and \i]mniij (h, hy) and other parameters
are given in Appendix C.
In addition, the controller gain matrix K ; = KCp,t. jN -1
Proof: Define

M :N_17 Ny = 8/\7‘1, @m ZJ\A/'Tf@mN
P, = NT®, N, Kt j = K ;N
L
2 =NTQN(=1,2), T; = diag{iN, N, ..., N}
X =TI XLy, # =TI RL,, M =TF NIy
V=IIVL,, Y =IIV'1,, S =TI STt =1,2,3)
T, = diag{Tyo, I, I,..., 1}
N——
NT
Iy = diag{Tyo, I, I,...,I, N, N'}.
N——
NT

Pre- and post-multiplying (8) by Z7 and o, it yields (35).
Pre- and post-multiplying (9) by Z!" and Zs, it yields (36). In
addition, when s = 0, pre- and post-multiplying (10)—(15) by
ilT and 7y, while s = hy, pre- and post-multiplying (10)—(15)
by Z7 and Z,, we have the inequalities (37)—(42) hold. This
completes the proof. |

IV. ILLUSTRATIVE EXAMPLE

This section will use a practical example to verify the validity
of the proposed approach in this article.

Consider a Hénon system [38], which can be modeled by the
following T-S FMJSs:

Plant rule 1:

IF 21 (t) is —my(;), THEN

{ (t) = Apm1x(t) + Gmaw(t) + B 1u(t)
2(t) = Cpx(t) + Fnaw(t) + D au(t).

TABLE I
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CONTROL GAIN MATRICES

Kt i \J
nt,j 1 2
nt
I [—0.7045 — 0.6513] | [—0.6574 — 0.6407]
2 [—0.8497 — 0.7293] [-0.5351 — 0.5195]
3 [—0.6554 — 0.6245] | [~0.6976 — 0.6805]

Plant rule 2:
IF x(t) is M (), THEN

&(t) = Am2x(t) + Gmow(t) + B 2u(t)
2(t) = Cpm 2x(t) + Fomow(t) + Dy 2u(t).
where
[0.14 0.3 ‘ —0.14 0.3

Ai|A2] | 07 0] 07 0
[.Agl .Azz_ ~10.140.5/-0.14 0.5
0.7 0 ‘ 0.7 0
0.5‘0.4
{@'@ _ 512|522] 1 03]04
Gi2|Ga2 | [Gu1|Gar| | O ‘ 0
0.10.2

Ci1 =Co1 =C1a=C0 = [0.70.7], Fi1 = F12 =05

Dll = Dlg = Dgl = DQQ == 05, ]:21 e ]:22 == 02

The TRM: A = {_73 g] , and the modes of controller obey the
040204
CPM: A = [0.4 0105

In simulation, w(t) = 0.9'sin(¢), the membership func-
tions are assumed as pi(z1(t)) = 0.5(1 —z1(t)/Mmo)),
[LQ(Il(t)) =1- ,ul(xl(t)) with mip = mo = 3. Q = 07, S =
0.5, R=1.5, For 0 =1.5, 7 =0.01, o = 0.1, {(; = 0.1, and
(2 = 0.15, by solving conditions in Theorem 2, when the sam-
pling interval n = 0.057, the corresponding control gains are
shown in Table I, and the weighting matrices are given as
follows:

o — | 398970 34.0706] o [31.1725 29.5787
1= 3256440 "2 x 282619

Under the initial condition z(0) = [0.5, —0.2]7 and con-
troller gains, the modes evolution of the system and controller
are shown in Fig. 2, the control input u(¢) is shown in Fig. 3, re-
spectively. Besides, from Fig. 4, it is easy to see that the network
bandwidth is greatly saved by AFETC. The state trajectories of
the FMIJS are plotted in Fig. 5, which implies the controlled
system is stable. Besides, when u(t) = 0, the state response of
the FMJS is unstable, which is plotted in Fig. 6.

Remark 5: To make a comparison with other ETC approaches,
if (1 = (o = (,P1 = P2 = P the mode-dependent AFETC will
turn into common ETC algorithm studied in [31], [32], and [3].
Furthermore, if nonperiodic sampling period 7n;, = 7, then the
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Fig. 4. Release time and release interval.

proposed ETC mechanism in this article will reduce to the ETC
ones with constant sampling period [31], [39]. On the other side,
if the threshold parameter (o (ts, ¢)) = 0, then the proposed
ETC strategy will reduce to aperiodic time-triggered ones [14],
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Fig. 5. State curve of FMJS.
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Fig. 6.  State curve of FMIJS without controller.

[34]. Thus, the proposed ETC covers the existing ones as special
cases.

V. CONCLUSION

In this article, we studied the issue of fuzzy event-triggered
asynchronous disspative control for T-S FMJSs with unknown
TRs and nonuniform sampling. First, a mode-dependent looped
LKF was proposed, which takes full use of the available informa-
tion not only on both sawtooth structure characteristic but also on
the inner sampling dynamics. Moreover, an HMM was employed
to depict the mismatch between the original system and the
state-dependent FETC. Then, based on the LKF methodology,
matrix inequality technique, and the reciprocally convex proto-
col, some relaxed criteria with respect to the stochastic stable
and the desired dissipative performance were derived for the
related FMJSs, simultaneously. One numerical experiment was
given toillustrate the usefulness of the theoretical results. Further
research works would be considered to extend the proposed
approach to FMJSs with asynchronous premise constraints.
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APPENDIX A

E(t) = [27(1), 27 (1), & (t — hi(t)), 2" (¢ — Fu(2))

2Tt — h), 27 (t — (1)), /t

t—hy(t)

"0, e
a (t), ———— x' (s)ds
P (t) — hi(t) Jomnp o) )

z7(s)ds

1 t—hy (t)
/ 2T ()ds, WT ()]
t

h—Te(t) Jon
51(0) = o () = 7 (¢~ (o), [ L (s
t—hi (1)
Bo(t) = (a7 (t — ha(1)), 7 (1))
Bo(t) = (27 (¢ — hi(t)), &7 (2), =T (O]
Bult) = [67(1), 7(t) — (¢ — hx()]”
Bs(t) = [67(t) 27 (1)"
B6(t) =[x (t) — 2 (t — hi(t))
2T (6) + 2T (¢ — ha(t))
/) [ T
Br(t) = [z (t — hi(t)) — & (t — (1))
al(t = h(t)) + 27 (t — g (1))
t—hy(t)
=2/t = n(t) | oy P
Bs(t) = [x7 (t — hx(t)) — 2 (t — h)
Tt — hg(t) + 27 (t — h)
=2/ m(e) [ T gyas)”
t—h

y(t) = [ (1), 2" (t = hi (1)), o (1)

¢
/ z7(s)ds]”
t*hk(t)

= L t Z‘T s)as
alt) = hi(t) /thk(t) (5)d

e1 —es, e7], Iy = [es, e1 — €3]

es, e1], Il = [es, e, €]

e3 — eyq, €3+ eq — 2eg]

I, =
I3 = |
II5 = [e1 — e3, e7], IIg = [e1 — e3, e1 + e3 — 2eg]
II; = |
g = [e4 — e5, €4 + €5 — 2e10]

[

I = [IIg, 7, Hg], Ty = le1, es, es, er].
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APPENDIX B

[ V 5m1Qcm,i V 5m1Q}—m,i
9 Vv 67n2QC7rL,i V 6m2QFm,i
l,m = . ) 2,m = .
1 QCo i VBnt QF i
[ V 5m1QDm,iKl,j
0 _ \% 6m2QDm,iK2,j @ _ 25, 0
3m — ) 2 = " 30@2
VO QDo i K i

I'y = elcgﬂl’i+€4(Dm’iKntj>T—eg(Dm7iKni7j)T—|—611‘Fn€’i

- Dy S S

s %22 ./%23 = —
M = * %33+%22:|7 Q= * QQZS
* * ,@2

O = [01,m 00603, 0 =03, 0000 62,,].

lIlm'rﬁij (hkv 0) = lIlm'rﬁij (hkv 0)

+ Z pmnel(gan - @g)e{,
neA

\I’mn‘\ij(hka hk) = \I/mnfij(hka hk)
+ Z pmnel(c@n — @[)6{

neA

v (hkvo) = \Ilmn’fij(hkao)

mntij
+ Z pmnel(gn - '@m)e’{
neA

‘Ilrnn'tij (hk? hk) = lemn'fij (hk7 hk)

+ Z Pmne1( Py — Prn)er .

neA

Ut (i, hi())
= Sym{e1 Pmes } — L 2T — Sym{esFrzed }
+ Sym{es[Aa(e] — e3) + Mrzer]} + Sym{T1VIIL }
+ elo@le? — 653165T + ﬁzego@geg — o’

Nt
+ Sym{ Z Smnt (NT + eaNT ) (A, e

ni=1

T T T T
+ Bm,iKm,jezx - Bm,iKnT,jeﬁ +Gm,ie1n —e3)}

— eﬁémeg + Cmles — eg) Py (ed — eg)
Nt
+ aeprel; — Sym{ Z SmniT28el,} — e11Rel)
ni=1

+ (hy, — hi(8){Sym {11, 27113 } + T3 2115
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+ Mg TITY + hyy(£){—e3(%11 + M11)ed}
+ Sym{T1 Y1 (ef — hi(t)ed)}.

APPENDIX C

[ V1 QCr i N V31 QF i
~ Vv 5m2Qcm,iN ~ \/(%Q}—m,i
al,m = . 5 92,m = .

LV 5m/\ﬂ Qcm,iJ\T \/WQ}—m,i

[ V 5m1QDm,iIC1,j
- VO0m2QDi il 5. _ 9, 0
3,m — 5 2 = 30@2

LV 6m/\ﬁQDm,iK:nT,j

Iy = e1(CoiN)T + e1(Dy,ilpi ;)T — €6(Don,ilpi ;)T
+ 611./_'.3;1-,

ég 521 522

ik //222 //223 ] = =
% = ~ ~ s =

[ M35+ Koz Q 22 53

* 22

Om=[01,,0003,,0—0,,000080s,,]

@mn"’ij(hka O) =

\Pmn"'ij(hkv O)
+ Z pmnel(@n - 92)6{

neA®

a'rn’rL"ij(hk7 hk) = \Ilnm"'ij(hka hk)
+ Z pmnel(f@n - @6)6{

neA®

v (hka 0) = \IJmnTij(hka 0)

mnltij
+ Z pmnel(@n - '@m)e{
neA®

v (hlw hk) = \I]mnTij(hh hk)

mntij
+ Z Pmnel(gzn - @m)e?

neAl®

Vontij (i, i (1))
= Sym{e; Ppel} — 1, 21T — Sym{e;;@lge?}
+ Sym{es[ 12T — er) + %136?]} + Sym{T YIIL}
+ elﬁlelT — 65,@16? + thgﬁgeg — HéHT
Nt

+ Sym{ D" Gyni (1 + Oea) (A iNef

ni=1

+ B it jed — B ikt jeq + Gmiiely — Ned)}
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— eﬁémeg + Cm(eq — e6) P (el — el)

Nt
+ aeyrel;, — Sym{ Z Smnil2Sel } — e1 Rel)

ni=1
+ (hie — by (£){Sym {11, Z TIL} + s Z11E
T AT} + by () {—es (P + A1 )ed }
+ Sym{T1 V' (e — hy(t)ed )}
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