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ABSTRACT This paper investigates the problem of event-triggered dissipative observer-based output feed-
back control for a class of Takagi-Sugeno (T-S) fuzzy singular systems with unavailable states, time-varying
delays, and imprecise membership functions. The considered singular system is presented as a T-S fuzzy
singular system which gives a more realistic presentation for a variety of non-linear dynamical systems
than conventional state space representation. The general framework we designed is based on a fuzzy
observer-based controller with time varying delay along with extended dissipativity, which provides the Hxo,
L»-L, and dissipative performance indices and is robust against the disturbances and time-varying delay.
Moreover, a novel Lyapunov-Krasovskii functional is adopted to analyze the closed loop stability of the
fuzzy system. The solvability of Lyapunov-Krasovskii functional results in the formation of linear matrix
inequalities. The controller and observer gains can be obtained by solving the linear matrix inequalities.
Simulations are performed to validate the proposed scheme.

INDEX TERMS T-S fuzzy singular systems, fuzzy Lyapunov-Krasovskii functionals, time-varying delay,

linear matrix inequalities (LMIs).

I. INTRODUCTION

To appropriately model the physical systems, it is appealing
to describe both dynamic and static behaviors simultaneously.
Singular systems have attained sufficient attention from the
researchers in the past decades. In contrast to conventional
state space representation, singular systems describe the prac-
tical demonstration of real-world applications which include
large-scale systems, electric power systems, and economic
systems. Singular systems are also known as descriptor
systems whose dynamic part is represented by differential
equations and relationships between different sections of the
systems are described by algebraic equations [1]-[3].

In the last two decades, the model-based fuzzy control is
widely used approach to handle the non-linear systems. The
T-S fuzzy models transforms a nonlinear dynamical system
into local linear models which dramatically attracts the atten-
tion of a huge number of researchers [4]. Usually, the “event”
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is described by an inequality, namely event-triggered condi-
tion, which consists of system states and a prescribed thresh-
old parameter [5], [6]. It should be noted that the threshold
parameter is closely related to data transmissions. However,
the above-mentioned event triggered mechanism (ETMs),
called as static ETMs, which are proposed with fixed constant
threshold parameters, can not be adjusted along with the
evolution of the systems and are difficult to be appropriately
chosen in advance. In order to remove the limitations of static
ETMs, a time-varying threshold parameter is considered
in [7] for the event-triggered control problem of a singular
system.

Significant research has been carried out for the design
of closed-loop T-S fuzzy systems using parallel distribution
compensation (PDC) approach for fuzzy state feedback con-
trollers. Moreover, this type of controller based on fuzzy
observers utilizes the same membership function [8]-[10].
Research related with the PDC approach can be found
in [11], [12], leading to the complication of fuzzy rules
and membership function. For design simplicity, imprecise
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premise design with PDC scheme is preferred. In this scheme,
the fuzzy controller proposed in [13], [14] uses different
membership functions and thus the robustness and design
simplicity is increased. Moreover, imprecise premise design
scheme results in less conservative results [15], [16].

The successful adaptation of T-S fuzzy systems compels
the researchers to extend singular systems to T-S fuzzy sin-
gular systems [17], [18]. By using conventional T-S fuzzy
models, the invertible solution of inertia matrix of Lagrangian
systems is essentially required. The invertible solution to this
matrix increases the number of fuzzy rules. On the contrary,
the number of fuzzy rules will be reduced by using fuzzy
singular systems. Moreover, the reduction of the number
of fuzzy rules can decrease the risk of obtaining infeasible
solution in LMI based control design [19].

Recently, network control systems (NCS) are getting too
much attention in the modern research [20]-[22]. In NCS,
the data from the sensor to the controller and from the
controller to the actuator are transferred through a common
network [23], [24]. Such type of mechanism is preferred
in distributed control of modern industries including large
power systems [25]. Comparing with traditional control, NCS
is unpredictable due to time-varying delays in network and
data dropouts. Therefore match premise requirement is not
fulfilled in NCS [15]. As mentioned above in network con-
trolled applications, time-varying delays occur due to limited
capacities of data analysis and transmission between differ-
ent sections of plants over a common network. So delay is
considered as a key source of instability [26]-[29].

Currently, T-S fuzzy systems have got an extension to
handle the time varying delays in singular systems [30], [31].
The stability of such type of systems is more challenging
than normal regular systems, because the singular systems
are required to be stable, regular and impulse free. Many
researchers have considered the delay-dependent singular
system, for details see [32], [33]. Handling of these concerns
is one of the motivation. It is observed that most of the
conventional control is time triggered and it wastes most of
the communication resources and degrades the efficiency,
so event-triggered communication over the network have got
fruitful attention [34]-[40].

In most complex systems sometimes the internal states are
unmeasurable. It mostly happens due to the cost of sensors or
limited control techniques. In these situations, observer-based
output feedback control is mostly adopted [41]. The observer
design for singular systems is presented by [42]-[44].
The performance analysis of T-S fuzzy singular system
is analysed by different techniques usually distinguished
by input-output relationship, and plays a significant role
in many practical applications, such as dissipative perfor-
mance, Lp-Ls, performance and Hy, control Problem. In [45],
the author discussed (Q-V-R)-« dissipative observer-based
controller design. In [41], the similar problem is considered
with uncertainties. Dissipative analysis for network-based
singular system is considered in [46]. Delay- dependent sta-
bility and robust Ly — Ly, control for fuzzy singular system
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is discussed in [33]. Dissipative control design for T-S fuzzy
stochastic singular system is investigated in [47]. To present
the performance indices in a unified manner the pioneer
work was done by [48] which correlate all these perfor-
mance indices. The concept of extended dissipativity was
applied to neural networks in [49] and references therein
but according to authors knowledge there is no similar work
for event triggered singular systems for extended dissipative
analysis in the literature. In spite of development reviewed
above, to enhance the restricted network capacity, a trade-off
is required between the computational complexities and the
conservatism of NCS when time delay bounds are considered
in NCS. To present these issues for fuzzy singular systems in
an integrated model by maintaining a pre-specified control
performance is the motivation of this work.

Based on the aforementioned discussions, this article is
devoted to pursue event-triggered observer-based control
design with state delays for T-S fuzzy singular systems, along
with the derivation of the delay dependent conditions. One
of the important derivations of this research article is the
implementation of Lyapunov-Krasovskii fuzzy functionals
(LKF) on fuzzy membership function also known as fuzzy
LKF [50]. Such type of functions possess additional informa-
tion about the behavior of the system and help in decreasing
the conservatism of design and analysis for networked based
fuzzy singular systems with event-triggered technique. This
special type of fuzzy LKF addresses the limitations of com-
mon fuzzy LKF [51] by incorporating mode dependent inte-
gral terms which are coupled and its membership functions
depend on non-integral terms in ordinary fuzzy LKF.

To the best of our knowledge, the considered event-
triggered dissipative observer-based output feedback control
for a class of T-S fuzzy singular systems with time-varying
delay is not reported for T-S fuzzy singular systems. In the
light of the above discussions, the authors are encouraged to
pursue currently proposed research with the following listed
novelties:

o A generalized non-linear system model for observer
based T-S fuzzy singular system is derived for
delay dependent NCS with event-triggered communi-
cation (ETC) and unavailable system states along with
asynchronous premises due to the delay of the network.

o A uniform framework of dissipative control for fuzzy
singular systems having capabilities to analyze perfor-
mance indices for Hy, Ly — Lo and dissipative is
established.

o In contrast with [51], a novel LKF is considered to
derive sufficient conditions to make system asymptoti-
cally stable in which fuzzy matrices in single and double
integrals are employed which reduce conservatism under
delay dependent conditions.

The remaining paper is organized as follows. In section II
the system description and problem formulation is estab-
lished along with ETC and T-S fuzzy observer design.
In section III sufficient conditions for the stability of
the closed loop system are proved. In section IV the
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effectiveness of the proposed design is presented through
MATLAB/SIMULINK. The paper is concluded in section V.

A. ABBREVIATIONS AND ACRONYMS

The notation used in this paper is standard and can be found
in the published literature. x is symmetric terms of matrices.
£,[0, oo] is space of integral vector over [0,00]. || - ||
represents the spectral norm for the matrices. N is the set of
Positive integers.

Il. SYSTEM DESCRIPTION AND PROBLEM FORMULATION
Consider a continues-time T-S fuzzy singular model with
time delayed network control system and event-triggered
scheme described as:

P;: TF @1(x(2)) is v{ and if IF @, (x(2)) is v]’; THEN

Ei(t) = Ax(t) + Apx(t — I(0) + Buu(t) + B,;o0(1)

W) = Cix(t) + Cpx(t — hi (1))

(1) = Eix(1) + Epix(t — h1(2))

x(t) =y (), t € [—h, 0]
where i = 1,2,---,r denotes the number of fuzzy rules,
x(t) € R™, y(t) € R", z(t) € R"™ and u(t) € R™
represent the state, the controlled output, the measured out-
put and the control input, respectively, and w(t) € R
represents the disturbance signal that belongs to £,[0, oo].
E € R™ has rank(E) = g < ny. ¢;j(x(t)) and v; (i =
1,---,r,j=1,---, p)are premise variables and fuzzy sets.
A, Ay By, B, E;, E; C; and Cy; are the system matrices
with proper dimensions. In system (1), ¥(¢) is the continuous
vector-valued initial function defined on the interval [—7;, 0].
A () is a time varying differentiable function that describes
the delay of state. In order to avoid complication, @;(x(t))
can be written as ¢;(x). By employing the fuzzy blending the
whole fuzzy dynamical system in (1), we have

Ei() =) pilp@AXD + Ayx(t = (1)
+B;u(t) + B,;o(t)}

r N 2
) = ZH pil@{Cix(t) + Cpix(t — 71 (1))} @

a0 =) PEEX() + Epx(t — hi(0))
where (1) = [¢1(). ¢2(0). -+, @)]" and pi(p(x)):

R — [01],i = 1,2, -+, r represents the membership
function of the fuzzy sets v] x --- x v;, defined as

ey

P
pilp()) = [ [ vi(p(x)) = 0 3)
j=1
where v;(wj(x)) designates as the grade membership function
of g;j(x) in v}(i =1,2,---,r;j=1,2,---, p); the normal-
ized weighted function can then be defined as:
mi(p(x))

i\@j = T ith i =1
Pi(@;(x)) S o) wit ;ju(so(x» 4

In this article, the measured output of the system is trans-
mitted through common network channel.
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A. EVENT-TRIGGERED CONTROL SCHEME

As we have already discussed in the literature that we are
considering a common communication channel for the mea-
surement output. Due to the common communication chan-
nel, there is a limitation of bandwidth for NCS. In order to
enhance the communication performance, an event-triggered
communication-based transmitter is inserted. In addition,
to decide the transmission of the current measured data y(z)
to the observer from the ETC transmitter is based on logic
function [36]. As network-induced delays are considered
between the sensor and the controller in our proposed scheme,
so the premise variable for fuzzy rules are asynchronous for
the system and the controller. The ETC is designed to handle
the event generated by the instant i,,2, where % is the sampling
period. The error between the current sampled data and the
latest transmitted data can be expressed as:

en(t) = y(zph) — y(inh) (5)

where z,h = i,h + mh, m € N and z,h denotes the sam-
pling instant between two simultaneous instants. The future
transmission instants are based on the ETC scheme which is
expressed as follows:

ing1h = iph + min{mh | el (1)We, (1)}
meN

> /0 ¥ (inh)Wy(inh) (©6)

where 0 < o < 1 is a given scalar parameter and W > 0 is
a positive definite weighting matrix to be determined later.
From the above mentioned condition (6), it is clear that the
next transmitting instants are experienced by two impor-
tant aspects, the trigger parameter and the system output.
From [37], it is evident that the signals transmitted instant of
{inh | i, € N}, are the subset of sampled instants represented
by {juh | j» € N} and here iph = O represents the initial
transmitting instant. In this paper we consider the network
induced transmission delays, ¢;, and ¢; ., at transmitting
instants i, s and i,41/ respectively. Then i,h + €;, represents
the instant when the transmitted signal arrives at zero-order-
holder (ZOH).

It is examined that y(¢) retains the value of y(i, /) with the
interval [inh + £;,, int1h + £, ) influenced by ZOH.

y(@) =y@uh), t€linh+ 4Ly, inr1h+ 4, ) 7
The subset used to call the holding zone E of ZOH [36]:

ny

E = linh + iy inp1h + ) = | B ®)

m=0
where E,, = [iph + &, int1h +h + ¢ ,), m = 0,
1,2,---,n;,n; = ipg1 — iy, — 1. The network delay could be

defined as 6(t) = t—i,h, satisfying0 < ¢; < 6(t) < h+7 =
dy, where h and T represent, the sampling period and upper
bound for the allowable network induced delay, respectively.
Based on the above mentioned analysis, the original input of
observer could be expressed as:

Y(t) = y(inh) = y(t — 6(1)) — ex(t) ®
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B. FUZZY OBSERVER BASED CONTROLLER DESIGN
THROUGH NON-PDC APPROACH
Unlike prevailing PDC approaches, the observer here is
designed based on different premise membership function
(MF). From the T-S fuzzy singular system (1), there exists
a network control system. First, an observer with impre-
cise MF is considered to approximate the unavailable states.
Then a fuzzy controller should be designed based on the
approximated states from the observer to evaluate the control
objective. By considering the aforementioned ETC scheme
and time delay, the T-S fuzzy observer is given as below:

O;j: IF g1(2(1)) is F| and - - - and g,(X(?)) is F} THEN

Ex(t) = AjR(1) + Ayt — ho(1)) + Bju(r)

+B,,jo(t) + Li(y(1) — 3(1))

(1) = GR() + Cpyf(t — ha(1)) (10)
A1) = Ejx(t) + Epi(r — ha(1))

2(t) = Y1), t € [—hy, 0]

where F/, (j = 1,2,...,r,d = 1,2,...,p) denotes the
fuzzy sets, g4(X(t)) denotes the premise variable. p and r
denotes the number of IF-THEN fuzzy rules and premise
variables respectively. X(f) € R" is the estimation of observer
state and the measured signal via ETC is denoted by y(¢) =
y(inh) € R™ fort € [izh + £y, in+1h + £y+1) and 3(z) € R™
is the measured output. L; is the observer gain needs to be
determined.

The comprehensive design of singular observer based
controller for the T-S fuzzy system could be expressed as
follows:

Ex(t) =Y pjg@OIAR®) + Ayt — (1))
j=1
+Bju(t) + B,yo(t) + LiG(t) — $(1))]

50 = 3 pgERONCHD + Cpt — oy 1D
j=1

20) = 3 pgRUERW) + Eyk(t — ha(0)]
j=1

where p;(g(x(1)) = % and n;(gx) =

=1 Fi(8a@), X0y p(g(i() = 1, and Fjj(ga(®)) cor-
responds to the membership function value of g;(X) in Fé.
Due to the absence of network between the controller and
observer, the assumption being made is to use the same
premise variable for observer and controller.

The dynamics of the observer based fuzzy control law
could be expressed as follows: '

Controller s: IF gi((1)) is F| and - - - and g,(%(1)) is F}
THEN

u(t) = Ks(x(1)) 12)

VOLUME 8, 2020

where the controller gain K will be determined later. The T-S
fuzzy controller can be expressed as follows:

u(t) =Y pu(g@®)KA() (13)

s=1
Defining the estimation error as EX(f) £ x(f) — %(¢), then
observer error dynamics corresponds to

Ex(t) = x(t) — 2(t) (14)

By considering (11) and (13), the closed loop T-S fuzzy
singular system could be expressed as

~ . r r r N
Exn=3"_ > 2., pp0elui )

FARX( — () + ApE(t — o (0) (15)
+(B,, — B, )o(1) + Aix(1) — Li(y(r — 3(1))]

where Q;; = A;—A j+(§ ,—B j)K s- Computing the error output

e(t) = z(tr) — z(¢) and representing the state augmentation

¢ = ;8; , then the augmented system could be expressed

as

Eeny =3 pp®p®IAs0)

+Y At — hi(o)

+AX (1 — (1)) (16)
+B,&(t) + Lejeu(t)]

e(t) = ZL pITES (1) + Ep st — hi(1)]

_TEO a0 oo
B [OE]’Al B [AZéi]’Am N [ém‘éhi}

L= |:_Lj],X= [I 1],A1 =A;+ BK, — L;C;

L
Ay =(A;—A)+ B —B)K;+LiC,, E=[E E; | E; =
[En 0] Ep, = [0 _Eh_/]
It is observed that the augmented T-S fuzzy singular

system (16) is experienced by delays with the following
bounded conditions:

0 < lig(t) < hg, hg <ve,g=1,2 (17)

where v, and ﬁg > 0 are fixed scalar values.

Before proceeding to the main results of our proposed
methodology, we are going to present the important definition
and lemma which is helpful in the derivation of our main
results.

Let us consider a delayed T-S fuzzy singular system with
ut) =0

{ Ex(t) = Ax(t) + Apx(t — (1)) as)

x(t) =Y (t), t € [h;, 0]

Definition 1 [41]: System (18) is known as impulse free
and regular; if the pair (E, A;) is impulse free and regular.
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Lemma 1 [52]: Let us consider h(t) € [0, hip] and g1, g
and U with appropriate dimension matrices, then:

(hy — 1(1))g1 + h(1)g2 + 0 < 0
if and only if

hyg +0 <0
hiygr+0 <0

Lemma 2 [15]: Rank of Matrix (C;) = m, C; € R™",
the single value decomposition (SVD) for C can be expressed
as C = O[S O]V’, where 0.0T = I and VT = |,
Assume X; > 0, M € R™ ™ Then, there exist §§,~ such that
CX;= X,gi if and only if

X; = V x diag{M, N} = VT

Definition 2 [48]: Suppose Ag > 0, A1 < 0, Ay and
A3 > 0 are matrices, that assure (|| A1 || + || A2 ) |l
Ao |= 0. Then, the T-S fuzzy singular system (16) is called
to be extended dissipative if there exists a scalar ¥ such that
the following inequality holds for any ty > 0 and all w(t) €
2,10, 0]

1
/ ' J(ydt = 9 + sup e(t)! Age(r) (19)
0

0<t=tr
where
J(0) = e() Are(r) + 2e(t)T Aoo(t) + o(t) Azaw(r)

Remark 1: In Definition 2, Ay, A1, A2 and A3 are the
weighting matrices. It is clear from [50] that the performance
notation includes the Hy, performance, Ly-L~o performance,
dissipativity and passivity performance as different cases
when the weighting matrices Ao, A1, Ay and A3 are selected
as special forms. It is observed that Ao > 0 and A1 < 0 can
guarantee that there always exists matrices Ao and Ay such
that

Ay = i\gi\o, A = —]\lri\l (20)
This decomposition is basis for the establishment of the main
results of this work.

lll. MAIN RESULTS
In this section, we are going to present that the closed loop
system (16) is asymptotically stable, regular, impluse free and
dissipative.

YZheorem 1: For the given 0 < &, < 1, and ZZ:I &, =
1, hg, dy, and y, the closed-loop system (16) under the
event-triggered scheme given by (6) is regular, impulse free
and dissipative for the time-varying delay hy(t) governed by
the condition (17), if there exist symmetric positive-definite
matrices Ggi > 0, G > 0, Ry; > 0, U > 0, R > 0,
S¢ > 0, Zgi > 0, P >0 ¥ > 0 W, > 0, M
mch that Gg; :=(Gg; —l—Rg, —S,) <0, Rg; :_(Rgl Sg) <0,

134280

. Zg —M
Zyi = Ly — hy W) <0, (U—P) <0, [ Mg, Zglgz} >0,

g=12i=1,2,.--,randthe following inequalities hold:

ETP, =P'E>0 21
ol l2
D = [ *lf _’JI <0, (22)

(I)!.] = dlag{—élU, _SZUa _S3U}
q)]z = COI{ET[\(), E;ll‘i(% E;’;ZAO}
T =Pi+PA +A]P;
2
+ Z (Gei + Rei — Zgi + agSy)
g=1
+G+ 8+
oo = —(1 — Uz)gz;' ¢=12
oo = —E"RGE — E"ZyE”, =12
T =P, —Sh+ Sf;
T T

Y00 — \/EQiT\IJQi—S;—Sg +ff,-f+7f

77 7 _ "
2 =[PL; 0 0 0 0 0 0]

13
O =[Fi —-AE, 0 —AlE, 0 0 0]
- 0 Py, 0 PA, O]
OF =[AME AiE, 0 AE, 0 0 0]
O () = E"JdyS;E,  ©}82) = E"\/dy T;E

Sij = [54,0,0,0,0,88,0]

ij ij
Ty = 10,0,0,0,0, 75, 7;/1
2
Zi =Y (Zgi+ 1726 W) + duR
g=1
I'i=—AJE+BJP; (24)

Proof: This proof is comprised on two main parts. First
we will show that the system (16) is impulse free and regular.
While in the second part we are concerned about the stability
of the T-S fuzzy singular system.

Since E = [g gi| and the rank £ = r < n, then the rank

E = 2r so there must exist two nonsingular matrices G and
H € R™*"x guch that

ey | e O o A An
GEH_[O 0] GAiH_[éB Ay .

Corresponding to the method applied in [53], which yields
that A4 is a nonsingular matrix, which follows from Defini-
tion 1 that the T-S fuzzy singular system in (16) is regular and
impulse free.
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Now we construct the following Lyapunov-Krasovskii
function candidate for system (16) with the form of

3
Vi, 1) = ¢ ETPiEC(t) + ) Vi(t) (26)
g=1
where
2 '
Vi =Y ( / g(s)ngigs)) ds
e=1 t—lig(t)
t
+ / <) Gs(s)ds
t—dy
2 '
+3 ( / ﬁ g(s)TRgl-qs)) ds
g=1 \"1"%s

2 0 t
Va(t) = Zhg / ) / COTETZuE &(s)dsdy
o=1 —hg t+ao

2 0 pr
+> (f ) / g(s)TSgg(S)) dsdy
o=1 —hg Jt+a

0 t
+ / / c()TETRE &(s)dsdy
—dy Jt+a

2 0 0 pt
V=3 ( [ ] g‘(v)Tng'<s>> dsdydo
o=1 —he JO Ji+a

Taking the time derivative of V(x;, ¢) along the trajectories
of the system given in (16) is computed as:

V('xt7 t)

2
= () (E"PE + Y (Ggi + ETRGE + hySy) + G)s (1)

— gt —dy) Gt — dy)

2
o' |3 (EEETZ@E + o.sﬁzwg) +duR | ¢0)

g=1
t
+/
t—dy

2 t
~2 /  COTETZGE(s)ds
g=1 t—h

8

cT(RE(s)ds

2 '
+> / ()" Ggig(s)ds
e t—hg()

2

t—lig(t) -
> O Rys)ds
g=1""""¢

2 0 t
+ / ] f E() Zgic(s)dsdy
g=1 —hg Jita

Notice that:

2 t
Zﬁg/  COTETZuE &(s)ds
g=1 1=y
~ . —M.; B
> TET gl gi E 27
>¢ |:_Mgi Lyi ] ¢ @27
where ¢ = s(t). . To deal with the above mentioned
st —hyg)

inequalities, we are employing free weighting matrices with
proper dimension [23]:

g=1
+25(0)"ETPES(1) ) ) b
2 i 20T (OSHEs(t) — Es(t —9(t))—/ E¢(s)ds]
=Y (= gt (t = hg(t) Gig(t — gl(1) 0 1=6()
g=1 . ) y 1—0(t) _
2 R - _ 26T OTHEs(t — EO®) — Ec(t — dy) — E¢(s)ds]
TET
—> 6t —h)"E"RyEg(t — hy) t—dy
pr —0 (28)
- T T T T T
of o e e o o
* -\ 0 0 0 0
Tp.
= * * ~hAs BE 0 0 |<os=12 (23)
* * * Z; — 2IP; 0 0
* * * * -1 0
| * * * * * —R
1) Pidy,  ETMuE P4, ETMyE Y (U
* i 0 0 0 0
* * O1i 0 0 0
@}j‘ = = * 0 0 0
* * * ©2i 0 0
* * * * Tgﬁ —’7;? + 7;1.7T
* * * * * Ti?
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where S;; and 7j; are the matrices with suitable dimensions.
We acquire, utilizing the Lemma 1:
t

t
—2¢7(1)S; T()ETEE ¢(s)ds

1—0(t)

Ee(s)ds < /

t—0(1)
+0 T (OS;R™'S] ¢(1)

1—6(t)_ 1—6(1) o
27Ty / E(s)ds < / T (9ETRE & (s)ds
t t

—dy —dy

+ (dy =0 OTR™ T ¢ (1)
(29)

From the triggering condition (6), t € E,,, we have:
ey (inh)Wen(inh) < /OY(t = 0(0) Wy(t — 6(1)
similarly can be expressed as
Wt = 0@ Wyt — () = ¢t — 6(0) H' Con)"
VC(pn)Hc(r —0(1))
Now, characterize the augmented matrix

£(1) = colls (1), (t — hi(1), st = hy), g1 — ha(0),
S(t =), £(t — 0(1), £t — dwmr), e(1), 0(1)]

Integrating (27-29) with event triggering mechanism (6),
we get

V(xe, 1) — I()

2
< O ETPE + ) (Goi + E"RyE + 1Sy)
g=1
+8G)s(t) + 2 ETPES (1)

2
= (1= hg))s(t — he(t) Geis(t — hy(1))
g=1
2
= st = h)"ETRuEc(t — hy)
g=1
—g(t —du) Go(t — du)

2
—e) 1Y (gZgi + 0.5F, W) + dyRIE(1)
g=1
t
+ / T (RE(s)ds
t—dy

t—lig(t)

s(5)" Ggis(s)ds
2 t—lig(t)
+Zf ) S‘(S)TRgiC(S)ds
g=1 t—hg
2 _ 0 t _ ~
+y Ry / ] / T ETZgE &(s)dsdy
g=1 —hg Jita

NEECERE
) =T
+;[g<r—hg>] -
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[ Zgi —Mg,} i [ (1) }
—Mgi  Zy st —hg)

+CIxT (1 = 0OV Cix(t — (1))

— e (HWey(t)

+0 (SRS ()

+(dy — 0T OTR'T ¢(0)
At this point, we conclude that

V., ) =) < tT 0850

Note that

Z; = P(P.Z; 'PP; < Pi[2P; — Z,]7'P;

This implies that

ij ij ij
®l] = * -y 0
* * —A3
-®lyj4T- o4 T
+| 0 |[BR2P—-Z]'Pi| 0
;A B,
157 157 77
o' 1 [e}
+ 0 AT A 0
L0 0
r o167 167 77
®ij ®ij
+| 0 0 (30)
L 0 | 0

By applying schur complement results in (22). The matrix on
right hand side of (30) is negative definite which confirms
that ®;; < 0. This along with (27-29) concludes that

Vi, 1) —J@) <0 €1y}

Therefore further calculations are similar to [50],
Theorem 1) so it is not difficult to formulate that the system
error dynamics (16) is extended dissipative from definition 1.
Thus the proof is completed. 0

Assumption 1: Real constant scalars \; exist, such that
0i <A, i=1,2,3,---,r.

Remark 2: Although, the LMI conditions in Theorem 1
are based on the membership functions, which are usually
complicated to be solved. Thus, it is compulsory to convert
into the conditions in Theorem 1 to strict LMIs. To this end,
we have to make an assumption on the rate of function .
Based on Theorem 1, the existence of controller and observer
design is described in Theorem 2 as a sufficient condition as
follows.

T_'heorem 2: For the given 0 < &, < 1, and Z;zl & =
1, hg, dy, and y, the closed-loop system (16) under the
event-triggered scheme given by (6) is regular, impulse free
and dissipative for the time-varying delay hiy(t) governed by
the condition (17), if there exist symmetric positive-definite
matrices_C’;gi > 0, _C’; > 0, Rgi > 0, U>0R> 0, gg > 0,
Zgi > 0,P; > 0,0 > 0, W, > 0, Xo, Mg, Lg, K¢, Ng, V),
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and F; with appropriate dimensions such that the following
LMIs (32)—(36,38) holdforg = 1,2andi,j, k =1,2,--- ,r

U-P; <0, X; +Xo) >0 (32)
[Zg" _Mg"] > 0, (33)
* Zg,'
A, <0,B, >0, n=1,2,3 (34)
Djjg + Djig <0, i< (35)
@,:,'g + @j,'g <0, i<j (36)
where
R @11 &)12
w=| % 2] <0

I = diag{—£,0, —6U, —&0)
o2 = col{cri;.a)[\o, Ui;b)[\o, Ul;c)[\o}

r

=y (M O ki Xo)[1 0])

i=1 i=1

) "', 5, &tal’
+Uij +O'l-j +g+$ljsl]

2
37 (G + E™RoiE — ETTE + 1)
g=1
T4 _ sUV) _ 31, 367
Yt =o0; =S+ 8
190 = Jeclvc, - Sf -
77 5 471 _ 57
T =-G-7]-7;
©/? = col{L,;, 0,0,0,0,0,0}
O} = col{—0," AT +B,.—0 A}, 0.~0" AT, 0,0,0}
~ T T
et = col{a(l) Uz;m ,0, ol;-m) ,0,0 (IV) , 0}
(b)AT 0

T TS

)

0} = col{oy AT, al.ﬁ.C)AT, 0,0, 0}
S0 = —(1 — v)Gui
Qo = —E RuE —ETZ4E, ¢ =1,2
Al = Zki[égi + Ry +Lgl =S,
i1
Bl = g~gi +Rgi +Lg

(Ar, By) = (Z MilRgi + Kol —Sg, Rgi + Kg>

i=1

(A3, B3) = (ZA [Zgi + Ng] —

= Wg» 2gi‘i‘Ng>
i=1

0,71 =E"VduSiE. @}j"’(z) — BT /Ay THE,
oD — AXj +B,); — FiG 0
T Q- A)K B - B+ FC A

an _ [ 0 0 }
A VTS 7% ¢
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an _ [ A= FC, 0
i T —(AhX fc,.,) 0

G _ | Ty |y o |
R T R I

T
(a) _ XiEi G.(»b) _ XtE;,
% —XiEjT . 0
O'(c) = O T ]L(f' = _]:]
ij i _XiEhj 7 _7_'1
Sij =15,0,0,0,0,50.0]

Tj =10,0,0,0,0, 72,71

Zi=) (7Zg,~ + O.Sﬁgzwg) +duR
g=1
The controller and observer gains are given as below:

K, =YX, Lj=ro0sx'so™". (37)

Proof: Define X; = IF’I_ !
g, XiR;iX; =

g - XiGeiX; = Geis XigX; =
Ry, XiRX; = R XiZgXi = Zg

~ - 'gi>
XngiX,‘ = Mgi, XX, = v, XiSin,- = S
XiTiX; = ~-. For X; = V [Eil’ Sg ]VT, according to

Lemma 2 in [15], there exists X; = OSX;;$~'0~". Let
CX; = X;C; where X! = 08X,;'S~'0!. Pre- and post-
multlplylng (22) by {X,,X,,Xl,l } and its transpose, (35)
can be obtained. Likewise, pre- and post multiplying (23)

by {X;,---,X;,1,X;,1,X;} and its transpose, (36) can be
———

obtained. ° ~ _
Now, defining X(0) = Yo piXi, Gelp) = Yy PiGqi,
g(p) Z,_l p,Rg, Then it is confirmed that X; > 0, G,; >
0,Rg > 0.Itisnoticed that Y ;_, p; = lresultsiny ;_, pi =
0. Based on Assumption 1 and the inequality condition (X; 4
Xp) > 0, mentioned in (32), we obtain

Xp)=>_pXi=)_ piXi+Xo) <Y 2i(X; + Xo)

i=1 i=1 i=1

Since p; < Aj, p; > 0, and Zle 0i; = 0, one can obtain

r r
YK=Y b+ Xo),
i=1 i=1

;
< > 1 (X +Xo),

i=1 >0

X(p) =

Computing further
r r
OSSR (39)
i=1 j=1
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Assume ©(p) corresponds to matrix on the left hand side
of (36). So concerned to (39), we have

r
Op) < Y hrpipOi
fi=1

r r r—1 r
= Z Pf[z 07O + Z Z PiP{(®jf + Bjir)]
f=1 =l i=1 j=i+1
Combining this with (36), results in
O(p) <0

The inequality condition in (36) is fulfilled. Similarly, it is not
difficult to prove that the condition (22) is fulfilled when the
condition (35) holds. On the other side with Assumption 1
and the condition (34), we have that

Ge(h) + Ro(h) =S¢ = > pi(Gei + Rei) =S¢
i=1
= Z pi(ggi + Rgi + Lg) — gg
i=1
< Z Ai (Gi + Rgi + L) =S,
>0
<0

Similar procedure can be adopted for the inequalities in (34)
to show

-
R — S, = Z piRgi — Sg
i=1

r
=Y piRgi +Ky) — S,
i=1

;
<) AR+ Ko =5,

i=1

p
. - 1~
= > pilZgi +Ng) — by W,
=1
r B ] 5
< Z?»i (Zgi +Ng) —h, W,
l:1 P —
<0

>0

When the LMIs in (33-36) are feasible, all the mentioned
conditions in Theorem 2 are fulfilled. The proof is then
completed. 0

Remark 3: As we are using fuzzy Lyapunov-Krasovskii
functional method, which can grant us more information on
membership function in the designing process. So the condi-
tions of Theorem 2 are relying on Assumption 1, where it is
assumed that the membership functions are differentiable and
bounded. But it is important to note that when in the situa-
tions where the membership functions are not differentiable,
it is difficult to use matrices dependent on the membership
function in the Lyapunov-Krasovskii functional. In such cases
the quadratic Lyapunov-Krasovskii functional with matrices
independent of the membership functions can be used.

Remark 4: In the structure of Lyapunov-Krasovskii func-
tional, mostly authors implement the common quadratic
LKF. In our work, our main part is implemented the
weight-dependent LKF. As presented in [51], we believe that
in such type of fuzzy LKF have more grip on the information
about the nonlinear dynamic plant due to the dependence on
the membership function. Which results in less conservative
results because the conservatism depends on the LKF along
with the inequality bounding techniques for the establishment
of results. As per authors knowledge such type of LKF with
free weighting matrices has not reported previously for T-S
fuzzy singular systems.

>0 Remark 5: As the proposed method has some limitations
<0 as mentioned in Remark 3, for that reason, we can only
M &1l 12 13 14 315 16 ]
i @l]; @l-j @ij @ij @ij (s)
* -y 0 0 0 0
- _ T
Op=| * * ~H _B 0 0 1.0 s=12 (38)
* * * Z; — 2P; 0 0
* * * -1 0
* * * * —R
T o ETiE oM ETWE TE 0 ]
* P1i 0 0 0 0
* * O1i 0 0 0
@}jl = | = * * 2 0 0 0
* * * @i 0 0
366 5 7T
* * * * le —7;].6:}— i
| * * * * * T;7 |
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exploit the quadratic LKF (i.e., Lyapunov matrices are not
dependent upon the membership functions). In this scenario,
the obtained conditions in Theorem 2 are valid by setting p;
1o be appropriately small and by limiting matrices variables.
P; >OS >Ogg,>ORg,>OZg,>OW >0Mg,,

Lg,Kg,Ng,tOIP’>O S>0G>0R>0Z>0W=>0,
M, L, K, N,. However, this may lead to some limitation, when

these variables are delimited to special cases.

IV. SIMULATION EXAMPLES

Now in this section, we are going to present the numerical
examples to illustrate the advantage and effectiveness of
our proposed method. The first two examples are used to
demonstrate the enhancement of our results regarding the
existing schemes. The third example is presented to show the
applicability of the proposed controller design approach.

A. EXAMPLE 1

Let us consider the T-S fuzzy system borrowed from [54]
under input u(t) = 0 and w(t) = 0 with two fuzzy rules.
The system parameters are listed as below:

-2 0 ~1 05
41:[0 —09}A2—[0 —1]’

-1 0 -1 0
Ahlz[—1 —1]4%:[0.1 —1]

For the considered example the system is non-singular and the
time-derivative of the delay /(¢) is unknown with lower bound
is considered as zero, and we set E = I, similarly presented
in [54]. This fuzzy system is studied most frequently in
the published literature, and the objective is to compute the
maximum upper bound delay /4 for a given y at which the
system remains in the stable region. It is also evident from
the comparison of Table 1, that the maximum allowable delay
ensures the asymptotic stability of the system and is also
compared with some recent researches. It is also evident from
the compared results that the proposed results obtained from
Theorem 2 with time varying delay are less conservative than
[54]-[58]. So the results obtained under Theorem 2 provides
large upper bound delay with improvement of 69% from [58].

TABLE 1. Maximum upper bounds of time-delay h.

Method [57] [56] [58] [55] [59] Proposed
h 1.597 | 2.2943 | 2.5932 | 3.2712 | 3.5260 5.9858
B. EXAMPLE 2

To demonstrate the quality and potency of our results, we are
considering the T-S fuzzy singular system presented in [41].
The system parameters are listed as below:

10
#=[ o)

0 1 0 a
A1=|:—l —2] A2=[—2 —2}’

VOLUME 8, 2020

FIGURE 1. Algorithm to calculate the controller and observer gains.

TABLE 2. Minimum allowable y for different values of a and b.

\ a I 2 [ 5 |
\ b [ 03 0.7 095 T 08 083 ]
Proposed 1073 [ 1073 103 10—3 1073
Theorem 2 [41] | 0.1908 | 0.4763 | 12.5166 | 2.8888 | 18.5937
Theorem 2 [60] | 0.2913 | 0.6714 - 10.8072 -

0.1 0
4n = [ ] Aﬁzz[b —0.5]
=B, =

= [0]

To illustrate the proposed scheme is less conservative than the
schemes proposed in [59] and [41], we have adopted the H
performance index to measure the system performance. The
minimum attenuation level is computed for different values
of a and b and the corresponding comparison is tabulated
in Table. 2. It is evident from the comparison that our pro-
posed scheme is better than [59] and [41].

B,

C. EXAMPLE 3
Consider a mass-spring-damper system [60], [61], the differ-
ential equations of the system are given as below:

M + g(s, $) + f(s) + q1(9)w = g2()u (40)

where M is the mass; w is the disturbance applied externally;
s is the displacement; u is the applied force; g(s, $), f(s), g1(s)
and g(s) represents the nonlinearities with respect to the
damper, the spring, w and u, respectively.

Assume that M = 1, g(s, §) = —0.755, f(s) = 0.67s> —
0.05s, g1(s) = —0.5 — 0.1 5%, and ¢o(s) = 1 — 0.1 s%. Let
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x1 = s and xp = §. Then from (40), we have

)'Cl = X2

iy = —0.67x] 4 0.5x] 4+ 0.75x; + (0.5 4 0.1xD)w
+(1 = 0.1x3)u

z=x2(t) + 0.5u

(41)

For the system (41), consider the operational range, I =
x:x;|< LS5, x|<2.5. By choosing the premise vari-
able as x = x{ and the universe of discourse as J, =
x :| x |=< L.5. Likewise [60], [61], the dynamics system (41)
can be represented by the following T-S fuzzy model:

Plant Rule 1: IF x is about 0, THEN

Ex(t) = Ax(t) + Biu(t) + B, o(t)
z(t) = Eyx(1) + Dyu(r) 42)

Plant Rule 2: IF x is about £1.5, THEN

Ex(t) = Ayx(t) + Bou(t) + B, o(t)

(1) = Exx(1) + Dou(r) (43)
Membership functions are pij(x) = cos(x1(1))? and
p2(x) = 1 — p1(x). The system matrices (42) are given as
1 0
E= K 0}

0 1 0 0
A By B, |_1005 075 1 0.5
A B, B,,] | O 1 0 0

| 0.05 0.75] 0.775| 0.725

Elzﬁzz[o 1],Ql=22=0

Remaining parameters of system (1) are considered as
follows:

[0 1
Ayl 005 075
|:Ah2:| 10 1

005 075

¢ Cw Ep]_[O0 1] -3 050 0
C, Cp Ep| |0 1] -25 06/ 0 0

The T-S fuzzy observer-based controller can be designed as
below.
Rule; IF () is about 0, THEN

u(t) = K1x(t)
Ruley IF Y (¢) is about 1.5, THEN
u(t) = Kxx(t)

where V¥ (¢) = é(t). The membership functions are given as
belows:

¥ (1)
22.25

The time-varying delay is given as i, (f) = 2sin(0.25%,) +
2, « = 1,2. The delay is bounded by condition (17).

P1(Y (1) =

and (W () =1 — p1(¥(@)).

134286

A 4

25 30
Time in samples(k)

FIGURE 2. Release instants and release intervals by ETC for Example-2 in
Case-l.

In order to verify the robustness of the system, the disturbance
induced in the system is given as belows:

1, 3<t<7
ot)y=1-1, 10<r<15 44)
0, elsewhere

In the following we present three cases: the Hy, control,
dissipative control and Ly — L, control.

Case-1: Hy, Controller:

Let A, =0,A1 = —1, A =0and A3z = y2. The value
of y is also chosen to be 2.5. The results obtained from the
feasible LMI (32)—(36,38) for controller and observer gain
with trigger matrix U = 24.9941 are as follows:

Ki| [ —19.6548 —12.2567
|:K2] a [ —6.2257 —4.1476 :|
;1" [—48.2980 —33210 1"
|:L2 :| a |: —44.8941 —1 1.7604:|

The control constraints of Hy, can be acquired in the
form (37). By considering the initial conditions ¢ =
[0.57, 0.757], the state estimation of mass-spring system are
presented in Figure 3. (a-b). As it is clear from the figures that
the controller designed based on T-S fuzzy dynamic output
feedback is successful for the system. In order to verify
proposed control scheme, our applied event triggered scheme
with the given parameters 0 = 0.5, induced communication
delay dy; = 0.6 ms and by choosing the sampling period & =
0.2 ms, the system states and transmission instants and inter-
vals are shown in the Figure 2. So the system is stable with
desired control performance. Based on system non-linearities
disturbance and delay, the system under consideration well
behaves with managed communication resources. By using
Hso controller, the error is improved and decline in error
estimate results in better performance.

Case-11: Dissipative Controller:

Let A, = 0, Ay = —1, A, = 1 and A3 = y. The
value of y is also chosen to be 2.5. It is observed that the
feasible solution of LMI (32)—(36,38) with trigger matrix

W = 24.6521 results in the controller and observer gain given

as below:
Ky | [ —19.5098 —11.8366
K, | 7 | —6.2263 —4.0709
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FIGURE 3. (a) Responses of x () and its estimation, (b) responses of
X,(t) and its estimation, and (c) control input, for Example 2 in Case-1.

L 7" [0.0507

|:L2} o |: 1.0686

The parameters of the controller by considering dissipative

analysis are calculated in (37) with the initial condition ¢ =

[0.57,0.757]. The estimation error and measured output

with its estimation is presented in Fig.4 (a-b) respectively and

it is clearly observed that as the time tends to infinity the error

corresponds to zero. Basically, the dissipative analysis is the

relation of applied energy to the system with energy stored in
the system, that is why we analyze this issue in our paper.

Case-1lI: Ly — Ly, Controller:

Let Ao = 1, Ay = 0, A, = 0and A3 = y2. The
value of y is also chosen to be 2.5. It is observed that the
feasible solution of LMI (32)-(36,38) with trigger matrix
U = 24.9764 results in the controller and observer gain given

as below:
Ki| [ —19.6548
K, | 7 | —6.2257
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0.4267 7"
1.0652

—12.2567
—4.1476
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FIGURE 4. (a) Response of estimation error (b) responses of z(t) and Z(t)
for Example 2 in Case-Il.

States

L L L L L L L L

0 5 10 15 20 25 30 35 40

Time (sec)
T

T T T T

Amplitude

205 L L L L L L L L L
0 5 10 15 20 25 30 35 40 45 50
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FIGURE 5. (a) Estimation of system states (b) response of system output
y(t) for Example 2 in Case-lII.

1,77 [0.0574
Ly | ~ | 1.4599
The parameters of the controller by considering Ly — Lo

analysis are calculated in (37) with the initial condition
Y = [0.5m, 0.757], the estimation of states are presented in

0.5848 7"
1.4767
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Figure 5. It can be observed from Fig. 5 that the same control
objective is also fulfilled.

V. CONCLUSIONS

In this paper, a dissipative observer-based output feedback
controller with imprecise premise match is designed between
the controlled plant and event-based networked observer for
T-S fuzzy singular systems with delay. The event triggered
scheme is used for the effective utilization of bandwidth.
The unavailable states are estimated through delayed fuzzy
observer with imprecise matching. The control objective is
achieved by the successful design of T-S fuzzy observer with
delay. The criteria for stability and stabilization is based
on non-PDC approach for the system under consideration
which results in the formation of LMI. The proposed method
is validated through a practical simulation example: the
mass-spring-damper system. One of the important aspects of
network control is packet loss which effects the control per-
formance of the systems. Combining the effect of packet loss
and delay is an interesting challenging problem to extend the
proposed method to T-S fuzzy multiagent systems.

REFERENCES

[11 L. Dai, Singular Control Systems. New York, NY, USA: Springer, 1989.

[2] G.Zhuang,]J. Xia,J.-E. Feng, B. Zhang, J. Lu, and Z. Wang, “Admissibility
analysis and stabilization for neutral descriptor hybrid systems with time-
varying delays,” Nonlinear Anal., Hybrid Syst., vol. 33, pp. 311-321,
Aug. 2019.

[3] K. Ma, G. Zhuang, H. Zhang, G. Zhao, Y. Lin, and J. Wang, “Improved
non-fragile state feedback control for stochastic jump systems with uncer-
tain parameters and mode-dependent time-varying delays,” IEEE Access,
vol. 8, pp. 97676-97688, 2020.

[4] T. Takagi and M. Sugeno, “Fuzzy identification of systems and its
applications to modeling and control,” IEEE Trans. Syst., Man, Cybern.,
vol. SMC-15, no. 1, pp. 116-132, Jan. 1985.

[5] J.Daiand G. Guo, “Event-triggered leader-following consensus for multi-
agent systems with semi-Markov switching topologies,” Inf. Sci., vol. 459,
pp. 290-301, Aug. 2018.

[6] H. Yan, H. Zhang, F. Yang, X. Zhan, and C. Peng, “Event-triggered asyn-
chronous guaranteed cost control for Markov jump discrete-time neural
networks with distributed delay and channel fading,” IEEE Trans. Neural
Netw. Learn. Syst., vol. 29, no. 8, pp. 3588-3598, Aug. 2018.

[71 W. He, B. Xu, Q.-L. Han, and F. Qian, “Adaptive consensus control of
linear multiagent systems with dynamic event-triggered strategies,” IEEE
Trans. Cybern., vol. 50, no. 7, pp. 2996-3008, Jul. 2020.

[8] X.-H. Chang and G.-H. Yang, ‘“Relaxed stabilization conditions for
continuous-time Takagi—Sugeno fuzzy control systems,” Inf. Sci., vol. 180,
no. 17, pp. 3273-3287, Sep. 2010.

[9] X.-P. Xie, Z.-W. Liu, and X.-L. Zhu, “An efficient approach for reducing
the conservatism of LMI-based stability conditions for continuous-time
T-S fuzzy systems,” Fuzzy Sets Syst., vol. 263, pp. 71-81, Mar. 2015.

[10] X. Xie, D. Yue, and X. Zhu, “Further studies on control synthesis of
discrete-time T-S fuzzy systems via useful matrix equalities,” IEEE Trans.
Fuzzy Syst., vol. 22, no. 4, pp. 1026-1031, Aug. 2014.

[11] X. Xie, D. Yue, H. Zhang, and Y. Xue, “Control synthesis of discrete-time
T-S fuzzy systems via a multi-instant homogenous polynomial approach,”
IEEE Trans. Cybern., vol. 46, no. 3, pp. 630-640, Mar. 2016.

[12] C.-H. Fang, Y.-S. Liu, S.-W. Kau, L. Hong, and C.-H. Lee, “A new LMI-
based approach to relaxed quadratic stabilization of T-S fuzzy control
systems,” IEEE Trans. Fuzzy Syst., vol. 14, no. 3, pp. 386-397, Jun. 2006.

[13] J. Dong, G.-H. Yang, and H. Zhang, “Stability analysis of T-S fuzzy
control systems by using set theory,” IEEE Trans. Fuzzy Syst., vol. 23,
no. 4, pp. 827-841, Aug. 2015.

[14] X.-H. Chang, “Robust nonfragile Hx filtering of fuzzy systems with linear
fractional parametric uncertainties,” IEEE Trans. Fuzzy Syst., vol. 20,
no. 6, pp. 1001-1011, Dec. 2012.

134288

[15]

[16]

(17]

(18]

(19]

[20]

[21]

(22]

(23]

[24]

(25]

[26]

(27]

(28]

[29]

(30]

(31]

[32

—

(33]

(34]

(35]

[36

—

(37]

(38]

C. Peng, S. Ma, and X. Xie, “Observer-based non-PDC control for net-
worked T-S fuzzy systems with an event-triggered communication,” JEEE
Trans. Cybern., vol. 47, no. 8, pp. 2279-2287, Aug. 2017.

G.-T.Ran, Z.-D. Lu, F.-X. Xu, and J.-X. Lu, “Event-triggered dynamic out-
put feedback control for networked T-S fuzzy systems with asynchronous
premise variables,” IEEE Access, vol. 6, pp. 78740-78750, 2018.

X.-H. Chang and G.-H. Yang, “A descriptor representation approach to
observer-based Hy, control synthesis for discrete-time fuzzy systems,”
Fuzzy Sets Syst., vol. 185, no. 1, pp. 38-51, Dec. 2011.

T. Taniguchi, K. Tanaka, and H. O. Wang, “‘Fuzzy descriptor systems and
nonlinear model following control,” IEEE Trans. Fuzzy Syst., vol. 8, no. 4,
pp. 442452, Aug. 2000.

P. Liu, W.-T. Yang, and C.-E. Yang, ‘‘Robust observer-based output feed-
back control for fuzzy descriptor systems,” Expert Syst. Appl., vol. 40,
no. 11, pp. 4503-4510, Sep. 2013.

H.Zhang, Z. Wang, and D. Liu, “A comprehensive review of stability anal-
ysis of continuous-time recurrent neural networks,” IEEE Trans. Neural
Netw. Learn. Syst., vol. 25, no. 7, pp. 1229-1262, Jul. 2014.

S. Tong, T. Wang, Y. Li, and H. Zhang, “Adaptive neural network output
feedback control for stochastic nonlinear systems with unknown dead-
zone and unmodeled dynamics,” IEEE Trans. Cybern., vol. 44, no. 6,
pp. 910-921, Jun. 2014.

J. Liu, L. Zha, X. Xie, and E. Tian, “Resilient observer-based control for
networked nonlinear T-S fuzzy systems with hybrid-triggered scheme,”
Nonlinear Dyn., vol. 91, no. 3, pp. 2049-2061, Feb. 2018.

E. Tian and D. Yue, “Reliable Hy filter design for T-S fuzzy model-based
networked control systems with random sensor failure,” Int. J. Robust
Nonlinear Control, vol. 23, no. 1, pp. 15-32, Jan. 2013.

Y. Wang, H. Zhang, X. Wang, and D. Yang, “Networked synchronization
control of coupled dynamic networks with time-varying delay,” IEEE
Trans. Syst., Man, Cybern. B, Cybern., vol. 40, no. 6, pp. 1468-1479,
Dec. 2010.

H. Li, X. Wang, and J. Xiao, “Adaptive event-triggered load frequency
control for interconnected microgrids by observer-based sliding mode
control,” IEEE Access, vol. 7, pp. 68271-68280, 2019.

H. Gassara, A. E. Hajjaji, M. Kchaou, and M. Chaabane, “Robust Hx,
reliable control of time delay nonlinear systems via Takagi—Sugeno fuzzy
models,” Int. J. Syst. Sci., vol. 45, no. 3, pp. 667-681, 2014.

M. Kchaou, M. Souissi, and A. Toumi, ‘“‘Robust reliable guaranteed cost
piecewise fuzzy control for discrete-time nonlinear systems with time-
varying delay and actuator failures,” Int. J. Gen. Syst., vol. 40, no. 5,
pp. 531-558, Jul. 2011.

M. S. Mahmoud, Switched Time-Delay Systems: Stability and Control.
Berlin, Germany: Springer, 2010, pp. 109-130.

Y. Xia, M. Fu, and P. Shi, Analysis and Synthesis of Dynamical Systems
With Time-Delays. Berlin, Germany: Springer, 2009.

C. Lin, Q.-G. Wang, and T. H. Lee, ““Stability and stabilization of a class
of fuzzy time-delay descriptor systems,” IEEE Trans. Fuzzy Syst., vol. 14,
no. 4, pp. 542-551, Aug. 2006.

1. Masubuchi, Y. Kamitane, A. Ohara, and N. Suda, “Hy, control for
descriptor systems: A matrix inequalities approach,” Automatica, vol. 33,
no. 4, pp. 669-673, Apr. 1997.

Z. Feng, J. Lam, and H. Gao, “«-dissipativity analysis of singular time-
delay systems,” Automatica, vol. 47, no. 11, pp. 2548-2552, Nov. 2011.
M. Kchaou, M. Souissi, and A. Toumi, “Delay-dependent stability and
robust Ly — L control for a class of fuzzy descriptor systems with
time-varying delay,” Int. J. Robust Nonlinear Control, vol. 23, no. 3,
pp. 284-304, Feb. 2013.

D. Yue, E. Tian, and Q.-L. Han, “A delay system method for designing
event-triggered controllers of networked control systems,” IEEE Trans.
Autom. Control, vol. 58, no. 2, pp. 475-481, Feb. 2013.

X. Song, M. Wang, B. Zhang, and S. Song, “Event-triggered reliable
Hy, fuzzy filtering for nonlinear parabolic PDE systems with Markovian
jumping sensor faults,” Inf. Sci., vol. 510, pp. 50-69, Feb. 2020.

C.Peng and T. C. Yang, “Event-triggered communication and Hs, control
co-design for networked control systems,” Automatica, vol. 49, no. 5,
pp. 1326-1332, May 2013.

C. Peng, Q.-L. Han, and D. Yue, ““To transmit or not to transmit: A dis-
crete event-triggered communication scheme for networked T-S fuzzy
systems,” IEEE Trans. Fuzzy Syst., vol. 21, no. 1, pp. 164-170, Feb. 2013.
H. Li, Z. Chen, L. Wu, H.-K. Lam, and H. Du, “Event-triggered fault
detection of nonlinear networked systems,” IEEE Trans. Cybern., vol. 47,
no. 4, pp. 1041-1052, Apr. 2017.

VOLUME 8, 2020



R. Ullah et al.: Event-Triggered Dissipative Observer-Based Control for Delay Dependent T-S Fuzzy Singular Systems IEEEACC@SS

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

M. S. Aslam, A. R. Rajput, Q. Li, Y. Liu, and S. A. Niazi, “Adaptive
event-triggered mixed Hy, and passivity-based filter design for nonlinear
T-S fuzzy Markovian switching systems with time-varying delays,” IEEE
Access, vol. 7, pp. 62577-62591, 2019.

Z.-D. Lu, G.-T. Ran, G.-L. Zhang, and F.-X. Xu, “Event-triggered Hxo
fuzzy filtering for networked control systems with quantization and
delays,” IEEE Access, vol. 6, pp. 20231-20241, 2018.

M. Kchaou, “Robust Hy, observer-based control for a class of (TS) fuzzy
descriptor systems with time-varying delay,” Int. J. Fuzzy Syst., vol. 19,
no. 3, pp. 909-924, Jun. 2017.

J. Feng, P. Cui, and Z. Cheng, “H output feedback control for descriptor
systems with delayed states,” J. Control Theory Appl., vol. 3, no. 4,
pp. 342-347, Nov. 2005.

L. Qin, Z. Qingling, Z. Yanjuan, and A. Yichun, “Observer-based passive
control for descriptor systems with time-delay,” J. Syst. Eng. Electron.,
vol. 20, no. 1, pp. 120-128, 2009.

Y. Zhang, W. Cheng, X. Mu, and X. Guo, “Observer-based finite-time
control of singular Markovian jump systems,” J. Appl. Math., vol. 2012,
Apr. 2012, Art. no. 205727.

H. Gassara, A. El Hajjaji, M. Kchaou, and M. Chaabane, “Observer based
(Q, V, R)-a-dissipative control for TS fuzzy descriptor systems with time
delay,” J. Franklin Inst., vol. 351, no. 1, pp. 187-206, 2014.

R. Sakthivel, S. Santra, B. Kaviarasan, and K. Venkatanareshbabu, ““Dis-
sipative analysis for network-based singular systems with non-fragile con-
troller and event-triggered sampling scheme,” J. Franklin Inst., vol. 354,
no. 12, pp. 4739-4761, Aug. 2017.

S. Xing, F. Deng, and L. Qiao, “Dissipative analysis and control for non-
linear stochastic singular systems,” IEEE Access, vol. 6, pp. 43070-43078,
2018.

B. Zhang, W. X. Zheng, and S. Xu, “Filtering of Markovian jump delay
systems based on a new performance index,” IEEE Trans. Circuits Syst. I,
Reg. Papers, vol. 60, no. 5, pp. 1250-1263, May 2013.

J. Xiao, Y. Li, S. Zhong, and F. Xu, “Extended dissipative state estimation
for memristive neural networks with time-varying delay,” ISA Trans.,
vol. 64, pp. 113128, Sep. 2016.

M. S. Aslam, B. Zhang, Y. Zhang, and Z. Zhang, “Extended dissipative
filter design for T-S fuzzy systems with multiple time delays,” ISA Trans.,
vol. 80, pp. 22-34, Sep. 2018.

C. Lin, Q.-G. Wang, T. H. Lee, and Y. He, “Fuzzy weighting-dependent
approach to Hy filter design for time-delay fuzzy systems,” IEEE Trans.
Signal Process., vol. 55, no. 6, pp. 27462751, Jun. 2007.

J.Liuand D. Yue, “Event-triggering in networked systems with probabilis-
tic sensor and actuator faults,” Inf. Sci., vol. 240, pp. 145-160, Aug. 2013.
H. Wang, B. Zhou, R. Lu, and A. Xue, “New stability and stabilization
criteria for a class of fuzzy singular systems with time-varying delay,”
J. Franklin Inst., vol. 351, no. 7, pp. 3766-3781, Jul. 2014.

C. Sun, F. Wang, and X. He, “Delay-dependent stability and stabilization
criteria for T-S fuzzy singular systems with interval time-varying delay by
improved delay partitioning approach,” SpringerPlus, vol. 5, no. 1, p. 349,
Dec. 2016.

Z. Zhang, C. Lin, and B. Chen, “New stability and stabilization condi-
tions for T-S fuzzy systems with time delay,” Fuzzy Sets Syst., vol. 263,
pp. 82-91, Mar. 2015.

E. Tian and C. Peng, ““Delay-dependent stability analysis and synthesis of
uncertain T-S fuzzy systems with time-varying delay,” Fuzzy Sets Syst.,
vol. 157, no. 4, pp. 544-559, Feb. 2006.

O. M. Kwon, M. J. Park, J. H. Park, and S. M. Lee, “Stability and
stabilization of T-S fuzzy systems with time-varying delays via aug-
mented Lyapunov—Krasovskii functionals,” Inf. Sci., vol. 372, pp. 1-15,
Dec. 2016.

L. Wang and H.-K. Lam, “A new approach to stability and stabilization
analysis for continuous-time Takagi—Sugeno fuzzy systems with time
delay,” IEEE Trans. Fuzzy Syst., vol. 26, no. 4, pp. 2460-2465, Aug. 2018.
H. Zhang, Y. Shen, and G. Feng, “Delay-dependent stability and Hu,
control for a class of fuzzy descriptor systems with time-delay,” Fuzzy Sets
Syst., vol. 160, no. 12, pp. 1689-1707, Jun. 2009.

K. Tanaka, T. Ikeda, and H. O. Wang, “Robust stabilization of a class of
uncertain nonlinear systems via fuzzy control: Quadratic stabilizability,
Hy control theory, and linear matrix inequalities,” IEEE Trans. Fuzzy
Syst., vol. 4, no. 1, pp. 1-13, Feb. 1996.

X.-C. Jia, X.-B. Chi, Q.-L. Han, and N.-N. Zheng, “‘Event-triggered fuzzy
Hy, control for a class of nonlinear networked control systems using the
deviation bounds of asynchronous normalized membership functions,” Inf.
Sci., vol. 259, pp. 100-117, Feb. 2014.

VOLUME 8, 2020

RIZWAN ULLAH received the B.S. degree in elec-
tronics engineering from COMSATS University
Islamabad at Abbottabad Campus, Abbottabad,
Pakistan, in 2009, and the M.S. degree in electrical
engineering from COMSATS University Islam-
abad at Attock Campus, Attock, Pakistan, in 2013.
He is currently pursuing the Ph.D. degree with
the School of Automation, Nanjing University of
Science and Technology, China. He worked as a
Lecturer with COMSATS University Islamabad at
Attock Campus, from 2013 to 2017. His research interests include con-
trol system design, fuzzy systems, time-delay systems, fuzzy control, and
observer-based fault-tolerant control.

YINYA LI received the Ph.D. degree from the
School of Automation, Nanjing University of Sci-
ence and Technology, Nanjing, China, in 2006.
He joined the School of Automation, Nanjing Uni-
versity of Science and Technology, in 2006, as a
Lecturer. From 2009 to 2018, he was working as
an Associate Professor with the School of Automa-
tion, Nanjing University of Science and Technol-
ogy, where he is currently a Professor with the
School of Automation. He was a Visiting Scholar
with the Department of Mechanical and Biomedical Engineering, City Uni-
versity of Hong Kong, Hong Kong, from 2017 to 2018, and a Visiting
Research Scholar with the Department of Mechanical and Automation Engi-
neering, The Chinese University of Hong Kong, Hong Kong, from 2018 to
2019. His research interests include nonlinear estimation, passive target
localization and tracking, and multi-agent systems.

MUHAMMAD SHAMROOZ ASLAM received
the B.Sc. degree in electronics engineering from
COMSATS University Islamabad at Abbottabad
Campus, Abbottabad, Pakistan, in 2009, the M.S.
degree in electrical engineering from COMSATS
University Islamabad at Attock Campus, Attock,
Pakistan, in 2013, and the Ph.D. degree in control
science and control engineering from the School
of Automation, Nanjing University of Science and
Technology, China, in 2019. He was a Lecturer
with the Department of Electrical Engineering, COMSATS University Islam-
abad at Attock Campus, from 2010 to 2015. He is currently an Associate Pro-
fessor with the School of Electrical and Information Engineering, Guangxi
University of Science and Technology, Liuzhou, China. His research interests
include fuzzy systems, time-delay systems, non-linear systems, multi-agent
systems and network control systems, and filtering.

ANDONG SHENG received the Ph.D. degree
from the Department of Control Engineering,
Harbin Institute of Technology, China. From
1995 to 1997, he was a Visiting Fellow of the
Department of Computer Science, China Institute
of Technology, Japan. From 1999 to 2001, he was
working as an Associate Professor with the School
of Automation, Nanjing University of Science and
Technology, where he is currently a Professor with
the School of Automation. His current research
interests include multi-sensor data fusion, and nonlinear estimation theory
and its applications.

134289



	INTRODUCTION
	ABBREVIATIONS AND ACRONYMS

	SYSTEM DESCRIPTION AND PROBLEM FORMULATION
	EVENT-TRIGGERED CONTROL SCHEME
	FUZZY OBSERVER BASED CONTROLLER DESIGN THROUGH NON-PDC APPROACH

	MAIN RESULTS
	SIMULATION EXAMPLES
	EXAMPLE 1
	EXAMPLE 2
	EXAMPLE 3

	CONCLUSIONS
	REFERENCES
	Biographies
	RIZWAN ULLAH
	YINYA LI
	MUHAMMAD SHAMROOZ ASLAM
	ANDONG SHENG


