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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 theH∞,
L2-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]. Comparingwith 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, L2-L∞ performance andH∞ control Problem. In [45],
the author discussed (Q-V-R)-α 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 L2 − L∞ control for fuzzy singular system

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:
• 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.

• A uniform framework of dissipative control for fuzzy
singular systems having capabilities to analyze perfor-
mance indices for H∞, L2 − L∞ and dissipative is
established.

• 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 employedwhich 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. ? is symmetric terms of matrices.
L2[0,∞] is space of integral vector over [0,∞]. ‖ · ‖
represents the spectral norm for the matrices. N is the set of
Positive integers.

II. 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:
Pi: IF ϕ1(x(t)) is νi1 and if IF ϕp(x(t)) is νip THEN
Eẋ(t) = Aix(t)+ Ah̄ix(t − h̄1(t))+ Biu(t)+ Bωiω(t)
y(t) = Cix(t)+ C h̄ix(t − h̄1(t))
z(t) = Eix(t)+ E h̄ix(t − h̄1(t))
x(t) = ψ(t), t ∈ [−¯̄h1, 0]

(1)

where i = 1, 2, · · · , r denotes the number of fuzzy rules,
x(t) ∈ Rnx , y(t) ∈ Rny , z(t) ∈ Rnz and u(t) ∈ Rnu

represent the state, the controlled output, the measured out-
put and the control input, respectively, and ω(t) ∈ Rnω

represents the disturbance signal that belongs to L2[0,∞].
E ∈ Rnx×nx has rank(E) = q ≤ nx . ϕi(x(t)) and νij (i =
1, · · · , r, j = 1, · · · , p) are premise variables and fuzzy sets.
Ai, Ah̄i, Bi, Bωi, E i, E h̄i C i and C h̄i are the system matrices
with proper dimensions. In system (1),ψ(t) is the continuous
vector-valued initial function defined on the interval [−¯̄h1, 0].
h̄1(t) is a time varying differentiable function that describes
the delay of state. In order to avoid complication, ϕj(x(t))
can be written as ϕj(x). By employing the fuzzy blending the
whole fuzzy dynamical system in (1), we have

Eẋ(t) =
∑r

i=1
ρi(ϕ(x)){Aix(t)+ Ah̄ix(t − h̄1(t))

+Biu(t)+ Bωiω(t)}

y(t) =
∑r

i=1
ρi(ϕ(x)){Cix(t)+ C h̄ix(t − h̄1(t))}

z(t) =
∑r

i=1
ρi(ϕ(x)){Eix(t)+ E h̄ix(t − h̄1(t))}

(2)

where ϕ(x) = [ϕ1(x), ϕ2(x), · · · , ϕp(x)]T and ρi(ϕ(x)):
Rp → [0 1], i = 1, 2, · · · , r represents the membership
function of the fuzzy sets νi1 × · · · × ν

i
p, defined as

ρi(ϕ(x)) =
p∏
j=1

νij (ϕ(x)) ≥ 0 (3)

where νij (ϕj(x)) designates as the grade membership function
of ϕj(x) in νij (i = 1, 2, · · · , r; j = 1, 2, · · · , p); the normal-
ized weighted function can then be defined as:

ρi(ϕj(x)) =
µi(ϕ(x))∑r
i=1 µi(ϕ(x))

with
r∑
i=1

µi(ϕ(x)) = 1 (4)

In this article, the measured output of the system is trans-
mitted through common network channel.

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(t)
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 inh, where h is the sampling
period. The error between the current sampled data and the
latest transmitted data can be expressed as:

en(t) = y(znh)− y(inh) (5)

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

in+1h = inh+ min︸︷︷︸
m∈N

{mh | eTn (t)9en(t)}

>
√
% yT (inh)9y(inh) (6)

where 0 < % < 1 is a given scalar parameter and 9 > 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 | in ∈ N}, are the subset of sampled instants represented
by {nh | n ∈ N} and here i0h = 0 represents the initial
transmitting instant. In this paper we consider the network
induced transmission delays, `in and `in+1 at transmitting
instants inh and in+1h respectively. Then inh+ `in represents
the instant when the transmitted signal arrives at zero-order-
holder (ZOH).

It is examined that ȳ(t) retains the value of y(inh) with the
interval [inh+ `in , in+1h+ `in+1 ) influenced by ZOH.

ȳ(t) = y(inh), t ∈ [inh+ `in , in+1h+ `in+1) (7)

The subset used to call the holding zone 4 of ZOH [36]:

4 = [inh+ `in , in+1h+ `in+1) =
nl⋃
m=0

4m (8)

where 4m = [inh + `in , in+1h + h + `in+1), m = 0,
1, 2, · · · , nl , nl = in+1 − in − 1. The network delay could be
defined as θ (t) = t−inh, satisfying 0 ≤ `in ≤ θ(t) ≤ h+τ̄ ≡
dM , where h and τ̄ 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:

ȳ(t) = y(inh) = y(t − θ (t))− en(t) (9)
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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:
Oj: IF g1(x̂(t)) is F

j
1 and · · · and gp(x̂(t)) is F

j
p THEN

E ˙̂x(t) = Ajx̂(t)+ Ah̄jx̂(t − h̄2(t))+ Bju(t)

+Bωjω(t)+ Lj(ȳ(t)− ŷ(t))

ŷ(t) = Cjx̂(t)+ C h̄jx̂(t − h̄2(t))

ẑ(t) = Ejx̂(t)+ E h̄jx̂(t − h̄2(t))

x̂(t) = ψ̂(t), t ∈ [−¯̄h2, 0]

(10)

where F jd (j = 1, 2, . . . , r, d = 1, 2, . . . , p) denotes the
fuzzy sets, gd (x̂(t)) denotes the premise variable. p and r
denotes the number of IF-THEN fuzzy rules and premise
variables respectively. x̂(t) ∈ Rn is the estimation of observer
state and the measured signal via ETC is denoted by ȳ(t) =
y(inh) ∈ Rm for t ∈ [inh + `n, in+1h + `n+1) and ŷ(t) ∈ Rm

is the measured output. Lj 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:

E ˙̂x(t) =
r∑
j=1

ρj(g(x̂(t))[Ajx̂(t)+ Ah̄jx̂(t − h̄2(t))

+Bju(t)+ Bωjω(t)+ Lj(ȳ(t)− ŷ(t))]

ŷ(t) =
r∑
j=1

ρj(g(x̂(t))[Cjx̂(t)+ C h̄jx̂(t − h̄2(t))]

ẑ(t) =
r∑
j=1

ρj(g(x̂(t))[Ejx̂(t)+ E h̄jx̂(t − h̄2(t))]

(11)

where ρj(g(x̂(t)) =
ηj(g(x̂))∑r
j=1 ηj(g(x̂))

and ηj(g(x̂)) =∏p
d=1 F

p
d (gd (x̂)),

∑r
j=1 ρj(g(x̂(t)) = 1, and Fpd (gd (x̂)) cor-

responds to the membership function value of gd (x̂) in F
j
d .

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 g1(x̂(t)) is F

j
1 and · · · and gp(x̂(t)) is F

j
p

THEN

u(t) = Ks(x̂(t)) (12)

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

u(t) =
r∑
s=1

ρs(g(x̂))Ksx̂(t) (13)

Defining the estimation error as Ẽ x̃(t) , x(t) − x̂(t), then
observer error dynamics corresponds to

Ẽ ˙̃x(t) = ẋ(t)− ˙̂x(t) (14)

By considering (11) and (13), the closed loop T-S fuzzy
singular system could be expressed as
Ẽ ˙̃x(t) =

∑r

i=1

∑r

j=1

∑r

s=1
ρi(x)ρj(x)ρs(x)[�ijx̂(t)

+Ah̄i x̂(t − h̄1(t)+ Ah̄j x̂(t − h̄2(t)

+(Bωi − Bωj )ω(t)+ Aix̃(t)− Lj(y(t − ŷ(t))]

(15)

where�ij = Ai−Aj+(Bi−Bj)Ks. Computing the error output
e(t) = z(t) − ẑ(t) and representing the state augmentation

ς =

[
x̂(t)
x̃(t)

]
, then the augmented system could be expressed

as 

Ẽ ς̇ (t) =
∑r

i,j,s=1
ρi(x)ρj(x̂)ρs(x̂)[A1ς (t)

+

∑2

i=1
Ah̄iς (t − h̄i(t))

+AgXς (t − ϑ(t))
+Bωω̃(t)+ Lejen(t)]
e(t) = 6r

i,j=1ρi(x)ρj[Eς (t)+ E h̄iς (t − h̄i(t))]

(16)

where Ẽ =
[
E 0
0 E

]
, A1 =

[
11 0
12 Ai

]
, Ah̄1 =

[
0 0
Ah̄i Ah̄i

]
,

Ah̄2 =
[

Ah̄j − LjC h̄j 0
−(Ah̄j − LjC h̄j) 0

]
Ag =

[
LjC i
−LjC i

]
, Bω =

[
Bj
−Bj

]
,

Lej =
[
−Lj
Lj

]
, X =

[
I I

]
, 11 = Aj + BjKs − LjC j

12 = (Ai − Aj)+ (Bi − Bj)Ks + LjC j, E =
[
E i E j

]
, E h̄1 =[

E h̄i 0
]
, E h̄2 =

[
0 −E h̄j

]
It is observed that the augmented T-S fuzzy singular

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

0 ≤ h̄g(t) ≤ ¯̄hg, ˙̄hg ≤ υg, g = 1, 2 (17)

where υg and ¯̄hg > 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
u(t) = 0 {

Eẋ(t) = Aix(t)+ Ah̄ix(t − h̄(t))
x(t) = ψ(t), t ∈ [−¯̄hi, 0]

(18)

Definition 1 [41]: System (18) is known as impulse free
and regular, if the pair (E,Ai) is impulse free and regular.
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Lemma 1 [52]: Let us consider h̄(t) ∈ [0, h̄M ] and g1, g2
and f with appropriate dimension matrices, then:

(h̄M − h̄(t))g1 + h̄(t)g2 + f < 0

if and only if

h̄Mg1 + f < 0

h̄Mg2 + f < 0

Lemma 2 [15]: Rank of Matrix (C i) = m, C i ∈ Rm×n,
the single value decomposition (SVD) for C can be expressed
as C = O

[
S 0

]
Vt , where O.OT = I and V.VT

= I ,
Assume Xi > 0, M ∈ Rm×m. Then, there exist X̃i such that
C iXi = X̃iC i if and only if

Xi = V ∗ diag{M,N} ∗ VT

Definition 2 [48]: Suppose 30 ≥ 0, 31 ≤ 0, 32 and
33 > 0 are matrices, that assure (‖ 31 ‖ + ‖ 32 ‖) ‖
30 ‖= 0. Then, the T-S fuzzy singular system (16) is called
to be extended dissipative if there exists a scalar ϑ such that
the following inequality holds for any tf ≥ 0 and all ω(t) ∈
L2[0,∞]: ∫ tf

0
J(t)dt ≥ ϑ + sup

0≤t≤tf
e(t)T30e(t) (19)

where

J(t) = e(t)T31e(t)+ 2e(t)T32ω(t)+ ω(t)T33ω(t)

Remark 1: In Definition 2, 30, 31, 32 and 33 are the
weighting matrices. It is clear from [50] that the performance
notation includes the H∞ performance, L2-L∞ performance,
dissipativity and passivity performance as different cases
when the weighting matrices30,31,32 and33 are selected
as special forms. It is observed that 30 ≥ 0 and 31 ≤ 0 can
guarantee that there always exists matrices 3̃0 and 3̃1 such
that

30 = 3̃
T
0 3̃0, 31 = −3̃

T
1 3̃1 (20)

This decomposition is basis for the establishment of the main
results of this work.

III. MAIN RESULTS
In this section, we are going to present that the closed loop
system (16) is asymptotically stable, regular, impluse free and
dissipative.
Theorem 1: For the given 0 < ξg < 1, and

∑3
g=1 ξg =

1, ¯̄hg, dM , and γ , the closed-loop system (16) under the
event-triggered scheme given by (6) is regular, impulse free
and dissipative for the time-varying delay h̄g(t) governed by
the condition (17), if there exist symmetric positive-definite
matrices Ggi > 0, G > 0, Rgi > 0, U > 0, R > 0,
Sg > 0, Zgi > 0, Pi > 0, 9 > 0, Wg > 0, Mgi
such that Ggi := (Ġgi +Ṙgi −Sg)<0, Rgi := (Ṙgi−Sg)<0,

Zgi := (Żgi − ¯̄h
−1
g Wg)<0, (U−Pi)<0,

[
Zgi −Mgi
−Mgi Zgi

]
>0,

g = 1, 2, i = 1, 2, · · · , r and the following inequalities hold:

ẼTPi = PTi Ẽ ≥ 0 (21)

8ij =

[
811
ij 812

ij
? −I

]
< 0, (22)

811
ij = diag{−ξ1U ,−ξ2U ,−ξ3U}

812
ij = col{ET 3̃0,ETh̄13̃0,ETh̄23̃0}

ϒ11
ij = Ṗi + PiA1 + A

T
1 Pi

+

2∑
g=1

(
Ggi + Rgi − Zgi + agSg

)
+G + S1

ij + S1T
ij

℘`i = −(1− υ`)G`i ` = 1, 2

ϕ`i = −ẼTR`iẼ − ẼTZ`iẼT , ` = 1, 2

ϒ14
ij = PiAg − S1

ij + S6T
ij

ϒ66
ij =

√
%CT

i 9C i − S6
ij − S6T

ij + T 6
ij + T 6T

ij

ϒ77
ij = −G − T 7

ij − T 7T
ij

212
ij =

[
PiLej 0 0 0 0 0 0

]
213
ij =

[
zi −3T

2 E h̄1 0 −3T
2 E h̄2 0 0 0

]
214
ij =

[
PiA1 PiAh̄1 0 PiAh̄2 0 PiAg 0

]
215
ij =

[
3̃1E 3̃1E h̄1 0 3̃1E h̄2 0 0 0

]
216
ij (1) = ẼT

√
dMSijẼ, 216

ij (2) = ẼT
√
dMTijẼ

Sij = [S1
ij, 0, 0, 0, 0,S

6
ij, 0]

Tij = [0, 0, 0, 0, 0, T 6
ij , T

7
ij ]

Zi =
2∑

g=1

(
Zgi + 1/2 ¯̄hg

2Wg

)
+ dMR

zi = −3
T
2 E + B

T
wPi (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 Ẽ =
[
E 0
0 E

]
and the rank E = r ≤ n, then the rank

Ẽ = 2r so there must exist two nonsingular matrices Ĝ and
Ĥ ∈ Rnx×nx such that

ĜẼĤ =
[
I2r 0
0 0

]
, ĜAiĤ =

[
Ai1 Ai2
Ai3 Ai4

]
(25)

Corresponding to the method applied in [53], which yields
that Ai4 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

V (xt , t) = ς (t)T ẼTPiẼς (t)+
3∑

g=1

Vg(t) (26)

where

V1(t) =
2∑

g=1

(∫ t

t−h̄g(t)
ς (s)TGgiς (s)

)
ds

+

∫ t

t−dM
ς (s)TGς (s)ds

+

2∑
g=1

(∫ t

t−¯̄hg
ς (s)TRgiς (s)

)
ds

V2(t) =
2∑

g=1

¯̄hg

∫ 0

−¯̄hg

∫ t

t+α
ς̇ (s)T ẼTZgiẼ ς̇ (s)dsdγ

+

2∑
g=1

(∫ 0

−¯̄hg

∫ t

t+α
ς (s)TSgς (s)

)
dsdγ

+

∫ 0

−dM

∫ t

t+α
ς̇ (s)T ẼTRẼ ς̇ (s)dsdγ

V3(t) =
2∑

g=1

(∫ 0

−¯̄hg

∫ 0

θ

∫ t

t+α
ς̇ (v)TWgς̇ (s)

)
dsdγ dθ

Taking the time derivative of V (xt , t) along the trajectories
of the system given in (16) is computed as:

V (xt , t)

= ς (t)T (ẼT ṖiẼ +
2∑

g=1

(Ggi + ẼTRgiẼ + ¯̄hgSg)+ G)ς (t)

+ 2ς (t)T ẼTPiẼ ς̇ (t)

−

2∑
g=1

(1− ˙̄hg(t))ς (t − h̄g(t))TGgiς (t − h̄g(t))

−

2∑
g=1

ς (t − ¯̄hg)T ẼTRgiẼς (t − ¯̄hg)

− ς (t − dM )TGς (t − dM )

− ς̇ (t)T

 2∑
g=1

(
¯̄h2gẼ

TZgiẼ + 0.5 ¯̄h2gWg

)
+ dMR

 ς̇ (t)
+

∫ t

t−dM
ς̇T (s)Rς̇ (s)ds

−

2∑
g=1

¯̄hg

∫ t

t−¯̄hg
ς̇ (s)T ẼTZgiẼ ς̇ (s)ds

+

2∑
g=1

∫ t

t−h̄g(t)
ς (s)TGgiς (s)ds

+

2∑
g=1

∫ t−h̄g(t)

t−¯̄hg
ς (s)TRgiς (s)ds

+

2∑
g=1

¯̄hg

∫ 0

−¯̄hg

∫ t

t+α
ς̇ (s)TZgiς̇ (s)dsdγ

Notice that:

2∑
g=1

¯̄hg

∫ t

t−¯̄hg
ς̇ (s)T ẼTZgiẼ ς̇ (s)ds

≥ ζ T ẼT
[

Zgi −Mgi
−Mgi Zgi

]
Ẽζ (27)

where ζ =
[

ς (t)
ς (t − ¯̄hg)

]
. To deal with the above mentioned

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

2ζ T (t)Sij[Ẽς (t)− Ẽς (t − θ(t))−
∫ t

t−θ(t)
Ẽ ς̇ (s)ds]

= 0

2ζ T (t)Tij[Ẽς (t − Ẽθ (t))− Ẽς (t − dM )−
∫ t−θ(t)

t−dM
Ẽ ς̇ (s)ds]

= 0 (28)

2ij =


211
ij 212T

ij 213T
ij 214T

ij 215T
ij 216T

ij (s)
? −9 0 0 0 0
? ? −33 BTωPi 0 0
? ? ? Zi − 2Pi 0 0
? ? ? ? −I 0
? ? ? ? ? −R

 < 0, s = 1, 2 (23)

211
ij =



ϒ11
ij PiAh̄1 ẼTM1iẼ PiAh̄2 ẼTM2iẼ ϒ14

ij 0
? ℘1i 0 0 0 0 0
? ? ϕ1i 0 0 0 0
? ? ? ℘2i 0 0 0
? ? ? ? ϕ2i 0 0
? ? ? ? ? ϒ66

ij −T 6
ij + T 7T

ij
? ? ? ? ? ? ϒ77

ij


VOLUME 8, 2020 134281



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

where Sij and Tij are the matrices with suitable dimensions.
We acquire, utilizing the Lemma 1:

−2ζ T (t)Sij
∫ t

t−θ (t)
Ẽ ς̇ (s)ds≤

∫ t

t−θ(t)
ς̇T (s)ẼT R̃E ς̇ (s)ds

+ θ (t)ζ T (t)SijR−1STij ζ (t)

−2ζT(t)Tij
∫ t−θ (t)

t−dM
Ẽ ς̇ (s)ds≤

∫ t−θ(t)

t−dM
ς̇T (s)ẼTRẼ ς̇ (s)ds

+ (dM−θ (t))ζT(t)TijR−1T T
ij ζ (t)

(29)

From the triggering condition (6), t ∈ 4m, we have:

eTn (inh)9en(inh) ≤
√
%y(t − θ(t))T9y(t − θ (t))

similarly can be expressed as

y(t − θ (t))T9y(t − θ (t)) = ς (t − θ (t))THTC(ρh̄)T

9C(ρh̄)Hς (t − θ(t))

Now, characterize the augmented matrix

ζ (t) = col[ς(t), ς(t − h̄1(t), ς(t − ¯̄h1), ς(t − h̄2(t),

ς (t − ¯̄h2), ζ (t − θ (t), ζ (t − dM ), en(t), ω(t)]

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

V (xt , t)− J(t)

≤ ς (t)T (ẼT ṖiẼ +
2∑

g=1

(Ggi + ẼTRgiẼ + h̄gSg)

+G)ς (t)+ 2ς (t)T ẼTPiẼ ς̇ (t)

−

2∑
g=1

(1− ˙̄hg(t))ς (t − h̄g(t))TGgiς (t − h̄g(t))

−

2∑
g=1

ς (t − ¯̄hg)T ẼTRgiẼς (t − ¯̄hg)

−ς (t − dM )TGς (t − dM )

−ς̇ (t)T [
2∑

g=1

( ¯̄h2gZgi + 0.5 ¯̄h2gWg)+ dMR]ς̇ (t)

+

∫ t

t−dM
ς̇T (s)Rς̇ (s)ds

+

2∑
g=1

∫ t

t−h̄g(t)
ς (s)TGgiς (s)ds

+

2∑
g=1

∫ t−h̄g(t)

t−¯̄hg
ς (s)TRgiζ (s)ds

+

2∑
g=1

¯̄hg

∫ 0

−¯̄hg

∫ t

t+α
ς̇ (s)T ẼTZgiẼ ς̇ (s)dsdγ

+

2∑
g=1

[
ς (t)

ς (t − ¯̄hg)

]T
ẼT

[
Zgi −Mgi
−Mgi Zgi

]
Ẽ
[

ς (t)
ς (t − ¯̄hg)

]
+CT

i x
T (t − θ (t))9C ix(t − θ (t))

−
√
%eTn (t)9en(t)

+ θ(t)ζ T (t)SijR−1STij ζ (t)
+ (dM − θ (t))ζ T (t)TijR−1T T

ij ζ (t)

At this point, we conclude that

V (xt , t)− J(t) ≤ ζ T (t)2ijζ (t)

Note that

Zi = Pi[PiZ−1i Pi]Pi ≤ Pi[2Pi − Zi]−1Pi

This implies that

2ij ≤

211
ij 212T

ij 213T
ij

? −9 0
? ? −33


+

214T
ij
0
BTw

Pi[2Pi − Zi]−1Pi

214T
ij
0
BTw

T

+

215T
ij
0
0

 3̃T
1 3̃1

215T
ij
0
0

T

+

216T
ij
0
0

216T
ij
0
0

T (30)

By applying schur complement results in (22). The matrix on
right hand side of (30) is negative definite which confirms
that 2ij ≤ 0. This along with (27-29) concludes that

V (xt , t)− J(t) ≤ 0 (31)

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.
Assumption 1: Real constant scalars λi exist, such that

ρ̇i ≤ λi, 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 λ.
Based on Theorem 1, the existence of controller and observer
design is described in Theorem 2 as a sufficient condition as
follows.
Theorem 2: For the given 0 < ξg < 1, and

∑3
g=1 ξg =

1, ¯̄hg, dM , and γ , the closed-loop system (16) under the
event-triggered scheme given by (6) is regular, impulse free
and dissipative for the time-varying delay h̄g(t) governed by
the condition (17), if there exist symmetric positive-definite
matrices G̃gi > 0, G̃ > 0, R̃gi > 0, Ũ > 0 R̃ > 0, S̃g > 0,
Z̃gi > 0, P̃i > 0, 9̃ > 0, W̃g > 0, X0, M̃gi, Lg, Kg, Ng, Yj,
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and Fj with appropriate dimensions such that the following
LMIs (32)–(36,38) hold for g = 1, 2 and i, j, k = 1, 2, · · · , r:

Ũ − P̃i < 0, (Xi + X0) > 0 (32)[
Z̃gi −M̃gi

? Z̃gi

]
> 0, (33)

An < 0,Bn > 0, n = 1, 2, 3 (34)

8̂ijg + 8̂jig < 0, i < j (35)

2̃ijg + 2̃jig < 0, i < j (36)

where

8̂ijg =

[
8̃11
ij 8̃12

ij
? −I

]
< 0,

8̃11
ij = diag{−ξ1Ũ ,−ξ2Ũ ,−ξ3Ũ}

8̃12
ij = col{σ (a)

ij 3̃0, σ
(b)
ij 3̃0, σ

(c)
ij 3̃0}

ϒ̃11
ij =

r∑
i=1

([
I
0

]
(
r∑
i=1

λi(X̃i + X0)
[
I 0

])
+ σ

(I )
ij + σ

(I )T
ij + G̃ + S̃1

ijS̃
1T
ij

+

2∑
g=1

(
G̃gi + ẼT R̃giẼ − ẼT Z̃giẼ + h̄gS̃g

)
ϒ̃14
ij = σ

(IV )
ij − S̃1

ij + S̃6T
ij

ϒ̃66
ij =

√
%CT

i 9̃C i − S̃6
ij − S̃6T

ij + T̃ 6
ij + T̃ 6T

ij

ϒ̃77
ij = −G̃ − T̃ 7

ij − T̃ 7T
ij

2̃12
ij = col{Lej, 0, 0, 0, 0, 0, 0}

2̃13
ij = col{−σ (a)

ij 3
T
2 +Bw,−σ

(b)
ij 3

T
2 , 0,−σ

(c)
ij 3

T
2 , 0,0,0}

2̃14
ij = col{σ (I )T

ij , σ
(II )T

ij , 0, σ (III )T

ij , 0, σ (IV )T

ij , 0}

2̃15
ij = col{σ (a)

ij 3
T
1 , σ

(b)
ij 3

T
1 , 0, σ

(c)
ij 3

T
1 , 0, 0, 0}

℘̃`i = −(1− υ`)G̃`i
ϕ̃`i = −ẼT R̃`iẼ − ẼT Z̃`iẼ, ` = 1, 2

A1 =

r∑
i=1

λi[G̃gi + Rgi + Lg]− S̃g

B1 = G̃gi + Rgi + Lg

(A2,B2) =

(
r∑
i=1

λi[R̃gi + Kg]− S̃g, R̃gi + Kg

)

(A3,B3) =

(
r∑
i=1

λi[Z̃gi + Ng]−
1
¯̄hg
W̃g, Z̃gi + Ng

)
2̃16
ij (1) = ẼT

√
dM S̃ijẼ, 2̃16

ij (2) = ẼT
√
dM T̃ijẼ,

σ
(I )
ij =

[
AjXj + BjYj − FjCj 0

(Ai − Aj)Xj + (Bi − Bj)Yj + FjC j AiXj

]

σ
(II )
ij =

[
0 0

Ah̄iXj Ah̄iXj

]

σ
(III )
ij =

[
Ah̄jXj − FjC h̄j 0
−(Ah̄jXj − FjC h̄j ) 0

]

σ
(IV )
ij =

[
FjC h̄j
−FjC h̄j

]
H , σ

(V )
ij =

[
−Fj

Fj

]

σ
(a)
ij =

[
XiETi
−XiETj

]
, σ

(b)
ij =

[
XiETh̄i
0

]

σ
(c)
ij =

[
0

−XiETh̄j

]
, Lej =

[
−Fj

Fj

]

S̃ij = [S̃1
ij, 0, 0, 0, 0, S̃

6
ij, 0]

T̃ij = [0, 0, 0, 0, 0, T̃ 6
ij , T̃

7
ij ]

Z̃i =
2∑

g=1

(
Z̃gi + 0.5 ¯̄hg

2W̃g

)
+ dM R̃

The controller and observer gains are given as below:

Ks = YjX−1i , Lj = FjOSX−1i S−1O−1. (37)

Proof: Define Xi = P̃−1i , XiGgiXi = G̃gi, XiGXi =

G̃, XiRgiXi = R̃gi, XiRXi = R̃, XiZgiXi = Z̃gi,
XiMgiXi = M̃gi, Xi9Xi = 9̃, XiSijXi = S̃ij,

XiTijXi = T̃ij. For Xi = V
[
X1i ?

? X2i

]
VT , according to

Lemma 2 in [15], there exists X̃i = OSX1iS−1O−1. Let
C iXi = X̃iC i where X̃

−1
i = OSX−11i S

−1O−1. Pre- and post-
multiplying (22) by {Xi,Xi,Xi, I } and its transpose, (35)
can be obtained. Likewise, pre- and post multiplying (23)
by {Xi, · · · ,Xi︸ ︷︷ ︸

6

, I ,Xi, I ,Xi} and its transpose, (36) can be

obtained.
Now, defining X(ρ) =

∑r
i=1 ρiXi, G̃g(ρ) =

∑r
i=1 ρiG̃gi,

R̃g(ρ) =
∑r

i=1 ρiR̃gi. Then it is confirmed that Xi > 0, G̃gi >
0, R̃gi > 0. It is noticed that

∑r
i=1 ρi = 1 results in

∑r
i=1 ρ̇i =

0. Based on Assumption 1 and the inequality condition (Xi+

X0) > 0, mentioned in (32), we obtain

Ẋ(ρ) =
r∑
i=1

ρ̇iXi =

r∑
i=1

ρ̇i(Xi + X0) ≤
r∑
i=1

λi(Xi + X0)

Since ρ̇i ≤ λi, ρi > 0, and
∑r

i=1 ρ̇i = 0, one can obtain

Ẋ(ρ) =
r∑
i=1

ρ̇iXi =

r∑
i=1

ρ̇i(Xi + X0),

≤

r∑
i=1

λi (Xi + X0)︸ ︷︷ ︸
>0

,

Computing further

211(ρ) ≤
r∑
i=1

r∑
j=1

ρiρj2
11
ij (39)
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Assume 2̃(ρ) corresponds to matrix on the left hand side
of (36). So concerned to (39), we have

2̃(ρ) ≤
r∑

fij=1

hf ρiρj2ijf

=

r∑
f=1

ρf [
r∑
i=1

ρ2i 2iif +

r−1∑
i=1

r∑
j=i+1

ρiρj(2ijf +2jif )]

Combining this with (36), results in

2̃(ρ) < 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

˙̃Gg(h)+ ˙̃Rg(h)− S̃g =
r∑
i=1

ρ̇i(G̃gi + R̃gi)− S̃g

=

r∑
i=1

ρ̇i(G̃gi + R̃gi + Lg)− S̃g

≤

r∑
i=1

λi (G̃gi + R̃gi + Lg)︸ ︷︷ ︸
>0

−S̃g

< 0

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

˙̃Rgi − S̃g =
r∑
i=1

ρ̇iR̃gi − S̃g

=

r∑
i=1

ρ̇i(R̃gi + K̃g)− S̃g

≤

r∑
i=1

λi (R̃gi + Kg)︸ ︷︷ ︸
>0

−S̃g

< 0

˙̃Zgi − ¯̄h
−1
2 W̃g =

r∑
i=1

ρ̇iZ̃gi − ¯̄h
−1
2 W̃g

=

r∑
i=1

ρ̇i(Z̃gi + Ng)− ¯̄h
−1
2 W̃g

≤

r∑
i=1

λi (Z̃gi + Ng)︸ ︷︷ ︸
>0

−¯̄h−12 W̃g

< 0

When the LMIs in (33-36) are feasible, all the mentioned
conditions in Theorem 2 are fulfilled. The proof is then
completed.
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.
Remark 5: As the proposed method has some limitations

as mentioned in Remark 3, for that reason, we can only

2̃ijg =



2̃11
ij 2̃12

ij 2̃13
ij 2̃14

ij 2̃15
ij 2̃16

ij (s)
? −9̃ 0 0 0 0
? ? −33 BTw 0 0
? ? ? Z̃i − 2P̃i 0 0
? ? ? ? −I 0
? ? ? ? ? −R̃


< 0, s = 1, 2 (38)

211
ij =



ϒ̃11
ij σ

(II )
ij ẼT M̃1iẼ σ

(III )
ij ẼT M̃2iẼ ϒ̃14

ij 0
? ℘̃1i 0 0 0 0 0
? ? ϕ̃1i 0 0 0 0
? ? ? ℘̃2i 0 0 0
? ? ? ? ϕ̃2i 0 0
? ? ? ? ? ϒ̃66

ij −T̃ 6
ij + T̃ 7T

ij
? ? ? ? ? ? ϒ̃77

ij


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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 ρi
to be appropriately small and by limiting matrices variables.
P̃i > 0, S̃g > 0, G̃gi > 0, R̃gi > 0, Z̃gi > 0, W̃g > 0, M̃gi,
Lg, Kg, Ng, to P̃ > 0, S̃ > 0, G̃ > 0, R̃ > 0, Z̃ > 0, W̃ > 0,
M̃, 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 ω(t) = 0 with two fuzzy rules.
The system parameters are listed as below:

A1 =
[
−2 0
0 −0.9

]
A2 =

[
−1 0.5
0 −1

]
,

Ah̄1 =
[
−1 0
−1 −1

]
Ah̄2 =

[
−1 0
0.1 −1

]
For the considered example the system is non-singular and the
time-derivative of the delay h̄(t) is unknownwith lower bound
is considered as zero, andwe setE = I2×2 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 ¯̄h for a given γ 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 ¯h̄.

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:

E =
[
1 0
0 0

]
,

A1 =
[

0 1
−1 −2

]
, A2 =

[
0 a
−2 −2

]
,

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

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

Ah̄1 =
[
0.1 0
0.2 0.1

]
, Ah̄2 =

[
0.1 0
b −0.5

]
,

Bω1 = Bω2 =
[
1
0

]
, E1 = E2 =

[
1 1

]
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].

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

Ms̈+ g(s, ṡ)+ f(s)+ q1(s)ω = q2(s)u (40)

whereM is the mass; ω is the disturbance applied externally;
s is the displacement; u is the applied force; g(s, ṡ), f(s), q1(s)
and q2(s) represents the nonlinearities with respect to the
damper, the spring, ω and u, respectively.

Assume that M = 1, g(s, ṡ) = −0.75ṡ, f (s) = 0.67s3 −
0.05s, q1(s) = −0.5 − 0.1 s2, and q2(s) = 1 − 0.1 s2. Let
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x1 = s and x2 = ṡ. Then from (40), we have
ẋ1 = x2
ẋ2 = −0.67x31 + 0.5x1 + 0.75x2 + (0.5+ 0.1x21 )ω
+(1− 0.1x22 )u
z = x2(t)+ 0.5u

(41)

For the system (41), consider the operational range, = =
x :| x1 |≤ 1.5, | x2 |≤ 2.5. By choosing the premise vari-
able as χ = x1 and the universe of discourse as =χ =
χ :| χ |≤ 1.5. Likewise [60], [61], the dynamics system (41)
can be represented by the following T-S fuzzy model:
Plant Rule 1: IF χ is about 0, THEN

Eẋ(t) = A1x(t)+ B1u(t)+ Bω1ω(t)

z(t) = E1x(t)+ D1u(t) (42)

Plant Rule 2: IF χ is about ±1.5, THEN

Eẋ(t) = A2x(t)+ B2u(t)+ Bω2ω(t)

z(t) = E2x(t)+ D2u(t) (43)

Membership functions are ρ1(χ ) = cos(χ1(t))2 and
ρ2(χ) = 1− ρ1(χ ). The system matrices (42) are given as

E =
[
1 0
0 0

]
[
A1 B1 Bw1
A2 B2 Bw2

]
=


0 1 0 0

0.05 0.75 1 0.5
0 1 0 0

0.05 0.75 0.775 0.725


E1 = E2 =

[
0 1

]
,D1 = D2 = 0

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

[
Ah̄1
Ah̄2

]
=


0 1

0.05 0.75
0 1

0.05 0.75


[
C1 C h̄1 E h̄1
C2 C h̄2 E h̄2

]
=

[
0 1 −3 0.5 0 0
0 1 −2.5 0.6 0 0

]
The T-S fuzzy observer-based controller can be designed as
below.

Rule1 IF ψ(t) is about 0, THEN

u(t) = K1x̂(t)

Rule2 IF ψ(t) is about ±1.5, THEN

u(t) = K2x̂(t)

where ψ(t) = θ̂ (t). The membership functions are given as
belows:

ρ1(ψ(t)) =
ψ(t)2

22.25
and ρ2(ψ(t)) = 1− ρ1(ψ(t)).

The time-varying delay is given as h̄κ (t) = 2 sin(0.25 ¯̄hκ ) +
2, κ = 1, 2. The delay is bounded by condition (17).

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

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

ω(t) =


1, 3 ≤ t ≤ 7
−1, 10 ≤ t ≤ 15
0, elsewhere

(44)

In the following we present three cases: the H∞ control,
dissipative control and L2 − L∞ control.
Case-I: H∞ Controller:
Let 3◦ = 0, 31 = −1, 32 = 0 and 33 = γ

2. The value
of γ 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 9̃ = 24.9941 are as follows:[

K1
K2

]
=

[
−19.6548 −12.2567
−6.2257 −4.1476

]
[
L1
L2

]T
=

[
−48.2989 −3.3210
−44.8941 −11.7604

]T
The control constraints of H∞ can be acquired in the

form (37). By considering the initial conditions ψ =

[0.5π, 0.75π ], 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 % = 0.5, induced communication
delay dM = 0.6 ms and by choosing the sampling period h =
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
H∞ controller, the error is improved and decline in error
estimate results in better performance.
Case-II: Dissipative Controller:
Let 3◦ = 0, 31 = −1, 32 = 1 and 33 = γ . The

value of γ is also chosen to be 2.5. It is observed that the
feasible solution of LMI (32)–(36,38) with trigger matrix
9̃ = 24.6521 results in the controller and observer gain given
as below: [

K1
K2

]
=

[
−19.5098 −11.8366
−6.2263 −4.0709

]
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FIGURE 3. (a) Responses of x1(t) and its estimation, (b) responses of
x2(t) and its estimation, and (c) control input, for Example 2 in Case-I.

[
L1
L2

]T
=

[
0.0507 0.4267
1.0686 1.0652

]T
The parameters of the controller by considering dissipative
analysis are calculated in (37) with the initial condition ψ =
[0.5π, 0.75π ]. 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-III: L2 − L∞ Controller:
Let 3◦ = 1, 31 = 0, 32 = 0 and 33 = γ 2. The

value of γ is also chosen to be 2.5. It is observed that the
feasible solution of LMI (32)–(36,38) with trigger matrix
9̃ = 24.9764 results in the controller and observer gain given
as below: [

K1
K2

]
=

[
−19.6548 −12.2567
−6.2257 −4.1476

]

FIGURE 4. (a) Response of estimation error (b) responses of z(t) and ẑ(t)
for Example 2 in Case-II.

FIGURE 5. (a) Estimation of system states (b) response of system output
y (t) for Example 2 in Case-III.

[
L1
L2

]T
=

[
0.0574 0.5848
1.4599 1.4767

]T
The parameters of the controller by considering L2 − L∞
analysis are calculated in (37) with the initial condition
ψ = [0.5π, 0.75π ], the estimation of states are presented in
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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.
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