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This paper discusses the stability of semi-Markovian jump networked control system containing time-varying delay and actuator
faults. The system dynamic is optimized while the network resource is saved by introducing an improved static event-triggered
mechanism. For deriving a less conservative stability criterion, the Bessel-Legendre inequalities approach is employed to the stability
analysis and plays a major role. By constructing the enhanced Lyapunov-Krasovskii functional (LKF) relevant to the Legendre
polynomials, a stability criterion with lower conservativeness indexed by N is derived, and the conservativeness will decrease as N
increases. In addition, a controller is designed. To prove the validity of this paper, numerical examples are provided at the last.

1. Introduction

Networked control system is widely used and researched due
to its many advantages such as sharing network resources,
cutting down system cost, and improving system stability.
The networked control system is a feedback control system
consisting of the controller, actuator, controlled object, and
sensor [1]. There are many unavoidable problems in the
networked control system. Among them, the network time
delay has a large impact on stability of the networked control
system [2, 3]. The networked control time delay occurs in the
transmission process of information. This paper ignores the
process delay caused by the calculation of sensors, con-
trollers, and actuators themselves and only considers the
network time delay which is called the network time-varying
delay. In addition, an actual networked control system may
suffer from actuator faults resulting in losing partial or total
effectiveness of executing control actions, which can also
cause instability of the networked control system. Thus,
researching stability of the networked control system con-
taining actuator faults is of vital importance [4]. Observer-

based fault estimation for a nonlinear system was studied in
[5]. A reliable controller for system with actuator faults was
researched in [6]. Chance constrained control was proposed
in [7] for stochastic nonlinear systems.

As a result of the inevitable external interferences, pa-
rameters and structures of the model may suddenly change.
The jumping of parameters is usually subject to Markovian
jump process. Thus, the Markovian jump has received wide
attention in control systems. It is a useful tool in con-
structing the model structures which could abrupt change in
their parameters [8]. Many research results about the
Markovian jump systems are proposed. The stability of the
Markovian jump networked control system was analyzed in
[9] and the filter problem of the networked control system
using the Markovian jump method was researched in [10]. It
is worth mentioning that the actuator faults usually have the
random property like Markovian jump. Literatures [11-13]
all studied the control problem of the system with Mar-
kovian jump actuator faults. However, the application of the
Markovian jump structure is limited because of the as-
sumption that sojourn-time / obeys exponential distribution,


mailto:hqlu@163.com
https://orcid.org/0000-0002-4623-2152
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2019/6927528

and the transition rate is a constant. Nevertheless, in the
practical applications, such an assumption is not always
satisfied. To overcome this defect, we slack probability
distribution of sojourn-time as a general probability dis-
tribution. This will make the transition rate become time-
varying [14-16]. Correspondingly, this stochastic process is
often called as semi-Markovian jump process. Nowadays,
there are many research results about semi-Markovian
jump. For instance, robust sliding mode control of the
uncertain semi-Markovian jump system was researched in
[17]. An observer was established for the fuzzy system
containing stochastic actuator faults in [18]. This paper will
further study the stability of the semi-Markovian jump
networked control system with actuator faults and delays.

For cutting down the conservatism of the delay upper
bound, in terms of technology, a series of approaches are
developed aiming to decrease the approximation error of

term Iii 4 %7 (s)Rx (s)ds in the derivative of LKF. At first, a
2

model transformation method is employed to deal with that
integral term, which has large conservatism [19]. Afterwards,
a free weighting matrix method was studied in [20] to reduce
the conservatism of stability criterion. Nevertheless, this
approach will raise decision variables. Then, Jensen in-
equality was widely employed to overcome this defect [21].
Besides, Wirtinger-based inequality, as a more advanced
technology than Jensen inequality, was introduced in var-
ious control systems [22]. Moreover, free-matrix-based
integral inequality was applied in [23] for researching fil-
tering problem for the neural network system. A kind of
integral inequality method based on auxiliary function was
introduced in [24]. These techniques are used to approxi-
mate the derivative of the LKF more accurately so as to
obtain less conservative linear matrix inequalities in the
stability criterion. But, they all have some manipulations
permitting to use a finite linear matrix inequality to test
the infinite dimensional stability problem [25-28]. In this
paper, we use the Bessel-Legendre inequalities method to
tightly approximate the integral term of quadratic functional
to the quadratic term of matrix functional about Legendre
polynomials. For example, term “- Ji—w x () Wx(t)ds” in
Lyapunov-Krasovskii functional derivative is less than or equal
to the “~7,¥TW¥y”, where Wy = diag{W,3w,...,
QN+ DWWy = (Uny) [, Ly (s = 1y)lma)x(9)ds,
N >0, and the & is the “shifted” Legendre polynomial
matrix. Moreover, we construct an improved LKF which is
relevant to Legendre polynomials and make use of the re-
ciprocally convex combination method [29-31] to obtain the
stability criterion. The derived stability criterion with lower
conservativeness is governed by the order N. The conservatism
of the criterion decreases as N increases. To the author’s best
knowledge, for the semi-Markovian jump networked control
system containing actuator faults and time-varying delay,
employing Bessel-Legendre inequalities to investigate stability
has not been fully researched and is of vital significance.

In fact, network channel resources are limited. In the
past, most articles applied a periodic triggered mechanism to
study networked control systems. The traditional periodic
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triggered mechanism is fixed to deal with various distur-
bances. This will cause an increase in the amount of com-
putation of controller because the system is not always under
disturbance [32-34]. The event-triggered scheme can de-
crease the waste of channel resources effectively compared
with the traditional periodic triggering scheme. Thus, event-
triggered stability analysis not only guarantees the stability of
system but also reduces the burden of channel. The dis-
tribute control under the event-triggered scheme was
researched in [35]. An event-triggered controller for the
discrete networked control systems was designed in [36].
The event-triggered real-time scheduling strategy was in-
troduced in [37] for the T-S fuzzy system. Recently, the
researchers have developed some improved ETSs for dif-
ferent control systems and different property requirements.
Decentralized ETS was researched for the networked fuzzy
system in [38]. Distributed ETS for a multiagent system was
dealt in [39]. In terms of accelerating system dynamics, we
usually expect the high frequency of release at the beginning
process. A new static ETS was introduced for a discrete
nonlinear system in [40]. Correspondingly, the dynamic ETS
which contains the dynamic variables was studied for the
networked multiagent system in [41]. Now, in this paper, for
the purpose of improving system dynamics while reducing
transmission burden, we will introduce an improved static
ETS for this semi-Markovian jump networked control
system containing actuator faults and time-varying delay.

Thus, there exist several questions to further investigate
the semi-Markovian jump networked control system con-
taining actuator faults and delay based on the Bessel-
Legendre inequalities approach as follows:

(1) Is it feasible to complete the analysis of this semi-
Markovian jump networked control system con-
taining actuator faults and network delay by
employing the Bessel-Legendre inequalities
approach?

(2) How to establish an improved ETS for this com-
prehensive continuous system with time delay to
raise the release frequency in beginning stage and
then gradually reduce the release rate? Such an ETS
can not only reduce the waste of channel resources
but also accelerate the system dynamics.

(3) Based on the approach of Bessel-Legendre in-
equalities, how can we design an effective event-
triggered controller to control the semi-Markovian
jump networked control system containing actuator
faults and time-varying delay?

Despite all questions mentioned above are necessary to
solve, no one has ever carried out. Now, this paper is
committed to dealing with these problems.

In general, the major contributions are (1) A compre-
hensive model such as the semi-Markovian jump networked
control system with actuator faults and time-varying delay is
researched. Different from previous research studies, this
paper applies Bessel-Legendre inequalities approach to
analyze the stability of the system and constructs an ap-
propriate Lyapunov-Krasovskii functional with respect to
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Legendre polynomials. Finally, an affine linear matrix in-
equality is obtained. The acquired stability criterion which is
indexed by N has lower conservatism. And the larger N is,
the lower conservatism is. (2) This paper establishes an
improved static ETS for this comprehensive continuous
system to effectively shorten system dynamic process and
decrease the burden of transmission. (3) A valid event-
triggered controller is ingeniously designed.

The remainder of this paper can be summarized as
below. Section 2 shows definitions and problem formulation.
In addition, an improved static ETS is established. In Section
3, the result of stability analysis is presented. An effective
controller is designed in Section 4. Section 5 provides the
numerical examples to verify the effectiveness of the research
results. Finally, Section 6 shows the conclusions.

Notations. &{-} denotes the mathematical expectation. N
denotes the natural number. SY is the set of symmetric
positive definite matrices of R, and R™" represents the set
of all n x n matrices. For any matrix A, He(A) = A + AT,

2. Definitions and Problem Formulation

The general state space model of the semi-Markovian jump
networked control system can be expressed as follows:

x(t) = A(r (£)x (£) + B(r (1)u (1), (1)

where x (t) € R” is the system state and u(t) € R” is the
control input. When t>0, {r(¢)} is the semi-Markovian
jump process and r(t) =ie 8, & ={1,2,...,M}. Att =0,
the initial value x (0) = x,, and the initial mode of the semi-
Markovian jump process is r(0) = r,. A(r(t)) is system
matrix with appropriate dimensions. Due to r(t) = i, then
A(r(t)) is expressed by A,.

The sojourn time of the semi-Markovian jump process does
not follow the exponential distribution. Thus, the semi-Mar-
kovian jump process has the following transition probabilities:

A DL+ o(D), i+ s
L+ A;(Dl+o(D), i=j
)

and [ is the sojourn time. Aij (I) denotes the transition rate
from mode i at time ¢ to mode j at time f+1[ for i# j.
Ai (D) = —Z?ﬁl,j#)tij (). o (1) is the high order infinitesimal of /
and lim; (o (I)/) = 0. We define that A, (I) is the system
transition rate of mode i, and then the A, (I) satisfies

PAr(t+D) =j|r(t) =i} :{

fi()
L= ©)

At mode i, function f;(I) denotes the probability dis-
tribution of sojourn time and function F;(I) denotes cu-
mulative distribution of sojourn time.

Due to that the bandwidth is limited and the capability of
the controller, sensor, and actuator is finite, the traditional
periodic-triggered mechanism which will send some un-
necessary signals under the most cases without disturbances can
cause waste of network resources. In order to shorten the system

dynamics while decreasing the load of network transmission,
this paper introduces an improved event-triggered scheme.

Assume that the sampled states at tyh, ¢, h, t,h, . . ., satisty
event-triggering condition, then we call the t h, t,h, t,h, . . .,
as release times. The signals at tyh,t,h,t,h, ..., can be sent
from the sensor to controller. However, there exists a time
delay when signal arrives at the actuator from controller.
Suppose that 7, € (0,7) is the network time delay and T is a
positive scalar. Thus, x(tyh),x(t,h), x(t,h),... are trans-
mitted to the actuator at the time tyh+ 7y, t;h+ 1),
t,h +1,,. . ., respectively. We redescribe system (1) as

x(t) = Ajx (t) + Bu(th). (4)
Due to u(t) = K(r(t))x(t), thus,
x(t) = Ajx (t) + BK;x (t h). (5)

Considering the time delay in the network transmission
process, we need to set up the model of the network time
delay. Define that

¢ =minfa|tih+ 1 + ah >t h+ 14, a=0,1,2,...}
(6)
Let
I, = [teh + 7 + (0 = Dh, tih + 1) + ah),
Iye = [tih + 1+ (8 = Dot b+ 7p), (7)
a=1,2,...,¢, - L
Then,

i
[tkh + Tp tk+1h + Tk+1) = aL:Jl ]le‘ (8)

For t € [tyh + 1)t h + T4yp), define that
(t —t.h, tel,
t—th—h, tel,

T(t) = -

[ t-tih— (¢ —Dh, tely,

0, tel,
x(tgh) - x(tch + h), tel,

(9)

e (1) =

_ C(6h) = x (6 + (6 — ), ¢ e I,.

Apparently, 0< 7, <7(t)<T+h. Let 7y =T +h, then
0< T <T(t) <1y

We expect the proposed ETS to achieve the situation that
more packets are transmitted during transient response to
make the system approach stability faster. And when the
system nears the steady state, the triggering should be
limited. Next, we introduce the following improved static
event-triggered mechanism:

e, () Aey (t) < op (H)x" (£ = T()Ax(t - 7(2)), (10)



where A is symmetric positive definite matrix, and time-
varying function oy () meets

ak(t)ZGka’ tE]Ia,oc=1,2,...,¢k,
— ekaek!x
o =0+ -0
k(oct1) 8+ek¢xekzx( ke = 0)>
erq = x(tih) —x(tih+ (a = 1h), a=1,2,...,¢
(11)

where 7 is the upper bound of 6, and 7 € [0,1],0< 0y, <7,
known constant &> 0.

Using ey (t) and 7(t), for t € [th + Ty, by B + 1)), We
rewrite (5) as

%(t) = Ax(t) + BKx(t - 7(1) + BKe (). (12)

In practical systems, the actuators may experience fail-
ures, which may cause the instability of real system.
Therefore, considering the actuator faults is meaningful,
under the even-triggered mechanism, we define u (t;h) as
the control signal sent from the actuator and

ug(teh) = B(r()u(tch), (13)
where ‘B(T (t)) = diag(ﬂlr(t)aﬁzr(t), P ’ﬁpr(t)) and 0 < éwr(t) <
Bur) <Bury <L w=12,....,p. The B ~and . denote

the failure bounds of the pth actuator under the fault mode i.
We use f3; denoting (r(t)), then f3;=diag(B,;,f5--- /y’Pl
with0<p - <B,; <P, <1.Ttis easy to see that iftg . =B,:=0,
then the w th actuator completely outage in the ith fault
mode; if B = B.i=1, then the w th actuator under fault
mode i has no failure. Define

B B, 4+ B,
SR 0 5
_ (14)
2 . Bi_ﬁlﬁi_/j. ﬁi—gi
ﬁ=d1ag< 12,11’ 22721’.”’ P2 p>-
Rewrite f3; as
Bi=PBi+ Ay (15)

where A; = diag(6,;, 65, - - -
w=12,...,p.

Next, the complete model is shown as

x(t) = A;x (t) + B K;x (t — 7(t)) + B;3;K;e; (1),

x(t) = ¢ (b),

8,), and 18,41 < (B — B,)/12),

t e [-7),0], (19

where the function ®(#) is continuous on [-7,,,0]. Note
that

0<7<T(t) <T)pp5

d, <t(t)<d,, (17)

where scalars d; <0 and d, > 0.
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This paper analyzes the stability of system (16) via the
Bessel-Legendre inequalities. Before the stability research,
we first give some definitions and lemmas to facilitate
analysis.

Lemma 1 (see [42]). Assume that W,W, € R" are sym-
metric positive matrices. If there exist the symmetric matrices
X,, X, € R" and the matrices Y,Y, € R" such that for

e=0,1, the
RIS 0 Y,
-(1-¢) >0, (18)
0 w2 Y{ 0 YI' o

holds, then the following inequality is true for all € € (0,1):
1

-w 0
e ! W, 0 0 Y,
> +é&
0w, YT X,
0 mwz (19)
Xl YZ
+(1-¢)
YT o

Next, we give the definition of the “shifted” Legendre
polynomials which is defined over the interval [0, 1].

Definition 1. For all u € [0,1], f,q € N, the “shifted” Leg-
endre polynomials is the followmg formula:

f
Ly(w) = (DY plu, (20)
-0
Wherep{; = (—l)q('2)(f;q>,('g)meansthebinomial

coeflicients, and (é) = fU((f - 'g).

According to the Legendre polynomials, we define
polynomial matrix Ly:

Ly (u) = [Ly(w)I, L, (wI,

wheren € Nand N € N. The Legendre polynomials have the
orthogonality property which results in the application of
the Legendre polynomials. For any symmetric positive
definite matrix W

CLywr,]t, @D

JLN(u)W LT (w)du = Wy, (22)

is true, where W, = diag{W,3W,..., (2N + HW}.

In the process of stability analysis, we need to use the
following techniques with respect to the differential about
the Legendre polynomials matrix:

d _

EILN () =YLy (u) = Yyly_q (w), (23)
d
du (”I]—N (”)) =Ly (W) + Eyly (), (24)
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[1]

where Yy = [YN 0n(N+1),n]’ Yy =vy®I,, and

N
&y ®1,. The matrix vy € RNV s defined as
0, it f>gq,
,q) = 25
oy (f,9) ‘{ (2f—1)(1—(—1)f+q), if f<q (25)
The matrix &5 € RN*DXN*D jg defined as
0, if f>gq,
EN (f) ‘Z) = f) lff = q) (26)
2f —1, ifk<q

Noting that the “shifted” Legendre polynomials are
defined on the interval [0, 1], we give the evaluation values of
the polynomial matrix at 4 =0 and u = 1:

Iﬂ
_In
Ly (0) = : =N (27)
(-DMI,
In
I}’l
Ly(1) = o= AN (28)
I

The next lemma expresses the Bessel-Legendre inequality.
Lemma 2 (see [43]). For x € £, ([a,b] — R"), any ap-
propriate dimensional matrix W which is a symmetric pos-
itive definite, and any N € N, the inequality

b
J K (IWx(s)ds = (b- )V WWy,  (29)
a

holds, where

1 (b s—a
¥y = b-a L ILN(b—a)x(s)dS’

(30)
Wy = diag{W,3W,..., 2N + )W}
Definition 2. For any r,€ S and any initial state
@ (t) € [Ty, 0], if the following inequality
t
tlim %«“ ||x(s)||2ds|(<D(t),r0)} <00, (31)
—00 0

is true, then system (16) is stochastically stable.

3. Stability Analysis

In this part, we research the stochastic stability of system
(16). The less conservative stability criterion is given in
Theorem 1.

Theorem 1. Given N € N, scalar ¢ >0, if there exist matrix
Py (j) € SCNS matrices Q,,Q,,W € S", and matrices

Y, Y, € RN*DN¥Un ooy that for all (1(t), 7(t)) € H the
following inequality

TM—T(t)Y 0 1
oy L Tt |k (@) | TMHR
0 Ty 2
e = O 0 o |=o,
™
T(t)—
* * —QWN 0
™
L =* * * W =21

(32)
holds, then system (16) is stochastically stable, where
 =©0{(0,0), (0,d,), (74,0), (Tap>d1)}>

Oy = He((El)N +#(DE,y) Py (i)(DN>

M T
+ @ <Z)Li,jPN (j)>CDN +E5 [ [AnTIys

=1 N

My =

XN _YN 0 —xy O 0}
0 0 _YN XN —XnO
Wy =diag{W,3W,..., 2N + )W},

Hy=[4

;i 0 0 BBK;, 0 BBK],

[A; 0 0 BBK; 0 BBK,

En= XN_YN 0 —xn O 0 >

L0 0 Yy xv —Xn O

0 0 0 0 0 0

E,n=|0-Ex+Yy 0 Xy O O
[0 0 Ey-xy 0 0
I, 0 0 0 0 0

n

Oy =| 07(t),y 0 0 0 0

[0 0 (ty-T(®)xy O 0 0

E; v =diag{Q;,0,0, (1 -7 (1)) (Q, - Q) + 05 ()A,—Q,,—A},
Wy 0 } T(t)l:o Yl] S—

+— -
0 Wyl ™ LYTW,] m

and the unit matrix I, € RNTUNDn gy g 1 R,

WyY,
Ay =

>

Yl o
(33)



Proof. Firstly, we construct the LKF as

VN (X (t)> X (t)r r (t)> t) = VlN (x (t)’ r (t)’ t) + VZN (x (t)) t)

+ V3N ("C (t)$ X (t)$ t))
(34)

where

Vin (x (0,7 (£), 1) = Ex ()P (r ()& (1),

t
Vane@.0= [ (9Qux(9ds

-7(t)
+ Jt t xT(s)sz(s)ds,

=Ty

Vo (x (0, 2(0.8) = 74 j jng (W (s)ds b,
(35)

where

E® =[x (1) TV () (1 —TO)PIN (1) ],

1 (f s—t+1(t)
1N(t) (t) J U—N<T>X(S)ds,
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YN (1)

‘[M—‘['(t))x (S)dS.

(36)

1 J’“T(t) S—t+Ty
- Ly
TM —T(t) =Ty

For deriving the stability criterion, we fist calculate
the weak infinitesimal generator ZV of LKF. The main
task is to obtain an upper bound of the weak infinitesimal
generator £V, by employing the Bessel-Legendre
polynomials method. Through using Lemma 1 and
Lemma 2, we will carry out a series of relaxations and
simplifications on £V to get a tight upper bound. Next,
we calculate the ZV

3
LVN=FLViy+ ) LV (37)
k=2

Among them,

E[V iy (E+A),r (E+A) | x(1),r(0)] =V iy (x(£),7 (1))
A .

LVin= Al.
(38)

Due tor(t) =i € &, making use of transition probability
of the semi-Markovian jump process, we have

M
Vg = lim { { Y Prir(t+A) =jlr(t) =i}y (¢ + APy (j)Ey (t + A)
]:1]#1

+Prir(t+A) =i|r(t) = i}y (£ + APy (DEy ( + A)} ~ &L (OPy (Déy (1) }

(39)

=1,j#i

M qij (F;(1+A)-F;(D) +
{ []Z -rp MOt

1-F,(I+A)
1-F;(])

The derivation process of equation (39) is aided by (3),
and the following definitions that A;; (1) 2 gijAi (D), i# j, and
Aii (l) S_yM j=1,j2iij () where g;; is the transition probability
intensity, and g; = -y " j=1,j4dij = —1 [44]. In equation (39),
Prir(t+A)=jlr(t) =i} =1; (DA =q;A; (DA =q;; (f;(DA)/
(1-F;()) = q;; (F;(I+A) = F;(D)A)/ (1 -F;(1)A) = (g5

APy (jHEy (t+4)

Ex (t+ APy (i)Ey (£ + A)} — &G (P (DEy (1) }

(F;(I+A)—F,(ON/ (1 =F;(D),Prir(t+A)=i|r(t)=i} =1+

)L”-A=1—ZJ 1zt (DA=1- Z] 1j#i (i (Fi 1+ A) = F;())/
(1-F; (D)= (1-F;(I+A))/ (1-F;(I)).
When A is small, we can get that

Ey(t+A) = Ay () + &y () + 0(A). (40)
Then, (39) becomes
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Mg (B0 +A) - F (D)
2.

1_F.() [AéN(t)+fN(t)+0(A)]TPN(]')

VN = hm —<|
j=1,j#i
1-F;(I+A)

P [SMORINO) ro()]' (41)

[Ab () +E () o ()] +

- Py (i)[AéN (1) +&n (1) + O(A)]:| -&n (t)TPN (D)én (1) }

then
Due to
. 2
Amy 5 =0
(42)
. qij(Fi(l"'A)_Fi(l))
lim =
A—0 1-F;()
1 Mg (F;(0+8) - F,(D)  , , ]
PV = llm —& ! Sy (OPy (EN (1)
" {A A TR SO0
1-F; I+ A
%[ - ;5) & 0Py 0y (0 + £ 0Py (9 0]
l - F; I+ A
o 1(:(+z) )fN(nPN(z)fN(t)] £§<t>PN<i)£N<t>},
(43)
M g (F.(l+A)-F.(
_Alino %% Z 'q”( l(ljF-)(l) @) [fg(t)PN(]')EN(t)]]
j=L.j#i !
F; I+ A
%[%(*l)) [0 Py Dy () + 8 0Py (e 0]
1 F,()-F,(I+A) ¢ .
+K1_—Fi(l)fN(f)PN(l)fN(f):|}-
According to we can get
. 1-F,(I+A)
ARG (44)

. . ;(I+A)-F;(
PV = %{ £ Py Dy (6 + £, 0Py Dy (0 + Jim + FLED 2 LD

M
3 oED |2 q,-ﬁ{,(t)PN(j)EN(t)—fL(t)PN(an(t)]}.

j=Lj#i
(45)
Notice that
. 1L F,(I+A)-F;(]) 1 . F,(I+A)-F; ()
lim — = im )
A—0 A 1-F;() 1-F;(I) A—o0 A

(46)



according to (3) and (46) becomes A;(l). Then, &£V 5
becomes

PViy = %{éﬁ(t)PNu)fN(t) + & (DPy (Déy (1)

y (47)
+En () (Z Aij (DPy () >£N (1) }
=i
By the same approach in [44],
PV = (OPy (D (1) + B, (OPy (D (0
(48)

M
+ fL(t)(ZXUPN(j)>£N(t>,
j=1

where 1;; = &{A; (D} = [°A; () f, (DL

Before solving £V, and £V, we do some processes
on (48) in order to conveniently derive inequality (32) in
Theorem 1. We need to define that

e () =27 (6) WT(6) Why(t) xT(t=7(0) xT(t=71y) el (B)].
(49)
Then,

Ex (1) = 1y (DD, (50)
where @y is defined in Theorem 1. In addition,
é§<t>=[xT<t) %[r(t)W{N(t)] %[(TM—T(ﬂ)\P{N(t)]].

(51)

Among them,
x(t) = Aix (1) + Bf;K;x (t — 7(t)) + B;3;K;ey (1),

1t s—t+7(t)
\FI,N (t) = E J‘t_T(t) ILN(T(t) )x(s)ds,

B 1 t=r(®) S—t+Ty
YN () = —r L_TM [LN(TM — T(t))x(s)ds.
(52)

Set A= (s—t+71(t))/(1(t)), then s(A)=Ar(t)+t—1(¢),
and rewrite V' y (t) as

1
¥, (0) = JO Ly (Dx (s())dL. (53)

Then,

% [r(O¥, 5 ()] = T (O, 5 () +7(8) j; Ly ()% (s(1))
AT+ 1-1()]dA

1
=¥,y () + T(O)7 (1) JOM-N (M)x(s(1))dA

1
+(1-T(E)T (1) JO Ly (V)% (s(A))dA.
(54)

Complexity

Using the subsection integration method and employing
(24) and (28), we can get

1 1
7(t) JOMLN M)x(s(A)dA = jo ALy (M)dx (s(A))

! d
=Ly (Mx(t)- jo x(s (A))ﬁ (ALy (V))dA

=Ly (Dx () -, n (&) -Ex¥ 5 (D)

=X (£) =¥y 5 (D) = EgY, y ().
(55)

In addition, we deal with 7(¢) j(l) Ly )x(s(A))dA.
Similarly, using the subsection integration and employing
(23) and (27), we obtain

1 1
£(1) jo Ly (V)5 (s (A))dA = jo Ly (dx (s(A))
Ly (1 (8) ~ Ly (0)x (£~ 7(1))
1 d
- jox(s()t))a (Ly (1)dA

=X () = Xnx (E=T (1) = YW (B).
(56)

Thus,

d
3 [TO¥ LN (O] = 7O () + 7O [y (1) = ¥in (1)

— EnYion (O] + (1= 7(6)) [y x (1)

—Anx(t-T(1) - Y'Y, (t)],
(57)

Next, we deal with (d/dt)[(7); — 7(£))¥,y (£)]. Set u =
(s—t+1y)/ (1) —7(t)) and s(u) =uty —ut(t) +t -1y,
and then we rewrite ¥, \ (£) as

¥,y (1) = J; Ly (u)x (s (u))du. (58)
Then,
(o~ t OV oy 0] = Oy (0 + (13~ 7(0)
| L (s i () + 114w
= -7 (W, N (1) = T(t) (1py — (1))
. J; ully (u)x (s (u))du

1
(ry - 7() jo Ly ()% (s (1))ds,
(59)
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where
1 1
(1~ 7(8) J Ul ()5 (s (u))du = J ully, () (s (1)
0 0

=Ly (Dx(t-7(t) —¥Yyn () = BN (1)
= xnx(t—7(1)) =¥y n (1) —ENP, N (£),

. . (60)
(ty —7(1) J Ly ()x (s (w))du = J Ly (w)dx (s(u))
0 0
=Ly (Dx(t —7(1) - Ly (0)x(t = 1) = YnYoni
= X (= 7(8) = Xnx (t = 7ar) = Y Won (B).
Thus, (d/dt)[(1y; — 7(£))¥, N (t)] becomes
d
37 (T = TO)Yon (0] = =T (0¥ () = T(O) [y (= 7(8) = Woy () = ExWoy ()] o
61
+xnx (= T(1) = xyx(t —Tp) = Y Pon (8.
Combining x (¢) and (57) and (61), we can obtain Next, we will give ZV,y and ZV;y. Add term
. T T
by (8) =(Evy + T(OEy )y (8, (62 & (DA (t) —e (DA (1) on ZVy, then
where E, yy and E, y are defined in Theorem 1.
Now, we use the obtained (50) and (62) to rewrite the
LV, y in (48),
PV =1k (t)He((ELN +1(OE,y) Py (i)CDN>11N (t)
M
+ 1y (DY (Z Xi,jPN (j)>®N’1N (®).
=1
(63)
PV = x" (OQx(®) + (1= F(O)x (1= 7(1)(Q - Q)x(t —7(1))
—x"(t = 1p)Qux (t — Tpr) + €f () Aey (1) — ef (£)Aey (t) (64)
<y (O)E; nny (B),
where the matrix E; y, is defined in Theorem 1. where
PV = i (OWE(E) - 1y Jt (W (s)ds Hy=[4; 0 0 BAK; 0 BAK,]. (66)
=Ty

. Based on Lemma 2, we have
= Tl OHLWHy o (0= | 5 (Wi (9ds,

(65)

— T PR —
T jt (W (s)ds 2 {fw] [TMT(”WN o ] {fw ] (67)
t=Tm YN 0 Ty (T = T())Wy YN
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where Employing the subsection integration method, we derive
— 1 (¢ s—t+71(t)).
voo=- Ly ————= |x(s)ds,
LN 72 (1) Jt—‘r(t) N( 7(t) ) )
(68)
_ 1 -t () S—t+Ty
VYV,y=——- Lyl ——— |x(s)ds.
2N Ty — T (1) Jt—rM N(TM —7(1) (s)
[ ()Y N ] [ o = nx(t-T(@) =Yy y
(Ty = T(0) YN anx(t=1(1) = xnx(t —1y) - Yy¥on (69)
= Hyny (8),
where Thus,
Yy 0 ¥y 0 O
M, = AN —InN B AN ; } (70)
0 0 Yy xnv An 0
TM —
—W 0
t T T(t) N
- J (Wi (9)ds < - (O | My (£). 71)
=Ty, N 0 TM W
Ty — 7(t) N
Next, using Lemma 1 and 2 and choosing X, = Wy — Combining (63), (64), and (74), £V satisfies that
Y, WYL, X, =Wy - YIWR'Y, [43], we get the following .,
inequality: PV <y (t) [He((ELN +1(t)E,y) Py (i)d>N>
t T
- j (W (9)ds < - s () [ AnTlyrr (0 v
t-1yy N +of (Z X Py ( j)>(DN + By + Ty HyWHy
T j=1
+ ’11T\f (t)H ATy (1), . ,
N
(72) + H ANTTy — H ANHN:|’1N (t)
N N
where o B — 7]% (t)®N’1N (t),
N } T(t)[ 0 Yl] TM—T(t)[WN Yz] (75)
N = +— I ,
L0 Wyl ™™ Y] Wy ™ Y] 0 where
fr.— B T
TMT TWy iyt 0 Oy = Oy + [ [ ANy + T3 HYWH,,
M N
Ay = — : T
)r Oy = He<(ELN +#(OE,y) Py (z)d)N>
0 —yIwy,
L ™ o M T
(73) + Dy Z AiiPn (j) | P+ Esn - HANHN'
=1 N
Then, we rewrite £V, as follows: (76)
T T
LVsn =y () |y HyWHy + [ [ ATy = [ [ ANTLy [y (8). According to
N N

(74) (I, -W)W™' (I, -W)>0, (77)
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thus

-wl< —(21,-W). (78)

By Schur complement, if ® <0, then @), <0 which is
defined in (32) in Theorem 1. As we can see, @ is mul-
tiafine on 7(¢t) and 7(t), where (7(t),7(t)) € # =
%0{(0,0), (0,d,), (13,0), (751, d;)}. There exists £¢>0 such
that £V < —ex (t). Thus, system (16) is stochastically
stable for any delay satisfying the set 7. The proof is
complete.

It is should be mentioned that the solution of LMI in
Theorem 1 with allowable delay set % has lower conser-
vatism than that with allowable delay set [0, 7] % [d;,d,].
In fact, in the instance of set [0, 7,,] x [d;,d,], the vertices
(0,d,) and (1,,,d,) cannot be reached at any time for the
impossible circumstances that 7 (t) is negative when 7 (¢) = 0
and 7(t) is positive when 7(t) = 7). O

4. Stabilization Analysis

This section studies the stabilization for system (16). We will
design a controller based on Theorem 1. The next theorem
shows the main result.

I = %0{(0,0), (0,

dy)s (7ar, 0)s (Tars )}

11

Theorem 2. Given N €N, scalar >0, if there exist

1N(z) SN PZN(z) € S(N“ N (D) € S(N“ , matrices
Q,,Q,, W € S, and matrices YI,Y2 € ROV N+ g0
that the following inequality

- 1t )
Tpr = 7( )Yl 0
T Tar T N
oy I1 TMHL
N N|T(t)_r
7Y2
0 Ty
@I’\] = TM - T(t)WN 0 0 < 0’
™
t)—
* * —&WN 0
Tm
L * * W —2I]
(79)

is true for any (v(t),7(t)) € #, then system (16) is sto-
chastically stable, where

M T

— . T . T .

e, - He((El',N +1(0E,y) Py (z)CDN) + ol <Z)LUPN ( ])>q>N + By - [ [ AnTlys
j=1 N

(A4, 0 0 P y()-2I,
Ell,N: XN Yy O XN 0
Lo 0 Yy XN XN
[P yG) 0 0
Py(@)=| 0 PG 0 |
) 0 Pyy()

0 P y()-2I,

0 >
0

(80)

Hy=[A; 00 P y(i)-2I, 0 P y()-21I,],

and other terms are defined in (33).

Proof. If (33) holds, system (16) is called stochastically
stable. In Theorem 1, there exist some nonlinear terms like
E] Py (i)®y because of the existence of K;. Thus, we need
to eliminate the nonlinear terms in inequality (32).

Due to the B;3;K; € R™" is just one term in E, y, and
Py (i)isinN @N+3)mx(2N+3)n 1hys we divide matrix Py (i) into
blocks. Then, the Py (i) becomes that

PyG@) 0 0
Py(=| 0 Py@ 0 | (81)
0 0 Py
where PLN (i) e ST, IA)ZYN(i) € Ser“)”, and 133,N (i) €

SiN+1)n.

Obviously, KTﬁTBTﬁlN(i) and P,  (i)B;8;K; are non-
linear terms in E;_ NPN (7). To eliminate the nonlinear terms,
we define K; = —f;'B; 1P1N(1) Then, the KB} BI'P, (i)
and P, (z)B BiK; become -1,

In addition, the term B /31K which is in Hy in (32) will
become —}A’;N (i). Due to

(I, - Py ()P ()(L, ~ Py ()20, (82)
thus
P, () <Py (i) - 21, (83)
We replace B,;K; in (32) with P,y (i) — 2I,, then we
obtain
Hy=[A4; 00 P y(G)-2I, 0 P, y(i)-2I,] (84)
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TaBLE 1: The controller gains K, and K, and trigger matrices A, and A,.
t 0 1 20
A, 1.88 -0.02 1.33 0.95 1.77 0.13
-0.12 1.90 0.40 7.23 0.13 6.14
A, 2.50 0.07 2.13 0.95 1.97 -0.22
0.07 2.40 0.40 1.85 -0.03 5.14
K, [-0.9129 0.4357] [1.1887 —2.0034] [-1.4731 0.7982]
K, [-0.9029 —0.3271] [0.1735 —1.1657] [1.1003 2.1372]
Thus, we get Under the improved static ETS, the time-varying pa-
T rameter oy (t) and the situation of release are shown in
~ — ~T ~ . .
Oy =0y + H AT + T?\/IHNWHN’ (85) Figure 2. From Figure 2, 0}, ('t)'c.hanges fl.’Ol‘n 0.01 to 0.3 and
N the release frequency at the initial stage is larger than other
h times. In addition, only 25.2% sampled signals are released.
where

8 - He((E;,N +1(DE,y) Py (i)<1>N)

M T
+®L<Zkuﬂﬂﬁ>®N+&N—Ilme.
j=1

N
(86)

ITy and Ay are defined in (33) and Py (i) is defined in
(81). By Schur complement, if ®,, <0, then @} < 0 which is
defined in Theorem 2. Obviously, ®), > ®); which is defined
in Theorem 1, thus if ®y <0, then ®) <0. According to
Theorem 1, system (16) is stochastically stable for any delay
satistying 7. The proof is complete. O

5. Numerical Examples

Example 1. Consider the following event-triggered semi-
Markovian jump networked control system with actuator
faults and time-varying delay:

(21 1.6

A1: 5
| 15 -1.9
2 17

A, = ,
| -1.2 -22
M1

B, =| | (87)
1

5 '09]

>lo9 )

. [08 -08

P .
| -0.5 0.5

Take @ =0.3, 0y, = 0.01, £ =0.01, h=0.18, B, = 0.3,
B, =0.2, N = 0. The designed controller gains K, and K,
and triggering parameters A, and A, at different times are
given in Table 1. The state trajectories x(t) and semi-
Markovian chain r (¢) of the system are shown in Figure 1.

Consequently, this proposed ETS cuts down the dynamic
process and reduces the transmission burden.

Next, set & = 0.35. Under the improved static ETS with
time-varying parameter o (f), the release instants and re-
lease interval are given in Figure 3. If we replace oy (t) with
the constant o, the corresponding release instants and re-
lease intervals are described in Figure 4. It is distinct that the
transmission frequency at the beginning times in Figure 3 is
higher than that in Figure 4.

Example 2. Consider the following parameters of system
(16):

(-2 0
Al = >
L 0 -0.9
[ 22 1.8
A, = ,
| -12 -05
(10
B, = ,
01
[1.1 1.5
Bz = >
-1 14 (88)
(-1 0
K, = ,
0 -1
K (-1 0
lo -1
_ [ 0.8 -0.8
/11‘,]' = 5
| -0.5 0.5
B, =P, =02 0=0.1.

Take 0 = 0.3, 0y = 0.01, ¢ =0.01, h = 0.18, }; = 0.2, and
B, = 0.2. Under different N, we obtain corresponding upper
bounds of network time delay with (7(¢),7(¢)) € Z. If
N =0, then 7, =1.2161. If N =1, then 7,, = 1.7572. If
N =2, then 1), = 2.2546. Table 2 shows the comparison of
the upper bound of network time delay with other papers.

From Table 2, we can see that when N =0, 7,, = 1.2161
is bigger than other papers. The upper bound of 7, increases
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x (1)

20 25

1

. T
~
|

0.5 | | |
0 5 10 15 20 25

(®)

FIGURE 1: State trajectory x () and semi-Markovian chain r (t) of the networked control system containing actuator faults and time-varying delay.

0.3 T T T T

0.2 + _

0.1 |- B

The variation of the gy (f)

t(s)

@)
L5 T T T T T T T T T
g
2 1r E
2
b
g 05Ff .
= LT L]
0 I I I I | I I I
0 2 4 6 8 10 12 14 16 18 20
t(s)
(®)
FIGURE 2: The parameter oy (t) and the release instants.
2 T T T T T T T T T
§ 15 4
2
T o1t g
3
£
g ost §
0 I I I I I ! I
0 2 4 6 8 10 12 14 16 18 20

t(s)

FIGURE 3: The release instants and release intervals of the improved static ETS.
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2.5 T T T T T T T T T

2

% 15 i

Z

]

g 1r

<

<

g

0 1 1 1 1 1 1 1 I 1
0 2 4 6 8 10 12 14 16 18 20
t(s)
FIGURE 4: The release instants and release intervals of the ETS with constant parameter o.
TapLe 2: The value of 7, corresponding to different Data Availability
7(t)(d, = -d, =d(1)).
Method\d ol s 03 08 The data used to support the findings of this study are in-
ethod\d (t) . : : : cluded within the article.

N=2 2.2546 2.1362 2.1041 1.6771
N=1 1.7572 1.6035 1.4722 1.1095 .
N=0 1.2161 0.9773 0.8554 0.6161 Conflicts of Interest
[45] 0.4945 0.4703 0.3634 0.3544 The authors declare that there are no conflicts of interest
[10] 0.744 0.66 0.51 0.43

as N increases. Thus, the conservativeness of the stability
criterion decreases as N increases.

6. Conclusions

To sum up, event-triggered control problem for the
networked control system with network delay and sto-
chastic jumping parameters is investigated. The jumping
among the parameters is subject to semi-Markovian jump
process. More in combination with the actual situation,
the actuator faults which also have the semi-Markovian
jump property are considered. The feature of this paper is
that an improved static ETS is proposed to change the
trigger frequency at different stages. Consequently, the
burden of transmission is reduced and the system dy-
namic process is shortened. A stability criterion with
lower conservativeness is obtained with the help of ap-
plying the Bessel-Legendre inequalities approach and
constructing an appropriate LKF. The criterion is indexed
by N. The conservatism will decrease when N increases.
Moreover, for this comprehensive system model, this
paper designs an effective event-triggered controller.
Finally, for verifying the validity of the results, numerical
examples are presented.

The further topics of the research can be that the
investigation of the improved event-triggered filtering
problem of the semi-Markovian jump networked control
system containing actuator faults. The further improve-
ment of ETS for some requirements of this compre-
hensive system.

regarding the publication of this paper.

Acknowledgments

This work is supported by the National Natural Science
Foundation of China under Grant No. 61573095 and Natural
Science Foundation of Shandong Province under Grant No.
ZR2014FMO019.

References

[1] H. Su, Y. Qu, S. Gao, H. Song, and K. Wang, “A model of
feedback control system on network and its stability analysis,”
Communications in Nonlinear Science and Numerical Simu-
lation, vol. 18, no. 7, pp. 1822-1831, 2013.

[2] J. Chen, S. Meng, and J. Sun, “Stability analysis of networked
control systems with aperiodic sampling and time-varying
delay,” IEEE Transactions on Cybernetics, vol. 47, no. 99,
pp. 1-9, 2016.

[3] J. Zhang, J. Lam, and Y. Xia, “Output feedback delay com-
pensation control for networked control systems with random
delays,” Information Sciences, vol. 265, pp. 154-166, 2014.

[4] J. Zhang, Z. Pang, Y. Zhou et al., “Active fault tolerant control
for networked control systems with actuator fault,” in Pro-
ceedings of the Chinese Control Conference, Dalian, China, July
2016.

[5] X. Xie, D. Yue, and J. H. Park, “Observer-based fault esti-

mation for discrete-time nonlinear systems and its applica-

tion: a weighted switching approach,” IEEE Transactions on

Circuits and Systems I. Regular Papers, vol. 66, no. 11,

pp. 4377-4387, 2019.

E. Tian, D. Yue, and C. Peng, “Reliable control for networked

control systems with probabilistic actuator fault and random

delays,” Journal of the Franklin Institute, vol. 347, no. 10,

pp. 1907-1926, 2010.

E. Tian, Z. Wang, L. Zou, and D. Yue, “Chance-constrained

Hoo control for a class of time-varying systems with stochastic

[6

[7



Complexity

nonlinearities: the finite-horizon case,” Automatica, vol. 107,
pp. 296-305, 2019.

[8] Z. Chen and Q. Huang, “Globally exponential stability and

stabilization of interconnected Markovian jump system with

mode-dependent delays,” International Journal of Systems

Science, vol. 47, no. 1, pp. 14-31, 2016.

A. Khalil and J. Wang, “Robust stabilization of networked

control systems using the Markovian jump system approach,”

in Proceedings of the UKACC International Conference on

Control, Cardiff, UK, September 2012.

[10] H. Wang, P. Shi, and R. K. Agarwal, “Network-based event-
triggered filtering for Markovian jump systems,” International
Journal of Control, vol. 89, no. 6, pp. 1096-1110, 2015.

[11] M. Maki, J. Jiang, and K. Hagino, “A stability guaranteed
active fault-tolerant control system against actuator failures,”
International Journal of Robust and Nonlinear Control, vol. 14,
no. 12, pp. 1061-1077, 2004.

[12] H. Fan, B. Liu, W. Wang, and C. Wen, “Adaptive fault-tol-
erant stabilization for nonlinear systems with Markovian
jumping actuator failures and stochastic noises,” Automatica,
vol. 51, pp. 200-209, 2015.

[13] J.-W. Zhu and G.-H. Yang, “Adaptive sliding-mode control
for stochastic Markovian jumping systems with actuator
faults,” IET Control Theory & Applications, vol. 10, no. 6,
pp. 664-673, 2016.

[14] F. Li, P. Shi, and L. Wu, “Stochastic stability of semi-Mar-
kovian jump systems,” International Journal of Robust and
Nonlinear Control, vol. 24, no. 18, pp. 3317-3310, 2015.

[15] J. Huang and Y. Shi, “Stochastic stability and robust stabi-
lization of semi-Markov jump linear systems,” International
Journal of Robust and Nonlinear Control, vol. 23, no. 18,
pp. 2028-2043, 2013.

[16] H. Shen,J. H. Park, Z. G. Wu, and Z. Zhang, “Finite-time Hoo
synchronization for complex networks with semi-Markov
jump topology,” Communications in Nonlinear Science and
Numerical Simulation, vol. 24, pp. 40-51, 2015.

[17] Q. Zhou, D. Yao, J. Wang, and C. Wu, “Robust control of
uncertain semi-Markovian jump systems using sliding mode
control method,” Applied Mathematics and Computation,
vol. 286, no. C, pp. 72-87, 2016.

[18] S. Wang, Y. Jiang, Y. Li, and D. Liu, “Reliable observer-based
Hoo control for discrete-time fuzzy systems with time-varying
delays and stochastic actuator faults via scaled small gain
theorem,” Neurocomputing, vol. 147, no. 1, pp. 251-259, 2015.

[19] K. Q. Gu and S. I. Niculescu, “Further remarks on additional
dynamics in various model transformations of linear delay
systems,” IEEE Transactions on Automatic Control, vol. 46,
no. 3, pp. 497-500, 2001.

[20] Y. He, M. Wu, and J. She, “Delay-dependent exponential
stability of delayed neural networks with time-varying delay,”
IEEE Transactions on Circuits and Systems II Express Briefs,
vol. 53, no. 7, pp. 553-557, 2006.

[21] J.-H. Kim, “Further improvement of Jensen inequality and
application to stability of time-delayed systems,” Automatica,
vol. 64, no. C, pp. 121-125, 2016.

[22] O. M. Kwon, M. J. Park, J. H. Park, S. M. Lee, and E. J. Cha,
“Improved results on stability of linear systems with time-
varying delays via Wirtinger-based integral inequality,”
Journal of the Franklin Institute, vol. 351, no. 12, pp. 5386-
5398, 2014.

[23] H.J. Yu, Y. He, and M. Wu, “Improved generalized H, fil-
tering for static neural networks with time-varying delay via
free-matrix-based  integral inequality,”  Mathematical

[9

15

Problems in Engineering, vol. 2018, Article ID 5147565,
9 pages, 2018.

[24] P. Park, W. L. Lee, and S. Y. Lee, “Auxiliary function-based
integral/summation inequalities: application to continuous/
discrete time-delay systems,” International Journal of Control,
Automation and Systems, vol. 14, no. 1, pp. 3-11, 2016.

[25] P. Park, W. L. Lee, and S. Y. Lee, “Auxiliary function-based
integral inequalities for quadratic functions and their appli-
cations to time-delay systems,” Journal of the Franklin In-
stitute, vol. 352, no. 4, pp. 1378-1396, 2015.

[26] A. Seuret and F. Gouaisbaut, “Hierarchy of LMI conditions
for the stability analysis of time-delay systems,” Systems &
Control Letters, vol. 81, pp. 1-7, 2015.

[27] A. Seuret and F. Gouaisbaut, “Complete quadratic lyapunov
functionals using bessel-legendre inequality,” in Proceedings
of the European Control Conference, Linz, Austria, June 2014.

[28] A. Seuret, F. Gouaisbaut, and Y. Ariba, “Complete quadratic
Lyapunov functionals for distributed delay systems,” Auto-
matica, vol. 62, no. C, pp. 168-176, 2015.

[29] A.Seuret, K. Liu, and F. Gouaisbaut, “Generalized reciprocally
convex combination lemmas and its application to time-delay
systems,” Automatica, vol. 95, pp. 488-493, 2018.

[30] C.-K. Zhang, Y. He, L. Jiang, M. Wu, and Q.-G. Wang, “An
extended reciprocally convex matrix inequality for stability
analysis of systems with time-varying delay,” Automatica,
vol. 85, pp. 481-485, 2017.

[31] C.-K. Zhang, Y. He, L. Jiang, Q.-G. Wang, and M. Wu,
“Stability analysis of discrete-time neural networks with time-
varying delay via an extended reciprocally convex matrix
inequality,” IEEE Transactions on Cybernetics, vol. 47, no. 10,
pp. 3040-3049, 2017.

[32] P. Pan, S. Jiang, and F. Pan, “Event-triggered robust control
for networked control systems with actuator failures and
time-varying transmission delays,” International Journal of
Intelligent Computing and Cybernetics, vol. 8, mno. 2,
pp. 172-186, 2015.

[33] J. Liu and D. Yue, “Event-triggering in networked systems
with probabilistic sensor and actuator faults,” Information
Sciences, vol. 240, 2013.

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

[35] M. Guinaldo, D. Lehmann, J. Sanchez et al., “Distributed
event-triggered control with network delays and packet los-
ses,” in Proceedings of the IEEE Conference on Decision and
Control, Maui, HI, USA, February 2013.

[36] S. Hu, D. Yue, C. Peng, X. Xie, and X. Yin, “Event-triggered
controller design of nonlinear discrete-time networked
control systems in T-S fuzzy model,” Applied Soft Computing,
vol. 30, no. C, pp. 400-411, 2015.

[37] X.Xie, Q. Zhou, D. Yue, and H. Li, “Relaxed control design of
discrete-time Takagi? Sugeno fuzzy systems: an event-trig-
gered real-time scheduling approach,” IEEE Transactions on
Systems, Man, and Cybernetics: Systems, vol. 48, no. 12,
pp. 2251-2262, 2017.

[38] Z. X. Zhong, C. M. Lin, Z. Shao et al., “Decentralized event-
triggered control for large-scale networked fuzzy systems,”
IEEE Transactions on Fuzzy Systems, vol. 26, 2016.

[39] D. V. Dimarogonas, E. Frazzoli, and K. H. Johansson,
“Distributed event-triggered control for multi-agent systems,”
IEEE Transactions on Automatic Control, vol. 57, no. 5,
pp. 1291-1297, 2012.



16

(40]

[41]

(42]

(43]

(44]

(45]

E. Tian, Z. Wang, L. Zou, and D. Yue, “Probabilistic-con-
strained filtering for a class of nonlinear systems with im-
proved static event-triggered communication,” International
Journal of Robust and Nonlinear Control, vol. 29, no. 5,
pp. 1484-1498, 2019.

X. Ge and Q.-L. Han, “Distributed formation control of
networked multi-agent systems using a dynamic event-trig-
gered communication mechanism,” IEEE Transactions on
Industrial Electronics, vol. 64, no. 10, pp. 8118-8127, 2017.
P. Park, J. W. Ko, and C. Jeong, “Reciprocally convex ap-
proach to stability of systems with time-varying delays,”
Automatica, vol. 47, no. 1, pp. 235-238, 2011.

X. M. Zhang, Q. L. Han, A. Seuret, and F. Gouaisbaut, “An
improved reciprocally convex inequality and an augmented
lyapunov-krasovskii functional for stability of linear systems
with time-varying delay,” Automatica, vol. 84, pp. 221-226,
2017.

Y. Wei, J. H. Park, H. R. Karimi, Y.-C. Tian, and H. Jung,
“Improved stability and stabilization results for stochastic
synchronization of continuous-time semi-Markovian jump
neural networks with time-varying delay,” IEEE Transactions
on Neural Networks and Learning Systems, vol. 29, no. 6,
pp. 2488-2501, 2018.

H. Wang, P. Shi, C.-C. Lim, and Q. Xue, “Event-triggered
control for networked Markovian jump systems,” In-
ternational Journal of Robust and Nonlinear Control, vol. 25,
no. 17, pp. 3422-3438, 2015.

Complexity



Advances in Advances in . Journal of The Scientific Journal of
Operations Research Decision Sciences  Applied Mathematics World Journal Probability and Statistics

|nternational
Journal of
Mathematics and
Mathematical
Sciences

Journal of

Optimization

Hindawi

Submit your manuscripts at
www.hindawi.com

International Journal of
Engineering
Mathematics

International Journal of

Analysis

Journal of : Advances in ] Mathematical Problems International Journal of Discrete Dynamics in
Complex Analysis Numerical Analysis in Engineering Differential Equations Nature and Society

International Journa!

of
Stochastic Analysis Mathematics Function Spaces Applied Analysis Mathematical Physics

Journal of Journal of Abstract and ; Advances in



https://www.hindawi.com/journals/jmath/
https://www.hindawi.com/journals/mpe/
https://www.hindawi.com/journals/jam/
https://www.hindawi.com/journals/jps/
https://www.hindawi.com/journals/amp/
https://www.hindawi.com/journals/jca/
https://www.hindawi.com/journals/jopti/
https://www.hindawi.com/journals/ijem/
https://www.hindawi.com/journals/aor/
https://www.hindawi.com/journals/jfs/
https://www.hindawi.com/journals/aaa/
https://www.hindawi.com/journals/ijmms/
https://www.hindawi.com/journals/tswj/
https://www.hindawi.com/journals/ana/
https://www.hindawi.com/journals/ddns/
https://www.hindawi.com/journals/ijde/
https://www.hindawi.com/journals/ads/
https://www.hindawi.com/journals/ijanal/
https://www.hindawi.com/journals/ijsa/
https://www.hindawi.com/
https://www.hindawi.com/

