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Abstract: This paper is firstly concerned with reliable H o filter design for a class of T-S fuzzy systems with stochastic sensor
faults under a event triggered scheme. Under the event-triggered scheme, the sensor data is transmitted only when the sampled
measurements of the plant violate the specified event condition. Then, an event-based filter design model for T-S fuzzy systems
is constructed by taking the effect of event-triggered scheme and the sensor faults into consideration. Sufficient conditions for
the existence of the desired filter are established in terms of linear matrix inequalities and the explicit expression is given for the
designed filter parameters. A numerical example is provided to illustrate the design method.
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1 Introduction

The control problem for T-S fuzzy systems has received
considerable attention in recent years. It has been proved
that T-S fuzzy systems, which can be analyzed by many
properties of conventional linear systems and described by
a family of IF-THEN rules, can approximate any continu-
ous functions [1-3]. Over the past few years, a great effort
has been made on the stability analysis and synthesis for T-S
fuzzy systems. More specifically, the filtering problems for
T-S fuzzy systems have been widely investigated by many
researchers via various methodologies [4—6]. In [4], a class
of T-S fuzzy stochastic systems was investigated. In [5], the
authors investigated the robust and reliable H, filter design
for a class of nonlinear NCSs with random sensor faults via
T-S fuzzy model. The authors in [6] investigated the H,
filtering issue for nonlinear systems with time delay via T-S
fuzzy systems.

The insertion of network in the control systems has many
advantages such as low cost, reduced weight and power re-
quirements, simple installation and maintenance, and high
reliability. However, it can also bring about new interest-
ing and challenging issues as to the limited capacity of the
network cable, for example, the transmission delay, packet
dropout, etc. Recently, some work has been made to increase
the energy efficiency and reduce the cost of sensor network.
There has been many publications in the literature [7, 8].
Most of the available results employ time-triggered commu-
nication scheme. However, this might lead to insufficient uti-
lization of limited resource and communication bandwidth.
Especially when the system is close to its equilibrium point,
there is little new information to be transmitted, thus, redun-
dant communications have inevitability occurred [9]. There-
fore, it is necessary to build a communication mechanism in
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a unified framework. Recently, event-triggered method has
received considerable attention, which can reduce the burden
ofthe network communication and the occupation of the sen-
sor. Many outstanding results under event-triggered method
have been available [9-13]. For example, In [10], the authors
proposed a novel event-triggered scheme and constructed a
delay system model for the analysis, then they derived the
criteria for stability with an H., norm bound and criteria for
co-designing both the feedback gain and the trigger param-
eters. The authors in [11] proposed another event-triggered
communication scheme and investigated a reliable control
design for networked control system under event-triggered
scheme. However, little attention has been paid to the fil-
tering problem for T-S fuzzy systems under event-triggered
scheme. Up to now, to the best of the authors’ knowledge,
event-triggered filtering for a class of T-S fuzzy systems with
stochastic sensor faults has not been well addressed. This
situation has motivated our current investigation.

2 System description

Consider the following T-S fuzzy system with r plant rules

y(t) = C(t)a(t) 1)
2(t) = L(t)x(t)

where A(t) = ihiAZ- Ag(t) = ithdz

Au®) = X i, O1) = L 1Ci L L) = L b

h; is the abbreviation for h 0@t) . hi0 () =

OO 00)) = [T WIO;1), Wi0,() is

_z ai(0(t)) j=1

the grade membership value of 6;(t) in W} and h;(6(t))
satisfies h;(6(t)) > 0, Zh( ) =1.
The defuzzified output of (1) is referred by

2



where Ay (t)

> hiCyi

i=1

= ;hiAfi By(t) = ;hivaia Cy(t) =

Remark 1 Under the traditional control system structure,
the effect of the transmission delay can be neglected, that is
9(t) = y(t). However, in networked control systems, the
transmission delay should be take into account. In this pa-
per, considering the existence of the network induced delay,

9(t) # y(2).

Suppose the time-varying delay in the network commu-
nication is dj and dy € [0,d), where d is a positive
real number. Therefore, the sampled sensor measurements
y(toh),y(t1h),y(t2h), - - - will arrive at the filter side at the
instants toh + do, t1h + d1, tah + da, - - -, respectively. §(t)
in Equation (2) can be described as [5, 14]

=Y hiCia(trh),t € [txh + dyy teah + diy ] (3)

i=1

where h is the sampling period, ¢, € {1,2,3,---}. dy, and
dy,., are the network induced delays at the transmission in-
stant ¢, h and ¢ 1 h, respectively.

Considering the possible sensor failure, (3) can be rewrit-
ten as

Z hEC;x(txh) = Z Z hZ B C(tih),

i=1 =1 [=1
€ [thh 4+ dy,, tgprh + dy, ] (4)

where = = diag{El, EQ, s ,Em} with Ez (Z =
1,2,---,m) being m unrelated random variables
taking values on the interval [0,0], ¢ > 1 and

E, = diag{0,---,0,1,0,---,0}. The mathematical
—_——

-1 m—1
expectation and variance of Z;(i = 1,2,--- ,m) are Z; and
62, respectively. Z; and 62 can determined the failure rate
and the distortion degree of the ith sensor.
Define = = diag{=1,Z2, -+ , =}, we can easily derive
m

Z = Y =/ E;. For amatrix © > 0, we can get
=1

—S)=%4

Remark 2 When sensors have faults, the output signal may
be larger or smaller than what it should be. Considering this
case, we assume the variables Z;(i = 1,2, --- ,m) take val-
ues in the interval [0,0], 0 > 1. When =; € {0,1}, it means
the sensor i has completely failure or not. =; = 1 means the
sensor i works normally, =; = 0 means signal sent by sen-
sor 1 is lost during transmission. Moreover, 0 < Z; < 1 and
=i > 1 means the case of data distortion happen, that is, the
signal at the filter is smaller or greater than it actually is.

§2ETOE,

As is well known, the widely used periodic sampling
mechanism may lead to transmit many unnecessary signals,
which reduces bandwidth utilization. In order to reduce the
load of network transmission and save the network band-
width, there is a great need to introduce an event triggered

mechanism which decides whether the newly sampled data
should be send out to the filter. As is shown in Fig.1, similar
to [11], we introduce an event generator between the sensor
and the filter. The sensor measurements are sampled regu-
larly by the sampler of the smart sensor with period h, which
will be given in sequel. Whether or not the newly sampled
sensor measurements will be sent out to the filter is deter-
mined by the following judgement algorithm:

[E{Zy
[E{Zy
<p

((k+j)h)} —E{Zy(kh)}]"
((k+j)h)} —E{Zy(kh)}]
E{uy«km W} QE [{Zy((k+ )h)}S)

[I]\ [1]|

—

where 2 is a symmetric positive definite matrix, j =
1,2,---,and p € [0,1). Only when the current sampled
sensor measurements y((k + j)h) and the latest transmitted
sensor measurements y(kh) variate the specified threshold
(5), the current sampled sensor measurements y((k + j)h)
can be transmitted by the event generator and sent into the
filter.

Remark 3 From event-triggered algorithm (5), it is easily
seen that the sensor measurement are sampled at time kh
by sampler with a given period h, the next sensor measure-
ment is at time (k + 1)h. Suppose that the release times are
toh,t1h,tah, - -, itis easily seen that s;h = t;11h —t;h de-
notes the release period of event generator in (5), s;h means
that the sampling between the two conjoint transmitted in-
stant.

Remark 4 [t is easily seen from event-triggered algorl’thm
(5) that the set of the release instants {toh, tlh toh, -} C
{0,1,2,---}. The amount of {toh,t1h,t2h, }depends on
the value of p and the variation of the sensor measurements.

Similar to [10-12] for technical convenience, consider the
following two cases:

Case 1: Iftyh+h+d > ti+1h+dis1, where d = max dj,
define a function d(t) as

d(t) =t —tgh,t € [txh + dg, tgr1h + dig1) (6)
It can easily be obtained that
dr <d(t) < (tgs1 —te)h +dps1 <h+d (7)

Case 2: If tj,h+h+d < tj1h+di1, consider the following
two intervals:

[teh + dg, txh + h +d), [tkh +ih + d, tgh +ih + h + d)

Since dj, < d, it can be easily shown that there exists a posi-
tive integer dps > 1 such that

txh 4+ 0ph + d< tir1h + dip1 <tph+dpmh+ h+ d

Moreover, z(t;h) and th+ih withi = 1,2, - - -
(5). Let

, O satisfy

= [teh + dy, txh + h+ d) )
IiZ[tkh+ih+d,tk@+ih+h+d) (8)
Iq,, = [tkh-‘r oph +d, tk+1h+dk+1)
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where i =1,2,--- ,dp; — 1. It can be easily shown that

1=

Uz (€))
i=0

[teh + di, terrh + digr) =

t—trph,t €l
t—tprh—ih,tel;i=1,2,---
t —tyh — dph,t € Is,,

d(t) = -1 (10)

From the definition of d(t), we have

t < d(t) < h+d,t €l
th<d<d(t) <h+dtel (11)
tr Sdgd(t) <h+d,tEIdM

where the third row ip (8) holds because t1h + di+1 <
tih + (dar + 1)h + d. Obviously,

0<dp<d(t) <h+d2dy (12)

In Case 1, fort € [tih + di, tx11h + di41), define a error
vector e (t) = 0. In Case 2, define the mathematical expec-
tation of the sensor measurement error between the current
sampling instant and the latest transmission instant

, 0rety
Eep(t) = gy(tkh) — gy(tkh +ih),t € 1; (13)
Zy(tph) — Zy(tph + dah), t € Is,,

From the definition of Zey(¢) and the triggering algorithm
(5), it can be easily seen that fort € [t h+dy, tgr1h+dki1)

L (DETOZen(t) < py” (¢ — d(1)ETOy(t — (1)), (14)

Here, the measurement output is sampled before it enters
the filter; based on the sampling technique and zero-order
hold, the actual output can be described as

y(tph) = Z hiEC;x(tph) (15)

i=1

Remark 5 Notice that the relation of tyh+h+d > tj 1 h+
dp+1 in case 1 means the newly sampled sensor measure-
ment y(tih + h) will be transmitted and arrive at the filter
side at the instant tj,h+h+dy 1, tkh+h+d < tgp1h+dgi
in case 2 means the newly sampled sensor measurement
y(txh + h) and the latest sensor measurement y(tih) vari-
ate the judgement algorithm (5), and y(tih + h) will not be
transmitted to the filter side.

Remark 6 From (13), we can deduce that the sensor mea-
surement error between the current sampling instant and the
latest transmission instant can be calculated as

0,t eIy
ex(t) = y(teh) —y(teh +ih),t € I; (16)
y(tkh) — y(tkh + §Mh),t e ls,,

Remark 7 It is seen from the definition of d(t) that d(t) is
different from the traditional time-varying delay. d(t) de-
pends ont only the release times, but also on the network
induce delay dy, and the sampling period h.
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Remark 8 Since there is a communication network between
the sensor and the filter, the premises in the system and the
ones in the filter should be asynchronous. That is, at the
same instant t € [tph + di, tp1h + dgy1), when 0;(t) is
available in (1), only 0;(txh) is available in the filter. In
this paper, we assume the mechanical model of the studied
system is known a priori, when the initial condition is given
and the state of the studied system can be calculated based
on the known mechanical model. Since 0;(t;:h) is available
at the filter, 0;(t) can be calculated for t € [tih,tr1h).
Therefore, the synchronous premise variables 6;(t) can be
derived in the filter side.

Based on the above description, combining (15)and (11),
from (4) and (13), the filter input can be rewritten as

Eek (t)

i h,ECZLL'(t — d(t)) +
i=1

+ Z hi((E—E)Ciz(t —d(t))  (17)

Combining (2) and (17), the defuzzified value of the filter
can be rewritten as

(1) = 2 32 huhy (A (8) + Zea(t)
+B3i(ECsalt — (1) + (£ - H)Cialt — (1)) (1)
() = X X hihyCrizs(?)

Define e(f) = [;f((tt))} L2t = 2(1)—

filtering-error system based on Equations (1) and (18) can be
obtained as

z5(t), the following

+BHei(:Ifl—:1(t)) + Brex(t) + Apw(t) (19)
+BiHe(t —d(t))}

3 Main results

In this section, with a given filter with form (18), we will
first propose the following performance analysis for the aug-
mented systems (19). Then we deal with the design problem
of the filter design for system (1).

Theorem 1 For given parameters v, Tm, Tar, dar and p
system (19) is exponentially stable in the mean square with
an H disturbance attenuation level v under the event trig-
ger scheme (5) if there exist matrices P > 0, Qr > 0,



Ry > O(k = 1,2,3), Q >0, and Mij, Nij, Tij, Sij with
appropriate dimensions satisfying

BV 4 ET<0,i<jeS (20)
where
i Q’lJl * * *
y 0y 0 * *
=9 = a e o =1,2,3,4
dejl 0 ngg . 7(8 )Ly Iy )
QG(s) 0 0 Qf
ij T *
1] o 1
Qp = T, T
I Fijl *
,r o R_2 Fijg * *
YT |HTATP M- ME, Tijs =
L 0 0 Nija = Nigg - Tija
_HTBTPJrTZ-jg,ngl 0 0 0
. 0 000
S BTp 000
i AEP 0 0 0
I FijS * * *
- Sije 53;5 Iije * *
Ts = 0 0 ETOE o«
i 0 0 0 —2I
Iiji = PA+A"P+Q1+ Q2+ Q3 — R+ Tijn
Tzﬂarz;z =—Q1— Ra+ Mijo + Mf;g
Tijzs = —Mjs — MU3+Nij3+N£3
Tija = —Q2— Niju— Ny
Lijs = pH'CIETQECH — Tjs — Tjhs + Sijs
+8%5. Tije = —Q3 — Sije — S
Q¥ = [Ty T
[ L 0 0 0
T4 _ \/T21P7A 0 \/7'21P7AdH 0
TmPA_ 0 TmPAUlH 0
|VduyPA 0 dyPAgH 0
[0 o0 0 0
T o 1/T21P_BH 0 \/7'21P_Bl \/T21P_Aw
5T tmPBH 0 7,PB; Tm P Ay,
|VduPBH 0 \/dyPBy +duPA,
O, = diag{—1,—PR;'P,—PR;'P,—PR;'P},
Qs = diag{M1,Ra, N3},
Ny = diag{—PR,;'P,---,—PR'P}, k=1,2,3.
QZJLL = di(lg{—Rl, —Rg}, V121 = NVTM — Tm
B 0 000 Dy 000
Q§J1:0000122000,
0 0 0 0 D3y 0 0 O
I 1/T2151Pb1H
y , ~ [ o
bro= L ’Dl{ijElCJ
_./Tzl(SmPDmH

I (SlePDlH \/dMéle)lH
DQ = ,133:
| 617 0m PDyy H Vi 6mPD H
17 \/T 1
Q4]1() = \/2— } Q4j1 [ ]7
ane = [N o
| Vdm S5 \/dM
ML o= [0 ML, Mgg 00 o 0]
NSy = [0 0 NIy NE, 0 0 0 0]
T, = [TF 0 0 0 TH 0 0 0
T
S o= 1000 0 Sf S 0 0]
Proof:

Choose the following Lyapunov functional candidate as

V(t) = Vi(t) + Va(t) + Vs(t) (21)
where
Vi(t) = e'(t)Pe(t)
wwz‘[mﬁ@@mm+[mﬁ@@wm
+ /t N e (5)Qze(s)ds
Vi(t) = /t o / V) R1é(v)duds

+Tm/ / v)Roé(v)dvds

t—Tm J s

/ / v)Rsé(v)dvds
t—dpy Vs

and P > 0,Qr >0, R, > 0(k=1,2,3).
Similar to the method in [11? ], one can easily obtain the
results above. Due to limited space, we omit the details here.
Based on Theorem 1, we are in position to design a filter
in the form of (2). The explicit expression of the parameters
of the designed filter are given in the following Theorem.

Theorem 2 For given positive scalars v, Tm, T, dar, €1,
€9, €3 and o, system (19) is exponentially stable in the mean
square under the event trigger scheme (5) if there exist ma-
trices P, > 0, P3>0 Q1 QQ Qg R1 RQ R3 Q >0,
Ay, Byj, Cpj, and M;j, Nyj, Tij, Sij with appropriate di-
mensions, such that the following LMIs hold:

YN <0,i<jeS (22)
P — ]53 >0 (23)
where
CI)Zijl * * *
DU s T T O )

1 TR
() 0 0 @Y
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ij
7y

Ts

Ty

Tio

i
q)22

Yo x| 5 _ [P
T7 Ys| YT | PA;
[ Fijl * * *
Ry - Do
Tijz1 Mz — M£2
. O 0
_Tij&')l + Tyj5 — Tgl 0
0 00 0
Tijm 0 0 0
Tis1 00 0
fijS * *

Sijﬁ - * *

0 0 —=T0= *
0 0 0 -4
Tij1+TZ;1+Q1+Q2+Q3_R2
“rTiﬂ + Tgl,

ALP AL Py
0 0

—Q1 — Ra + Mijs + MT
—M;j5 — szd + Nijs + ng
—Q2 — Niju — N54
Tz‘j5 — Tijs — »'5 + Sijs + 5’3}5
— Sije — Sis

CT'—*TBT CT'—*TBT }
0

0 0

*

)

i
{p ~TQC 0}7

Ly 0
V721 Tin 0

m,i.wl 0 TmTZ;31 0
\/_Tm 0 VduTLs 0
0 0 0 0
ﬁrz]51 0 \/ﬁﬁr 71 WT1381

TmTZym 0 TmTz 71 TJSl
V TZ]51 0 V Tl_}71 V Tz]Sl
diag{—1I,—2e,P + isl, —2e9P + €2R2,

Op><2n 0

«/’7’21?531 0

—253p+€§R3}
P P3| o ~
{Pg PS] y Lij = [Li _ij]
diag{—26k]3 + S%Rk, ey, —28kp + &%Rk}
dzag{iﬁl,i}ig,?ﬁg} Q44 = diag{—Rl, —Rg}
02nx8n Qu O2nx (3n+m)
O2nxsn D22 O2nx(3n+m)
O2nxgn D32 02n><(3n+m)
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- \/721511512 01Tm D12
Dy = : Doy = :
_\/aambwﬂ §le5mbm2
[ VaachiDiz By E,C; 0
Doy = : > D1 Ci
D3y = = a ,Dyg = [ijElCz O}
L demDm2
” [ /T  ME g Vi
a1y = |V g = [V
L dMng \/dMSij
ij o [ 7'21]\7 ij _ Tgleg;
i = V2 ] o) = [V
Mz’? = [ 2nx2n Mij;?, 02nx(7n+m)}
N'L’I; = [02”><4" i j Nz,1;4 02’n><(5n+m.)]
Ti:JF‘ = [ 02nxﬁn ngs 02n><(3n+m)}
5‘5 = [OQWSH i j 53;’6 02n><(n+m)}

Moreover, if the above conditions are feasible, the param-
eter matrices of the filter are given by

Apj=Ap Pyt
Byj =By ,JES (24)
Cyj = Cyi Py
Proof:i -
Since Ps > 0, there exist P, and P3 > 0 satisfying P3 =
PIP; P,
Define
|~ Pf s 0
Po= {Pg Pg] /= {0 PQTPB—l]
= dig{‘]a"’>J317[7[7J7"'7‘]}
—— ——
6 3m+5
and P = JpJT = | D) i , Qr = JQJT, R, =
P P3 ’

JRJT (k= 1,2,3) Mijy, = JMiju, J*, Niju, =
INijo, I, Tijos = JTijus I\ Sijos = JSiju T, (01 =
2,3.v9 = 3,4.v3 = 1,5. v4 = 5,6) we can obtain that
the parameter matrices of the filter are given by (24). Due to

limited space, we omit the details here..
4 Simulation examples
Consider a specific T-S fuzzy system of Equation (1) un-

der an network control system structure, in which the system
parameters are given as follows:

—2.1 0.1 -19 0
A = 1 } Az = {—0.2 —1.1}’
1.1 0.1 -09 0
A = 0.8 —0.9} Aoz = [—1.1 —1.2]’
(1 0.3
Ap1 = __0.2] Awg_[ } Cr=[1 0
C, = [05 —06],Ly=[1 —05],
Ly = [-0.2 03],k (0(t) =sin®t, ha(0(t)) = cos®t
1, 5<t<10
w(t) = -1 15<t<20
0 else



when the system is under the event-triggered scheme, let
the corresponding trigger parameter p = 0.9 and = = 0.8,
6 = 005, Tm — 0.1, ™™ = 03, d]u = 06, ¥ = 1.2,
by applying Theorem 2, we can obtain the corresponding
trigger matrix 2 = 0.1926 and by applying Theorem 2, the
filter parameters are derived as follows:

A, _ [~1.9589 —0.0081] L, - [0.0440
L= 112934 —1.2695|° 77 = | -0.0695|

A, _ [~10594 035487 o [-0.0319

2 —0.5006 —1.2287(° 727 | 0.0503 |’
Cr1 = [-0.8457 0.4302],Cys = [0.3089 —0.1238]

For the initial condition 2(0) = [0 0]", z;(0) = [0 0]"
and the sampling period h = 0.1, the event-triggering re-
lease instants and intervals are shown in Fig.1. the simula-
tion result for the responses of e(t) are shown in Fig.2, which
demonstrate that the designed filter can satisfy the system
performance.

06 0 4

Fig. 1: the release instants and the release interval

0.4

0.3f B

0.2r i

0.1F 1

response of e(t)
o
|
[

.
5 10 15 20 25 30
Time(s)

Fig. 2: Responses of e(t)

5 Conclusion

The reliable H, filter design for a event-based network
control systems via T-S fuzzy model has been investigated.
In particular, the event-triggered scheme inserted in the net-
work has the advantages of reducing the communication load

in the network and gearing up its efficiency. Moreover, em-
ploying the networked T-S fuzzy model with probabilistic
sensor faults and the event triggered scheme, the fundamen-
tal stability criteria are obtained, and a filter design method is
developed. Then the explicit expression of the desired filter
parameters has been derived. Lastly, A numerical example
has been provided to show the usefulness and effectiveness
of the proposed method.
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