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Abstract: This paper concerns the H . filter design for T-S fuzzy systems with quantization and event-triggered communication
scheme. In general, it is difficult to gain the mathematical model for nonlinear systems. T-S fuzzy systems described by a family
of IF-THEN rules, are valid tools to establish model of nonlinear systems. This paper aims to design H filter, which satisfied
closed-loop system is exponentially stable in mean square. Firstly, an event-triggered scheme is introduced to the networked
control systems, which decide whether the sensor data was transmitted or not. Secondly, quantization is taken into consideration,
which may save the limited bandwidth resources. Thirdly, based on the event-triggered scheme and quantization, we construct
filter design model for T-S fuzzy systems. Lastly, the corresponding conditions for the desired filter gains were derived and the
explicit expression of filter parameters is given. Two numerical example is provided to demonstrate the design method.
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1 Introduction

Nowadays, the T-S fuzzy model described by a family of
IF-THEN rules has gained widely attention, which provided
an valid method to turn a set of nonlinear systems into a class
of linear sub-systems [1-3]. The problem of stability and
stabilization for T-S fuzzy model has received widely con-
cern. Over the past several decades, there have been sig-
nificant accomplishments on stability analysis and synthesis
for T-S fuzzy systems. More particularly, many researchers
have considered the filtering issues for T-S fuzzy systems via
various methods [4—6]. In [4], the authors concerned with a
class of T-S fuzzy stochastic systems. In [5], the problem of
robust and reliable H, filter design was concerned, which
contain random sensor faults via T-S fuzzy model. In [6],
the authors addressed the problem of H, filter design for
nonlinear systems, which contain time delay via T-S fuzzy
systems.

Different from the traditional point-to-point wiring, the
advantages of communication channels is reduced the pro-
duction cost of cables. However, there are some drawbacks
when the control signals conveyed through communication
channels. Several challenging issues needs to be considered
including network-induced delays, packet dropouts and so
on. Taking these into concerned, some effective methods
have been proposed for the analysis and synthesis of NCSs
[7-11]. However, the problem of above mentioned results
is that we supposed that the precision of all data transmis-
sions is infinite, while we ignore the influences of data quan-
tization. The limited bandwidth resources and some devices
in the closed-loop systems determines that the precision of
data transmission can not be infinite, which means that data
should be quantized before conveyed to the next network
node. Motivated by the above discussion, the influence of
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data quantization on systems should be taken into consider-
ation for the better performance of the considered systems.
Unfortunately, the researchers in the field have paid much
less attention on the quantization problem than what it de-
serves. As far as we know, there are only there are only hand-
ful of results [12—14] about the quantization problem when
considering the network conditions. Therefore, the problem
of quantization needs further more attention.

In the past decades, event-triggered communication
scheme has attracted increasing attention, which can
save communication energy. Compared with traditional
time-triggered control, event-triggered control determines
whether the current sample-data should be conveyed to the
next network code or not, which will save the limited band-
width resources.

In this paper, an event-triggered communication scheme
and quantizer are employed to save the limited network re-
sources while keeping the required performance. Whether
or not the sample-data to be conveyed is determined by the
event-triggered communication scheme. The current data
can be transmitted when they dissatisfied a special condition,
otherwise, will be not. This paper aims to research the prob-
lem of H filter design for a class of T-S fuzzy systems with
quantization and event-triggered communication scheme.

2 System description
Consider the following T-S fuzzy system

2(t) = A(t)x(t) + Aa(t)z(t — 7(t)) + A, (t)w(t)
y(t) = C(t)z(t) 1)
2(t) = L(t)z(t)

where A(t) = >0, pidi, Aa(t) = i piAai, Au(t) =
Zi:l piAyi, C(t) = Z¢:1 piCi, L(t) = Zi:1 :L(‘;(L)i)' hi
is the abbreviation for ,u'l(Q(t)), MZ(Q-(t)) ST w0’
a;(0(t) = TI5=, Wj(0;(t)), Wi (0(t)) is the grade
member-ship value of 6;(t) in W/ and p;(6(t)) satisfies
pi(0(t)) = 0,355y mi(6(t)) = 1.

It is generally known, the traditional periodic sampling
mechanism may produce many useless message through the
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network, which may waste communication bandwidth. For
reducing the load of network conveying and saving the com-
munication energy of the network, there is a great need
to introduce an event-triggered scheme, which determines
whether or not the newly data should be conveyed to the
filter. The framework of system is shown in Fig.1, similar
to [15], an event generator is employed between the quan-
tizer and the filter to determine whether or not the newly
data should be conveyed to the filter, which is the following

judgment algorithm:
1 y(kh) | Trigger
¢ Scheme

t
y(th)
g h
Filter O Network Y Quantizer

Fig. 1: The structure of filtering error system

[y((k + 7)h) — y(kh)]"Qy((k + j)h)
< oy((k +3)h)" Qy((k + j)h)

—y(kh)](2)

where Q > 0,7 =1,2,---and o € [0, 1).

We design a quantizer with similar form in [16]. Suppose
y(txh) is transmitted by the event trigger, the quantized out-
put signal can be expressed as

tkh Z“Z tkh

Then the output signal from quantizer is y; (txh)

(y(txh)) 3)

1(teh) = Zuz (I + Dg)y(tih) )

then y; (txh), which transmitted to filter through the net-
work, become ()

J(tuh + d) =

Z :uzyl tkh

= Zui(1+ Aq)y(teh)

t € [trh +di, tpyrh + diy1)

UONES

where dj, is network delay.

Remark 1 Since the existence of communication network
between the sensor and the filter, the premises in the system
and the ones in the filter should not be synchronous. That
means, at the same instant t € [tph + di, tgr1h + dgy1),
while 0;(t) is obtainable in (1), only 0;(t;,h) is obtainable in
the filter. In this paper, we suppose the mechanical model
of the studied system is known a priori, depended on the
known mechanical model, when the initial condition is set
and the state of the studied system can be counted. Due to
0;(tih) is obtainable at the filter, 0;(t) can be counted for
t € [tph,trs1h). Therefore, the synchronous premise vari-
ables 0;(t) can be gained in the filter side.
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Suppose the form of H, fuzzy filter is following, where
ith rule is shown in the following IF-THEN rule

R : TF0;(t)isWiand - - - andfy(t)isW,

THEN

{ Ep(t) = Apzy(t) + Brig(t)
zf(t) = Crixy
where r € S = {1,2,---,r}. z¢(t) € R", z¢(t) € RP are
the state and output of the filter, respectively. A¢; € R™*",
By € R™*™, Cy; € RP*™ are unknown parameter which
to be decided.

The defuzzified output of (5) is referred by

)

{ p(t) = Ap(H)ay(t) + Br(t)j(t) ©)
zp(t) = Cp(t)zs(t)

where Af(t) = Z;:l IUJZ'Afi, Bf(t) = Z:Zl /,LiBfi,
Cr(t) = 325y 1iCri.

Similar to [15, 17, 18] for technical convenience, we de-
fine an error vector:

0,t e Iy
trh) — y(txh +ih),t € I;,

y(trh) — y(txh + darh), t € Is,,

Through the definition of eg(¢) and the event-triggering
scheme (2), it can be obtained that for ¢ € [th+d, tp+1h+

dit1)
er (£)Qex(t) < oy (t — d(t)Qy(t — d(t)) (8)

Based on the above description, combine (4) and (7), the
actual output can be written as

t) = Zm(f + D) (y(t

then filter can be rewritten as
ip(t) = Z Z pipti[Agjay(t)
1j=
+BfJ(I+A )(C x(t—d(t) + ex(t))] (10)
zf(t) = Zl piCrixg(t)
j=

—d(t)) + ex(t)) )

Define
[0 ]t s
e = | 2O |5 =20~ 50

From (5) and (10) the following filtering-error system
funded on (1) and (10) can be written as

é(t) = ; ; wipii[Ae(t) + AgHe(t — 7(t))
+BHe(t —d(t)) + Biex(t) + Ayw(t)] (11)
Z(t) = ;1 ;1 piptj Le(t)

i [4 8 Jae [t o



3 Main results

In this part, we will first derive sufficient conditions to en-
sure the composite system (11) is exponentially stable in the
mean square. Then we will propose the explicit parameters
of the designed filter.

Theorem 1 For given parameters vy, Tp, Tar, dyr and o,
under the event trigger scheme (2) and quantization, system
(11) is exponentially stable in the mean square with an H,
disturbance attenuation level vy, if there exist matrices P >
0, Qk >0, Ry > O(k’ = 1,2,3), Q > 0and Mij: Nij: Tij:
Si; with appropriate dimensions satisfying

BV 4E<0,i<jEeS (12)
where
[ Qlljl * *
Y = Q) 9 x| ,(s=1,2,3,4)
L Q51(s) 0 Qb
qi = [ %0 %
| QP21 Qoo
Fijl * *
i Ry Lijo
0 = Bl J
Lt HTA; P M Tys  *
L 0 0 N Ty
M = Ms— Ml N=Niju— Nl
[ * * * *
ij . gl % x x
Qe = g2 x x *
| 93 * x *
gl = ¢g2=g3=+x
[ H'BT"P+Tijs =T, 0 0 0
Qi _ 0 0 0 0
1121 — Bi%"P 00 0
| AEP 0 0 O
[ Fij4 * * k
i Tiis *x % *
Uiz = 00—
| 0 0 O —~2I
liji = PA+ATP+Q1+Q2+Qs

Ri+Tiji + T}
Tijs = —Q1— Ry + Myjs + M,

Lijs = —Mys— Mg+ Nijs + N3
Lija = —Q2— Niju— N£4
Tijo = —Qs— Sije — S
Liys = oH'CIQCH —Tijs — Tjhs + Sijs + S
Q3 = [ Q1 Qo ]
L o 0 0
Qij o \/T21P_A 0 \/T21P:4dH 0
211 = mPA 0 1, PAGH 0
VdyPA 0 VdyPAgH 0

0

0 0 0
\/T21PBH 0 \/TglplB_l ‘/7—21Pﬁ4_“"
0

17 A
Q5112 TmPBH T PBy TmPA,
VdyPB 0 dyPBH /dyPA,
Y, = diag{—1,-PR;'P,—PR;'P,—PR;'P}
V721 = VTM — Tm, 93]3 = diag{_Rla _RQ}

) = [V | age = Vi ]

{ Vaus!

o) - | Vb |- | v ]
[ 00 0 0 (J)]
[ 000 0]
[ 00 0]
[

ST

156

T T

M;; = ij2 MijS
T

“ij =
T

jij =

T _

0 0 NI, NI,

00 0 Tk

0 0]

Proof. Choose the following Lyapunov functional candi-
date as

V(t) = Vi(t) + Va(t) + Vs(t) (13)
where
Vi) = eT(t)Pe(t)
Va(t) = /eT(s)Qle(s)der / e (5)Qqe(s)ds
+ /eT(s)Qge(s)ds
t—dnr
Va(t) = / ¢T(0) Rué(v)dvds
+ Tm / /éT(v)Rgé(v)dvds
+ ¢! (v)Rzé(v)dvds
A1

P > 0,Qr > 0,R; > 0(k = 1,2,3) Through applying
a similar method to the proof in [20], we can get that the
system (11) is exponentially stable with an H, norm bound
~ if (12) is satisfied. Due to the limited page, we omit the
proof.

Remark 2 Through Theorem 1 we can get that system (11)
is exponentially stable in the mean square. Based on the
Theorem 1, we design a filter in form of (6). Due to the
exists of nonlinear term in the Theorem 1, we separate I and
Ag, which can transformed nonlinear term into LMIs. The
algorithm of the designed filter are gained in the following
theorem.

Theorem 2 Considering filter error System (11) with quan-
tizer. For given scalar vy, Tm, Tar, dy, €1, €2, €3, 0 and
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0, under the event trigger scheme (2), system (11) is expo-
nentially stable in the mean square if there exist variable

m1>0andP1>()P3>0Q1>OQ2>0Q3>0

L~ 0p><2n Op><2n Op><2n
3 V721 Y1 O2nxon /721 T”31 025 x2n
o1 = <

TmYij1 O2nxon TmTJ31 021 x2n

Rl > 0 R2 > 0 R3 > 0 Q> O Af] Bf] Cf]’ NU’ L \/E’Tijl 02n><2n \/_T”gl O2n><2n
Sza with appropriate dimensions, such that _
o o Op><~2n 0p><2n 0p><m Op><m
»u +_E]1 <0,i<j€S (14) (i)ij _ vV 7‘21~A£»51 021 %2n V721 Az]71 V721 TUSI
P,—P;>0 (15) 212 AJ51 021 x2n AJ71 TmngSl
where L VAduATs Oznxan VduAl; VduThg
Y, = diag{—I,—2e,P + 2R,
- (i)zl‘jl N “ « % —252P+€§R2,—253P+€§R3}
. (i)éjl ¢7§]2 * * * p — gl 23 :l ,[N/Zj = [ LZ _éfj ]
2 5 (s) 0 gy % * 3 L
@él oL, 0 —ml oY = diag{—Rl, —Rs}
S R T N } he=| Vit |
(iijl ‘1’1]111 ‘?1]_112 T dJVfSij
ij _
L (I’_1121 P9 o 3) = \/7'2 ljl ( ) = ,/Tglj\jig
Fj71 7* * 31 o L \/d]\/[S VdMTij
zij Ry Lijo * gT Y T
(1)11J111 Y ] ! 7T T Mij [ M11 M12 ]
Yijs1  Mijz — Mo Lijs * e -
L 0 0 Nij4 — NZ’J;?) FU4 Nij - [ N11 N12T ]
[ % % % o« Tig = [ T11 T12T ]
=ij El o+ x ST = [ S11 Sl2T ]
C111 k2 x x x Tj T —
k3 % k% Mlli - [ 0 2nx2n Mijg M¢j3 02n><2n ]
k1 k_2 = k3 = x M121T = [ 02n><2n 02n><2n 02n><m 02n><m ]
[ Aijs1 + Tijs ~TE 0 0 0 N11], = [ O2nx2n Oznxan Nz NE, ]
(I)’ijl21 ~ 0 000 NlQ? = [ 02n><2n 02n><2n 02n><m 02n><m ]
Nijri 0 0 O g
i YijSl 0 0 0 :Z:]-]-l — [ 731 02n><2n 02n><2n 02n><2n ]
B f‘”5 * * TlQZ‘ = [ Z]Q 02n><2n 02n><m 02n><m ]
39, Sijo — Sijs Tije = * S11y = ] 02n><2n 02n><2n O2nx2n  O2nx2n |
0 0 —Q * SlQT = [ i 02n><m O2n><m ]
0 0 0 —%I ;J 6
= - S ~ ~ ~ P = ./\/l M
Tija T+ Tz;l + Q1+ Q2+ Q3 @4T1 [ 0 1t 1112\IJ]T or
Ro+ Ty + T P = [Orn T Yip W ]
_ PlA Af M1111 = [ ‘1 O2nx2n  O2nx2n  O2nx2n ]
L “144 Afj _
Tl]l { P3Ai Afj :| M{HQ = [ 02n><2n O2n><2n 02n><m 02n><m ]
, T
T { AP AP } Vi = [0By Byl
B B 0 B 0_ ~ \IJZ;Q = [ (5./7’2 Bf] (5\/7'213}; ]
Tyjo —Q1 — Ry + Mijo + M5, vly = [ 0mmBYE, omnBY
Tua = =M M + N + N W = [SVB], 5VEB ]
s T
Lija —Q2— Nija — Nz‘j4 o, = [00 00 G 0 I 0]
Lijs Yijs — Tijs — Tigs + Sigs + Sis G = [C 0]
Lije —Q3 — Sijo — 5”6
R CTITRT TITRT. Moreover, if the above conditions are feasible, the parameter
Aijs1 { ! 0 fi i 0 fi } matrices of the filter are given by
- T N
Tijs [ pC; QG0 } Afj = Afjps
] 0 0 Byj =Py Bf] JjeSs (16)
Aijm [ ITB;?FJ- ITBT' ] Crj = CfJPS
o - =
sz?_l [ A{*’_ipl Auils ] Proof. Through utilizing a similar technique to the proof in
o [ @4, 37, ] [16] and [21], there exist P, and P3 > 0 satisfying P3 =
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P2T Py ! P, and define variables

Agj = A Ags = P APy
Byj = P, By, (17) |
A AT B A -1
Cyj=CjP5,Cpj = Cyi Py

erv

08

instants and relea:

substituting the filter parameters (Ay;, Byj,Cyj) by
(Py T AP Py By, Cp PE) then, the filter (1) can be
rewritten as

Event-based release

{ d5(t) = Py T Ap PYag(t) + Py " Byyi(1) (18) [
zp(t) = Cp Pl (t) o
Defining #(t) = P x;(t), (18) becomes Fig. 3: The event-triggering release instants and intervals in
. _ Casel.
{ Tp(t) = Ap2(t) + Briy(t) (19)
zp(t) = Cra(t)

1.2 and the trigger parameter 0 = 0.9, = 0.818 through
That is ( A s B s Is: ;) can be selected as the filter param- utilizing the LMI toolbox of Matlab, we can get the trigger
eters. we can obtain that the system (11) is exponentially matrix 3 = 0.1469,m1 = 2.9985,my = 3.1480 and the
stable with an H., norm bound ~ if satisfy (14) and (15). following matrices:

Due to limited page, we omit the proof. o 19347 —0.0286 ]
4 Simulation examples Y7 | —0.0286 1.9571 |
Consider the T-S fuzzy system in (1) with the following B = [ 04255  —0.0616 |
parameters, similar to [21]: | —0.0616  0.6132
91 01 19 0 a [ —1.0474 0.2313
—| —| 7| 04443 —1.2756
= { 1 =2 } A [ -0.2 -1.1 ] . -
A _[-1t1 01 ] [ -09 0 By = 30035’39 ,Cp1 =] —0.5786 0.2790 |
AT 08 —09 [PTT | 11 -1.2 - )
1. _ [ -0m17 —00421] 5[ -0.020
Awr = [ (1)2 ] Aus = { 8'? } 7207 03218 —0.8903 |72 T | 0.0133
' ' Cra = [0.1446 —0.1493
Ci=[10],C6=[05 —0.6] 7 [ )
L, = [ 1 —05 ] Ly = [ —02 03 ] Then, by using Theorem?2, we can get the filter parameters
9 9 as follows:
p1(0(t)) = sin’t, p2(0(t)) = cos™t
—2.4425 0.1316 0.0339
I 5<t<10 Ap = [ },Bﬂ:{ }
w(t) = 1, 15<t<20 0.7539  —2.0045 —0.0329
0, else _ | —1.7550 —0.2450
Cpi = [ —1.3131 03230 |, Ap = { 09951 —15519 ]
In the following, two possible cases will be considered for —0.0299
showing the influences of the the event-triggered scheme and By = [ 0 (')133 ] ,Cro = [ 0.3091 —0.2124 ]

the effect of the quantizer on the system performance.

Case I we set 7 = 0.1,y = 0.3,dy = 0.6,y = For the initial condition z(0) = [ 1 -1 ]T, z5(0) =
[ 08 —0.8 }T and the sampling period & = 0.1, the re-
sponses of e(t) is shown in Fig.2, the event-triggering release
instants and intervals is shown in Fig.3

Case 2: under the event-triggered scheme, set trigger pa-

08

06

04

| rameter o = 0.9 and 7, = 0.1, 73y = 0.3,dp; = 0.6,7 =
‘ ' /\A\ _ 1.2,6 = 0.818 by applying Theorem 2, we can get the trig-
| T w | ger matrix() = 16.1228,m; = 5.6251, my = 15.9445 and
_W/ the following matrices:
|
‘(‘ P [ 1.9785  —0.0107 | B _ 0.4228 —0.0781
o Y7 | —0.0107 21648 |*7° T | —0.0781 0.6976
o s 0 s Tm%g(s) 2 ES 3 40 B B —0.7284 —0.0328
Cpr = [ —0.5872 0.2928 |, Apy = { 03583 —0.9759 ]
Fig. 2: R fe(t)i 1. - .
ig. 2: Responses of e(t) in Case i _ [-1033 02880 ] o [ 00613
7| 04981 —1.4951 |07 T | —0.0650
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A —-0.0484 | ~
B = { 0.0637 },Cfg_ [ 0.1441 —0.1658 ]

Then, by applying Theorem 2, the filter parameters are de-
rived as follows:

Cy = [ —1.3391 0.2698 |

A — [ —1.7682 —0.2450

7207 | -1.1293  —1.5255

A = [ —2.4176  0.1434 B, | 00613
7| 07985 —2.0539 |7 | —0.0650

[ —0.0484

By = 0.0637 ] ,Cpy = [ 0.3032 —0.2037 |
For the initial condition z(0) = [ 1 -1 ]T, z¢(0) =

[ 08 —0.8 }T and the sampling period » = 0.1, §(t) be-
fore quantized and §(t) after quantized are shown in Fig.4.
Where y1 (t5h) is sample after quantized and y(¢xh) is sam-

ple before quantized.

¥,(th)
¥t h)

0.8 B

0.6 B

0.2 B
\ | \
0
—02 L L L L L L L
0

5 10 15 20 25 30 35 40
Tim(s)

Before and after quantized

Fig. 4: Responses of §j(t) before and after quantized in Case

5 Conclusion

The issues of H., filter design with quantization and
event-triggered communication scheme network control sys-
tems via T-S fuzzy model is proposed in this paper. Suf-
ficient conditions are obtained to guarantee the exponential
stability of the proposed system. By applying the method
of LMIs inequality, the algorithm of designed filter has been
gained. Furthermore, a numerical example has been pro-
vided to show the usefulness and effectiveness of the pro-
posed method.
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