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Sampled-data Robust H.. Control for T-S Fuzzy Time-delay Systems with

State Quantization

Xiaojing Han and Yuechao Ma*

Abstract: This paper investigates the sampled-data robust H., control for T-S fuzzy time-delay systems with state
quantization. Based on a modified Lyapunov-Krasovskii function(LKF), which is fully considered the characteris-
tics of sample-data and state quantization, a sample-data and state quantized controller is designed. By introducing
the free weighting matrices, some integral techniques and modified inequalities, the results in this paper are less
conservative than other existing results. At the end of the paper, two examples are given to show the effectiveness

and superiority of the proposed methods.
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1. INTRODUCTION

The Takagi-Sugeno (T-S) fuzzy model is an effective
modeling method for nonlinear systems [1]. It is described
by a set of fuzzy IF-THEN rules with fuzzy sets in the
antecedents and linear time-invariant dynamic systems in
the consequent, which works for many typical nonlinear
systems, and a lot of stability conditions are obtained [2—
6].

Network and information technology are gradually ap-
plied in many fields, more and more people are devoted to
the study of T-S fuzzy systems combined with sampled-
data [7-9]. The information data obtained at discrete time
intervals and it can be the digital data or simulated data.
The control signals of sampled-data systems will be held
constant between any two consecutive sampling instants
and only be changed at each sampling instant [10, 11].
The sampling period is an important issue as we solve the
stability problem of the system with a sampled-data con-
troller. It is clear that a longer sampling period will be
detrimental to the stability of the system. So, it is very
important to consider the control design problem with a
longer sampling period. In [12], the input delay approach
is first proposed, and it has the advantage that #.| — #
does not need to be a fixed value. It combines with other
technologies and is widely used in many papers [13-16].

It should be noted that the previous research results only
assumed that all data transmissions can be performed with
infinite precision, while the data quantization is not take
into account in their papers. The first paper that men-
tions quantification is [17]. Before the transmission pro-
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Fig. 1. The process of signal transmission.

cess, the sampling signal usually needs to be quantized
to solve the problem of limited network transmission ca-
pacity due to the rapid development of the internet. The
concept of quantizer is first proposed to solve the channel
finite problem of the network control system [18]. Shan-
non proposed the concept of distortion rate [19], which
arouses the scholars’ interest in quantizer. Quantification
is mainly applied to the transformation from continuous
signal to digital signal, as shown in Fig. 1. According to
the structure, quantizer can be divided into linear quan-
tizer and logarithmic quantizer. According to different de-
sign techniques, quantizer can be divided into static quan-
tizer and dynamic quantizer [20]. [21] proved that the op-
timal quantizer in the discrete linear time invariant system
with single input and single output is logarithmic quan-
tizer, because of the small density. [22] uses the upward
bound method to confirm that the quantitative quantizer
is not only applicable to the system of single input single
output but also for multi-input and multi-output systems.
It is the first paper to study the stability of sampled data
systems with quantization. Inspired by [22], [23] stud-
ies the quantitative stability of discrete time invariant sys-
tems, the concept of state quantification is first proposed
and the sector bound approach for sampled-data systems
with a logarithmic quantizer is derived. Even if the stabil-
ity of the system controller is good, some random behav-
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iors may affect the stability of the system in the process
of quantification. So, the study of sampled-data systems
with the quantization has became an active research topic
[24-26]. Inspired by these works and [27-29], this paper
will develop the sampled-data robust H., control for T-S
fuzzy time-delay systems with state quantization.

Then, the problem of the sampled-data robust H. con-
trol for T-S fuzzy time-delay systems with state quantiza-
tion is considered in this paper. First, we construct a im-
proved LKF, which considered all available information
about the actual sampling and state quantization pattern,
some new stability conditions are obtained. Second, based
on these stability conditions, the sample-data and state
quantized controller is designed for T-S fuzzy time-delay
systems. Particularly, by introducing the free weighting
matrices, some integral techniques and modified inequali-
ties, the results obtained from this paper have a larger sam-
pling period and are less conservative than other existing
results. The improved inequality is inspired by X7 AX > 0.
In the end, a numerical example and a comparison exam-
ple are given to show the good effect of the results we
obtained.

Notation: In this paper, * denotes the elements below
the main diagonal of a symmetric block matrix. R" de-
notes the n dimensional Euclidean space. diag{---} de-

notes the block-diagonal matrix, and diag | X,...,X | de-
——
4
notes diag (X,X,X,X). For symmetric matrices A and B,
the notation A > B means that the matrix A — B is positive
definite.

2. PREAMBLE FORMULATION

2.1. Fuzzy plant model

The i th rule of the system is expressed in the following
IF-THEN form, consider the following T-S fuzzy time-
delay systems:

Rulei: IF 6,(¢) is @} and ... and 6,(¢) is @, THEN
x(t) =Aix(t) +Aux(t —T)+Bu(t) + By (1)
() =Cx(t) + Cox (t — T) + Dyju(t) + Dy (1),
x(t)=¢o(t),t € [-max(t,h),0], i=1,2,...,n,

ey

where 6y (1), ..., 0,(r) are the premise variables, and @/(i =
1,2,...,n,j = 1,2,...,r) is the fuzzy set, denote 6(r) =
61(2), ...,01,(t)]" and assume that 6(¢) is already given
or a function of x(z) but doesn’t depend on r, scalar
r is the number of IF-THEN rules; x(¢) € R" is the
state vector, u(t) € R” is the sampled-data input vector,
(1) € £,[0,00) denotes exogenous input disturbance sig-
nal, y(r) € R? denotes system output, ¢(z) is the initial
condition of this system state; T is constant state delay;

Ai, Agi, Bi, Bwi, Cii, Cai, Dyj, Dy are constant real matrices
with appropriate dimensions;

By using a center-average defuzzifier, product inference
and singleton fuzzifier, the global dynamics of the T-S
fuzzy system (1) can be inferred as:

an () + Agix (1 — 7) + B (1)
+B,,;0(t)]
Zn, ) [Crix (£) + Coix (t — T) + Dyu (¢)
+D50 (1))

x(t)=@(t),t € [-max(t,h)],i=1,2,...,r,

@

where 1; = 1;(6(r)) denotes the normalized membership
function satisfying:

_HM,, 0; (1)) 3)

where M;; (0; (t)) is the membership value of 6;(¢) in M;;.
It can be seen that Vi € {1,2,...,r} , n; (0 (¢)) has the fol—
lowing condition:

)20y m(6)=1. 4
i=1

2.2. Sampled-data and state quantized controller

The parallel distributed compensation (PDC) is used to
design the controller and make the T-S fuzzy system (2)
stabilization. The sampled-data input u () = u;(r) , fr <
t < 41 with sampling instants 7 (k =0, 1,2, ...) satisfying

O=fH<hn<.. <11mtk—+<>o 5)
k—>+oo
and
0<tip1 —tk =h,Vk >0, (6)

where h > 0 is the upper bound of sampled time.
The sampled-data and state quantized controller and the
i th rule of the controller is expressed in the following IF-
THEN form: ' .
Rule j : IF 6;(#;) is @] and ... and 6,(z;) is @;, THEN
u(t):qu(x(tk)),tk§t<tk+1, (7)

where u; (¢) is the input vector of rule j, K; is the gain
matrix of the state feedback with appropriate dimen-
sion, x (i) is the state vector of subsystem at the instant
t;, which is a piecewise constant function by using a
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zero-order-holder(ZOH); The logarithmic quantizer is de-
scribed as:

a(-)=1a1(),a2(-)sqa ()" ®
with the d th subquantizer ¢ (-), which is symmetric:

qa (xXa (%)) = —qa (—xa (%)) » ©)

and the set of its quantized levels is described by:

{iq,;) 0 _ (pd)"¢‘§0>7d =0,+1,42,... } u{0},

(10)
0o<pi<l, ¢

where p; and ¢£50) denote the quantizer density and initial

quantization respectively. The definition of g, (x4 (#)) is

expressed as:

(i) (i)
¢d ,lf ¢i|—l <xd(tk)< ¢

qa (xa () = 0. ifxy(n) = (€8))

—q4 (—xd( k))7 lfxd (lk) < 07

where I; = l p" “(d =1,2,...,n) is the quantizer parame-
ters. Then, we have the followmg inequality:

(1= bn)xa (1) < 94 < (1+1a) xa (1),

for x, (lk) >0,

) (12)
(1 L) xa (1) < 0 < (1= L) xa (1),
for x4 (1) < 0.

Then, we can get the quantizer as follows:

q(x () = x(tc) + f (x (1)) , (13)
where

Fee() =1 (e (1) fo (2. (8)) ooy fo (a (1))

(14)

with

~Lalea (1)) < xa (1) fa (xa (8)) < Lafea (). (15)

The defuzzified output of controller (7) is expressed as:
“L () +f @) (16)

In this paper, the sampling distance does not need to be
a fixed value and between any two consecutive sampling
instants belongs to an interval and #;.1 —t, = h < h for
all k > 0, where h > 0.

Substituting (16) into (2), the T-S fuzzy system with
sampled-data and state quantization is formulated as:

20 =YY 1 (8.(6)n; (8 (1) [Aix (1)

i=1j=1
FAqx (t — ) +BiK; (x (t) + f (x (%))

+Bwiw( )]
X;an (6 (t)) [Crix (1)
+Coix (t — T) + DK (x (1) + f (x ()

+D50 (1)]
x(t) =@ (t),t € [-max(1,h)],i=1,2,...,r,

a7

Remark 1: The T-S fuzzy system with sampled-data
has been investigated in [10, 11, 13, 14, 16], but the quan-
tification is ignored in the study. In [17-22], they only
investigated the system with quantization, and few people
consider the combination of sampled-data and quantiza-
tion. Although the problem of sampled-data control with
quantization has been considered in [27], which cannot di-
rectly be employed to solving the H., control problems of
the system with time-delay, so, there are still some room to
be improved. So, the problem of the sampled-data robust
H., control for T-S fuzzy time-delay systems with state
quantization is considered in this paper.

The purpose of this paper is to design a robust H., con-
troller (16) for the T-S fuzzy system (1). In the following,
we give some definition and lemmas which are useful in
deriving the stability criteria.

Definition 1 [28]: For all admissible uncertainties, the
system (17) is said to be robustly asymptotically stable
with an norm H.. bound 7, if the following hold:

1) With @ (t) =0, the trivial solution (equilibrium point)
is asymptotically stable if lim |x(¢)| = 0 holds.
f—o0

2) Under the assumption of zero initial condition x (t) =
0, Vt € [—-max(1ty,h),0], the controlled output y(r)
satisfies ||y ()|, < 7|l (¢)||, for any nonzero @ () €
£,]0,00), where ¥ is a attenuation index.

Lemma 1 (Jensen’s inequality [30]): For any constant
matrix S = S7 > 0 and vector 1 > 0, function @ : [0,1] —
R" such that the integrations concerned are well defined,
then

- / o (5)Sa (s)ds

<[ owa] o[ ['acoad

Lemma 2 (Wirtinger’s inequality [31]): Consider a
given matrix R > 0. Then, for all continuous function
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in [a,b] — R", the following inequality holds:

/a "3 ()R (s) ds

where IT = x (b) +x (a) — 72 [ x(s)ds.

b—a Ja
Lemma 3 (Linear convex combination [28]): For any
matrices W;(i = 1,2,3) with appropriate dimensions, and
0 <t —t; < h, the condition of

Wi+t —t)Wat(h—(t—1)) W2 <0
holds if and only if

Wi+ hW, <0,
Wi +hW; < 0.

3. MAIN RESULTS

This section aims to develop some stability criteria for
the system described by (17), and the asymptotic sta-
bility and stabilization conditions of the T-S fuzzy with
sampled-data and state quantization are derived in terms
of linear matrix inequalities (LMIs).

It is assumed that the feedback gain matrices K; have
been well designed for ensuring the asymptotically stable
of the system (17) with an H. norm bound Y. The cor-
responding results are summarized in the following theo-
rem.

For the sake of simplicity of matrix and vector repre-
sentation, the notations are defined as

EN)y=[x"(t) . x" () x" (t—7) ,x" (t—h),

£ @) 0 [ s

-1
1

! ] !
/ x (s) ds,f/ x' (s)ds, 0" (l)} ,
t—1t 1 h t—h

q)l - [Ia _17()’0’070707070)0])
@, = [1,~1,0,0,0,0,0,—21,0,0] .

3.1.  Stability analysis with an H, norm bound y

This subsection provide some stability conditions to
guarantee that the system (17) is robustly asymptotically
stable with an H. norm bound 7.

Theorem 1: For some given positive constants 7,4
and h, diagonal matrix L, and gain matrices K; of the sub-
system controllers (7), the system (17) is robustly asymp-
totically stable with an H., norm bound 7, if there exist

P P B
symmetric positive matrices P= | * P, Ps | ,M =
% X P6
M, M, M;
* My Ms | ,R|,Ry,N\,N»,01,0Q>, positive diago-
* * Mg
nal matrix G, and any matrices Y1;; = (Y11, Y12ij, .-, Y110i],
Ysij = [Ya1ij,Y22ij,--.,Y210;;] With appropriate dimen-

sions, such that the following inequalities hold for
iL,j=12,...,r

[ Q'+rQ* T Y], 3hYy;;
* -1 0 0
* x  —hM~! 0 <0, 18)
i * * * —3nM!
[ Q'+rQ® T
_ . _7 <0, (19)
where
[ Q}l Qiz Qi3 Qilo 1
* 0 Qy Qo Q10
Ql = * * Q Q310
L * * * Qipio J
o o 9 . 9 ]
* Q5 Qs Q319
Q2= * * Qf Q0
L * * * Q%010 J
ol o 9 . 9 ]
* 0 Qy Qo Q519
Q3= * x Q3 Qo
L * * * Q?mo J

Q) =P+ P + Py +P{ +Ri + Ry —4Q1 —40s + Z1A; +
ATZT =Y =Yg = 3V = 3y, Qf = —M] +
ZiBiK;+Y\;; = Yioij — 3Y3);; — 3Vmij, Qi = =P, — 20, +
Z1Agi — Yi3ij — 3oz, Q4 = =201 — Yiaij — 3Ya4i;, Qs =
—MI +Z\BiK; — Yisi; — 3Yasij, Qlg = P — Z + AT ZT —
Yieij — 3Y26ij, Q17 = TP + TPI 4+ 601 — Yi7i; — 3Ya7)s
Qls = 6Y)y;; — Yisij — 3Yasij, Qg = 602 — Yigi; — Va0,
Qliy = ZiBoi — Y110ij — 3Ya10ij, Qb = My + M +
2LT GLA Y+ Yioij — 3V — 3Yanij, Q53 = Yiij — 3¥asi,
Q) = Yigij — 3Yij, Qs = M3 —2LG + Yi5;j — 3Dasij,
Qs = K[ B[ Z] + Yisij — 3Yasij, Qg = Yi7ij — 3Yarij,
Qy = 6Y2T2ij + Yisij — 3Yasij, Qg = Yig;j — 3Ya0ij,
Qo = Y110 — 3Ya10j, Qb = =Ry — 40, Qg = ALZT,
Q= —tP + 601, Qg = 6V, Q= —Ry — 40,
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Qi = 6Yz4u Q55 = —2G, Q3 = KTBTZz Q5 = 6Y2T51]
Qi =—Z1 —Z,+ 7?01+ h* 0>, Q 7 = TP}, Qig = Yy,
Qélo = ZBgi, Q77 = —120,, 78 = 6Y271] Qs‘ss =
6Y2T8ij+6Y23,, 989 = 6Y29;;, leo = 6Y210ij, 999 =—120,,
Qoo = =71 Qg = P+ Ps, Q3 = My — N, st =
—Ms, Q3 = —P5, Q3 = —Mg— No, Q% =P, Q3, =
M4+ Ny, .Q.25 =Ms;, Q%—Mz QSS =Ms+N,, Q%—Mg

Qi =My, I = (C[,KI'D},,C},0,KI D];,0,0,0,0,D%),

r,= (Ai,Bin,Ad,X 0,BiK;,—X,0,0,0,B4X).

Proof: Construct a LKF candidate as

5
V(t) =Y Vi(0),1 € [tistis) (20)

BN
ds ] P[ Jl . x(s)ds ] ,
Jix(s)ds

Vz(t)z/t;x (5)Rux (s ds+/ (5)Rox (5) ds,

(
Vi (t) = (tir —1) (1 =) [x7 (00) Nix (1)
©)

T (e (1)) Nof (x (e ))]

e [ o
Jrh/t h/ 8) Q2% (s

Taking the time derivative of V (¢) for the system (17), we
have

. x(1) ! x(1)
Vi(t)=2| [ . x(s)ds | P| x(t)—x(t—1)
ftix(s) ds

s)dsd0

)dsd©.

=2x" (1) P (1) +2x" (1) Pa [ (1) —x (1 — 7))
42 (1) P (1) +z/ §) Pl (1) ds
+z/ A (s) Py [x (1) —x (¢ — 7)) ds
+z/ §)Pox (¢ ds+2/ Pl (1) ds
+2/x (s) P [x (1) —x (1 — 7)) ds
+2/ 5) Pox (1 @1)

Va (1) =x" (1) Rix(1) —x" (1 = 7) Rix (1 — 7)

(t—
+xT (t)Rpx (t) —xT (t —h)Rox (t —h), (22)

t
:—/ il (s)Myx (s
I

x Mox (t) —2[x ()
+(t — 1) [x" (1)

(t)
+fT( ( ))Mé

(

+x" (fk)MM(fk)"'x (tx) Ms f (x (1)

+fT () Mo f (x (1))] (23)
= (tr1 — 1) [x" (1) Nix (1)

+ T () Naf (x(1))]

—(t—t) [T (1) Nux (1)

+ T () Naf (x ()]
= (e — (1 — 1)) [ () N1x (1)

+ T (e (6)) Naf (x ()]

—(t—t) " (1) Nux (1)

+ (e (1) Nof (x (1)), (24)

V() =2 0007 [ i () Qs (s)ds
+ 12T (1) Q1% (1 / §) Qo (s

Vv, (t)

(25)
Using Lemma 1 to deal with the integral term in (23),
15
- / & (5) Mix (1) ds <
’*1 (26)

t—tkgr (1) [T M Py 43D, M D, & ().

With the matrices Y;; and Y»;;, we can see that

1 Tyl
— M P, — (t—t) Y15/l M
(f—tk)[ 1571 ( k) 1]] 1

X[M]‘I’lf(lflk)ylij],

1 Tars—1
—— M Dy — (t —t;) Yoii| M
(t_tk)[ 1Dy — (1 — 1) Yai | M,

X [MquQ — (l —lk) Y2ij]
are nonnegative. So, the following inequalities holds:
1
(-1
S _Ylijq)l
1
(1—n)

—— D M,
_dDTYW—&—(t—tk) YlyiijIIYIija 27

— M D,



Sampled-data Robust H,., Control for T-S Fuzzy Time-delay Systems with State Quantization 51

< _YZZCI)Z — CI)ZTYQU‘ + (l — lk) YzijleZij- (28)

Using Lemma 2 to deal with the integral terms in (25),

—T/ztr)'c (5) 01 (s) ds
1) —x(t— )]TR[x(f)*x(f*T)L (29)

[x(
—h/ $) Q01X (s

[x(r) —x(t— h)]TR [x(t) —x(t—h)]. (30)
Based on the system (17), it is easy to know that
2" (1) Z + i (¢ )Z] x {—x(t)

+ZZTI: (6 (1)) [Aix

i=1j=

+BiK; (x (t) + f (x(tx))) + B ()]} =0, (31)

(t)+Aux(t—1)

that is
2" (1) Zy + 1" (1) 2] xT2€ (1) = 0. (32)
From (15), for a diagonal matrix G > 0, we can obtain
—2[f (x (1)) + L ()] G [ (x (1))
From (21)-(35), we have
V() +y" (0)y)—ro'

iinl

i=1j=

— Lx(1)] > 0. (33)

(6 (1)) ér (1) Q8 (1), (34)

where Q = (Q' —T'7IT) + (1 — 1) (Q* + Ylijlew
+3Y2€j Y211)+(h_(t_tk))'Q‘3'
Using Lemma 3, we know Q < 0 if and only if
(Q'=TTIT) + h (Q + Y M 'Yy, + 3 MYy,
<0, (35)
(Q'-1"IT) +hQ’ <. (36)
Based on the Schur Complement [32], (37) is equivalent

to (18) and (38) is equivalent to (19). Therefore, it follows
from (36) that

Vi) <=" 0y +re’ o). 37)

Under zero initial condition, integrating both sides of (39)
from ty to t — oo, we have

/ TV (s)y(s)ds < / T Po’ (5)o(s)ds, (38)

which implies that ||y ()|, < 7| (t)]],.

Next, when @ (¢) = 0, we can get V () < 0, obviously.
According to Definition 1, the result is established. This
completes the proof. U

Remark 2: In constructed LKF (20), the characteris-
tic of sampling and state quantization is fully considered.
Particularly, the item of V5 (¢) and V4 (¢) in (20) plays a
key role to prove the stability of the system. The items
(h—(t—1t)) in V3(¢) and the items (f; —¢) (f — 1) in
V4 (t), which can fully use the linear convex combination
(Lemma 3) in the derivation to replace & with (r —#;) and
(h— (t —1)). It is more easy to obtain the stability condi-
tions of the system.

Remark 3: There are some constructed inequalities
and some lemmas to deal with the integral items. By using
the combination of the constructed inequality (27-30) and
lemma 2, less delay-dependent integral items are arbitrar-
ily ignored. So, the results obtained form this paper are
less conservative than other paper.

3.2. Sampled-data and state quantized controller de-
sign

In this subsection, the sampled-data and state quantized

controller is design for the T-S fuzzy system (17).

Theorem 2: For given some positive constants #, €,
and a diagonal matrix L, the system (17) is robustly
asymptotically stable with an H. norm bound 7y and
feedback gain matrices K; = J,X ~T if there exist sym-

P P P
metric positive matrices P = x P, B | M=
* * 156
My M, M
x My Ms | ,R,Ry,Ni,N>,01,0,, positive diag-
* * M6

onal matrix G, and any matrices 171[17?21' j,Zl,Zz with ap-
propriate dimensions,such that the following LMIs hold
fori,j=1,2,...,r

[ Q'+nQ> Ty AY[;  3hY)
* -1 0 0 <0
* x —hM~! 0 ’
I * * * —3hM!
(39)
[ Q'+rQ* T
. 7| < 0, (40)
where
[ O g}iz 923 Qi |
* n Q0
Ql=| * x Ol Q3o |,
L * * * Q{010 J
[ O g}iz 5:223 {2310 |
* Q3 923 9210
Q2 = * Q5 03
L * * * Qioio
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3 333 3
Qj 9%2 9%3 9%10
x5 9%3 {2%10
QS — * * Q33 9310 ,
* * * Q?mo

QL =P+ Pl + P+ Pl +R +R,— 40, — 40, +AXT +
XAT =V, YH,, 317{1” 3¥s11j, @y = —MI +BiJ; +
Ylllj Ylle 3 21” 3Y22,j, H:—PZ—ZQH—A‘;,X —
Yi3ij —3Y2%u, 14 = —2Q1 Y14U — 3%, Q 15 = _M'Z +
BiJ; — Yls,j - 3Y25,], Ql Io = =P — X" + eXAT — Vigij —

3Y26,], Q” = TP4 + TP =+ 6Q1 Y17l] — 3Y271}’ Q}g =
6Y21lj Y]glj 3Y23lj, ng = 6Q2 Ylglj 3Y29U’Q‘110 =
Boi — Yi10ij — 3Va10ij, @3y = My + M} +2L7GL+ V), +
Yizij — 31722,/ 3V, Qb = Vi3 — 3172311, 52%4 = V4ij —

3Y24,], 25 = M3 2LG+Y]5U — 3Y251]’ 26 = EJTBT

Y16,j 3Y26,j, 927 = Y17,J 3Y27,j, 'Q'28 = 6Y22” + Ylg,J

3¥asijs Q39 = Y19u 3Y29m sz = Y110 — 3¥210) 933 =
—R1 4Q1, 9‘36 = SXAdl, ‘Q‘W = —TP4 +6Q1, Qgg =
6Y2T31]7 Q44 = —RZ 4Q2, 48 = 6Y24lj’ Qés = _2G
Qi = eJBl, Qly = 6V}, Qb = 21 — 2, + 701 +
W0, Ql7 =P, Qg = 6Y261]’ Qg9 = ngu Oy =
—120,, Ol = 675, Ol = 6Y28” +6¥ng:;, Qb = 6¥0i,
‘Q89 = 6%20, Q99 =—120,, Q 1010 = —V1 Qs = Ps +
Po, 95, = My — Ny, O35 = —Ms, O = — 55, Q§5 =
—Ms — Ny, QSS = —Ms— Ny, O3, = My + Ny, O =
Ms, 56 = M7, Qs = Mg+ Ny, Qg = MY, Qe = M,
I = (xcf,J'p},,xCk,0,J7D];,0,0,0,0,xDY), T, =

1i2vj
(AXT,BiJ;, AiX",0,B:J;,—X",0,0,0,BuX").

Proof: First, pre-multiply and post-multiply both sides

of (18) with diag< X,....X,[,LI,X,X » and its trans-
——

9

pose, and (19) with diag< X,...,X,I,I p and its trans-
——

9
pose, respectively, and define Z, = X!, Z, = eX !,
Jj =K;X", P =diag{X,X,X} Pdiag {X", X7 X}, i =
dlag{X X X}Mdzag {x".x" XT} G =XGX", R =
XRXT, Ry = XR,XT, Ny = XN, X, Ny = XN, XT, 0 =
XOiXT, 0y = XOoX", Yiij = XVy;;diag< X,...,X,1 ¢,
N—_——

9

Yoij = XYaidiag { X,...,X,1I
——
9 9
Then, we can obtain (41) and (42). This completes the
proof. |

Remark 4: Unlike the proposed method in [10, 11,
13, 14, 16], we attempt to analyze quantization effect of
sampled-data fuzzy systems. The introduction of quan-
tizer can effectively reduce the burden of communication

,V3ij=XVY3i;diag < X, ..., X,1
N——

channel in the signal transmission of network control sys-
tems, and also reduce the influence of network fixed band-
width on the system. The results obtained from this paper
have a larger sampling period / and a smaller attenuation
interference index 7y than other existing results, this will
be demonstrated later through Example 1 and Example 2.
So, the sampled-data and state quantized controller we ob-
tained is more conducive to the stability of the system.

4. EXAMPLES

This section provides two examples to verify the valid-
ity and superiority of the proposed methods. To prepare
for the appropriate examples, we also study T-S fuzzy sys-
tems with sampled-data or state quantized controller in-
vestigated in the recent literature [33-38].

Example 1: Consider the following fuzzy system. The
T-S fuzzy model of this fuzzy system is the following
form:

(6(1)) [Aix (1) +Agix (1 = 7)

+B,-K( (t) + f (x(t))) + Buio (1)]
where
-2 2 0 -1 1 0
A= 1 -1 -1, A4=]0 2 1|,
0 —1 -1 1 0 -2
—-05 1 0
An =An o0 -1 0 |,
0 1 -0.5
1 -2 0 -1 0 O
Boi=|0 -2 0|, Bpu=|0 =1 0|,
0 0 -1 0O 0 -1
[ —1] 0.1 0.1 0
Bi=|-2|.cu=| 0 —05 0o |,
0.5 | 0 0 -0.1
[ —1] -0.1 0.1 0
Bo=|-1|,Co=| 0 —05 o |,
2 0 0 -0
[—02 0 0
Ci=Cn=| 0 -03 0 |,
0 0 -o01
1 ] 0.1
Dyu=| 0 |, Dp=|05],
0.5 | I
-1 -1 0
D>y =Dy = 0O 1 O
0O 0 04

Consider the quantizer densities

1
p1*27 p2*3a P3*67
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Table 1. Upper bounds sampling period 4 and controller
feedback gains for ¥ = 2 and different values of
state delay 7.

T 0.1 0.3 0.5
h 0.88 0.74 0.65

so we have the quantizer parameters are

1+p1 37 3

_1—p3_5
S l4p, 207

l )
! 14 p3 7

I3

then we have content matrices

L 0 0 ;7 00
L= % L 0 [=] % % 0
* I3 S %

Employ the following membership function:

1
nl@ﬂﬁ)=1+£mwosgxo+ln’

M (xi (1) =1— fi(x (1)),

and the disturbance input is assumed to be @(¢) =
sin(—3¢)exp (—t), and given € = 0.9.

Then, by using Theorem 2 with LMIs, we obtain the
results of some feasible solutions K;,K, and the upper
bounds of sampling period / under different levels of state
constant delay 7, which can guarantee the asymptotic sta-
bility of the system (17) with H., performance level y = 2.
The corresponding results is shown in Table 1.

From Table 1, we can seen that the upper bounds of

sampling period is 27 = 0.88 when 7 = 0.1. The similar
conclusions can be obtained with different 7.
With t=0.1, h=0.88, K; =[—0.0252 —0.0831 —0.0051],
K, = [-0.0365 —0.0773 —0.0014], the state responses
x () of the system (17) is shown in Fig. 2 and the con-
trol input u () is shown in Fig. 3 under an initial condition
x(0) =10,0,0]".

Remark 5: By using the results of Theorem 2 and
combining with the method of linear matrix inequalities,
we obtained many sets of data. However, due to space
constraints, this paper only shows three sets of better data.
In the process of calculation, we find that the larger v,
the smaller %, and they are inversely proportional to each
other. After repeated calculation and comparison, we find
that v = 2 can get better results. From Table 1 , it can
be seen that the method of this paper can obtain a larger
sampling period 7 = 0.88 when 7 = 0.1.

Remark 6: From Fig. 1 and Fig. 2, it can be seen that
the state responses of the system state and controller input
tend to be stable from 4s. This proved the feasibility of
the method proposed in this paper.

)
x5(1)

1,2,3)

X0

Time(s)

Fig. 2. The state responses of the system (17).

0.02

u(t

-0.02

u(t)

-0.04r

-0.06

-0.08r

0] 2 4 [ 8 10
Time(s)

Fig. 3. The control input of the system (17).

Example 2: Consider the problem of balancing and
swing-up of an inverted pendulum on a cart. The equa-
tions of the pendulum motion are given by [35]

X1 (t) Z)Cz(t),
o (1)
_ gsin(x (1) —aml (1) SnE) _ geos (xy () ulr)

4 — amicos? (x; (1))

+o(),
2(t) =x2 (1),

where x; (¢) is the angle (in radians) of the pendulum from
the vertical, x, (¢) is the angular velocity, and u (¢) is the
force applied to the cart (in newtons), and @ (z) is the
disturbance. g is the gravity constant, m is the mass of
the pendulum, M is the mass of the cart, 2/ is the length
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Table 2. The upper bounds of sampling period /4 obtained
by various methods.

Methods [36] [37] [38] [35]
h 14ms 16ms 24ms 42ms

Theorem 2
112ms

of the pendulum. As the same as in [35], the parame-
ters are given by m = 2.0kg,M = 8.0kg,2l = 1.0m,g =
9.8m/s?,a =1/ (m+ M) . The control objective here is to
balance the inverted pendulum for the approximate range
xi(t) € (-m/2,7/2) and x, (t) € (—7,7) via a sampled-
data control approach.

The system (41) in this example can be represented by
a two-rule T-S fuzzy model:
Rule 1: IF x, () is about 0, THEN

X(t)=Ax({t)+Bu(t)+B,o(t),
Z(l) = C”x(t) .

Rule 2: IF x; (¢) is about =7, THEN

X(t) =Ax(t)+ Bou(t) + By (1),
z(t) =Cix(t),

where

A=

0 1 A 0 1
2 y A2 = 2 >
4I/3§aml 0 7r(4l/37guml[32) 0

0 0
B = ___a , Bo= _ af ’
41/3—aml 41/3—amif?

E\=E,=[0,1]",C; =C,=10,1], B = cos (88°).

The membership function are defined as

1= 2 (0),if0 < (1) < g
N (x1 (1) = 72[ -
1+;x1 @’if_i <x (1) <0,

and 12 (x; (1)) =1 =11 (x1 (1))

By using Matlab LMI tool box to solve the LMIs ob-
tained in Theorem 2, we can obtain the upper bounds of
sampling period &2 = 112ms. In order to verify the supe-
riority of our methods, the comparison results with other
papers are presented in Table 2.

When h = 30ms, the minimal H., performance index y
is obtained as 0.0133 by Theorem 2, and the correspond-
ing controller gains are as

K = [6.5666,—0.3832] , K, = [10.2418,—0.2755].

By using the above results, the state responses x () of the
fuzzy system are shown in Fig. 4 and corresponding con-
trol input u() is shown in Fig. 5 under the initial state
x(0) = [7r/3,0}T.

1.5

=1,2)

X (0

1 2 3 4 5
Time(s)

Fig. 4. The state responses of the system (41).

201
15+

= 10r
=1

0 1 2 3 4
Time(s)

Fig. 5. The control input of the system (41).

Table 3. The comparison results of }.

Methods [35]
Y 0.6062

Theorem 2
0.0133

Remark 7: It can be seen from Table 2 that the upper
bounds of sampling period A obtained by Theorem 2 is
larger than others. Moreover, the comparison results of
the minimum attenuation interference index ¥ is shown
in Table 3. From Table 3, we know that the minimum
attenuation interference index y obtained by Theorem 2 is
smaller than others. All these results prove the superiority
of our method.
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5. CONCLUSIONS

In this paper, the problem of sampled-data robust H.
control for the T-S fuzzy time-delay system with state
quantization has been investigated. We constructed a im-
proved LKF, which is fully considered the characteristics
of sample-data and state quantization, and by introduc-
ing the free weighting matrices, some integral techniques
and modified inequalities, the results obtained in this pa-
per are less conservative than other existing results. Based
on the obtained stability conditions, the sample-data and
state quantized controller has been designed for the ro-
bustly asymptotically stable of the T-S fuzzy time-delay
system. Finally, a larger sampling period % and a smaller
attenuation interference index y obtained in the two exam-
ples have been proved the effectiveness and superiority of
the proposed methods.

REFERENCES

[1] T. Takagi and M. Sugeno, “Fuzzy identification of systems
and its applications to modelling and control,” Readings in
Fuzzy Sets for Intelligent Systems, vol. 15, no. 1, pp. 387-
403, 1993.

[2] C. H. Lien, K. W. Yu, W. D. Chen, Z. L. Wan, and Y.
J. Chung, “Stability criteria for uncertain Takagi-Sugeno
fuzzy systems with interval time-varying delay,” Control
Theory Appl., vol. 1, no. 3, pp. 764-769, 2007.

[3] Y. Ma, M. Chen, and Q. Zhang, “Memory dissipative con-
trol for singular T-S fuzzy time-varying delay systems un-
der actuator saturation,” Journal of the Franklin Institute,
vol. 352, no. 10, pp. 3947-3970, 2015.

[4] Y. Ma and M. Chen, “Finite time non-fragile dissipative
control for uncertain T-S fuzzy system with time-varying
delay,” Neurocomputing, vol. 177, pp. 509-514, 2016.

[5] Z. Lian, Y. He, C. K. Zhang, and M. Wu, “Further ro-
bust stability analysis for uncertain Takagi-Sugeno fuzzy
systems with time-varying delay via relaxed integral in-
equality,” Information Sciences, vol. 409-410, pp. 139-150,
2017.

[6] D. Yue, E. G. Tian, Y. J. Zhang, and C. Peng, “New ap-
proach on robust delay-dependent H., control for uncertain
T-S fuzzy systems with interval time-varying delay,” IEEE
Transactions on Fuzzy Systems, vol. 17, no. 4, pp. 890-900,
2009.

[7]1 H. K. Lam and F. H. F. Leung, “Sampled-data fuzzy con-
troller for time-delay nonlinear systems: fuzzy-based LMI
approach,” IEEE Transactions on Systems Man and Cyber-
netics, vol. 37, no. 3, pp. 32-39, 2007.

[8] H.K.Lam and W. K. Ling, “Sampled-data fuzzy controller
for continuous nonlinear systems,” IET Control Theory and
Applications, vol. 2, no. 1, pp. 32-39, 2008.

[9] P. Naghshtabrizi, J. P. Hespanha, and A. R. Teel, “Expo-
nential stability of impulsive systems with application to
uncertain sampled-data systems,” Systems and Control Let-
ters, vol. 57, no. 5, pp. 378-385, 2008.

[10] H. Gao and T. Chen, “Stabilization of sampled-data T-S
fuzzy systems,” International Symposium on Systems and
Control in Aerospace and Astronautics, vol. 6, pp. 295-300,
2006.

[11] F Yang, H. Zhang, and Y. Wang, “An enhanced input-delay
approach to sampled-data stabilization of T-S fuzzy sys-
tems via mixed convex combination,” Nonlinear Dynam-
ics, vol. 75, no. 3, pp. 1-12, 2013.

[12] E.Fridman, A. Seuret, and J. P. Richard, “Robust sampled-
data stabilization of linear systems: An input delay ap-
proach,” Automatica, vol. 40, no. 8, pp. 1441-1446, 2004.

[13] Y. Yan, C. Yang, and X. Ma, “H.. sampled-data control
for T-S fuzzy singularly perturbed systems with actuator
saturation,” Journal of Intelligent and Fuzzy Systems, vol.
33, no. 6, pp. 1-12, 2017.

[14] B. Wang, J. Cheng, A. Al-Barakati, and H. M. Fardoun, “A
mismatched membership function approach to sampled-
data stabilization for T-S fuzzy systems with time-varying
delayed signals,” Signal Processing, vol. 140, pp. 161-170,
2017.

[15] S. Wen, T. Huang, X. Yu, M. Z. Q. Chen, and Z. Zeng,
“Aperiodic sampled-data sliding-mode control of fuzzy
systems with communication delays via the event-triggered
method,” IEEE Transactions on Fuzzy Systems, vol. 24, no.
S, pp. 1048-1057, 2016.

[16] H. Liu and G. Zhou, “Finite-time sampled-data control for
switching T-S fuzzy systems,” Neurocomputing, vol. 166
pp. 294-300, 2015.

[17] R. M. Gray and D. L. Neuhoff, “Quantization,” IEEE
Transactions on Information Theory, vol. 44, no. 6, pp.
2325-2383, 1998.

[18] B. M. Oliver, J. Pierve, and C. E. Shannon, “The philoso-
phy of PCM,” Proceedings of the IRE, vol. 36, no. 11, pp.
1324-1331, 2006.

[19] C. E. Shannon, “A mathematical theory of communica-
tion,” Bell System Technical Journal, vol. 27, no. 8, pp.
379-423, 1948.

[20] H. Shao, Q. Han, Z. Zhang, and X. Zhu, “Sampling-
interval-dependent stability for sampled-data systems with
state quantization,” International Journal of Robust and
Nonlinear Control, vol. 24, no. 17, pp. 2995-3008, 2015.

[21] D. F. Delchamps, “Stabilizing a linear system with quan-
tized state feedback,” IEEE Transactions on Automatic
Control, vol. 35, no. 8, pp. 916-924, 1990.

[22] N. Elia and S. Mitter, “Stabilization of linear systems
with limited information,” IEEE Transactions on Auto-
matic Control, vol. 46, no. 9, pp. 1384-1400, 2002.

[23] M. Fu and L. Xie, “The sector bound approach to quan-
tized feedback control,” IEEE Transactions on Automatic
Control, vol. 50, no. 11, pp. 1698-1711, 2005.

[24] B. Shen, Z. Wang, and X. Liu, “Sampled-data synchroniza-
tion control of dynamical networks with stochastic sam-
pling,” IEEE Transactions on Automatic Control, vol. 57,
no. 10, pp. 2644-2650, 2012.


http://dx.doi.org/10.1016/B978-1-4832-1450-4.50045-6
http://dx.doi.org/10.1016/B978-1-4832-1450-4.50045-6
http://dx.doi.org/10.1016/B978-1-4832-1450-4.50045-6
http://dx.doi.org/10.1016/B978-1-4832-1450-4.50045-6
http://dx.doi.org/10.1016/j.jfranklin.2015.05.030 
http://dx.doi.org/10.1016/j.jfranklin.2015.05.030 
http://dx.doi.org/10.1016/j.jfranklin.2015.05.030 
http://dx.doi.org/10.1016/j.jfranklin.2015.05.030 
http://dx.doi.org/10.1016/j.neucom.2015.11.053
http://dx.doi.org/10.1016/j.neucom.2015.11.053
http://dx.doi.org/10.1016/j.neucom.2015.11.053
http://dx.doi.org/10.1016/j.ins.2017.05.017
http://dx.doi.org/10.1016/j.ins.2017.05.017
http://dx.doi.org/10.1016/j.ins.2017.05.017
http://dx.doi.org/10.1016/j.ins.2017.05.017
http://dx.doi.org/10.1016/j.ins.2017.05.017
http://dx.doi.org/10.1109/TFUZZ.2008.926586 
http://dx.doi.org/10.1109/TFUZZ.2008.926586 
http://dx.doi.org/10.1109/TFUZZ.2008.926586 
http://dx.doi.org/10.1109/TFUZZ.2008.926586 
http://dx.doi.org/10.1109/TFUZZ.2008.926586 
http://dx.doi.org/10.1109/TSMCB.2006.889629
http://dx.doi.org/10.1109/TSMCB.2006.889629
http://dx.doi.org/10.1109/TSMCB.2006.889629
http://dx.doi.org/10.1109/TSMCB.2006.889629
http://dx.doi.org/10.1049/iet-cta:20070126
http://dx.doi.org/10.1049/iet-cta:20070126
http://dx.doi.org/10.1049/iet-cta:20070126
http://dx.doi.org/10.1016/j.sysconle.2007.10.009
http://dx.doi.org/10.1016/j.sysconle.2007.10.009
http://dx.doi.org/10.1016/j.sysconle.2007.10.009
http://dx.doi.org/10.1016/j.sysconle.2007.10.009
http://dx.doi.org/10.1109/ISSCAA.2006.1627630 
http://dx.doi.org/10.1109/ISSCAA.2006.1627630 
http://dx.doi.org/10.1109/ISSCAA.2006.1627630 
http://dx.doi.org/10.1109/ISSCAA.2006.1627630 
http://dx.doi.org/10.1007/s11071-013-108
http://dx.doi.org/10.1007/s11071-013-108
http://dx.doi.org/10.1007/s11071-013-108
http://dx.doi.org/10.1007/s11071-013-108
http://dx.doi.org/10.1016/j.automatica.2004.03.003
http://dx.doi.org/10.1016/j.automatica.2004.03.003
http://dx.doi.org/10.1016/j.automatica.2004.03.003
http://dx.doi.org/10.3233/JIFS-161946
http://dx.doi.org/10.3233/JIFS-161946
http://dx.doi.org/10.3233/JIFS-161946
http://dx.doi.org/10.3233/JIFS-161946
http://dx.doi.org/10.1016/j.sigpro.2017.05.018
http://dx.doi.org/10.1016/j.sigpro.2017.05.018
http://dx.doi.org/10.1016/j.sigpro.2017.05.018
http://dx.doi.org/10.1016/j.sigpro.2017.05.018
http://dx.doi.org/10.1016/j.sigpro.2017.05.018
http://dx.doi.org/10.1109/TFUZZ.2015.2501412
http://dx.doi.org/10.1109/TFUZZ.2015.2501412
http://dx.doi.org/10.1109/TFUZZ.2015.2501412
http://dx.doi.org/10.1109/TFUZZ.2015.2501412
http://dx.doi.org/10.1109/TFUZZ.2015.2501412
http://dx.doi.org/10.1016/j.neucom.2015.04.008 
http://dx.doi.org/10.1016/j.neucom.2015.04.008 
http://dx.doi.org/10.1016/j.neucom.2015.04.008 
http://dx.doi.org/10.1109/JRPROC.1948.231941
http://dx.doi.org/10.1109/JRPROC.1948.231941
http://dx.doi.org/10.1109/JRPROC.1948.231941
http://dx.doi.org/10.1002/rnc.3038
http://dx.doi.org/10.1002/rnc.3038
http://dx.doi.org/10.1002/rnc.3038
http://dx.doi.org/10.1002/rnc.3038
http://dx.doi.org/10.1109/9.58500
http://dx.doi.org/10.1109/9.58500
http://dx.doi.org/10.1109/9.58500
http://dx.doi.org/10.1109/9.948466
http://dx.doi.org/10.1109/9.948466
http://dx.doi.org/10.1109/9.948466
http://dx.doi.org/10.1109/TAC.2005.858689
http://dx.doi.org/10.1109/TAC.2005.858689
http://dx.doi.org/10.1109/TAC.2005.858689
http://dx.doi.org/10.1109/TAC.2012.2190179
http://dx.doi.org/10.1109/TAC.2012.2190179
http://dx.doi.org/10.1109/TAC.2012.2190179
http://dx.doi.org/10.1109/TAC.2012.2190179

56

[25]

[26]

[27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

Xiaojing Han and Yuechao Ma

Z. G. Wu, P. Shi, H. Su, and J. Chu, “Sampled-data fuzzy
control of chaotic systems based on a T-S fuzzy system
model,” IEEE Transactions on Fuzzy Systems, vol. 22, no.
1, pp. 153-163, 2014.

H.K.Lam and F. H. F. Leung, “Stabilization of chaotic sys-
tems using linear sampled-data controller,” International
Journal of Bifurcation and Chaos, vol. 17, no. 6, pp. 2021-
2031, 2007.

Y. Liu and S. M. Lee, “Stability and stabilization of Takagi-
Sugeno fuzzy systems via sampled-data and state quan-
tized controller,” IEEE Transactions on Fuzzy Systems, vol.
24, no. 3, pp. 635-644, 2016.

C. Peng, Q. L. Han, D. Yue, and E. Tian, “Sampled-data
robust H., control for T-S fuzzy systems with time-delay
and uncertainties,” Fuzzy Sets Syst., vol. 179, no. 1, pp. 20-
33,2011.

S. Li and Y. Ma, “Finite-time dissipative control for sin-
gular Markovian jump systems via quantizing approach,”
Nonlinear Analysis: Hybrid Systems, vol. 27, pp. 323-340,
2018.

J. G. Landis and D. D. Perlmutter, “Stability of time-delay
systems,” vol. 18, pp. 380-384, 1972.

A. Seuret and F. Gouaisbaut, “Wirtinger-based integral in-
equality: application to time-delay systems,” Pergamon
Press, Inc., vol. 49, no. 9, pp. 2860-2866, 2013.

D. V. Ouellette, “Schur complement and statistics,” Linear
Algebra and its Applications, vol. 36, no. 6, pp. 187-295,
1981.

H.J. Kim, B. P. Jin, and Y. H. Joo, “Fuzzy filter for nonlin-
ear sampled-data systems: intelligent digital redesign ap-
proach,” International Journal of Control Automation and
Systems, vol. 2, pp. 1-8, 2017.

W. L. Chen, D. Y. Chen, J. Hu, J. L. Liang, and M. A.
Dobaie, “A sampled-data approach to robust H., state esti-
mation for genetic regulatory networks with random de-
lays,” International Journal of Control Automation and
Systems, vol. 16, no. 2, pp. 491-504, 2018.

(35]

(36]

[37]

(38]

W. Cheng, D. Wang, X. Zhu, and Y. Wang, “H.. stabiliza-
tion for sampling fuzzy systems with asynchronous con-
straints on membership functions,” IEEE Access, vol. 5,
pp. 2169-3536, 2017.

X.L.Zhu, B. Chen, D. Yue, and Y. Wang, “An improved in-
put delay approach to stabilization of fuzzy systems under
variable sampling,” IEEE Transactions on Fuzzy Systems,
vol. 20, no. 2, pp. 330-341,2012.

D. Zhang and Q. L. Han, “H.. control design for network-
based T-S fuzzy systems with asynchronous constraints
on membership functions,” Conference on IEEE Industrial
Electronics Society, vol. 6854, no. 5, pp. 2584-2589, 2011.

X. L. Zhu, B. Chen, Y. Wang, and D. Yue, “H., stabiliza-
tion criterion with less complexity for nonuniform sam-
pling fuzzy systems,” Fuzzy Sets and Systems, vol. 225,
pp- 58-73,2013.

Xiaojing Han received the B.S. degree
from Hui Hua College of Hebei Normal
University, Shijiazhuang, China, in 2016.
She is currently a Master degree candidate
in School of Science, Yanshan University,
China. Her research interests include T-S
fuzzy systems, nonlinear systems and sin-
gular systems, etc.

Yuechao Ma received the Ph.D. degree in
Northeast University, Shenyang, China, in
2006. He is currently a full professor in
the School of College of Science, Yanshan
University, China. His research interests
include linear and nonlinear control, neu-
ral networks, robust control, etc.


http://dx.doi.org/10.1109/TFUZZ.2013.2249520
http://dx.doi.org/10.1109/TFUZZ.2013.2249520
http://dx.doi.org/10.1109/TFUZZ.2013.2249520
http://dx.doi.org/10.1109/TFUZZ.2013.2249520
http://dx.doi.org/10.1142/S0218127407018191
http://dx.doi.org/10.1142/S0218127407018191
http://dx.doi.org/10.1142/S0218127407018191
http://dx.doi.org/10.1142/S0218127407018191
http://dx.doi.org/10.1109/TFUZZ.2015.2469099
http://dx.doi.org/10.1109/TFUZZ.2015.2469099
http://dx.doi.org/10.1109/TFUZZ.2015.2469099
http://dx.doi.org/10.1109/TFUZZ.2015.2469099
http://dx.doi.org/10.1016/j.fss.2011.05.001
http://dx.doi.org/10.1016/j.fss.2011.05.001
http://dx.doi.org/10.1016/j.fss.2011.05.001
http://dx.doi.org/10.1016/j.fss.2011.05.001
http://dx.doi.org/10.1016/j.nahs.2017.10.007
http://dx.doi.org/10.1016/j.nahs.2017.10.007
http://dx.doi.org/10.1016/j.nahs.2017.10.007
http://dx.doi.org/10.1016/j.nahs.2017.10.007
http://dx.doi.org/10.1002/aic.690180221
http://dx.doi.org/10.1002/aic.690180221
http://dx.doi.org/10.1016/j.automatica.2013.05.030
http://dx.doi.org/10.1016/j.automatica.2013.05.030
http://dx.doi.org/10.1016/j.automatica.2013.05.030
http://dx.doi.org/10.1016/0024-3795(81)90232-9
http://dx.doi.org/10.1016/0024-3795(81)90232-9
http://dx.doi.org/10.1016/0024-3795(81)90232-9
http://dx.doi.org/10.1007/s12555-015-0437-9
http://dx.doi.org/10.1007/s12555-015-0437-9
http://dx.doi.org/10.1007/s12555-015-0437-9
http://dx.doi.org/10.1007/s12555-015-0437-9
http://dx.doi.org/10.1007/s12555-017-0106-2
http://dx.doi.org/10.1007/s12555-017-0106-2
http://dx.doi.org/10.1007/s12555-017-0106-2
http://dx.doi.org/10.1007/s12555-017-0106-2
http://dx.doi.org/10.1007/s12555-017-0106-2
http://dx.doi.org/10.1109/ACCESS.2017.2656378
http://dx.doi.org/10.1109/ACCESS.2017.2656378
http://dx.doi.org/10.1109/ACCESS.2017.2656378
http://dx.doi.org/10.1109/ACCESS.2017.2656378
http://dx.doi.org/10.1109/TFUZZ.2011.2174242
http://dx.doi.org/10.1109/TFUZZ.2011.2174242
http://dx.doi.org/10.1109/TFUZZ.2011.2174242
http://dx.doi.org/10.1109/TFUZZ.2011.2174242
http://dx.doi.org/10.1109/IECON.2011.6119717
http://dx.doi.org/10.1109/IECON.2011.6119717
http://dx.doi.org/10.1109/IECON.2011.6119717
http://dx.doi.org/10.1109/IECON.2011.6119717
http://dx.doi.org/10.1016/j.fss.2012.12.011
http://dx.doi.org/10.1016/j.fss.2012.12.011
http://dx.doi.org/10.1016/j.fss.2012.12.011
http://dx.doi.org/10.1016/j.fss.2012.12.011

