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Non-fragile H., Fuzzy Filtering with Randomly
Occurring Gain Variations and Channel Fadings

Sunjie Zhang, Zidong Wang, Derui Ding, Hongli Dong, Fuad E. Alsaadi and Tasawar Hayat

Abstract—This paper is concerned with the non-fragile H.,
filtering problem for a class of discrete-time T-S fuzzy systems
with both randomly occurring gain variations (ROGVs) and
channel fadings. The phenomenon of the ROGYVs is introduced
into the system model so as to account for the parameter
fluctuations occurring during the filter implementation. Two
sequences of random variables obeying the Bernoulli distribution
are employed to describe the phenomenon of the ROGVS
bounded by prescribed norms. Also, the Rice fading model is
utilized to describe the phenomena of channel fadings where the
occurrence probabilities of the random channel coefficients are
allowed to time-varying. Through stochastic analysis and Lya-
punov functional approach, sufficient conditions are established
under which the filtering error dynamics is exponentially mean-
square stable with a prespecified H., performance. The set of
the desired non-fragile H filters is characterized by solving a
convex optimization problem via the semi-definite programming
method. An illustrative example is given to show the usefulness
and effectiveness of the proposed design method in this paper.

Index Terms—Discrete-time systems, stochastic systems, fuzzy
systems, non-fragile H, filter, randomly occurring gain varia-
tions, channel fadings.

I. INTRODUCTION

As is well known, almost all real-world dynamical systems
involve inherently nonlinear phenomena and the nonlinear
control problem has long been a focus of research attracting
persistent attention from a wide range of communities. Over
the past few decades, fuzzy logic theory has proven to be
effective in dealing with a variety of complex nonlinear
systems, and a wealth of research results has been reported,
see e.g. [21], [25], [36], [39] and the references therein.
Among different kinds of models for fuzzy systems, the so-
called Takagi-Sugeno (T-S) fuzzy model has been one of the
most popular models due mainly to its convenient and simple
dynamic structure. More specifically, the T-S fuzzy model
is capable of utilizing fuzzy rules to approximate a global
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nonlinear system by means of a set of local linear models
that are smoothly connected by fuzzy membership functions
[41], [42]. This model could also exactly represent a family of
nonlinear systems over a compact subspace by means of the
sector nonlinearity approach [43]. As a result, the conventional
linear system theory can be applied to analysis and synthesis
of the class of nonlinear control systems. Up to now, the T-S
fuzzy control and filtering have been extensively studied and
many significant results have been available in the literature,
see e.g. [4], [9], [11], [13], [18].

Filtering problems have been a main stream of research
for nearly 60 years because of their practical insights and
applications in a variety of areas such as military, astronautics
and signal processing [37], [48]. Filtering problems have
drawn considerable research attention from both scientists and
engineers and, so far, many different kinds of methodologies
have been developed to handle the filtering issues with various
complex systems. When the statistical information on the ex-
ternal noise signals is unknown a priori, the classical Kalman
filtering approach cannot be directly applied since it requires
exact knowledge about the noise statistics. As an effective
alternative, the H, filtering algorithm has been introduced to
deal with the energy-bounded external noise signals, where the
main objective is to constrain the H., norm (from the process
noises to the filter errors) to an acceptable attenuation level
[27]. Apart from the disturbance attenuation behavior, the H
filter has been shown to be robust against unmodeled dynamics
[51]. In the past few years, the H, filtering techniques based
on the T-S fuzzy models have gained a great deal of research
interest and much work has been done on this issue, see e.g.,
[10], [26], [32], [33], [45], [50].

Note that all the aforementioned results concerning filtering
problems are based on an implicit assumption that the filters
can be implemented precisely. However, fluctuations or drifts
may occur in the implementation of the designed filter even
though the filter is well designed. This is due to unexpected
errors during the filter implementation, e.g., analog-digital and
digital-analog conversion, finite word length, finite resolution
measuring instruments, programming errors, roundoff errors
in numerical computations, the need to provide practicing
engineers with safe-tuning margins, and so on. Such fluc-
tuations, though small, should not be simply neglected as
they might have a significant impact on the system behaviors
[24]. As such, the filter should be designed to be insensitive
against certain errors/variations with respect to its gain, i.e.,
the designed filter is expected to be insensitive or non-fragile.
Currently, both the deterministic and persistent uncertainties
have been utilized to quantify the controller/filter gain vari-
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ations, see [5], [6], [12], [28], [29], [49] for more details.
In particular, in a networked situation where the filter is
realized through a communication network, the occurrence of
the filter gain variations may be subject to random changes
due to environmental circumstances. In this case, the gain
variations may be present in a probabilistic way with certain
types and intensity. As such, the phenomenon of randomly
occurring gain variations (ROGVs) should be taken into
account when designing filters. Note that, very recently, a
non-fragile controller with ROGVs has been studied in [17]
to address the synchronization problem of neural networks,
but the corresponding non-fragile fuzzy filter problem with
ROGVs has not received adequate research attention yet.

Because of the ever-increasing popularity of communication
networks, the signals are often transmitted through networks
which could result in communication delays, packet dropouts
and signal quantizations. Furthermore, in wireless communi-
cation networks, the electromagnetic waves might not directly
reach the filter due probably to the obstacles blocking the line
of sight path [31]. In this case, a signal could travel from
transmitter to receiver over a multiple-reflection path which
gives rise to the channel fading phenomenon. In reality, it is
known that wireless channels are sensitive to fading effects
[15], and this constitutes one of the most dominant features
in wireless communication links. The fading phenomenon
is often modeled as a time-varying stochastic mathematical
model so as to represent the transmitted signal’s change in both
the amplitude and phase. Concerning the system measurements
transmitted via fading channels, much effort has been devoted
to the stability analysis, simulation study and LQG control
problems, see [15], [16], [34], [47] and the references therein.
For instance, the remote mean-square stabilization problem
has been thoroughly investigated in [15] for various fading
channels including the analog erasure channel as well as the
Lth-order Rice fading channel. Nevertheless, when the channel
fading issue is coupled with the ROGV phenomenon, the non-
fragile filtering problem is still an open one that deserves
intensive investigation, especially for discrete-time T-S fuzzy
systems with H., performance constraints.

Motivated by the aforementioned discussion, a seemingly
natural problem arises, that is, how to design the filters for
certain discrete-time nonlinear systems subject to ROGVs
in the presence of measurement transmission over a fading
channel? In [5], the non-fragile filter design problem has been
studied for a class of continuous-time fuzzy systems, and the
problem of non-fragile H filtering has been dealt with in [12]
for a class of discrete-time T-S fuzzy systems. Note that the
non-fragile filtering have been considered in these references.
So far, to the best of the authors’ knowledge, the non-fragile
H, filtering problem for T-S fuzzy system with ROGVs and
channel fadings has not been investigated yet, and the main
purpose of this paper is to shorten such a gap by making the
initiatives.

The main contributions of this paper can be highlighted as
follows. 1) A fairly comprehensive system model is proposed to
describe the ROGVs conforming to Bernoulli distributions. 2)
A modified Rice fading model, whose channel coefficients obey
time-varying probabilities with known bounds, is considered

in the design of the filter in order to better reflecting the reality
of measurement transmissions especially via a wireless sensor
network. 3) A unified framework is established to deal with
a class of complex systems accounting for both the ROGVs
and the channel fadings via stochastic analysis and matrix
manipulations. The rest of this paper is organized as follows.
In Section II, the model for the problem under consideration is
presented and some assumptions are made on the ROGVs and
the channel coefficients. Sufficient conditions are obtained in
Section III on the exponential stability and H,, performance
for the filtering error dynamics. An illustrative example is
provided in Section IV to demonstrate the effectiveness of
the main results. Section V concludes the paper.

Notation. The notation used in the paper is fairly stan-
dard. The superscript ‘““I” stands for matrix transposition,
R™ denotes the n-dimensional Euclidean space, and R™*"
is the set of all real matrices of dimension m x n. I and 0
represent the identity matrix and zero matrix, respectively. The
notation P > 0 means that P is real, symmetric and positive
definite. I5([0,4+00),R™) is the space of square summable
sequences. tr(M) refers to the trace of the matrix M. The
notation ||A|| refers to the Frobenius norm of a matrix A
defined by || A]| = /tr(AT A). In symmetric block matrices or
complex matrix expressions, we use an asterisk (x) to represent
a term that is induced by symmetry, and diag{. ..} stands for a
block-diagonal matrix. The symbol ® denotes the Kronecker
product. Matrices, if their dimensions are not explicitly stated,
are assumed to be compatible for algebraic operations.

II. PROBLEM FORMULATION AND PRELIMINARIES

In this paper, we consider the following nonlinear discrete-
time system represented by T-S fuzzy dynamic model, in
which the rule is described as follows:

Plant Rule i: IF 0, (k) is 7,1, and 05(k) is 7,2, and . . ., and
0. (k) is n;., THEN

x(k+1) = Ax(k) + Giz(k — 7(k)) + B;w(k)

y(k) = Ciz(k) + Dyw(k)
2(k) = Ea(h) 1)
z(s) =¢(s), i€R={1,2,--- 1},

vsesé{—T]u,—T]\{-f—l,-“ ,O}

where r is the number of IF-THEN rules, n;; (i,7 =
1,2,---,r) is the fuzzy set, the premise variable vector is
represented by 6(k) = [01(k),02(k),---,0,.(k)]. (k) € RP
is the state vector, y(k) € R® is the measurement output,
z(k) € RY is the signal to be estimated, w(k) € l2[0, +00)
is the disturbance input, and ¢(s) is the initial state. 7(k) is
known time-varying delays satisfying 0 < 7, < 7(k) < 71
where 7,, and T); are known positive integers representing
the minimum and maximum delays, respectively. The matrices
A;, B;,C;,D;, E; and (G; are known constant matrices with
appropriate dimensions.

Let us now discuss the phenomenon of channel fading for
which the channel coefficients have time-varying probability
characteristics. In this paper, due to the existence of channel
fadings between the physical plant and the filter, the measure-
ments of the plant are no longer equivalent to the inputs of
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the filter. According to Lth-order Rice fading model in [15],
the signal received by the filter can be modeled as follows:

L

Xo(R)y(k) + > M(k)y(k — 1),

=1

yr(k) 2

where A\;(k) (I = 0,1,---,L) are the channel coefficients,
which are LILD (independent and identically distributed)
Gaussian random variables with E{\;(k)} = pi(k) and
E{\?(k)} q(k). pi(k) and q;(k) are two time-varying
positive scalar sequences that takes values on the interval
[p,»P,] and [g,, ;] with constants p,, D, ¢, and 7;.

It is easy to see that the model (2) could cater for the
phenomena of both channel fadings and time-delays at the
same time, where L is the order of the Rice fading model.
Furthermore, to make the description meaningful, we can set
¢(k) = min{L,k} and then the receiver model (2) can be
rewritten as

o(k)

+Z)\l

Remark 1: The Lth-order Rice fading model, which is
applicable to point-to-point communication systems, is a
stochastic one widely used in the area of signal processing.
The Rice fading model is capable of accounting for time-
delays, packet dropouts and channel fadings. Compared with
original Rice fading model in [15], the channel coefficients
Ai(k) (I = 0,1,---,L) are allowed to have time-varying
mathematical expectations p;(k) and variances ¢;(k) in this
paper, thereby better reflecting the reality of measurement
transmission. As can be seen later, such a signal propagation
process leads to substantial difficulties in the subsequent
analysis and design.

Next, for the physical plant represented by (1), we take
the ROGV phenomenon into account and propose the filter as
follows.

Filter Rule i: IF 6y (k) is 7;1, and 65(k) is n;2, and ...,
and 0,.(k) is 7., THEN

yr(k) = 3)

zp(k+1) =(Api + a(k)AAg(k))z (k)
+ (Byi + B(k)ABy;(k))yy (k) (4)
Zf(k) :El'l’f(k'), 1 €R

where z¢(k) € R™ is the state vector of the filter system,
zp(k) € RY is an estimation of z(k). a(k) and G(k) are
mutually independent Bernoulli-distributed white sequences.
A natural assumption on «(k) and (k) can be made as
follows:

Prob{a(k) = 1} = E{a(k)} = a,
Prob{a(k) =0} =1 - q,
Prob{f(k) = 1} = E{S(k)} = 5,
Prob{3(k) =0} =1-3

Moreover, for each k, both (k) and (k) are independent
from \;(k) (I =0,1,---,L). Ay, and By; are appropriately
dimensioned filter matrices to be determined. The uncertain

perturbation matrices AAy;(k) and ABy;(k) are defined as
follows:
AAyi(k)

MaiAl (k)Na

My Az(k)Np, i€R, )]
where M;, My;, N, and N} are known constant matrices with
appropriate dimensions, and A;(k) and Ay(k) are unknown

matrices function satisfying

Al(k) A (k) < T, r=1,2. (6)

Remark 2: In nowadays networked world, the filter param-
eters may be subject to random changes during the imple-
mentation in a networked environment. Such random changes
are due to a variety of reasons such as network-induced
random failures and repairs of components, sudden environ-
mental disturbances, etc. Very recently, in [22], the concept of
randomly occurring uncertainties (ROUs) has been introduced
to model the randomly occurring parameter uncertainties for
sliding mode control. In comparison with [5] and [12], two
random variables «(k) and (k) are introduced to model
the ROGVs for the non-fragile filters. Such a description is
suitable for catering for the parameter variations of the filter
in a random fashion particularly in the signal transmissions
through a communication network.

Denote
- )
k) = 11 n;(6;(k)) W7 AN
Lm0, S 05 (0(8))
where 1;;(6;(k)) is the grade of membership of 6;(k) in 7;;.
It is always assumed that ¥;(0(k)) >0 (i =1,2,--- ,r) and
> j=17;(0(k)) > 0. Obviously, one has that

k) 20, ) hy(6(k))
j=1

In what follows, we define h; = h;(6(k)) for brevity. Then,
the defuzzified output of the T-S fuzzy system (1) can be
represented as follows:

Ui (0(k))

hi(0(k)) = , (D

=1, YieR, VEE€Z. (8)

z(k+1) Z h; (A x(k) + Giz(k — (k) + B,»w(k‘))

_ Z hi(Cix(k) + Dok )
k) = XT: hiE;x(k)

Moreover, the filter system can also be described by

Zh ( Agi + a(k)AAgi (k) s (k)
+ (Bfi + BB (R)yr (k) (10)

k) = Z hiEix (k)

©)
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For notational simplicity, in the rest of this paper, we denote

r

Z ha,ha, - - ha,
a1,az,--,as=1
T T T
> hay Y hayr Y ha,, Vs> 1
a;=1 as=1 as=1

The dynamics of the filtering error looks quite complicated
because the Lth-order Rice fading model leads to some de-
layed membership functions appearing in the error dynamics.
Without any loss of the generality, from now on, we assume
that C; = C and D, = D (i = 1,2,---,r) in (D).
Combining (3), (9) and (10), the filtering error dynamics can
be represented as

Ek+1) = Z hih; [(A,;j +alA;(k) + a(k)AA; (k)
+2a0)A; + BAoK)AA; () + AR o(R)
xAz‘L(k)) ( )+G’§( 7(k)) + (B;

+ Ao(k) B + B0 (k) AB; (k) + B(k)Ao ()
x AB; (k) + (Aory (R)Cj + B

) <
 ACLI)-+ 9N (DAC, () (1)
+ (Ao (F)D; +5Az(k)( JAD; (k)
+ B(k) Mgy (R)AD; () (k)|

where
§k) = [ 2" (k) =F(k) 1", e(k) = z(k) — z(k)
w(k) = wT(k -1 wT(k -2) wT(k —-L) ]T
x(k)=[€&"(k-1) &(k-2) M(k—1L) 1",
a(k) = a(k) —a, Bk)= Bk) - B,
AA;(k) = diag{0, AAs;(k)},

(A 0] ;s [ 0o o0
Aij 0 Afj]’Aj_ {ijc 0]’

- [ 0 0
Ad;(k) = | ABy;(k)C 0 } ’
_ [ B; -
Bi= ", ],Bj: [0 DTBE ",
ABj(k)=[0 DTABT (k) |”,
C; = diag{4;,--- , A;},
L
L
Dj = diag{Bj, s 7Bj},
L
AD; (k) = diag{AB;(k), . AB;(k)},
L

Eij = [ Ez *Ej ]7 éi = diag{Gi,O},

Ay (k) = [pr(B)L, -+, poqy (K)1,0, -+ ,0],
L
]\é(k)(k) = [(A(k) = pr(B), -+, (Negiy (k) — pery (k)1
o(k)
0,---,0 ]7
——
L—t(k)
Ay (k) = Ny (k) + Mgy (B).
It is clear that
E{a(k)} = 0, E{a2(k)} := a* = d(l —a),
E{B(k)} = 0, E{5?(k)} := A1 - B).

Before proceeding further, we first introduce the following
definition.

Definition 1: [14] For the filtering error dynamics (11) and
every initial conditions ¢, the trivial solution is said to be
exponentially mean-square stable if, in the case of w(k)=0,
there exist constants § > 0 and 0 < k < 1 such that

E{|l £(k) 7} < os* itelgE{ll ¢(s) |I?}, VE>0.

The purpose of this paper is to design a non-fragile H, fil-

(12)

y(k) (11)ter in the form of (10) such that the filtering error dynamic (11)

is exponentially mean-square stable and the H., performance
is satisfied. More specifically, we wish that the following two
requirements are satisfied simultaneously:

R1): The filtering error dynamics (11) is exponentially
mean-square stable;

R2): Under zero-initial condition, the estimation error e(k)

satisfies
ZE{II i }<72ZHU )II”

for all nonzero v(k) = [ w’' (k) LET(k) ], where v > 0 is a

13)

» prescribed scalar.

III. MAIN RESULTS

First, we give the following lemmas that will be used in the
proofs of our main results in this paper.

Lemma 1: [52]LetL =LT  H , M and N be real matrices
of appropriate dimensions with M satisfying M M7 < I.
Then, L+HMN+NTMTHT < 0, if and only if there exists
a positive scalar € > 0 such that L+ e 'HHT +«NTN <0
or equivalently

L H eNT
HT —I 0 < 0. (14)
eN 0 —el
Lemma 2: [20] For any real matrices X;; for ¢,j7 =
1,2,--- ,r and r > 0 with appropriate dimensions, we have

iiiihihjhshtXE;SXst < ZZh hiX5ESX,;

=1 j=1s=1t=1 =1 j=1
(15)

where S is a symmetric positive-definite matrix with appro-
priate dimensions.

Now, we have the following analysis result that serves as a
theoretical basis for the subsequent design problem.
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Theorem 1: Let the filter parameters of the nominal fuzzy
system (10) (with AAg;(k) = 0 and ABy;(k) = 0) and
a prescribed H,, performance v > 0 be given. Then, the
nominal fuzzy system of (11) (with AAyg (k) = 0 and
AByi(k) = 0) is exponentially stable with disturbance atten-
uation level ~y if there exist matrices P > 0, > 0 and
R, > 0 (Il = 1,2,---,L) such that the following matrix
inequalities hold for all 4,5 =1,2,... 7

zZrPz, + ZXPZ, + P <0, (16)
(Zi;+ Z3) P(Zy+ Z3) + (2, + 23) P
x (Zij + 2j;) +4P <0, (17)
where
z, = [ Aij —&:moflj G, AZ'(Lk)Cj
Eyj 0 0
B; +moB; Agmzy}
0 0 ’
P =diag{P,I}, P=15,3® P,
~ A
Zlij—[ fOO ’ 8 8 fO(-)Bi 8]7
Z4,j =diag{goA;, foGi,G1.C, 90 B}, G D; 1,
zzj :[zlq;jvzgij}Tv pP= diag{Q, -Q,-Rvr},
Ry =diag{Ry, -~ ,Rp}, P = diag{P,—~*I,—*I.},
L
Q=-P+(u ~Tm +1)Q+ > R, P=Tlr5®P,
=1
my :pl;&’ d = D 2]31’
AYly =lmal, -+ mepyl,0,--- 0],
L
IQMZML < dyy1, 0, 0],
L
Ny =[PrL, -+ ey L, 0, -+, 0, fo = [4do + 4tr(Afy,),
L

9o :\/qo +Pg —mg + 4do + dir(Afy)) + ddotr(AZYy,)),

g1 =\/8di + Adormy + 7 + 25, — m?,
Gr =diag{g:1,--- , gux)I,0,--- ,0}.
L

Proof: First, for a positive definite matrix P satisfying
equations (16) and (17), it follows that

E{AeT(k)(’f)P/N\e(k)(k)}

s ey (R)
| Ploute) = ppr, -

(e () = pey (K1, 0, ,0] }
= diag{ a1 (k)P qory (k) P, 0, - - ,0}

L

— peary (k)1

= Ay (k)Pr,

where A7 (k) = diag{ (k)L - i (1.0,

L

o),
Pr =1, P.

Next, in order to show that the nominal fuzzy system of (11)
(with AAy;(k) = 0 and ABy;(k) = 0) is exponentially stable
with disturbance attenuation level «, we choose the following
Lyapunov functional:

Vi(k) = Vi(k) (18)
1=1
where
Vitk) = & (k)PE(k), Va(k) = Z 5T (1)Q4(i)
i=k—7(

Vs(k) = Z ZfT ) Q5 (i)

n=k— TM+12 n

L
Vi(k) = Z T () Ry (i).

=1 i=k-1

Then, it can be obtained from (11) that

E{AVi(k)}
= E{ﬁT(lerl) E(k+1) — &M (k) PE(R)}
- ]E{ Z, hihjhsh, (‘ij+ovAflj(k>

+BXo(k )AAt( )
+G{(k —7(k))
XéBt() 5() ok
+BA (k) (k) AC: (k) +
+ (Mg (k) Dy (k) +

(k

+B(k )Aé(k)( )AD;,
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+Ao(k)Aj + BAo(k)AA; (k) + B(k) Ao (k) +6(@o +D)A] PABy (k) + (@o + 13) AT PB;
XAA]( )) (Ae(k )Ce + BAyiy (k) AC (k) +8(o +po)AAT(k‘)PBt+moA PB;
+B(k)Aor) (k) AC (K )) (k) + 2€7 (k) (Aj +52(qo+po)AAT( )PAB; (k) + 8% (o + P5)
+aAA; (k) + a(k)AA; (k) + Xo(k)A; xAAT (k) PABy(k))w (k) + 267 (k )(ATPAe(k)Ct
+B20(K)AA; (k) + B(k) Mo (k) AA; (k)" P +AT PAAY AC (k) + GAAT (k) PA, Ci
x (B (k) Aggry (k )ADt( )+6A4 ) (k)ADy (k) +afAAT (k) PAY, Act(k;)+AJTPm0Aggk)ct
+Ag(k) (k) D) k) +&" (k (]c))GTPGSN +BA] PmoAyy, ACt( ) + BAAT (k) PmoAJy, Cy
xE(k — (k ))+2€T( ( ))GT P(Xo(k) By +62AA]T( )PimoAJ ACs (k) + 5 AAT (k) P
+B, + Bro(k)ABy (k) + B(k) Ao (k) ABy (k) ) w(k) xmoAJo AC (k) x (k) + 267 (k )(ATPAm
+2 (k= (k)G P (Mg (R)Ce LAT p%%’ ADy(k) + aBAAT (k) PAT: WZD( k)
3 o(k)BFt § t
+B8 oy (F)AC, (k) + B(k) gy (k) AC:(K)) x (k) AAT PAm, Dy + BAAT
FOET (K 7()GT P (A (D, Fadd, WP Dt 584, )P
Iy (DADYE) + 50 vy (1) XmoAa; D+ B P AD (1)
XAD, (k)@ (k) + w” (k) (Bi + Ao(k) B +3*AAT (k)PmoAypy,) ADy (k) + AT PmoAjty, Dy
%0 (K)AB; (k) + B(k)do(R)AB ()" HOPAA (k) PmoAiy) AD: () (k) + € (k = 7(k))
x P(B, + Ao(k) By + Bo(k)A B (k) X G (14 4do + 4tr(A?<k>))P_Gs€ (k — (k)
+B(k)Ao(B)AB (k) w(k) + 2w (k) (B; +25T£’fff(’f>>(GTP3 + BmoG PAB; (k)
+0(k) B; + Bro(k)AB; (k) + B(k)Ao(k)AB; (k)" +moGY PBr)w(k) + 267 (k — (k) (GT A, Co
X P (A gy (k)Cy + Bk )AM)( )ACt(k) ] +BGT PAR ) AC (k) x () + 267 (k — 7(k))
+B A1) (K JAC (k ))x (k) +2w (k) (B; + Xo(k)B, X (GT PAJyy Dy + BGT PA ADy(k)) (k) ]
+BX0(k)AB; (k) + B(k) o (k)) +w™ (k) (B] (1 + 4do + 4tr(A§)) PB, + 2mo B} PB;
xzf(Ag(k)( )Dt+6Ag (k)ADt( ) +20mo B} PAB; (k) + (gy + Pg + 4do + 4(tr(AF)
+B(k)Aor) (k) ADy (k )w(k (A o) (K)C; +dotr(A}))) BT PBy + 23(q, + p3) BT PAB, (k)
+BAM< ) (k) + B(k)Aak C;(k)" P +02(@y + 5 + 4do + 4(ur(Af) + dote(A}")) AB] (k)
X(M(k)( )Ct+5/\e(k)( JAC(k ) x PAB; (k) + 6*(@o + Po + 2(tr(Af)
+B(k) Aoy (k) AC () ) x () + 2x7 (k (Ae(,% +d0tr(A}fl))_)ABjT(k)PABE(k))}u(k)
+BAe<k( ) (k) + B(k)A, ( )AC; (k) +2w” (k) (B PA Ce + BY PBAG, AC: (k)
x]f(Ag(k)( )Dt—s—ﬁA( )(k:) ( ) +B! PmOAé(k)Ct+ﬂBjTPm0A;'Zk)ACt(k)
+B(k) Aeqry (R)AD (k)) @ (k) + @ (k )(Af(k)(Tk)Dj WABJ (k) PmoAgty Cr + B> AB] (k) Prmo Ay,
+ﬂAak>( ) (k) + B(k) Aoy (k) AD; (k)" P X ACy(k) + 3* ABT (k) PmoAj, AC:(K)) x (k)
X (Mg (K )Dt+ﬂAe<k>(k)A i (k) +2uwT (k )(BTPAggk)Dt+BJ.TPmOA7;k)Dt
+B(F) Mgy (k) AD; (k) w (K }} +BB] PA, ADy (k) + BB PmoAjt, AD; (k)

+BAB] (k) PmoAjy, Dy + B2AB] (k) Pmy
xA;f(Lk)ADt(k) + ﬂ*ABjT(k)PmOAZ(k)ADt(k))u?(k)
+X_( )~(CJ'T(8A§I(1€) + 4doAjfy,) + Ag(k))PLCt
E{AV;(k)} < +28CT Ny PLAC (k) + B>ACT (k)(8AY 1,

r - 4dg AT, + A* AC, (K *ACT (k)(2A4
S hibshahe[€7 (1) (1 + ddo + dtr(Agy) ) AL P HAdoAly) + Mgy PLACH(E) + B ACT (k) (244,

Moreover, taking the elementary inequality 2ab < a? + b?
into consideration, we have

i +2do Ay + Nj oy ) PLACH(K)) x (k)

x Agt + 20 AL PAAt( ) +2mo AL PA; + 20mo AL P +2xT (k) (C] Ay 1y PLDs + BCT Ky PLAD: (k)
xAAy(k) + a?(1+ 4do + 4tr(Ag(k)))AAT( )PAAt( ) +BACT (k) Ay PLD; + B2 ACT (k) A 4 PLAD, (k)
—|—2am0~AAT(k‘)P~At + 2aﬁm0AAT(k:)PAAt(k:) +B8*ACT (k )A*(k)PLADt(k)) w(k)

o AAT (k) PAAL (k) + (7o + P + 4do + 4(tr(A,)) +" (k) (Df (8Af ) + 4doAf) + Ajy) ) PLD:
+qotr(AL?Zk))>)AJTPAt +208(qo + P3) AT PAA, (k) +23D] Ay PLADy (k) + B2ADT (k) (8A%,,
WQ((iO + pg)))+ 4c§oT (+ ;l(tr(Aj((k); +4do AT + A )PLAD: (k) + 8*ADT (k) (2A%,
+dotr(A7 ) AAT (k) PAA, (K _

4@y + 73 + 20(A ) + dor(AF) Ay N LD 1) 19
xAAT (k)PAA, (k) — P)&(k) + 2§T k) (AL PG, where

+aAAT(k)PG + BmoAAT (k) PG)

x +moAT PG, +2 T AT PB, . .

+fr§oA, P(B)t)+ ﬁnsoATPABt(lf) B Ay = diag{@l, -~ Qo 1,0, , 0},

+aAAJT(k)PB +amoAAT(k)PBt i L L B
+apmoAAT (k)PAB,(k )+5mOAAjT(k)PBS Ay = DogyDey + Moy + (1= 0y tsnr) Moy
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with the kronecker delta function d;;y1s: satisfying E{AV4(k)}
— ]E{Vll(k+1)fv4(k)}
L k—1
1, if i=sandj="t, = Z{ > OREG) - > MR }
Ofijy{sty = 0, others. 1=1 \i=k+1-1 i=k—1

L
= S AT RRER) — (k- DREK -1}, 22

=1

Also, it can be obtained that For notational convenience, we denote
I(k) = [€7 (k)€ (k — ())7 TR,
Ik) = T(k
A A
iy = ) moAig, 2 (k)i
= EVo(k+1)—Volk J J J ()
{Valk+1) - Va(w} [ T
k - k—1 T ~ goﬁlj 0 0
= Bl > dokn- Y o) Ay = | P e
i=k+1—7(k+1) i=k—7(k) 0 0 gLCj
= E{e"(hQE(k) — €7 (k — m(k)QE(k — T(K))
k-1 k-1 In the following, we first prove the exponential stability of
+ Y o - Y §T(i)Q§(i)} the filtering error dynamic (11) with w(k) = 0 and @(k) = 0.
i=k+1—7(k+1) i=k+1—7(k) By using Lemma 2, it follows from (19)-(22) that
= E{e"(hQE(k) — €7 (k — m(k)QE(k — T(k)) E{AV ()}
k—Tm k—1 r . . .
by e+ Y o) SE{ X hihihehd ()AL PA + AGPA.
i=k+1—7(k+1) i=k+1—Tp, 4J,8,t=1
k1 + P)d(k)
- Y foen)} }
i=k+1-7(k) < Z hih 0" (k) (AT PAi; + AP Aij + P)d(k)
< E{e"0Qek) — €7 (k - m()QEMk — (k) =
k—m h20T (k) (ALPA; + ALPA; + P)d(k)
+ Y OO} (20) Z )?
i=k+1—7n
E{AVg(k)} + - Z hih; 19T { .AZ] + Aﬂ) (A” + Aﬂ)
- ]E{I/fg(k+1)—V3(k)} Puths o
tlor -+ (Alj + .AJZ) 'P(Alj + AJZ) +4P} 19(]6)
_ T(
- ]E{ Z Z& Q&) By applying Schur’s complement Lemma, we know that
nk kT TM+2Z " E{AV(k)} < 0 if and only if (16) and (17) are true.
_ Zm Z ¢ } Furthermore, along the same way of the proof of Theorem
1 in [44], it can be concluded that the nominal filtering error

n=k—7p+11i=n

e dynamics (11) (with AAg;(k) =0, AByi(k) =0, w(k) =0
- E { z:m Z 7 (HQE (i) and w(k) = 0) is expo.nentially mean-square stable.
Next, let us deal with the H,, performance of the nom-
. inal filtering error dynamic (11) (with AAg;(k) = 0 and
_ T( ABy;(k) = 0). For this purpose, we assume zero-initial
Z Zs i) Q& (i) i\ . NI
condition and introduce the following index:

n=k— TM+1’L n+1

n=k—7p+11=n

k—Tm n
= E{ > (" (hQek) - € m)Qgm) } J(n) = E {Z e (k)e(k) — v*o (k)o(k)] } 23)
n=k—7n+1 k=0
= ]E{(T M — Tm)fT(k)Qg(k) where n is a nonnegative integer. Obviously, our aim is to
[ show J(n) < 0 under the zero-initial condition.
- Z T (n)QE(n) }7 21 Along the trajectory of the nominal filtering error dynamics

bt ] —Tas of (11) (with AAy;(k) = 0 and ABy;(k) = 0) and taking
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(23) into consideration, we have that

= Y*w! (kyw(k) — @ (k)uw(k)

EZ

+ AV( )] —EV(n+1)

< EZ — 2T (B)w(k) — +26T (k)i ()
+ AV( )]

< iE{ Z hih;h ht[ (k) (ALPA,,
im0 isiet

FALP A+ PYIR) + (Byeh) Bk
— 2w (k)w(k) - v*a" (k)a(k)| }

< Y hihihohd" (k) (2L P20 + 2P 2,
%,7,8,t

+ P)d(k)

ihihjﬁT(k)(

iJ,
> hio" (k)
i=1

1 2
t5 >, " (k) {(Zz'j +255) P2y + Z51)
ij=1,i<j

IA

ZIPZ; + ZLPZ;; + P)o(k)

(2F P2+ 2EPZi + P)o(k)

(24
By using Schur’s complement lemma, it can be concluded
from (19)-(22) that J(n) < 0. Letting n — oo, it is easy to
see that

ZE{II H}<“YQZ||U I,

which completes the proof of Theorem 1. ]

Having determined the analysis results, we are now in a
position to solve the fuzzy filter design problem.

Theorem 2: Given a scalar v > 0, the nominal filtering
error dynamics (11) (with AAy;(k) = 0 and ABy;(k) = 0) is
exponentially mean-square stable with H., the performance
~ if there exist matrices P > 0, @ > 0 and R; > 0 (I =
1,2,---,L) and matrices X satisfying

Iy £ |: Z}D _*q) :| < 03 i = 1727"' Ty (25)
I = { Y+ —® } <0,

i,jeEN1<i<j<r (26)

where
[ Y1 L1245
o Yo1i 2o
Ez] - Z31ij 0 5
| 0 Ya2j
Yo — PAy JrjﬂoXjél PG,
11¢5 — i Eij 0
Afty UL ® X;Ry)
0 9
212” _ [ PBOz + mOXjRg A;’Zk)(IL (29 XjRS) ’
L 0 0
_ foPAg; 0 0 o 0 0
2211 - i 0 0 O s 2222 = fOPBOZ- 0 ,
Sai; = diag{goX;Ra, foPGi, Gr ® X;Ra},
Yao; = diag{goX;Rs, 0L ® X; R},
1 Az 0 9] o Bz
AOi - |:O O:|7B01_|:0:|7
s 0 I 9 0 O
o= [C 0]’R2_{C 0}’
Ry = [0 DT |7, @=diag{P,1,P},
f - [O I ]T7

and P;; is defined in Theorem 1. Furthermore, if
(P,Qm, R, X;) is a feasible solution of (25) and (26), then
the filter parameters in the form of (10) are given as follows:

[Afj, Byj] = (ITPD) 71T X;. (27)

Proof: To avoid partitioning the positive definite matrices
P, Q,, and R;, we rewrite the parameters in Theorem 1 in the
following form:

i =
c; =

IK;Ry, Bj = IK,Rs,

Iy ®IK;Ry, Dj =1, ® IK;Rs,  (28)

where K; = [Ay;, By;|. Noticing (28), we can rewrite (19)
and (21) as follows:

P * .
{XA]” _(I)l}<0, 1=1,2,---,r, 29)
4P * <0

i,jeEN1<i<j<r (30)
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where
i i}llij 212@'
S 21 0
N Y315 0 ’
L 0
$ _ [ Ao+ molK;Ry Gy
11ij = B, 0
Agt (I ® 1K Ry)
O )
3 [ fodoi 0 0] < 0 0
) P fO 07 s = )
214 0 0 0 :l ) 221 |: fOBOi 0 :| ’
Sai; = diag{golK;Ra, foGi,Gr ® IK; Ry},
Yy = diag{golK;Rs3,Gr ® IK;R3}.

Pre- and post-multiplying the inequalities (29) and (30) by
diag{I, ®} and letting X; = PIK;, we can obtain (25) and
(26) readily, and the proof is then complete. ]

Finally, the results obtained for the nominal filtering error
dynamics will be extended to non-fragile fuzzy system with
ROGVs described in (11).

Theorem 3: Consider the non-fragile fuzzy filtering error
dynamics (11) and let v > 0 be a given scalar. The filtering
error dynamics (11) is exponentially mean-square stable with
H, the performance + if there exist matrices P > 0, R; > 0
@ =12---,L), Qm > 0 (m = 1,---,h) and X,
and constant scalar ¢ satisfying the following linear matrix
inequalities

Fl * ES
M —el <0, i=1,2---,r (31)
| eN 0 —el
[ T * * * *
MZ_T —el * * *
eN 0 —el = * <0,
MlT 0 0 —el *
| eN 0 0 0 —el
L,7eN,1<i<j<r, (32)
where
_ r 0 — r 0
N e
_ 0 -
M; = []\Zf }7 P=1Ir3®P,
My = [ NE o7 NI ML), N=[XN o],

N = diag{N,,0, Ny, -, Ny, Nyi, Ny, -, Ny },
L L
N — PMy 0 BAR,, (I ® PMy)
0 0 0
BrmoPM,y,; BA%C)(IL@@PMM)
0 0]’
My = diag{BgoPMy;,0,53GL @ PMy;,
BgoP My, fGr, @ P My},
Mz = diag{Va*PM,;,0,/B*G; @ PMy,,
VB g5 PMyi, \/B*Gy @ PMy;},
9% = \/qo + g — mj + 2t(Af ) + 2dotr(A),
g = \/2di+ 2domy + B} + 23, — m?,
g, = diag{g’f],---,gZ(k)I,O,-~-,O},
) L
Mai = I Bm(())Mbi Od\oﬂul’
My = _]\gbi 8:|,Mci:|:8 ]\/?M}y
N, = NSC J\(;a}’Nb:[NSD],
and I'y and I's are defined in Theorem 2. Moreover, if

(P,Qm, R, X, €) is a feasible solution of (31) and (32), then
the filter parameters in the form of (10) are given as follows:
[Agj, Byj) = (I"PD) T X;.

Proof: When AAy;(k) # 0 and ABy;(k) # 0, by using
Schur’s complement lemma and Lemma 2, it follows from
(19)-(22) that

Ty + M;A(K)N + NTAT (k)M < 0, (33)

Ty + M;A(k)N + NTAT (k)M

+M;A(k)N + NTA™ (k)M <0, (34)

where
A(k) = diag{0,A(k)},
A(k) = diag{A(k),0,A(k),---,Ak), A(k),
L
A(k), -, A(k)}
L

A(k) = diag{Az(k), A1(k)},

and the corresponding parameters have been defined in this
theorem. According to Lemma 1, we can easily obtain (31)
and (32), and the details are thus omitted. |

Remark 3: For the filtering error dynamics (11), a non-
fragile H filter in the form of (10) is designed in Theorem
3 such that the filtering error dynamics (11) is exponentially
mean-square stable and the H., performance is satisfied. For
the discrete-time stochastic system considered in this paper,
there are three four main aspects which complicate the design
of the H, filters, ROGVs, fading channels, time-delays and
external disturbances. In Theorem 3, sufficient conditions,
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which include all of the information on four aspects, are estab-
lished to ensure the expected stability and H,, performance
constraints. The corresponding solvability conditions for the
desired non-fragile filter gains are expressed in terms of the
feasibility of a set of matrix inequalities readily solved by
Matlab toolbox. In the next section, an illustrative example
will be provided to show the usefulness and effectiveness of
the proposed design method.

IV. ILLUSTRATIVE EXAMPLE

In this section, we present an illustrative example to demon-
strate the effectiveness of the developed method. Consider a
T-S fuzzy model (1) with channel fadings. The rules are given
as follows:

2

wk+1) =3 hi(zi(k)) [Aix(k) + Gia(k — 7(k))
i=1
+ Bbw(k)}

2
>~ hil1 (k) [ Cia(k) + Dyw (k)]
i=1

2
2(k) = hi(w(k)) Eia(k)

i=1

y(k)

The model parameters are given as follows:
A, — 0.71440  0.00784
Y7 | —0.13616 0.77984 |’
4y = {

0.79416 0.00784
0.42480 0.3208 |’

0.0280 0.0040
Gr=0C2= [ 0 00188 ]
Bi=By=[0 0285 ],

C;=Cy=10.899 0.635 ],
D; = Dy = 0.255,
E,=FE,=[0.78 0.65 ],
w(k) = 0.4 xrand(1)/(1 + 0.05k).
The uncertain perturbation matrices in non-fragile fuzzy filter
are given as follows:
Ma =M =104 02]7,
My = My, =[ 046 024 |7,
N,=[0 0.2],N,=0.13,
A1(k) =0.04 % cos(k), Aq(k) =0.04 xsin(k).

The membership function is assumed to be

.9 2
hi(z1(k)) = 1= sin (21(k) 5m2(x1(k)),h2($1(k)) - sm2(x1(k))
where x1(k) denotes the first element of the system state.

In this example, the order of the Rice fading model is
L = 1, the bounds of the channel coefficients’ mathematical
expectations are p = 0.80,py = 0.90,p, = 0.35 and
P, = 0.45, the bounds of the channel coefficients’ variances
are ¢, = 0.01,q, = 0.05,¢, = 0.06 and ¢; = 0.11. Assume
that @ = 0.5 and § = 0.3.

)

0.1

008 | ||\

[
B
[ I\
i ‘\Ms’\
Iy

006 ||

Response of the outputs

. . . .
0 20 40 60 80 100

Fig. 1. Response of the outputs z(k) and zf (k).

Our aim is to design a filter in the form of (10) such that
the filtering error dynamic (11) is exponentially mean-square
stable with a guaranteed H,, norm bound ~y 1.98. By
using Theorem 3, we can obtain the following filter parameter
matrices:

A, _ | 00064368 0.0000595

=1 —0.0052150 0.0000338 |’

A, _ | 0.0086620  —0.0003278

F27= 1 —0.0014637 0.0000187 |’
B, [ —0-0059983 7 . [ —0.0151666
L= 0.0020822 |’ “f27 | 0.0022724

Simulation results are shown in Figs. 1-3, where Fig. 1 gives
the simulation results of output signal z(¢) and its estimation
zf(t). Simulation results of the the disturbance input and the
filtering error are shown in Fig. 2. Fig. 3 shows the response

of the ratio \/Zf:o ||e(k)||2/\/2;€=0 [|w(k)||? under zero
initial condition. When y (k) = y(k), i.e., there is no channel
fading, the simulation results of the output signal z(¢) and its
estimation zy(t) are given in Fig. 4. All the simulation results
have confirmed that the designed H filter performs well.

Remark 4: In the simulation results, Fig. 3 has
been added to show the response of the ratio
VEE lle®)P/\/SE llo(k)[P under  zero initial
condition, where criterion (13) of the H., performance is
satisfied. In comparison with Fig. 1, Fig. 4 shows that the
non-fragile H., filter performs better without the channel
fading phenomena.

V. CONCLUSIONS

In this paper, we have investigated the design problem
of non-fragile H, filter for a class of T-S fuzzy systems
with ROGVs and channel fadings. By using the Lyapunov
stability theory and stochastic analysis, sufficient conditions
for the exponential mean-square stability of the fuzzy filtering
error dynamic have been obtained and, at the same time, the
prescribed H, disturbance rejection attenuation level has been
guaranteed. Then, the explicit expression of the desired filter
parameters has been derived. Finally, The effectiveness of the
proposed filter design is shown by a numerical simulation
example.
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