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Abstract—This paper is concerned with the reliable state
feedback control synthesis for T-S fuzzy systems with sensor
multiplicative faults. By considering the influences of sensor
faults on both the system states and premise variables of fuzzy
controllers, a class of new convex reliable stabilization conditions
are proposed for T-S fuzzy systems through using the properties
of fuzzy product inference engines. Furthermore, the obtained
result is extended to the H, reliable control case. The resulting
controllers are reliable in that they provide guaranteed asymptot-
ic stability and H.. performance when all sensors are operational
as well as when some sensor experiences failures. Different from
the proposed approach, the influence of sensor faults on premise
variables is not considered in the existing results, then it might
not guarantee the stability and control performance for T-S fuzzy
systems with premise variables dependent on the system states.
A numerical example is given to illustrate the effectiveness of the
proposed method.

Index Terms—T-S fuzzy control systems, reliable control,
sensor fault, linear matrix inequalities (LMIs).

I. INTRODUCTION

N many engineering control systems, the control system

is often required with high reliability, especially for safety-
critical systems, such as aircraft systems and medical systems.
In general, control of any plant depends on the availability
and quality of sensor measurements, then the performance
of the system relies heavily on the quality of the sensor for
feedback [1]. In some feedback control applications, sudden
environmental disturbances, broken or bad communication,
or malfunction of some hardware or software often corrupt
the measurements of the sensors, then sensor characteristics
may change over time, so that it may be partial or complete
failure [2], [3], which can degrade performance or even destroy
the stability of the overall systems. Therefore, to increase
control system reliability, reliable control for sensor failures
is of both theoretical and practical importance. Thus, various
reliable control techniques are developed [4], [5], [6], [7], [8],
[9], [10], [11] such as by modelling sensor characteristics as
parametrizable uncertain functions, an adaptive compensator
is proposed for overcome the effects of sensor uncertainties in
[1]. A multisensor switching control scheme is presented in
[12]. Design of tolerant sensor networks is studied by the aid
of decomposition technique in [13]. A multisensor fusion fault
tolerant control system with fault detection and identification
via set separation is presented in [14].
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The above mentioned work mainly focuses on the reli-
able control problems of linear systems. But many practical
engineering systems are nonlinear, the resulted controllers
for linear operation points often might not guarantee the
performance, even stability of the original nonlinear systems.
Therefore, some reliable control approaches for nonlinear sys-
tems are proposed in past several decades, see [15], [16], [17],
[18], [19], [20] and the references therein. In nonlinear control
theory, an important approach is to model the considered
nonlinear systems as Takagi and Sugeno (T-S) fuzzy systems,
which are locally linear time-invariant systems connected by
IF-THEN rules [21]. As a result, the conventional linear
system theory can be applied for analysis and synthesis of
the nonlinear control systems [22], [23], [24], [25], [26], [27],
[28], [29], [30]. In particular, reliable control synthesis for
nonlinear systems based on T-S fuzzy models received consid-
erable attentions in recent years[17], [31], [32], such as reliable
mixed Lo/ H, fuzzy static output feedback control is studied
for T-S fuzzy systems with sensor faults by using multiple
Lyapunov functions in [33]. For stochastic fuzzy systems,
a new descriptor fuzzy sliding mode observer approach is
proposed against simultaneous sensor and actuator faults in
[3]. On the other hand, based on T-S fuzzy system models,
reliable control methods of wind energy conversion systems
and automatic control system of aircraft during landing are
respectively proposed in [34] and [35]. Moreover, H, tracking
control and fault detection are respectively considered in [36]
and [37], [38]. The above mentioned results have given many
effective methods for designing fuzzy reliable controllers, but
the influences of sensor faults on the premise variables of
fuzzy controllers aren’t considered. Note that the premise vari-
ables are often dependent on states in many T-S fuzzy systems.
If the sensor for measuring some state occur fault, then the
premise variables dependent on the state in fuzzy controllers
also become unprecise, which might degrade performance or
even destroy the stability of the overall systems. Motivated
by this, for the T-S fuzzy systems with the premise variables
dependent on the system states, the paper will develop a type
of new reliable control conditions by using the properties
of the fuzzy product inference engine and considering the
influences of sensor faults on the system states and premise
variables, such that the resulting controllers are reliable in
that they provide guaranteed asymptotic stability and H.,
performance when all sensors are operational as well as when
some sensor experiences failures. Different from the new
approach, the influence of sensor faults on premise variables
is not considered in the existing results, then it might not
guarantee the stability and control performance for T-S fuzzy
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systems with premise variables dependent on the system states
and a numerical example will be given to illustrate the fact.

The paper is organized as follows. Section II presents sys-
tem description and some notations. A class of new conditions
for designing reliable controllers are proposed and extended
to H reliable control in Section III. A numerical example
is given to illustrate the effectiveness of the new proposed
methods in Section IV. Concluding remarks are given in
Section V.

II. SYSTEM DESCRIPTION
A. T-S fuzzy control system and fuzzy controller
The nonlinear system under consideration is described by
the following fuzzy system model:
Plant Rule (i35 ---ip):
IF vy (t) is My;, and va(t) is Moy, -,
THEN
(t) = Aiyigeiy(t) + Buwiyiy.i,
2(t) = Ciyig iy @(t) + Diyieoi,

vp(t) is Mp;,

w(t) + Buiyiy-i, u(t)
u(t) (1)

x(t) € R™= is the state vector, u(t) € R™ is the control input
vector, w(t) € R™ is the disturbance input, z(¢) € R"= is the
controlled output, v(t) = [v1(t) v2(t) - -+ v, (t) |7 € RP, v;(2),
¢t =1,---,p are the premise variables, Mj;., j = 1,---,p,
i;j =1,---,r; denotes an v;(t)-based fuzzy set and they are
linguistic terms characterized by fuzzy membership functions
Mj;,;(vj(t)), where r; be the number of v;(t)-based fuzzy
sets. Then, the fuzzy rule base consists of r = IBI r; IF-THEN

i=1
rules.

By using the fuzzy inference method with a singleton
fuzzifier, product inference, and center average defuzzifiers,
then the T-S fuzzy model is obtained as (2).

Let

Z My, (v5(¢))

J =

pji; (05 (1) = = for1<j<pl<i;<r

3)

The fuzzy system from (2) and (3) can be written as follows:

SIS Huaw x

11=11i2=1 ip=1

(Ailiz---ipx(t) + Bwi1i2~~~ipw(t) + Builiz...ipu(t))
Yy Huﬂ, v () | x

11=11i2=1 ip=1

(Ciliz...ipx(t) + Diliz...ipu(t)) @

From (3), it is resulted that

D iy (05(1))

ij=1

=1, for1<j<p 5)

In the existing literature, there are many fuzzy control
schemes for T-S fuzzy systems, for example, the parallel
distributed compensation (PDC) control scheme [21], non-
PDC control scheme [39], switched constant gain control
scheme [23], switched PDC control scheme [40], dominant
dependent fuzzy control scheme [41] and so on, where the
PDC control scheme is widely used and it is also adopted in
this paper as follows:

Control Rule (ijig---ip):
IF vy (t) is My;, and va(t) is Mag,, -+ ,vp(t) is My,
THEN u(t) = K7;1¢2...ip$(t) (6)

Then the final output of fuzzy controller is obtained as:
Ty T2 Tp P

=3 > [T wu@mEK
i1=liz=1  i,=1 =1

Combining (7) and (4), then the closed-loop system is obtained
as follows:

#(t) =

> Z > Z Z Hﬂm (05()) TT ;s (w5(0))
j=1

i1=1145=1 ip=111=1 lp=175=1

X ((A“zz + BU’Ll’LQ KlllQ ) (t) + BU)i1iQ"'ipw(t))
ZZ ZZ ZHMMJ D, (05 (1))
\=lig=1 ip=10=1 l,=1j=1

X ((Ai1i2“~’ip + Buiyig- iy Ky 101, ) (1) + Bu;u@...z'pw(t))

z(t) =

)ID I B SP I 5 T b o 0 0
11=1142=1 ip=111=112=1 lp,=1j=1

X (Ciliz---ip + Di1i2~~~ipKl112---lp) (t) (8)

In order to give the conditions for designing reliable controller-
s, a class of new descriptions based on set theory for T-S fuzzy
systems are proposed.

Let sets

812{1,2,,7“1} Z:172ap 9)

The product of the sets S;, i =1, 2, -- -, p is described as

Sl XSQX"'XSP

p
=[[s: = {iria---i,
=1

Then the closed-loop system (8) can be rewritten as the
following compact form:

z(t)

- Y Y ((AT ¥ By K)a(t) + Bmw(t))
Tellt_;Sioellt ;S

z(t)

= Z Z prbo (Cr + Dy Ko )x(t)

TEH?=1 Ss Uenﬁ;l Si

: ilegl,iQESQ,"- ,ipeSp}

(10)
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@

.r1 .7“2 N % <IBI M]’i] (Uj(i))) (Ailig---ipl’(t) + Bwilig---ipw(t) + Builig---ipu(t))
x(t) _ i1=11ia=1 ip=1 \j=1
S ST My ()
11=1i2=1 ip=1j=1
IR SRESS <H Mji, (vj(t») (Cirtarmty2(®) + Diyiy iy u(t))
z(t) _ i1=11i9=1 ip=1 \J
3585 5SS T My ()
11=1ip=1 ip=1j=1

where

p
T = H /ffj‘r(J] (vj (t))v T
H Hjo ;) Uj

Remark 1: Note that the new description is based on the
index set of membership functions and it is equivalent to
the conversional description, which is shown in Appendix. In
fuzzy control systems, one premise variable might be depen-
dent on several system states, and several premise variables
might be dependent on the same system state. In order to apply
the relations between premise variables and system states for
designing reliable controllers, the description for T-S fuzzy
systems in (4) is used in this paper.

=T

p
Ty T E HSi
i=1

p
a0 €[]S an

i=1

),0 = 0o o

B. Sensor fault

In this paper, multiplicative sensor faults are considered, the
definition of which is given as follows:

Definition 1: [33] (Sensor multiplicative fault) The sensor
for measuring system variable £(t) € R is said to have fault
at time Ty > 0, if the output of the sensor

() = fOE), 0< f(t) <1, Vi>Ty  (12)

C. Fuzzy controller under sensor failures

For the fuzzy controller (7), its input can artificially be
divided into two parts, they are respectively the local feedback
states and the premise variables, then

o Case I: All premise variables in the controller (7) are

independent on the states. If one sensor for measuring
some state fails, then the disabled sensor only results in
an unprecise measurement state. Other feedback states
and all premise variables of the fuzzy controller are
not corrupted due to the sensor fault. For example, the
sensor for measuring state x,, occur fault, then the fuzzy
controller with the sensor fault is

ryo T2
Z Z Z H/“‘Jh (05 (1)) Kiyig-iy, Fm(t)
i1=11i3=1 ip=1j=1
13)
where
Fm:dmg[l, 517fWL715"'71]7menma0§fm§1

(14)

o Case II: All premise variables in the controller (7) are
independent on the state variables, then the measurement
values of the premise variables are used in the fuzzy
controller. If one sensor for measuring some premise
variable fails, then the disabled sensor will result in an
unprecise measurement of the premise variable. Other
premise variables and the states aren’t corrupted due to
the sensor fault. For example, the sensor for measuring
v (t) fails, the fuzzy controller with the sensor fault is

ZZ Z T ws, (0s)) | %

i1=11i2=1 ip=1 \j=1,j#m
Hamiy (Vg (8)) Ky i, 2 (2)

where vl () denotes the corrupted premise variable in
the fuzzy controller.

e Case (III): Some premise variables in the controller
(7) are dependent on the states. When one sensor for
measuring some state is failed, the premise variables
dependent on the state and the state itself, which are used
in the fuzzy controller, are both unprecise. For example,
if some sensor fault leads to the feedback state =, and
the premise variables vy,,, Upm,, -+, Uy, Of the fuzzy
controller being unprecise (These premise variables are
all dependent on the state ), then the fuzzy controller
with the sensor fault is

P
(1

1
RIS
j=1,j#mi, - ,ms

7,1—1 ’Lz— p—l

(Mmliml (Vs () fami, (U (ﬂ)) Ky, Fy(t)
(16)

5)

Hji; (V] (ﬂ)) x

where Fy is the same as in (14), v}, (¢), ---, vl (t)
denote the corrupted premise variables in the fuzzy con-
troller.

D. Disadvantages of the existing approaches

For the case (I), many effective methods for fuzzy reliable
control have been proposed and the controllers obtained by
these approaches achieve good control effects when sensors
occur faults, see the references [33], [42], [3], [34] and the
reference therein. To our knowledge, the cases (II) and (III)
are scarcely considered in the existing literature. However,
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the faults in cases (II) and (III) might occur in many T-S
fuzzy control systems, especially, those models are derived
from given nonlinear system equations based on the idea of
using sector nonlinearity in [21], where premise variables are
dependent on system states. For the two cases, the existing
results might become invalid. Motivated by this, the approach
for designing reliable controllers for the case (III) (the obtained
approach can also be applied to the cases (I) and (II)) is
exploited.

III. MAIN RESULT

In this section, a class of new reliable control conditions
are proposed for T-S fuzzy systems with sensor faults. First,
the relations between premise variables and states are char-
acterized by some sets. Second, the reliable control condition
is proposed by using these relations and the properties of the
structure of product inference engine. Last, an H, reliable
control condition is given by extending the acquired results.

A. Description of the relations between premise variables and
states

Define the following sets about the subcripts of all premise
variables.
A: The subcripts of all premise variables are collected
asset A ={1,2,--- ,p};
A;: The subcripts of the premise variables dependent on
x;(t) are collected as set A;, i =1, -+, n,.
For example, a T-S fuzzy system with 3 premise variables is
given as follows:

Plant Rule (i1i2i3):
IF V1 (t) is M1i1 and Ug(t) is ]\421‘2 and ’Ug(t) is M3z'3

THEN Z(t) = AiyiyisZ(t) + Buiyizisu(t) + Buwiyizisw(t)
17)

whete 2(t) = [21(t), 22(t), 5(t), 2a()], vi(H) = 2 (t),
va(t) = x2(t), v3(t) = sin(zs(t) —x2(t)). Then A = {1,2,3},
Ay = {1}, Ay = {2,3}, A3 = {3}. Ay = {}. If the sensor
for measuring x1(t) occurs fault, the corrupted measurement
is denoted as zf'(t) = fix1(t), 0 < fi < 1. Because
v1(t) = x1(t), then the premise variable v (t) used in the
controller is also corrupted as vf'(t) = 2f'(t) = fiv1(t).
Therefore the fuzzy controller with the sensor fault is

u®) =35 S s (o8 (1)) sy (1) s (05(0)

i1=112=113=1

XKil'L'Qi;; F1$(t)

where Fy = diag [f1,1,1], 0<fi <1.

For more general fuzzy systems (1) with p premise vari-
ables, if only the sensor for measuring x, occurs fault, then
all precise premise variables in the fuzzy controller are v;(t),
i € A—A,, those unprecise premise variables are v;(t), i € A,.
Therefore, the fuzzy controller with the sensor variable fault
is given as follows:

=333

i1=lig=1  ip=1

H i (Uj (ﬂ)) X

JEA—A,

( H Hji (Uf(t))> Kiiyeiy Fqx(t)

JENq
= Z < H Hjo (Uj(t))>x
JEAA,

UEH:;;I Si

< IT #iow, (vf(t))> Ko Fy(t)

JEA,

Moreover, the following binary relation on S? (where S; is the
same as in (9)) is useful.

R; ={ (4142, j1Jj2) : (41 = j1 and iz = ja),

or (i1 = jo and iy = 51 ), i149, j1j2 € S?} (18)

It is easily shown that the relation R; is an equivalence relation
on the set S, then by set theory, the set S?/R; = {[x]r : x €
S?} is a partition of S?.

B. Reliable stabilization

In this subsection, the relations between premise variables
and the states, the properties of the structure of product
inference engine and the equivalence class of set are applied
for designing reliable controllers in the special description
(10) based on set. Assume w(t) = 0, then a stabilization
condition for T-S fuzzy systems with a sensor fault is proposed
as follows:

Theorem 1: If there exist symmetric matrices (), > 0, 1 <
q < n, and matrices L, 7 € S, a scalar ¢ > 0, such that the
following inequalities hold

p
> 2,.,,<0 forroe[[S; X1 €SH/Ry, -,

(19 (] €Xs =1
i€EA—Aq
X, € S2/Rp, 1< g < ny (19)
P
Z .5y <0, forroc HSj,Xl € SY/Ry, -+,
(10 (i) €Xi =1
i€EA—Aq
X, €S;/Rp, 1 <g<my (20)
where
P . He(ATQq + BuTLU) *
=roq — Qq—G—FeLZB?;T —eG — G| "
3 . I_{e(ATQq + BuTLU') *
79T FyQq — G+ eLIBL. —eG —€eGT |’

Fq: [17"'5170)17"'71}a

then the state feedback controller of the form (6) with the gain
K. = L,G™', 7 € S renders the system (4) in the normal
case and only one sensor failure cases asymptotically stable.

Proof: If only the sensor for measuring the state x4(t) is
failed, then

o The feedback state x,(t) is unprecise, which is denoted
as X' (t), and others states are precise.
o The premise variables v;, 7 € A, as the input of the

controller (6) are also unprecise due to the sensor fault,
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which are denoted as v/, i € A, and the other premise

variables of the controller (6) v;, ¢ € A — A, are precise.
Therefore, the output of the fuzzy controller (7) with the sensor
fault is the following form.

L T2 Tp
u®) =3 T s () | x
ir=lis=1  i,=1 \jEA—A,

1T i @F () | Kiyiyeoiy Fy()
jeh,

ie.,

u(t) =y

o€S

[T oy i) | x

JEA—A,

I oy, @F @) | Ko Fya(t)
JEAq

where the definitions of oj and F}; are given in (11) and (14),
respectively.

Combining it and the fuzzy system (4), then the closed-loop
system with the sensor fault is obtained as follows:

)OEEDY

Telli=1Si o€}, Si

i(t) = T 1y (05 0)) | %

jeA

IT o @) ) | I tio @F @) |
JEA—A, JEA,
(AT + BMKUFq)x(t) Q1)

Let P, = Q(;l, g=1,---,p,then P, > 0,q = 1,---,p,
choose Lyapunov function V (t) = z7'(t) P,x(t), then

)OEEDY

TEH?=1 Si ael_[f=1 Si

V(t) =227 (t) H KT (Uj (t)) X

JEA

H Hjo; (Uj (t)

JEA—A,

H Hjo (UJF (1))

e,

x(t)

X

(PqAT + PquKqu)

> >

T€lTi—1 Si o€T7—; S

=227 (t)

IT rren Wi @)mgo (v3(2) |

JEA—A,

H HjTi (Uj (t))ujag] (UJF (t)) X

JEA,

(PqAT + PqBMK,,Fq) (%)

In order to give a compact description, fi;-  (v;(t)) and
fjo, (vf (£)) are respectively denoted as pjr, and fif .
then it follows from the above inequality that

Z Z H Hjri Bjo

TEHlegi G'Enle Si JEA—A,

V(t) =227 (t)

\ TL it | (Pts + B, |0t

VIS

=20 (1) (P, A() + PyBu(i) K (1, 7 ) Fy ) () (22)

where
P
Alp) = Z H [jr i Ar = Z HMJ'WJ Ar
Te[TE_, Si JEA rellt, Si3=1
= Y A
el S
P
Bu(p) = Z H“ijBuT = Z HWWJB"T
TelTP_, S: JEA rell?_, S j=1
= Z /’[/TBUT)
el S
S , F
K(p,p™) = Z H Hijo H Hjo 4 K, (23)
o€l1?_, Si JEA—Aq JEA,
On the other hand, from (19) and (20), we have that
p
Z ®,0q <0, forr,oc€ HSJ’Xl € S?/Ry, -,
()0 (i1 €Xi j=1
i€A—A,
X, €Sp/Ry 1 < g <y (24)

*
where ®.,, = {;;S?T—Qéifgééﬁ e~ eGT} , Fy is
the same as in (14).

For X; € S?/Ri, i€ A=Ay let T(0@) € X, and satisfying
T < Ti) and o) < oy for all 70 € X;. According to
the definition (18) of the binary relation R;, it follows that
Brghon = Hrghe, for all 7gop € X, @ € A — A,
Therefore,

Z (I)-r(rq

(i) (i) €Xi

H Hj7 i Ko
JEA—A,
i€EA—Ay

- ¥

H iz tie g | Prog

T<71]0'(,;]€X1‘ JEA—=A,

iEA—A4
- Z H irHio ) | Prog
T(i]tT@]EXi, JEA—A,

i€EA—Ay

Combining it and (24), we have that

>

(119 (i) €Xi

H Mz Moy | Prag <0, for
JEA—A,
i€EA—Ay
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P
roe [[8 X1 €SY/Ry, - X, €S2/R, 1< g <y

j=1
Then
F
H HjriiBjo Z H Hry o) | Prog
JEAq T<7‘,]0'<71]€Xi JEA—A,
IEA—A,

_ H ) ) H ) F
= E : Hjr i Hio Hjr i Hjo

T(ﬂU(ﬂEX{, jEA*Aq jEAq

i€EA—A,

q)‘raq < 07

p
for r,0 € [[S;,X1 € S}/Ry, -+, X, € Sp/Rp, 1 < g <y
j=1
Further, we have

)P DD

T(:10 (:] €S2 X, €82 /R; T(i10 (1] €Xs
(110 (1) €S; X €S] s
i€A, 1€A—A, I€EA—A,

H Mg Hjo g X
JEA—A,

F
H HjrHio ) | Prog
JENq

= > X

. . . F
H Hjr g Mo H HjriBjo

T(i]amES? T(ﬂO’(i]ES? JEA—A4 JEAq
1€EN, 1EA—A,
X (I)-r(rq

= 2

F
H Hjri B H Hjr oy | Prog

T(ﬂU(i]ES? jEA—Aq jEAq
€A
= Z Z H Hejr g Fgo g H tjr Moy, | Prog
T()€Si 0(:1€S; \JEA—A, J€Aq
IS\ €A
= > > | I wramen I worans
= Hirilio ) KiriiBjo
TEH?=1 Si Uenﬁ;l S; \JEA—A, JEA,

X CI)TUq

_ Z Z H i Mo, H MjT(.ﬂ”ﬁ’(j]

TEH?=1 Si Uenﬁ;lgi JEA=A, JEA,

He(ATQ(] + BUTLO') *
F,Q,— G+ eLIBI  —eG —eGT

<0

Consider the gain K, = L,G~!, o € S, then substituting L,
by K,G in the above inequality, it yields that

He(A(1)Qq + Bu(p) K (1, 7)) * <0
FyQq — G+ eGTKT (1, /"B (1)  —eG — eGT
(25)
where A(u), By (p), K(u, pf') are the same as in (23).
Let vectors x(¢) and Z(t) satisfy

o(t) = Qg 'a(t) = Pya(t)

(26)

For x(t) # 0, it follows that Z(t) # 0. Pre- and post-
multiplying (25) with

[#7() 27 () Bu(i) K (1, )]

and its transpose, then it follows that

227 (1) (A()Qy + Bul) K (1, 1" F,Qq ) #(2) < 0
i.e.,

207 (0) (PyA() + PyBu(p) K (1, 17 ) Fy ) o(t) < 0

which implies that V() < 0 from (22). Therefore, the
system is asymptotically stable with the controller (6) for
the error measurement state vector zf'(t) = F,x(t), F, =
diag [1,--- L fg 1, ,1]nwxnw, 0 < fy < 1. For all
qg€{1,2,---,n.}, it is easily proved from the above discuss
that the closed-loop system is asymptotically stable with the
error measurement of the state x,(¢), if the conditions (19)
and (20) hold. Therefore, the state feedback controller of the
form (6) renders the system (4) in the normal case and only
one sensor failure cases asymptotically stable. Thus, the proof
is complete. n

Remark 2: A new reliable control synthesis condition is
obtained in Theorem 1 by using the properties of fuzzy product
inference engine and the equivalence class in set theory. The
new methods are applicable for the fuzzy systems, the premise
variables of which are dependent on the states, therefore, it
can guarantee the stability for T-S fuzzy systems with fault
case (IIT) (see Definition 1). However, the existing approaches
only consider the fault case (I), i.e., the premise variables are
independent on the states, then they might be ineffective for
T-S fuzzy systems with fault case (III). In next section, a
numerical example will be given to show the advantage of
the new method.

Remark 3: Note that the condition of Theorem 1 is a
set of LMIs with a line search over a scalar variable e,
then Theorem 1 is no longer convex. Because € is a scalar
variable, a constructive numerical procedure can be given. The
procedure always achieves a reasonable solution provided ¢
is initialized with a sufficiently large value and the search is
carefully performed (for instance with small enough steps near
the optimum). Some methods for a line search can be found
in [43], [44].

C. H, reliable control

Consider the T-S control system (8) with sensor fault (12)
and affected by unknown disturbance w(¢). In order to guaran-
tee a good disturbance attenuation property, when the sensors
occur faults, H, reliable control methods will be proposed in
this subsection. Firstly, H., performance definition is given as
follows:

Definition 2: [45], [46] Let v > 0 be a constant. If (8) is
asymptotically stable, and for any w(t) € L?[0, 00) (the space
of square integrable functions) and z(0) = 0, the following
inequality holds:

/ T ()0t < A / TWTemd @D
0 0
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then the system (8) is said to be with an H.,-norm less than
or equal to 7.
Based on the description (10) and adopting the similar tech-
nique in the above subsection, a new H., reliable control
synthesis condition is given as follows:

Theorem 2: If there exist symmetric matrices ), > 0,1 <
q < n, and matrices G, L., 7 € S, a scalar € > 0 satisfying

Z 2-r(rq <

P
0, forr,o¢€ HSj,X1 € ST/Ry, -,

T(i)0 (i) €Xq j=1
iE€EA—A,
X, €S;/Rp, 1< qg<n, (28)
p
Z V,pq <0, forro€ HSj’Xl € S¥/Ry, -,
T(10 (i) €Xi j=1
i€EA—A,
X, € S5/Rp, 1 < g <y, (29)
where
gTO’(] :7 ~
e (A-Qq + Lo[I 0]) * * *
[ 0]Qq — [_ 0]+eLTBT —eG—eGT  x
_BZ;_T 0 —’}/21 *
L CrQq 0 0 I
lI/7':7(1 =
[ He (A Qq + BurLo[I 0]) * *
[F, 0]Q, — G[I 0] + eLTBT  —eG — eGT * *
,BZJ 0 —’yQI *
L CrQq 0 0 —I
= A O -~ [Bur| A
AT—{O _%I] B {DT],CT—[CT 0],

then the state feedback controller of the form (6) with the gain
K. = L,G™', 7 € S renders the system (4) in the normal
case and only one sensor failure cases asymptotically stable,
and H.-norm less than or equal to ~.

Proof: From (14) and (29), we have that

Z \I/-r(rq < 07

p
for r,o0 € [[S;, X1 € S}/Ry, -+,

T(i)0 (1] €X; Jj=1
i€A—A,
X, € S2/Rp, 1< g < ny (30)
where
\IITO'(] -
He (A, Qq + BurLo[I 0)) * x
[F, 01Q, — G[I 0]+ eLTBT  —eG — eGT
BT 0 DY)
C-Qq 0 0o —I
(31)

and F; is the same as in (14).

Adopting the same technique from (24) to (25), then it
follows from (31) that

He (A(1)Qq + Bu(p) K (1, p™)G[I 0]) *
[Fy 0)Qq — GII 0]+ €GTKT (1, u ) BI (1)) —eG — G
B (1) 0
C(1)Qq 0
* *
* *
_721 N <0
0 —I
where
Aw) = > prA., Bu(w)= Y. pirBur,
TEH:;;I Si TEH:;;I Si
Bu(p) = Z firBur,  C(n) = Z 117Cx,
TGHf=1 S TEHf=1 Si
K(lu’qu) = Z H ,u‘j0'<j] H M‘]FO'(J] Ko’
UEEH:;;lSi jeA—Aq jeAq

Applying Schur complement lemma to the above inequality,
then we have

He (A(1)Qq + Bu(i)K (1, ¥ )G[I 0]) + Q,CT (1)C (1) Qq

[F, 01Qq — GII 0] + G K™ (i, u¥ ) BE (1)
By (n)
* *
—eG — eGT * <0 (32)
0 —y2I

For z(t) # 0, pre- and post- multlplylng the above inequality
with [27(t) z7(t)Bu(0)K (1, p*) w?'(t)] and its trans-
pose, it yields that
207 (A(1)Qq + Bu(w)K™ (1, u")GII 0])2
+27QqCT (WC (1) Qq + 22" Bu()K (,
— 22" By () K (1, ") G[I 0]z

pOF, 0]Qq7

Since Q4 > 0, it is invertible, let
pq = (qul

Therefore, the above inequality can be rewritten as follows:
(1) (Pq (A(w) + Buli) K (. 7)[Fy 0]) + (Al)+

W), 0)) Pyt CT(u)C(u)>i(t)

+ &7 P, By (p)w +w” BT (1) P, 7 — v*wTw <0 (33)
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where
(34)
(33) is equivalent to

e (P, (A() + Buli)K (1, u7)[F, 0]) ) + CT(1)C ()
Bg 1) q

*
<o
which can be rewritten as follows:
He (PqA(N) + Py Bu (1) K (1, /i_‘F)Fq
D(M)I,Z{(/J’vu )E
Bw (M)Pq
FyKT (p, ") DT (1) - PyBuo(pe)
—I 0
0 —2I
Applying Schur complement to the above inequality, then we
can obtain

)+ CT(1)C ()

<0

En ByBu(p)
[BT( L

E11 = He(P, A + PyBy (1)K (p, pF)Fy) +

CT(w)C () + FuK™ (p, ") DT () D(u) K (1, ") Fy. Com-

bining the above inequality and CT'(u)D () = 0, yields

)

where

En PqB'w(M
WPy I

where =11 = He(P A(p)+ PyBu ()

<0

)E,)+(Cn)+

K(p, p
T
D) K (1, 1)y ) (Clw) + D) K (1, 1) F,
post-multiplying the above inequality with [z7(t) w”(t)]
and its transpose, then we have

227 (8) Py (A(p) + Bu(p) K (1, n ) Fy)a(t) + 27 () x

(C() + DK (p, 17V Fy) T (C 1) + D() K (1, 17 ) Fy)
z(t) + 227 (t) Py By (p)w(t) — v*w’ (Hw(t) < 0 (35)

Choose Lyapunov function V() = 2 (t)P,z(t) for the case
that only the sensor for measuring the state x,(t) is failed,
then (35) can be rewritten as follows:

V(t) + 2T (t)2(t) — y*wT (Hw(t) <0

Integrating both sides of this inequality yields

/0 V(t) + / T (t)a(t) — 2 / W (t)uw(t)
~V(00) ~ V(0) + / T ()2(t) — / W (t)uw(t)

<0
Using the fact that £(0) = 0 and V(o0

/0 z (t)z(t)dtg'y/o w” (t)w(t)dt

Hence, (27) holds and the H, performance is fulfilled.

If the disturbance w(t) = 0, then from (36), we have V (¢) < 0
Hence, the system (1) with sensor faults by the controller (16)
is asymptotically stable. Thus, the proof is complete. ]

) . Pre- and

(36)

) > 0, we obtain

IV. EXAMPLE

In this section, an example is given to illustrate the effective-
ness of the proposed method. Consider the following nonlinear
system.

i1(t) =w2(t) —
j?g(f,) =—T (t)

3xs(t) + w(t)
—0.222(t) — x3(t) + 0.5 sin(x2(t))x2(t)

—u(t)
Z3(t) =2x1(t) + x2(t) — 3w3(t) + 1.6 sin(z1(t))zs(t) + u(t)
z1(t) =w3(t)
2a(t) =u(t)

Choose premise variables x1(t), x2(t) and use the modelling
method in [21], then we have that the nonlinear system can
be exactly represented by the following the T-S fuzzy model:
Plant Rule (i1i2):

IF v (t) is My;, and va(t) is Moy,

THEN :L'(t) = Ailizx(t) + Bwilizw(t) + Bm‘lizu(t)
Z(t) = Ci1i2x(t) + Di1i2u(t)
where
[0 1 -3 o 1 =37
A= 1|-1 —07 —-1]|,A1=1|-1 03 -1],
| 2 1 —46] |2 1 —4.6]
[0 1 -3 [0 1 =37
Ay = |—-1 =07 —1]|,A=1|-1 03 -1
| 2 1 —14] |2 1 —14]

T
Bwll - Bw12 - Bw21 - Bw22 = [1 0 0]

T
Bui1 = Buiz = Buzi = Buzz = [0 —1 1]

001}

C11_C12_Cz1_022_[0 0 ol

0
D11 = Dig = D3y = Dy = [0.1]

and the fuzzy membership functions are puq11(z1(t)) =
ol lO) (e () = EEREO g (aa(t) =
71_Sin§“(t)), poo(z2(t)) = 71%“’5“(5). By using the prod-
uct inference engine [21], the weights of the fuzzy rules
(11), (12), (21), (22) are obtained as p11(z1)pe1(x2),

w11 (@) poz(z2), piz(xr)per (z2) and pio(z1)po2(x2). More-
over, by the mapping in Appendix, the fuzzy model can also
be rewritten as follows:

Plant Rule ::
IF V1 (f,) is Mli and ’Ug(t) is Mgi

THEN & (t) = A;x(t) + Bywiw(t) + Byiu(t)
z(t) = Cix(t) + D;u(t)
where
Ay = A1, Ap = Ajg, Ag = Ao, Ay = Asp, By1 = By,
Bu2 = Bu12, Byz = Bu21, Bus = Bu22, Byw1 = By,
By2 = By12, Buws = Buy21, Bys = Byaz, C1 = Chy,
Cy = Ch2,C3 = C91,Cy = Co2, D1 = D11, Dy = Dy,
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T2
(@)
0 T2
Fault-free case
7
)
(b)
0 Z2

Sensor fault case

Fig. 1: The relation of xf and x5 of the second state for the
fault-free and fault cases

D3 = Da1,Dy = Do,

and the fuzzy rule weights of the corresponding conventional
fuzzy model are a;(v(t)) = pi1(xr)per(ze), as(v(t)) =
pa1(@1)poz(w2), as(v(t)) = pa(@1)per(az), as(v(t)) =
t12(21) 122 (z2). Note that each one of the weights «;(v(t)),
i =1, -, 4 is dependent on z; and x3, then there are influences
on all fuzzy rule weights if one sensor for measuring some
state is failure.

First, assume the disturbance w(t) = 0 and use different
methods to design fuzzy controllers for guaranteeing the
stability of the system with sensor faults. The methods in [33],
[47] and Theorem 1 are adopted inhere and the computational
results are given in Table I. Assume that the sensor for mea-
suring state x5 is outage and no fault in the other sensors, then
the second state, which is used in the fuzzy controller, is 0, i.e.,

xf" = 0. The membership functions po1(2f) = %@ =
R

0.5, pge(zf) = H%’(%) = 0.5 in the fuzzy controller (16)

are different from pio1(z2) = 1-sin(@a) p22(xe) = Hﬁfn(mz)

in the fuzzy system (1), and the fuzzy controller with the
sensor fault can be written as follows:

u(t)
=(pan (21)pr (25 ) Ky + pan (1) poa (25 ) Ko + paa (1)
X o1 (28 ) K1 + pao (1) poz (w3 ) Koo) [1 af
=(p11 (1) por (25 ) K11 + pan (1) poa (25 ) K1z
+ paz (@) pon (28 ) K1 + pao (1) oz (25) Ko2) Fo(t)

$3}T

In order to illustrate the influences of the sensor fault on the
states and membership functions, the relations of 24", o1 (21"),
o1 (w87) pi2a(2), paa(xL’) and x4 are given in Figs. 1-3, from
which, it can be seen that the fault has much of impact on
the membership functions of the fuzzy controller (16). The
simulations are done and the corresponding state responds are
shown in Figs. 4-6.

From Figs. 4-6, it can be seen that the existing methods
in [47] and [33] cannot guarantee the stability of the resulted
closed-loop system and the new proposed method (Theorem
1) presents an effective reliable controller. In particular, the

p21(w2)

(a)

@(t)

Fault-free case

= #21(1‘F)
(b 0.5 2

0 x2(t)
Sensor fault case

Fig. 2: The relations of pig1(22), 21 (24) and x5 for the fault-
free and fault cases

(a)

Fault-free case

0.5 ()

(b)

0 25(t)
Sensor fault case

Fig. 3: The relations of jig2(72), p2a(xE) and x5 for the fault-
free and fault cases

i i i i i
0 5 10 15 20 25 30
Time (sec)

Fig. 4: The state responds by using the controller obtained
based on Theorem 1
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TABLE I: Controller gains

Theorem 1 with e = 0.6

The method in [33] with A = 50

The method in [47]

K11 =[—0.8144 1.7659 0.2007 K; =[—0.8149 10.8548 — 2.4226] K1 = [1.4306 6.5104 7.3707

K12 = [—0.8359 2.0636 0.1525 Ko = [—0.9587 6.5834 0.8549] Ko = [1.5732 8.0527 8.3183

K21 = [—0.8240 1.8171 0.3148 K3 = [—0.7797 4.2596 — 2.3550] K3 =1[0.9513 3.0071 2.5858

Koo = [—0.8347 1.9621 0.2789 K4 =[—0.9486 1.7885 0.1064] K4 = [1.0939 4.5494 3.5334
(x10° TABLE II: Controller gains

x1
5t - %] Theorem 2 with € = 0.4 The method in [33] with A = 1.7
4l XST‘ K11 = [—0.9006 2.5372 0.0802 Ki =[—0.9362 7.0083 — 2.1257]
| K12 = [—0.9007 2.5374 0.0803 Ko = [—0.9931 4.0159 0.4995]
3r L K21 = [—0.9154 2.6312 0.1725 K3 =[—0.9463 2.5456 — 1.9976]
A | Koo = [—0.9154 2.6313 0.1725 K4 = [—1.0026 0.9888 0.0933]
|
.6
0
1
-1r S S |
0.8} !
-2 !
-3 i i i i i
0 5 10 15 20 25 30

Time (sec)

Fig. 5: The state responds by using the controller obtained
based on the method in [47]

0 é 1‘0 1‘5 éO 2‘5 30
Time (sec)

Fig. 6: The state responds by using the controller obtained

based on the method in [33]

method in [33] is for designing reliable controllers, but it is

only applicable for the fuzzy system with the premise variables

independent on the states, then it is failed for the example.
Assume the disturbance

1, 6<t<15
w(t) = { 0, others

and the initial condition 2(0) = 0. Theorem 2 and the method
in [33] are used for designing H., controllers, the obtained
H performance indices are respectively 9.98 and 2.80. Note
that the obtained index by the method in [33] is smaller.
However, it is not the actual bound of the H., performance,
because the all premise variables are assumed to be reliable
in the method of [33]. Moreover, the obtained gains by these
methods are given in the following Table II.

The simulations are done with the sensor for measuring state

N —— Theorem 2

— — — The method in Wu and Zhang, 2005
i i i

i
10 20 30 40 50
Time (sec)

Fig. 7: The responds of the controlled output 21 ()

x4 being outage. The responds of the controlled output z(t) are
given in Fig. 7. It can be seen that the controller obtained by
Theorem 2 achieve a better H, performance, which illustrates
the effectiveness of the new method.

V. CONCLUSION

The reliable control problem for T-S fuzzy control systems
with sensor multiplicative faults has been investigated in this
paper. By using the properties of fuzzy product inference
engine, a class of new reliable fuzzy control techniques are
proposed for T-S fuzzy systems with sensor faults. In the new
conditions, we consider the influences of sensor faults on both
the system states and premise variables of fuzzy controllers,
then the proposed controllers can maintain the stability and
the control performance when all sensors are operational as
well as when some sensor experiences failures. A numerical
example has been given to illustrate the effectiveness of the
new approach. The influences of sensor faults on both the
premise variables and system states have been considered
in this paper, then the proposed methods are valuable in
practical use for guaranteeing the performance of T-S fuzzy
control systems against sensor faults. Planned future work by
the authors will be directed at reliable control problems via
dynamic output feedback for T-S fuzzy systems.
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APPENDIX

Relations between the new description and the existing
descriptions of T-S fuzzy systems:

Note that the set [[}_; S; is with r = []7_, r; elements,
then a 1 — 1 mapping can be defined as follows:

P
g:[[Si — {127} 37)
=1

where

q(1) =7 + (Tp—1) — Vrp + (T(p—2) — Drprp—1+

p—1
(T(p—3] = Drprp_1rp_2+ -+ (7(1] -1) H Tp+1—j
j=1

p i—1
=Ty + Z H Tp+1—5(T() — 1)

i=2 j=1

i.e.,

p i1—1
g T = T+ D [ [ reri—i(ra — 1) (38)

i=2 j=1
Let

p
Agr) (0(8) = pir = [ ] tiry W5(0). - Agry
j=1

Bq(T) = BuT; I_(q(‘r) - KT
where v(t) = [v1(t) va(t) -+ v,(t)]7T.
Then (8) can be rewritten as follows:
Bt) = D g @) (Agma(t) + Byryult))
TelT7_, S:

which is equivalent to

i(t) = Z o (v(t)) (A (t) + Biu(t)) (40)

Further, the fuzzy controller (7) can be rewritten as follows:

u(t) = Z a;(v(t)) Kiy(t) (41)

Moreover, we can easily obtain Y., o;(v(t)) = 1. Then the
fuzzy system description (40) with (41) is widely used in the
existing literature [21], [23], [25], [29], [32], [39].
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