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This paper deals with the fault detection problem for interval type-2 (IT2) fuzzy systems subject to
sensor nonlinearities. By using a general observer-based fault detection filter as a residual generator, the
fault detection problem is described as a filter design problem. The fault detection filter is designed to
guarantee the prescribed H,, performance level. A decomposition approach is employed to handle the
characteristic of sensor saturation. Using Lyapunov stability theory, a novel type of IT2 fault detection

filter is designed to guarantee that the fault detection system is asymptotically stable with an H,,

Keywords:

Interval type-2 fuzzy system
Fault detection

Filter design

Sensor nonlinearities

the proposed method.

performance. In the design procedure, the parameters of the IT2 filter can be solved by the standard
software. The IT2 fuzzy model and IT2 fuzzy filter do not require to share the same lower and upper
membership functions. A numerical example is given to demonstrate the feasibility and effectiveness of

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

It is well known that fuzzy logic control theory has been
proposed as an effective approach to approximate the complex
nonlinear systems for the control design objective [1-4]. Over the
past years, fuzzy logic control method has been widely used in
many practical applications. Recently, the Takagi-Sugeno (T-S) [5]
fuzzy systems have attached considerable attention because it
is effective to analyze and synthesize nonlinear systems such as
chemical processes, automotive systems, robotics systems and
many manufacturing processes. The results on stability analysis,
controller synthesis and filter design of fuzzy systems were
reported in [6-26]. To mention a few, the authors in [21] considered
the reliable fuzzy control problem for uncertain suspension systems
with actuator faults. Recently, the fault detection problem has been
proposed in [27-29]. Based on a residual signal, the residual
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evaluation function is used to compare with a predefined threshold.
An alarm of fault is presented such that the residual evaluation
function has a value larger than the threshold. However, it should be
mentioned that the above results are under the condition of type-1
T-S fuzzy sets and are available when the grades of membership are
certain in the T-S fuzzy systems.

Therefore, it should be pointed out that the control problem of
type-1 T-S fuzzy models cannot be addressed if the membership
functions contain uncertainty information. Once the nonlinear
plant is subject to parameter uncertainties, it will lead to the
grades of membership uncertain in value. A basic IT2 fuzzy logic
model was proposed in [30], which can be used to handle the
nonlinear plants. It has been shown that the IT2 fuzzy logic
systems have the superiority performance than the type-1 T-S
fuzzy logic models in the aspect of handling parameter uncertain-
ties. The IT2 fuzzy models have attached considerable attention
and many control design results have been proposed in [31,32].
Moreover, using the lower and upper membership functions, the
authors in [33,34] have dealt with the problem of the IT2 fuzzy
systems subject to parameter uncertainties. However, the problem
of sensor nonlinearities for IT2 fuzzy systems has not been studied
and there are no results about fault detection for IT2 fuzzy
systems. It is a valuable research direction to handle the problem
of fault detection for IT2 fuzzy systems with sensor nonlinearities.

Motivated by the above discussion, this paper investigates the
fault detection problem for the IT2 fuzzy systems subject to sensor
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nonlinearities. The output considered in this paper of IT2 fuzzy
systems is a general sector-bounded nonlinearities. The IT2 fuzzy
model and IT2 fuzzy fault detection filter do not require to share
the same lower and upper membership functions. By using a
general observer-based fault detection filter as a residual genera-
tor, the fault detection problem is described as a filter design
problem. The fault detection filter is designed to guarantee the
prescribed H,, performance level. A decomposition approach is
employed to handle the characteristic of sensor saturation. Using
Lyapunov stability theory, a novel type of IT2 fault detection filter
is designed to guarantee that the fault detection system is
asymptotically stable with an H, performance. In the design
procedure, the parameters of the IT2 filter can be solved by the
standard software. A numerical example is provided to demon-
strate the feasibility and effectiveness of the proposed method.
The remaining of this paper is as follows. Section 2 introduces IT2
fuzzy systems, constructs the IT2 filter and presents the fault
detection for IT2 fuzzy systems. Section 3 proposes stability
conditions based on the Lyapunov stability theory for the IT2
fuzzy systems and Section 4 provides an illustrative example to
show the effectiveness of the proposed results. Section 5 con-
cludes this paper.

Notation: The superscripts “T” and “—1” stand for matrix
transposition and inverse, respectively. R" denotes the n-dimen-
sional Euclidean space and the notation P > 0( > 0) stands for a
symmetric and positive definite (semi-definite). 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. He(A) is defined as He(A) =
A+AT for simplicity. Matrices, if the dimensions are not explicitly
stated, are assumed to be compatible for algebraic operations. The
space of square-integrable vector functions over [0, oo) is denoted
by L,[0,00), and for { = {{(t)} € 5[0, ), its norm is denoted by

102 = \/ S o IO dt.

2. Problem formulation
2.1. IT2 T-S fuzzy model

Consider the following IT2 fuzzy model that represents a
continuous-time nonlinear system with r rules: )

Plant Rule i: IF F(x(t)) is M; AND - AND Fp(x(t) is M,
THEN:

x(t) = Ax()+ Biw(t) +Byif (1),
y(6) = p(Cix(1) +Dyw(6)+Dyif (1), (1)

where 1\712 is an IT2 fuzzy set of rule i corresponding to the function
Fa(x(t),i=1,2,...,1r; a=1,2,....p; p is a positive integer; x(t) e R"
is the system state vector, w(t) e R? is the disturbance input and
f(t) e R™ is the fault to be detected: y(t) e R' is the measure output;
A, B, Byi, G, D; and Dq; are the known matrices with appropriate
dimensions. The firing strength of the i-th rule is the following
interval sets:

Wix(t)) = [w,(x(t)), wix(t)], i=1,2, ..., @)

where w,(x(t) = g;lﬁﬂf(pa(x(t)))zo and w;(x(t)) =

Mﬂ
(Fa(x(t))) > 0 denote the lower and upper grades of membership,
respectively. K (FaX(£)) >0 and H i (Fa(X(£) >0 stand for the

p ..
a:]/’tm’a

lower and upper membership functions, respectively. Therefore,
it can be found that i (Fa(X(t))) = pt i (Fa(x(t))) and Wi(x(t)) >

w,(x(t)) for all i. Then, the IT2 T-S fuzzy system is described as

follows:

X(O= 3 WxOMAXD +BW() +Bif (0]

Y= ._il Wix(D)[P(Cix (D) + Diw(t) + Dyif (1)), 3)
where
Wi(x(1)) = a,(x(O))w,(X(D) +a;(x())w;(x(t)) = 0 Vi, é wix(0) =1,

0<a,(x(®)<1 and 0<a;x(t))<1 are nonlinear functions and
possess the trait of a,(x(t))+a;(x(t)) =1 for all i.

Many actual applications will inevitably result in the nonlinear
characteristic of sensors. Here, the function ¢(u) in system (3) is
assumed to belong to [Ki,K>], for some given diagonal matrices
K; >0 and K, >0 with K, > Ky, and satisfies the following sector
condition:

(pw)—K ) (pu)—Ku) <0, VueR. 4)

2.2. IT2 fuzzy filter design
An IT2 fuzzy filter wi~th r rules is constructed as follows:
Rule j : IF g, (x(t)) is N}, AND --- AND g;(x(t)) is N, THEN:
X(t) = AgR(6)+Bgy(t),
Zp(t) = CR(0), (5)

where Njﬁ is an IT2 fuzzy set of rule j corresponding to the function
g/;(x(t)),j =1,2,...,r; f=1,2,...[; lis a positive integer; Ag, Bj and
Gy are the filter parameters to be designed. The firing strength of
the j-th rule is the following interval sets:

M;j(x(t)) = [m,(x(t), i (x(D)],  j=1.2,....1,
where m,(x(t)) = H}; by (gpx(1)) =0 and m;(x(t) = Hlﬁ . ﬁfv’}x

(gp(x(t))) = 0 stand for the lower and upper grades of membership,
respectively. u & Epx(0)) =0 and Hyi (gp(x(1)) >0 denote the lower
ad A .

and upper membership functions, respectively. Here, H i (8p(x(0) >
B

Ky (€px(1) leading to m;(x(t)) > m(x(t)) for all j. The overall IT2

Lad v =

fuzzy filter is proposed as follows:

A= 3 MOS0+ By (]
j=

7= 3 mGOCH. ®)
] =

where

. B (O)m(x(0) + B0y (x(1))

m;(x(t)) = = — >0,
2k 21 (B, x(O)m (X(0) + B (X(O)M(X(D)))

3 iy =1,
ji=1

vj,

in which 0 s/_fj(x(t)) <1 and O sﬁj(x(t)) <1 are predefined func-

tions and possess the trait of ﬁ,(x(t))+ﬁj(x(t)) =1 for all j.

To improve the performance of the fault detection system, we
add a weighting matrix function into the fault f(s). Here,
fuw(s)=W(s)f(s), where f(s) and f,(s) denote, respectively, the
Laplace transforms of f(t) and f,,(t). One state-space realization
of f,,(S) = W(s)f(s) can be described as

Xw(t) = AwXw(t)+Byf (1),

SFw(®) = CyXw(D),
xw(0)=0, (7)
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