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Abstract

This paper is concerned with the problem of the fault detection for switched T-S fuzzy
systems with actuator faults. The system faults and unknown disturbances are
considered to be in a finite frequency domain. An effective fault detection filter is
designed to measure the fault sensitivity and disturbance robustness. By using
Parseval's theorem and S-procedure, a new finite frequency method of fault detection
for switched T-S fuzzy systems is formulated. Sufficient linear matrix inequalities (LMIs)
conditions are proposed to design the fault detection filter, which can guarantee the
finite frequency H- and He, performance. The effectiveness of the given finite
frequency method for switched T-S fuzzy systems is illustrated through two numerical
simulation examples.

Keywords: fault detection; filter; finite frequency; switched T-S fuzzy systems;
Parseval’s theorem

1 Introduction

Due to the more increasing demand for reliability and safety in industrial control pro-
cesses, the issue of fault detection is required in various kinds of practical complex sys-
tems. The controlled problems are relative to sensors, actuators, controlled hardware, of
course, also including the controlled process and so on. However, for the malfunctioning
of the sensors and actuators, deterioration of plant equipment or the ageing of controller
hardware, faults are developed. In order to ensure the safety and reliability of the con-
trolled systems, the fault detection problem was proposed.

Nowadays, for the increasing demand for reliability and safety in industrial processes,
fault detection problem has attracted more and more attention. Many more fault detec-
tion approaches have been proposed for different systems, designing fault detection filters
to monitor systems; see e.g. [1-4]. The objectives of fault detection filter designing can be
defined as (i) detecting faults as soon as possible, (ii) avoiding false alarms for uncontrolled
inputs signals like disturbance. Among these results, various optimization methods have
been proposed, such as the mixed Hy/H, [5] optimization method and the H_/H, [6, 7]
optimization method, where the H_ index can measure the maximum influence of a fault
on the residual signal and the Hy, index [8] can measure the minimum of the disturbance
on the residual signal. Besides, there is a method to deal with the first one index in [2]: a
weighting matrix is introduced to transform the H_ constraint into a H, constraint. How-
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ever, it is not easy to select appropriate weights and the additional weights will increase
the complexity of fault detection systems.

The Takagi-Sugeno (T-S) fuzzy model has witnessed great progress since it is an effec-
tive tool in approximating most complex nonlinear systems [9-11]. In [12], a new indirect
adaptive switching fuzzy control method is proposed for fuzzy dynamical systems based
on T-S multiple models. Further, the method in [13] is extended to a class of unknown non-
linear systems with a new robust adaptive multiple model-based fuzzy control scheme. In
[14, 15], the problem of fault detection are investigated for T-S fuzzy systems by translat-
ing the FD performance requirements over a finite frequency range into an H, tracking
problem. References [16, 17] proposed the FD method for uncertain fuzzy systems based
on the delta operator approach. In [2, 18], the fault detection problems are considered for
T-S fuzzy systems in finite frequency domain. The fault detection and isolation problem
is investigated in [19, 20].

In another study, by using generalized the Kalman-Yakubovic-Popov (GKYP) lemma [21]
and Parselval’s theorem [22], some fault detection methods with less conservatism com-
pared to full frequency domain approaches have been developed for linear time-invariant
systems [23, 24], singular systems [25, 26], T-S fuzzy systems [2, 18, 26, 27], switched sys-
tems [28-30], Markovian jump systems [31], and so on. In [32], a fault detection filter
design method is presented for switched fuzzy systems with average dwell time. However,
there is no result on fault detection in a finite frequency domain for switched T-S fuzzy
systems [33-35].

In this paper, the problem of fault detection for a class of switched T-S fuzzy systems in
finite frequency domain is addressed. We consider the finite frequency H_ performance
and Hy performance, which can better detect the fault of the control systems and re-
duce the effect of disturbance by using the finite frequency domain approach. Then a new
bounded real lemma (BRL) is obtained. Based on the new BRL, the sufficient conditions for
designing the filter which can guarantee the H_ and H, performances are given in terms
of solving a set of LMIs. Compared to the existing FD method in the full frequency do-
main [32], the designed filter is more sensitive to the fault signal and more robust against
disturbances due to the introduced additional slack matrix variable. Finally, numerical
simulation examples are given to show the effectiveness of the proposed finite frequency
fault detection.

The sections of this paper are organized as follows. In Section 2, the preliminary and
problem statement of fault detection filter are presented. The fault detection filter per-
formance analysis and design conditions are proposed in Section 3. The fault detection

threshold is given in Section 4, and in Section 5 numerical simulation examples are given.

Notation The symmetric terms in a symmetric matrix are denoted by *. For a matrix P,

its complex conjugate transpose is denoted by P*, and He(P) = P + P*.

2 Preliminaries and problem statement
2.1 System description
The switched T-S fuzzy model is described by fuzzy IF-THEN rules, which locally rep-

resent linear input-output relations of nonlinear systems. Let us consider the following
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switched T-S fuzzy systems model:

x(t) = A (Nx(£) + Bao (h)d () + B (h)f (2),
y(t) = Co (M)x(2) + Dao (h)d(2), @)

where x(t) € R” is the state, y(¢) € R7 is the measured output, d(t) € R? is the disturbance
input, () € R represents the actuator fault signal, the piecewise constant function o () is
the switch signal, and o (£) =i € N = {1,2,...,r} means the ith subsystem is active, A, (k) =
Z;=1 hiAsj(t), Bas (h), Cao(h), Das (h) are similar to Agq (). The z1(2),...,z,(t) are premise
variables and uj (j=1,...,s, k=1,...,q) are fuzzy sets, s is the number of IF-THEN rules,
and q is the number of premise variables and

4 =) ‘ R ’ )
h; (Z(t)) = m» M;(Z(t)) = Eﬂlk(zk(t))»

wix(zk(2)) is the grade of the membership of zx(¢) in . For all t we have
hi(z®) <0, j=1...,5) h(z(t) =1.
j=1

The corresponding switched fuzzy subsystem matrices are denoted by given fuzzy ma-
trices A;(h), Bai(h), Bs(h), Ci(h), Dgi(h), Dg(h) (i € N). The frequencies of d() and f(z)
reside in a known finite frequency set ®, which is defined as

{w €R:|w| < @y, @ > 0} (LF),
O:={{weR:m <w=<wy,w <w} (MF), (2)
{w €R: |w| > @y, @), > 0) (HE).

Remark 1 Switched nonlinear systems can be found in various domains [36], such as
mobile robots, network control systems, automotive, dc converters, and so on. Recently,
some results have been proposed for switched nonlinear systems based on the T-S fuzzy
model [32, 37].

Assumption1 There exists a switching function o (£) such that the system (1) with d(z) = 0
and f(£) = 0 is admissible.

Definition 1 For any £, > £; > 0, let N(t;, ;) denote the number of switchings of o () over
(ti, ). If N(t1,82) < Np + (82 — t1)/T holds for T > 0, Ny > 0, then T is called the average
dwell time.

2.2 Fault detection filter

In order to detect the actuator fault, the following fault detection filter is introduced:

X7 (t) = Ago (W)x¢(t) + Bro (h)y(2),
r(t) = Cro (h)x£(2), (3)
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where x/(£) € R” is the filter state, y(£) € R? is the measured output, r(t) € R% is the fil-
ter output, the piecewise continuous function o () is the switching signal, and o (¢) =i €
N ={1,2,...,r} means the ith subsystem is active, and the switched fuzzy system matrices
Ago(h) = Z;zl hjAso(t), and By, (h), Cs, (h) are similar to be Az, (h).

Augmenting the model of system (1) to include the states of (3), we obtain the following
system:

0(2) = Aq (h)n(£) + Bay (h)d(2) + B, (W)f (2),
r() = Co () (t), (4)

where

=] AW O | Bamw-| Be® |

X [ o T [0
SO S A P RS

2.3 Problem statement

In practice, for some systems, the main effects of disturbances and faults occupy differ-
ent frequency domains. Particularly, fault signals usually emerge in the low frequency do-
main, for example, the constant struck fault just belongs to the low frequency domain
[38]. Meanwhile, the disturbances are always in the high frequency such as high frequency

noise.

Remark 2 For an incipient signal, the fault information is always contained within a low
frequency band as the fault development is slow. For the type fault signal, a FD filter design
typically requires a high fault sensitivity in a low frequency range.

As mentioned earlier, in this paper, we assume that faults are low frequency signals,
while disturbances reside in the high frequency domain. Consider the following two finite

frequency ranges for frequency w in disturbance d(¢) and fault f(¢):

Oy := {weR:lwlth,thO}: ()

O := {weR:|w|§w1,w;ZO}. (6)
Denote by F(f(£)) the Fourier transformation of f(¢).

Definition 2 The system (4) has the finite frequency H, index bound y, if the inequality
oo oo
f e (t)r(t) dt < y? / d*(8)d(t) dt (7)
0 0
holds for all solutions of (4) with d(¢) € L, such that

f t(w+ @) (W= D) (@) (@) dw > 0 (®)
0

under the zero initial condition.
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Definition 3 The system (4) has the finite frequency H_ index bound g, if the inequality

/ wr*(t)r(t) dt > p? / ooe“”f"(t)f(t) dt )
0 0

holds for all solutions of (4) with f(¢) € L, such that

/00 —t(w+ @) (w — op)n(w)n(w) dw > 0 (10)
0

under the zero initial condition.

In this paper, an H_/H,, fault detection filter is designed to be sensitive to both fault
and disturbance, and to guarantee that the augmented model (4) is asymptotically stable.
To this end, considering the frequency characterizations of d(t) and f(¢), the finite fre-
quency FD problem can be formulated as follows: Given three scalars «, y, and 8, under
the condition that the filter (4) is stable, solve the following optimization problem:

max
§ (1)
s.t. (7), (9).

Remark 3 In the optimization problem (11), condition (7) is a Hy, performance constraint

where y denotes the worst case criterion for the effects of the disturbance d(t) on the

residual r(f) and condition (9) is a H_ performance constraint where 8 is a measurement

of the fault sensitivity in the worst case from faults f(¢) to the residual r(t).

2.4 Preliminaries
Lemma 1 [39] (Finsler’s lemma) Letx € R", Q € R"™*", and U € R"™™. The following state-
ments are equivalent:

(i) x*Qx<0,VU*x=0,x#0,

(i) Y e R™": Q+ UY +Y*U* < 0.

Lemma 2 [40] The switched T-S fuzzy system (1) is said to be globally uniformly asymptot-

ically stable with average dwell time T > T* = "™ ifthere exist Lyapunov functions V;(x(t)),

Viel,2,...,r, such that

V}(x(tk)) < ,uV}-(x(tk)), ty is the switching point,

Vi(x(8) < —aVi(x(2)).
Lemma 3 [41] If there exist functions f(t) and g(t) satisfying
F@) < -af (£) + mg(2),

where o and m are constant, then

f(t) <e () + m / te")’(t’s)g(s) ds.
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3 Main results

In this section, the fault detection filter in the finite frequency design for switched T-S
fuzzy systems problem which is formulated in the previous section based on an LMI ap-
proach will be solved. Four subsections will be given to illustrate this problem. The first
two subsections give the sufficient conditions for (7) and (9), the third one gives the suffi-
cient conditions for (S.3). Finally, we give the sufficient condition to guarantee the stability
of the developed filter.

3.1 Finite frequency performance analysis
In this subsection, we assume that the fault detection filter parameters in (3) are known,
and the proposed the sufficient condition such that the filter error system (4) satisfies

these two specifications (7) and (9). Then we propose the theorems to obtain the filter
which guarantee (7) and (9) based on the previous theorems.

Lemma 4 For any signal n(t) residing in a known finite frequency set © defined in (2), if
there exist a symmetric matrix P and a symmetric positive definite matrix Q, then

fm () E P (t) dt = /Oo P*E)(PRP+ V¥ QQ)(t)dt >0, (12)
0 0

where 9 (t) = [Z((tt))], Ei=(PRP+¥YRQ), D= [? é] and V is defined in Table 1.

Proof Assume that 7(¢) resides in the high frequency range, {w € R : (0 + @y,)(w —@y,) > 0},
then from Table 1, ¥ = [(1) ‘?’S‘f]' We obtain

/Ooo ()P QP+ WV ® Q)i (¢)dt
= fo Oo[He(r‘z*(t)Pn(t)) + 1" (6)Qi(t) — @ n* () Qn(2)] dt. (13)
By Parseval’s theorem [22], we have
[ irwaiva
= /0 ootr[ﬁ(t)r‘z*(t)Q] dt = tr[ /0 N (7" () dt]Q

1 o 1
= tr[g /_Oo (ja)n(a))) (—ja)n*(w)) dw] Q= tr[g /:00 o’ n(w)n*(w) dw] Q, (14)

where 7n(w) is the Fourier transform of (). In a similar way,
o0
f He(7*(£)Pn(t)) dt = 0
0

Table 1 Values V¥ for different frequency ranges [21]

® < (LF) w1 <w=<w2(MF) >, (HF)

o -1 0 R iR 1o
[0 w/2j| RosRior) [O—whz}
I ) ~w @)
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and

/ —whzn*(t)Qn(t)dt:tr[zi/ —whzn(a))n*(a))dw]Q.
0 7w J_

(o]

Thus, considering the fact that (o + @y,)(@w — @) > 0 and Q > 0, (13) yields
o0
/ )P RP+V¥ R Q) ) dt
0

- tr[i / (@ + @)@ - Tn()n* (@) dw]Q >0, (15)

2T J_ oo

For other frequency range cases, similar conclusions can be obtained. The proof is com-
pleted. d

3.1.1 Inequality condition for finite frequency Ho, performance
As is well known the disturbances usually are high frequency signals in practice. So, in this
paper the disturbances are assumed to belong to the following high frequency domain:

G):{weR:IwIth,thO}. (16)
Set f(¢) = 0, the filter error system (4) becomes

0(t) = A (M)n(t) + Bao (W)dl(2),
r(t) = Co (M o). 17)
Theorem 1 Foragivenscalaro >0,y > 0, the high-frequency Hy, performance (7) is guar-

anteed for system (17), if there exist symmetric positive definite matrices P?, Qu, symmetric
matrices Py, a matrix Vy;, i =1,...,r, and a scalar (v such that for a switching signal with

average dwell time satisfying T > T* = 1"7"
Aai(h) + Aani(h) + Aani(h) <0, (18)
Agi(h) >0, 19)
P <pP!, i#], (20)
where
Ai(h)  Bui(h " Ai(h)  Bg(h
Ad,-(h){ E) do( )] (q>®pd+w®od)[ 1() do( )},

[ o] [r o |[Cw o fo 1
A‘“"(h)_{ 0 1} {o —y21:||: 0 1}’ (D_|:1 0}’

A0 Batd| To P[4 Ba
e[ 0 [ I

with the full column rank matrix U satisfying E*U = 0.
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Proof First, choosing a Lyapunov functional candidate of the form
Pl o0
V(E) = 1 (P n() = £*() [ 7o le®

oA B o o[A.() Bu(h)
euoffm B [0 o[ Bev,

then the derivative of V/(¢) along (17) satisfies

V() = " (OPLn(®) + n* (OPLi()
= n*(t)(AX (h)(Pﬁ + Pﬁfﬁa(t))n(t)
+d*(t)B}, (P2n(t) + n* (£)P2 () By (h)d(t)
I 0

0 1 0

- - * d - -
e [Aa(h) Bda<h>} [ Pod P(,} [Aa(h) Bda<h>} ¢

Second, from system (17), we have

r*(O)r(t) - y*d* (H)d(t)

oo [cmrc,m o
-sm[ . _yzl}sa)

oo lcm o] [t o ([cm o
_E(t)[ 0 1} [0 —y21:||: 0 1:|E(t)'

Page 8 of 24

(22)

(23)

Third, welet 0 =ty <t; <--- <t <---, k =1,..., denote the switching point, and we

suppose that the itth subsystem is active when i € [#, tx+1). From (19) we have

EXO (A (1) + Dy (1) + Ay ()5 (2)

e [[A Bat [o P[An) Bat
- I 0 P 0 I 0
L [Aw Ban "o o ([Ain) Buh

I 0 0 aP?|| I 0

cw ol [r o J[cmw o
L [ ]

+§*(t)<{Ai(h) Bd,»(h)} P+ @0y [A,-(h) Bai(h)

I 0 1 0

= Vi () + aVi () + 3y, + Oy 29, <0,

where

9, = e NODInp/2 n(t) _ X, ()
* 0| a0

(24)

(25)
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and

Aair(h) = 7 (B)rip (8) = y*d* (£)dl(2),
Agi(h) = ()P ® Py + ¥ @ Qu)n(2),

Ei=(PQ®Psyu+¥®Qy).

Set n(tx+1) = 1., (tk+1), the state of the switched system can be expressed as

oo

(€)=Y (i O (ult — ) - ult - tr.1))), ¢ €10,00).

k=0

We have 9 (£) = [(x(2))*, (x (£))*]*. Considering (29),

oo

1@ =3 B i (Ot - 00 — (e — 1)), £ € [0,00).

k=0

Page 9 of 24

(26)
(27)

(28)

(29)

(30)

Obviously, x (¢) is also in the frequency range ®, and asymptotically stable. In addition,

from (30)
3@ =3[ 5 i (0)(ult - 1) — e - tr,1)
k=0

_klnp

+e 2 0, (0)(8(t — 1) - 8(t —tr1))}, £ €[0,00),

where §(¢) is the unit pulse signal. Therefore, by Lemma 4, we have
oo
/ B*(s)E40(s)ds > 0.
0
From Lemma 3, we have

t
Vi (8) - et Vi (&) + / e~ (t=s) (2 (s) + eN(O't)I"“ﬁ‘;l‘( B4, ) ds < 0.

73

Besides, from (21), we have
Vie () < Vi, (£)-

Then we can obtain the following formula with (33), (34):

t
Vo (0) < ne 0V, (5) - / 9 (5, (5)
7
0,01 _
+ VO P Ea,) ds
i
< MN(O,t) e—at Vvio (0) _ MN(O,t) / e—cx(t—s) (Eik (S)
0

+ VOB ) Eaty,) ds

(32)

(33)

(34)
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t
- / e (2, (s) + eN(O’t)I”"ﬁ;: Ea,) ds
Uk

t
_ e—a(t—tk)+N(0,t) Inp Vio (0) _ f e—a(t—s)+N(s,t) Inp (Za(s) (S)
0

+ N0V E B 9, ) ds.

Considering the zero initial condition and V;, (¢) > 0, (36) implies

t
/ e—a(t—s)+N(s,t)1np.(EJ(S)(S) + eN(O't)MMﬁ; Edﬁik) ds < 0,
0

and multiplying both sides of (37) by e N9 we have

t t
/ e—a(t—s)—N(O,s) lnuri*k (S)rik (S) ds < / e—a(t—s)—N(O,s) Inp (]/zd* (S)d(S)
0 0

- N0 B9, ) ds.

Page 10 of 24

(36)

(37)

Because of the fact that N(0,5) < # <o = 7 and T = Ini " we have N(0,s) Inu < as and

T

(37) implies

t t
/ e""(t’s)""sra (8)ry (s)ds < / e’“(t’s)(yzd*(s)d(s) -0 Edﬁik) ds.
0 0

Integrating (39) from t =0 to t = 00

[e%e) t
/ ( / e—a(t—s)—asl”;;( (s)ri (s) ds) dt
0 0
[ee] t
< / ( / eI (y2d* (s)d(s) + 9} Bay) ds) dt,
0 0
( / e ry (8)ry () ds) < / et dt)
0 s
< (/ (yzd* (s)d(s) - 17;( Edﬁik) dS) (/ e—a(t—s) dt);
0 s

(41) implies

[ee]

/ e r*(e)r(t)de < y2/ d*(t)d(z) dt—/ i, Ealy, dt.
0 0 0

Because of the premise lemma, Lemma 4, we have
oo
/0 97 Eaty, dt > 0.
So, we obtain
oo o0
/ e (t)r(t) dt < y? / d*(8)d(¢) d.
0 0

The proof is completed.

(38)

(39)

(40)

(41)
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3.1.2 Inequality condition for low-frequency H_ performance

Just as mentioned previously, on the contrary, the fault signals usually emerge in the low
frequency domain where disturbances usually are high frequency signals. Therefore, in
this paper, we assume that the fault signals belong to the following low frequency range:

®={a)eR:|a)|§w1,w120}. (44)
Set d(t) = 0, the filter error system (4) becomes

0(2) = Aq (h)n(8) + By () (2),
r() = Co () (t). (45)
Theorem 2 For a given scalar « >0 8 > 0, the finite frequency weighted H_ performance

(9) is satisfied for system (45), if there exist symmetric positive definite matrices Plf » Qfis
symmetric matrices Ps, matrices Vg, i =1,...,N, and scalar u such that switching signal

with average dwell time satisfying T > T* = lnT“
Agi(h) + Apri(h) + Agai(h) <O, (46)
Asi(h) = 0, (47)
Pl <ppP!, i#], (48)
where
A B | A By(h) 0 1
Agq(h) = (0] P ' ) P = ’
O el KRR TS [ A L
Gy o] [1 o T[cm o
o I||o -yl o I
A Bop| To P A B
Agri(h) = ! .
fZ()|:I o][zﬁf «Pi || T 0
Proof Theorem 2 is proposed by using a similar method to Theorem 1. d

3.2 Fault detection filter design conditions

In the preliminaries, Theorems 1, 2 provide finite frequency performance analysis condi-
tions when the filter parameters are known. However, the parameters of the filter (3) are
unknown. In the following, we will develop some decoupling techniques to transform the
conditions in Theorems 1, 2 into LMIs conditions to obtain the fault detection filter gains.

3.2.1 Fault detection filter for low-frequency H_ performance
The next theorem provides fault detection filter design conditions under which the finite
frequency performance (9) can be guaranteed based on Theorem 2.

Theorem 3 Counusidering the switched T-S fuzzy system (1). For a given positive scalar «,
B, there exists a fault detection filter in the form of (3), such that the filter error system (4)
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with d(t) = 0 satisfies the finite frequency performance (9) when w belongs to (44) if there
exist matrices

I)/fll 0 11 12
o 2 olg @

P 0
Pr=|7f . i=1,...,r, 50
' {o Pﬁz} .

the matrices Aﬁ(h), Eﬁ(h), Cu(h), Mpvi, Myai, Mys, Zpiiy Zpois Zg3, and N, i = 1,...,r and
scalar p > 1, ¢ such that the following inequalities hold:

7 -CsT<0, i=1,...,r (51)
Pl <up, i) (52)
Enj B2 Eizj
*  Bazy By | <0, (53)
* *  Eszy
where
T en”, ITl2=g5,
2| W — He(Zp)  —Qf = Ni— Mpi*
Y * —Q2 - He(N;) |’
By = Pifu + P}l + Zfli‘é}ij +BpyiCyj — Zpy,; Afj - ‘}VE‘kZi
7ol MpuAy + ByCy - Ny PP? 4 P2+ Ag - Ny |’
= _ | ZniBij+ Zp5By
B3y = ~
! | MpiBj + Bjj
2 wPQ} + He(ZiAj + ByCy)  (wPQP + Agy + AfMy, + CiBy)
Zi092ii = ~ )
/ i * wlefZZ + He(Ag) — ¢}
| ZpiBj-A;Z},By - C;B}By
Bz = -
! My2iBij — Ay Bjj

Es3j = B°1 — He(B;Zs3:By).
Then Ag; = Ni‘lflﬁj, By = N[léﬁj, and Cg; are the parameters of the filter (3).

Proof Considering Theorem 2, from (47), we have

[Ai(h) Bxh)}*[—af Plapy ][Axh) Bm}

1 0 * OlPif + ol Qy I 0

+[Ci(h) 0} {—1 oMC,(h) 0}0. 52)
o I|]o pgul| o I
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By setting
M=| % (P +wpQ)-Ci(Calh) 0 (55)
* * B

(54) can be rewritten as

S][*HSU <0, (56)
Ai(h) Bi(h)
where Sy; = |: I 0 ] Then applying Lemma 1, (57) is equivalent to
o I
IT + He(Y3S2) < 0, (57)

where Sy; = [-1 A;(h) Bi(h)], S2S1; = 0, and Yj; can be set as [Yj?‘h. in‘zl. - ;Bil_ii(h)]*, which is

an additional matrix as introduced by Lemma 1.

The following inequality is obtained from (58):

~Qr — He(Yp;) P+ Py + YpuAi(h) - Yy,
x oP] + w}Q + He(YpaiA) () - CH()Cih)
* k
Yr1Bi(h) + }?ngéi(h)
Yy2iBi(h) —Af(h)l?giéi(h) <0. (58)

B*I — He(B;(h)* Y3:B:(h))

We can see that the block (2,2) in (59) is nonlinear for C;‘(h)@i(h) = diag{0, Cﬁ*(h)Cﬁ(h)},
so we refer to [42] and introduce another constraint (51) which can guarantee

CiCp > 2L (59)

So, the block (2,2) in (59) can be replaced by an + @} Qs + He(Yy2:A(h)) — diag(0, ¢*1}.

Next, we suppose Yy;, Yo;, Y3; have the following forms:

Z i Ni V4 i ]\[l Z i Ni

Y, = 7l ) Ypi = 72 ) Yp3i = /3 . (60)
My N; My N; Mgz N;

Further,
v A - | ZoAi + B it As() 61)
PR | M Aih) + BaCilh) - Ag(y |7
){ﬁlBl(h) = [}iﬁl%((};))} ) i= 1’ ey rrj = 11 2; 3’ (62)
5 Bi

Bi(h)Yy3,Bi(h) = B} () Zg3:Bi(h). (63)



He et al. Advances in Difference Equations (2016) 2016:62 Page 14 of 24

After the defuzzification, we obtain

Enj By B3y

* By  Eogy | <0, (64)
* *  Eszy
where

T en”, ITl2=g¢,

By = - He(Zp;) —Q}Z N; - Mflz*
v * f — He(N;)

S Py Py Zpidy + ByCy - 7}y, Ay = My,
Y My1;A;j + B4iCyj — Nt PPy PP+ Ag - N,

~ | ZniBy +Zf3lB
D13 = ,
v i Mp1:Bj + By

* Q22 + He(Aﬁ]) ¢

[ Qt + HeZpuay + ByCy)  wPQP + Ay +ATM, + C*Bﬁ/i|
=220 =

oo [ Z2iBy — A5Z13B - C;B} By
/ My»iBj; — A% B; ’

Es3j = B°1 — He(B;Zs3By).

Then Ay = N ' Ay, By = N;''Byy, and Cy; are the parameters of the filter (3). Then, ap-
plying (60), (61), (61), (63), and (59) to (59), we get (64).
The proof is completed. O

3.2.2 Fault detection filter for high-frequency Ho, performance
This subsection provides fault detection filter design conditions under which the finite
frequency performance (7) can be guaranteed.

Theorem 4 Consider the switched T-S fuzzy system (1). For a given positive scalar o, y,
there exists a fault detection filter in the form of (3), such that the filter error system (4) with
f(t) = 0 satisfies the finite frequency performance (7) when w belongs to (16) if there exist

matrices
P;ill 0 Qll QZZ
Pf’: |: o p» >0, Qu= Qu* @ >0, (65)
Py 0 }
Py=|" , i=1,...,1 (66)
[ 0 P

the matrices Aﬁ(h), Bﬁ(h), Ci(h), Mais Manis Zanis Zaois and N, i =1,...,r,and a scalar ;> 1
such that the following inequalities hold:

Pl <pP, i) (67)
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Eny i Sz 0
* Eo2j B2z Boajf <0 .
)
* * Bz 0
* * *  Baay
where
B 11 12
= le' - He(Zdli) Qdi — Ni — Mﬂlli*
H115 =
’ * Q- HetNy) |’
— Zdlinij + Bﬁdeij
S35 = I ,
_Mdlinz’j + Bﬁdeij
[ pdll |, pll - ) A i}
Bioji = Ptd + Py + ZgiAy + B Cyy — 273, Agj— M,
ij = “ | y T it
i MapiAy + BgiCyj — N, pfl +P2 4 Ay —N;
[, pdll 2 A1l A 2112 , G - o
By = aP{" — @} Qy + He(ZuniAy + By Cy) - Qg + Ay + A, + CiBy;
T ~ )
L ) oP{** — QG + HelAy)
ZaniBaij + BfiiDyjj
Ea3jj = K ,
| MaziBaij + BfijDajj

B = [0 Cyl"
B335 = —°1,

-
®

By = -1
Then Ag; = N7 Ag, By = N;'Bgj, and Cy; are the parameters of the filter (3).
Proof Theorem 3 is proved by using a similar method to Theorem 4. 0

3.3 Stability condition (S.3)
Considering the performance (S.3), because of Assumption 1, we only have to provide
some conditions to guarantee the stability of fault detection filter (3).

Theorem 5 For a given positive scalar o, the fault detection filter in the form of (3) is stable

1o
p22] >0,i=1,...,7,
i

Inp
o’

) ; ) ; . P!
with average dwell time T > T* = if there exist matrices P; = [ 0

matrices Aﬁj, Eﬁj, Cpjy Muyi, My, Zj, Zoj,and N, i =1,...,r, and a scalar (v > 1 such that the
following inequalities hold:

Enij By B3y
*  Bogj  Bazy | <0, (70)
* *  Bazy
where
| -He(Zw) -N;i—My;
11ij % —He(M) ’
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o | P Zudy ByCy-z3  Ap—-My
12 MliAij +BﬁjC,-j —N* P122 +Aﬁj —N* ’

12 L

- Olpll1 + He(ZZiA,»j + Eﬁ,C,,) Aﬁj +A;;M>2kl + C;;BJZI
220 * aP? + He(Aﬁj) '

So Az = N;'Agy, Bs = N7\ By, and Cyy are the parameters of the filter (3).

Proof First, with a similar method to the one used in proving Theorem 3, we have

Pl <ppf, i), (71)
Api A A
*  Agy Agz | <0, (72)
k k Aggi

where
Avi = _QE —He(Zyni) QY —Ni—Ma*
e * Q% - He(N;) ’
Ay - | ZaiBa) + BiWDa(h)
l | MariBai(h) + Bfi()Dai(h) '
o [Pl ZaiAi) + BaWCill — Z3, Ag) - M,
P MauAih) + B Cilh) -N; - P2+ Ag(h) - N}
Ay | QU+ HeZariAi(h) + B Ci(h)
*
QR + Ag(h) + AL (WM, + CF()Bj(h)
~wQ% + He(Asi(h))
Ay = Z>iBai(h) + Bi(h)Di(h)
" | ManiBaith) + Ba(h)Dyi(h) |
Aszi=-y°L

Equation (71) is equivalent to

V(t) = 0" ()Pen(t) + n* ()Py1i ()
= 0" () (AL (W)Pys + Py Ay (h))n(t)

o JAw o Ak
-n(n[ p {PU 0][ p ]nm, (73)

VisuY, i) (74)

[Ai(h)} [o Pi] Ai(h)}(). (75)
I *  ab; 1
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Next, from (75) and (76) we can obtain

i)+ aVi(0) = n(e) [A‘fh)] [Z Of;} [A’;h)} n(0 <0 (76)

and

Vi(6) = eV, (5)

< e @MWy, (f). (77)

Obviously, we have

vie)=a|n®|>, V) <b|f0)] (78)
So we obtain
|7@)|* < VaV(e) < Vae DV (ty) < Blae™ D |5,(0)|*. (79)

After the defuzzification, Ay = Ni‘lflﬁj, By = Ni‘léﬁ/, and Cj; are the parameters of the
filter (3).
Therefore, with Lemma 2 the filter (3) is stable. O

3.4 FD filter parameters
Now, based on Theorems 3, 4, and 5, when y, «, and p are given, we can derive the FD
filter parameters by solving the optimization problem (11):

max (80)
s.t. (50), (51), (52), (53), (54), (66), (67), (68), (69), (70), (71).
We have Az = N;'Ag;, By = N7 By
Then the filters which we need are defined by the gain matrices Ag;, Bg;, Cp;.

4 Detection threshold design
The next step is to evaluate the residual signal and compare it with some threshold value to
detect the fault in the system. In this section, the threshold for detecting faults is designed
and the detection logic unit is based on the results proposed in [43].

The evaluation function based on the RMS energy of the residual signal is used in this

paper. So we have

Jo6) = s o= 1 /0 /T (0)r(e) dr. (81)

The threshold J;, is obtained by

Jw= " sup  J(2). (82)
f0)=0.d(e)eLs,
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Finally the occurrence of a fault can be detected by the following logic rule:

J.>Jm = alarm, (83)

J.<Ju = no faults. (84)

Remark 4 A new fault detection scheme has been developed for switched T-S fuzzy sys-
tems such that the generated residual is designed to be sensitive to fault signals for the
faulty cases, while it is robust against the disturbances for the fault-free case. Since the
fault signals and disturbance inputs are considered to be in a finite frequency domain, an
additional slack matrix variable Q in Lemma 4 has been introduced to reduce the conser-
vatism. Therefore, compared to the method [32] in the full frequency domain, it is shown
that the generated residuals are more sensitive to fault signals and more robust against the
disturbances, and hence, the faults are easier to detect. However, it should be pointed out
that the LMIs solved in (81) could be very complex, which may make the computation very
costly. The degree of complexity depends on the dimensions of the considered systems,
the number of switching modes, and the number of IF-THEN rules in T-S fuzzy systems.

5 Example
In this section, two examples are presented to illustrate the effectiveness of the fault de-
tection filter design method proposed in this paper.

Example 1 Consider the switched T-S fuzzy system (1) with the following parameters:

Region 1:
Subsystems 1:

-11.5 4 -10.01 2
Ap = ) By = , Cn= ,
-0.843 -1.0493 -0.2946 -1

0.4
By = |:0.1:| ) Dgn =[1].

Subsystems 2:

~4.8 1 ~10.2 ~08
Ay = B By = , Ciy = )
- [—0.232 —1.4312} 2 |:—0.1516} 2 [ 0.1 }

-0.5
By = , Do = [1].
412 [ 01} a2 = [1]

Region 2:
Subsystems 1:

-10 0.6 —3.4 5
A = , B = , C = ,
2! |:—O.6 —0.8:| 2! [—1.7} e {—1}

0.2
By = , D,y =[1].
21 |: 0 2:| a1 = (1]
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Subsystems 2:

Choose ¢ = 1.2, @ = 0.2. Then using the method proposed in this paper, the gain matrices
of the fault detection filter are as follows.
Region 1:
Subsystems 1:

o _[-o8642 07609 5 _[05108 o _[543567
M1 01323 -1.1915 | 10,0338 | M= 07044 |

Subsystems 2:

o _[-10693 08440 5 _|-0.6602 . _[545732
271 _0.0042 -1.9275 |’ 271 _0.0464 | 271 16529 |

Region 2:
Subsystems 1:

o _[15063 07571 5| 17794 o _[5t2551
170 00175 13025 | 7171 0.3428 | 7 17895 |

Subsystems 2:

o _[-aasaa —roreo 5 _[-04780 o _[551978
7271 05034 -1.6580 |’ 271 01913 | 7227 11419 |

In a simulation, for ¢ € [0,100], the disturbance is chosen as d(t) = 3 cos(7x¢), and the

fault occurs from 40 s to 60 s and satisfies f(£) = 1 for 40 < ¢ < 60. The switch signal with

— Inp

average dell time 7™ = =/

=0.9116 is shown in Figure 1.

Figure 1 Switching signal. The period t of 25
switching signal by finite frequency approach.

0.5
0

20 40 60 80 100
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Figure 2 Response of filtering r for Example 1.
Residual response r(t) by finite frequency approach.

Figure 3 J,(t) (blue) and Jy, (red) for Example 1.
Residual evaluation J,(t) by finite frequency
approach (blue) and residual evaluation Jy, by finite
frequency approach (red).

Then we apply the proposed finite frequency method to a switched T-S fuzzy system
(1). The residual r(£) of the FD filter and the corresponding residual evaluations J,(¢) are
shown in Figures 2 and 3. The fault threshold is set as /4, = 2.8. It is clear that the residual
r(t) in Figure 2 generated by proposed method is sensitive to the fault and robust against
the disturbance, and according to (83) and (84), the residual evaluation function /.(¢) in

Figure 3 indicates that the fault is detected at approximately ¢ = 40.51 s.

Example 2 To further illustrate the proposed results, we apply the proposed FD method
to a chemical process example [44]. We consider a continuous stirred tank reactor where
an irreversible process occurs. For each type of operation, the mathematical model for the

process takes the form

. F,
Cy= V(CAU —Cy) — koe FRIRCy,

. F -AH
Tr="2(Ta, — Ta) + koe EIRTRC, + Q

, (85)
14 Py pc,V

where CA denotes the concentration of the species A, T denoted the temperature of the
reactor, Q, is the heat removed from the reactor, V is the volume of the reactor, kg, E,
AH are the pre-exponential constant, the activation energy, and enthalpy of the reaction,
¢, and p are the heat capacity and fluid density in the reactor and o (¢) € {1,2} is a discrete

variable. The values of all process parameters can be found in [44].
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By using the method in [44], we can rewrite (85) in the form of system (1) with following

parameters:
A= 45803 x 10 6.6748 x 10~ | -3.5728 5.1826 x 107
= 2.4807 ~3.61x107 |’ M7 70789 —0.010286 |’
[-0.029103 5.1833 x 10~
AfZl = )
24807  —0.0036045
[ 45803 %1e-2 6.6748 x 10~
Ao =
706.14 -0.010265

4.1841 x 1072
By =Biy =By =By =By =Bgio = Bao1 = Bapp =B = |: 0 j| ,

Ci=Cip=Cu=Cp=C=[1 0], Dy = D13 = Dy = Dyy = 0.

To ensure the system stability, it is assumed that the output feedback controller u =
Ky(t) has been designed beforehand. By using the common Lyapunov function method
and solving LMIs, we can obtain the controller parameters as K = —71.0535. Therefore,

the closed-loop system with the fault is in the following form:

x(t) = (Ag () + BKC)x(t) + By (h)d(t) + B; (h)f (¢),

y(t) = Cx(t). (86)

Then using the method proposed in this paper, for given y = 0.2 and choosing the same

parameters  and 7% as Example 1, we obtain the gain matrices of the fault detection filter:

—-0.9490 -0.0227 0.0329 -1.0361
Afn = ) Afp = )
0.5654 -2.0963 81.3220 -85.0437

71351 28578 [-135811 7.6217
T 7 34565 —4.8024 | 1271 93433 -10.2626 |’
~0.5392 0.4506 |
B = ) B = ’
f“ [14.6825:| 12 |:—19.8973
~2.3287 11.8345 |
B = > B = )
21 |:—2.0118:| f22 [—11.4497

Cri1 =[0.3391 —-0.0428], Cr12 =[0.2573  0.0974],

Cra1 =[0.2824 -0.0223], Cry =10.2985 -0.0299],

and the optimal value on fault sensitivity performance index is g = 1.1.

In simulation, the switching signal is chosen the same as Example 1. The fault is set as
f(t) =1 occurring after ¢t = 40 s, and the disturbance is set as d(t) = 5 sin(t).

The simulations are shown in Figures 4 and 5. It is clear that the residual r(¢) in Figure 4
generated by proposed method is sensitive to a fault and robust against the disturbance,
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Figure 4 Response of filtering r for Example 2. 4 ‘ ‘ ‘ :
Residual response r(t) by finite frequency approach. 35 ]
3l i
25F Bl
2r 4
15F Bl
1k i
0.5 Bl
of y i
-05f 1
) 20 20 60 8 100
t(sec)

Figure 5 J,(t) (blue) and Jy, (red) for Example 2. 12 : : . .
Residual evaluation J,(t) by finite frequency
approach (blue) and residual evaluation Jy, by finite 10} i
frequency approach (red).

Fault detection

and according to (83) and (84), the residual evaluation function /,(¢) in Figure 5 indicates
that the fault is detected at approximately ¢ = 42.44 s.

6 Conclusions

In this paper, we have studied the fault detection problem for switched T-S fuzzy systems
in finite frequency. Based on Parseval’s lemma and S-procedure, we have obtained some
sufficient conditions which ensure that the augmented filter system has the H_ fault affec-
tion level, the H, disturbance attention level, and we have stability. The fault detection
filter design conditions have been derived in terms of solving a set of LMIs. Two numerical
examples have been provided to demonstrate the effectiveness of the proposed method.
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