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Abstract This paper addresses the problem on sensor fault estimation and fault-tolerant control for
a class of Takagi-Sugeno Markovian jump systems, which are subjected to sensor faults and partially
unknown transition rates. First, the original plant is extended to a descriptor system, where the
original states and the sensor faults are assembled into the new state vector. Then, a novel reduced-
order observer is designed for the extended system to simultaneously estimate the immeasurable states
and sensor faults. Second, by using the estimated states obtained from the designed observer, a state-
feedback fault-tolerant control strategy is developed to make the resulting closed-loop control system
stochastically stable. Based on linear matrix inequality technique, algorithms are presented to compute
the observer gains and control gains. The effectiveness of the proposed observer and controller are
validated by a numerical example and a compared study, respectively, and the simulation results reveal
that the proposed method can successfully estimate the sensor faults and guarantee the stochastic

stability of the resulting closed-loop system.
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1 Introduction

Markovian jump systems (MJSs), known as very famous stochastic systems, play an im-
portant role in modeling, as it can describe plants with random abrupt changes. A Markovian
jump system is governed by a Markov process and the switching mode ranges in a finite integer
set. Due to the popularity of MJSs, tremendous results have been reported on MJSs!* 9],

With the increasing demand of reliability, safety and maintainability of automatic systems,
fault estimation (FE) and fault-tolerant control (FTC) have become more and more important
in both theoretical and practical areas. During the past few decades, FE and FTC have at-
tracted considerable attention, and fruitful results can be found in literatures for MJSs!'0—19,
Specially, [10] proposed a sensor-fault-estimation method and FTC for time-delayed MJSs with
Lipschitz non-linearity. [11] developed a method on simultaneous estimations of the actuator
and sensor faults by means of sliding mode observer, then designed an actuator fault-tolerant
controller to ensure the stability of the overall system. [16] proposed an integrated FE and
FTC strategy for time-delayed MJSs subjected to actuator fault and sensor fault, where the
sufficient and necessary conditions of the existence of the designed observer were provided. [18]
proposed a method on actuator fault estimation based on adaptive observer, and designed an
FTC scheme by using a similar technique to [10, 11]. [19] considered actuator-fault-estimation
problem for a kind of fuzzy MJSs without reference to sensor fault. In fact, autonomous systems
depend very much on sensors acquisition of certain system information, and in addition, sensor
signals often carry important information for feedback control systems®?). However, a faulty
sensor signal may lead to poor control performance. Therefore, sensor-fault-diagnoses are be-
coming increasingly important, and certain results have been reported%:29=26 For instance,
for a class of Ito stochastic systems, [21] addressed the problems of FE and FTC against sensor
faults.

On the other hand, since most practical systems are nonlinear in nature, FE/FTC appli-
cations to industrial and commercial processes should specifically take nonlinear models into
account. Takagi-Sugeno fuzzy models have proven to be capable of approximating any smooth
nonlinear functions with any specified accuracy. It is fortunate that the T-S model has a
convenient and simple structure based on a set of IF-THEN rules. Hence, by means of T-S
fuzzy models, the existing FE/FTC methods can be extensively performed in nonlinear systems
directly[27-30]

Consider that, in real applications, information of each element of the transition rate matrix
is hardly known!®!, hence, the study of integrated sensor-fault-estimation and FTC for a class
of T-S fuzzy MJSs with partial unknown transition rates (PUTRs) is of great significance.
To our best knowledge, such a topic has not been studied yet. Hence, this paper will focus
on the following topics: 1) Design a reduced-order observer for simultaneous estimations of
state and sensor fault; 2) Design an observer-based fault-tolerant controller to guarantee the
stochastic stability of the considered system. The main contributions are listed in three folds:
1) In this paper, we design a novel reduced-order observer to perform the state and sensor fault

[10—19]

estimations. In comparison to full-order designs our proposed method gives a simpler
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SENSOR FAULT ESTIMATION AND FAULT-TOLERANT CONTROL 1407

structure and easier implementation. 2) Unlike the preconditions of the faults considered in [10-
12, 14], the sensor fault discussed in this paper has no constraints, which makes our proposed
method less conservative. 3) The proposed method can be directly applied to MJSs with exact
known transition rates, indicating an improved generality.

The rest of the paper is organized as follows. In Section 2, we formally state the problem
and some preliminaries. The main results are discussed in Section 3. We present numerical
simulations in Section 4 to demonstrate the performance of the proposed approach and draw

conclusions in Section 5.

2 Problem Formulation and Preliminaries

In this section, some preliminaries and the system description are given. Let us consider the
following Markovian jump linear systems described by T-S fuzzy models over the probability
space:

Plant Rule 4:

If 64(t) is v and 04(¢) is vy, then

&(t) = Ai(r(t))x(t) + Bi(r(t))u(t),

y(t) = C(r()z(t) + G(r(t)) fs(1),
where z(t) € R™ is the state, u(t) € R™ is the control input, y(¢) € RP is the measurement
output. A;(r(t)) € R™*™, B;(r(t)) € R™*™, Ci(r(t)) € RP*™ and G;(r(t)) € RP*™ are system
matrices. fs(t) € R™ is the sensor fault. Besides, we assume that G(r) is of full column rank.

1=1,2,---,N, (1)

Next, we recall some basic of the Markov chain. Let r(¢), ¢ > 0 be a right-continuous
Markov chain on the probability space taking values in a finite state space S = {1,2,---, N, }
with generator II = (m;) (1,7 € S), which is called transition rate matrix (TRM) given by

leA+O(A)7 ]#l»
1—|—7T”A—|—O(A), j=I,

where A > 0, and lim;_q O(AA) =0, m; > 0 is the transition rate from state [ to j if j # I and
= —Zjﬂ e
For r(t) = r € S, the system matrices of rth mode are denoted by A;., B;., C; and G,
which are real and known. xg and rq stand for the initial values of x(¢) and r(t), respectively.
By using a standard fuzzy singleton inference method™, the overall fuzzy MJSs in (1) can

be expressed as:
N
#(t) =Y pi(0() (Air(t) + Biru(t)),
i=1

y(t) = C’Fx(t) + Grfs(t)v

where p;(6(t)) = . gfgg?;(m, 9:(0(1)) = T12_, vig(8, (1)), and vig(8,(1)) is the grade of mem-
bership of 64(t) in v;4. According to the theory of fuzzy sets, it is known that p;(6(¢)) > 0

(i=1,2,---,N), and 31 p;(6(t)) = 1.

(2)
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Just as discussed in the introduction part, the transition rates are often partially unknown,
and in this case, the transition rates of the jumping process r(t) are considered to be partially
accessed, i.e., some elements in matrix II are unknown. For instance, for System (2) with 2
operation modes, the TRM II may be as [”?11 Z], where ? represents the inaccessible element.
For notational clarity, we denote S = S}, + S}, with

Sy =1{j:mjis known}, S, ={j:m,; is unknown}.

Throughout this paper, the following definition will be adopted.

Definition 2.1 The Markovian jump system (2) is said to be stochastically stable if, for
u(t) =0 and fs(t) =0 and every initial condition zo € R™ and rg, the following holds:

B{ [ la(0 Pt} <o
0

Remark 2.2 The accessibility of the jumping process r(t) in the existing literature is
commonly assumed to be completely accessible (Si. = S, 5!, = 0) or completely inaccessible
(Sr, = S,S; = 0). Therefore, the considered TRM is a more general assumption to the
Markovian jump systems thus covers the existing ones.

3 Main Results
If we extend the state x(t) to x(t) = [z((tt))} € R™%, and correspondingly, denote E =
[Tn Onxw ], Ajp = [Air Onxw ] and C, = [Cr G, ], System (2) can be written in anther representa-

tion as
N
Ex(t) = Z pi(0(1))(Aipx(t) + Biru(t)),

y(t) = Cra(t).

Now, System (2) is transformed into a descriptor system of which the state is composed

3)

of the original state and the sensor fault. In order to estimate the state and sensor fault
simultaneously, a novel reduced-order observer will be designed for System (3) in the following
discussion. After getting the estimated states, the observer-based fault-tolerant controller will
be developed.
For design purpose, we denote a new variable as a(t)=Mzx(t), where we assume M =
c

[1\6[1 I?u] e Rlrtw=—rp)x(ntw) and My € R(™P)X" is a known matrix which satisfies S, = [MZ] IS

R™™™ being nonsingular. By noticing «(t), the reduced-order observer is constructed as follows:

N
£(t) =Y pi(B(t) (Nin (r)z(t) + Lir (r)y(t) + T, Biu),
i=1

at) = zi(t) + Qry(t),

where z(t) € R*T™~P and a(t) € R"t"~? are intermediate variables. N;, € R(n—ptw)x(n—ptw)
Li, € Rv—ptwixp T ¢ pr—ptw)xm anq Q, € RMPTWIXP are observer matrices to be

determined later.

(4)
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Define the observation error as e(t) = «(t) — a@(t), then we have
e(t) = Mx(t) — z(t) — Qry(t) = (M — Q,C,)x(t) — 2(t).
If the observer matrices 7). and @, satisfy
T,E+Q,Cr= M, (5)

we can have
e(t) =T, Exz(t) — z(t).

Then, the dynamic equation of the observer error e(t) can be obtained by subtracting (4)
from (3):

é(t) = T Ex(t) — 2(t)

N
= Z pi(0)) (T, Aypa(t) + T Bipu(t) — Nipz(t) — Lipy(t) — T Bipu(t))

"

= , pi(ﬁ(t))(TrAwa:(t) + TTBiTU(t) — Nirz(t) — Liry(t) — TTBiTu(t)

s
Il
_

+N, T, Ex(t) — Niy T, Ex(t))

pi(0) (T Air(t) — Liry(t) + Nip (T, Ex(t) — 2(t)) — Nir Tr Ex(t))

I
_MZ

s
Il
-

pi(0(8))(Ni(r)e(t) + (Tr-Air — Nix T E = LirCr)x(t)). (6)

I
<M2

s
Il
_

From observing the above equation, we can see that if the observer matrices N;. and L,
satisty
TrAir - NirTrE - Lircr = 07 (7)

the observer error dynamic equation (6) becomes

N
e(t) =D pi(6(t)) Nuve(t). (8)
i=1
Obviously, it is easy to find that N;. and L;,. that satisfying
Liy = Kir + NirQr, 9)
NirM + KirCr = TrAir (10)

are a set of solutions of (7) with arbitrary compatible matrix K.

Remark 3.1 Combining with (5), the left side of Equation (7) can be first written as

T, Ay — NyyTh E — Ly C
=T, Ay — Niy(M - Q,C;) — Ly C.
=T,Ai — NiyM + N;Q,C — LiyC,
€\ Springer



1410 LI XIAOHANG, et al.

then substitute (9) and (10) into it, and we have

TrAir - NlTM + NirQrCT - Lircr
- TrAir - (TrAir - Kircr) + NirQrCr - (Kir + NirQr)Cr
= TrAir - TrAir + KirCr + NirQrCT - Kircr - NirQrCr
=0.

So this just proves that (9) and (10) are a set of solutions of (7).

Because G, is of full column rank, so is [CET} = [é”r OEXT"”] Since Equation (5) can be

transformed into [ 7 Q- | [5} = M, hence, we can calculate the solutions of T}, and @), from (5):

+ +

E I, E E I,

T,=M —z. |1~ , (11)

C'r Opxn CT’ C’r‘ Opxn

+ +

E 0, E E 0,
Q=M S A iy o (12)

C, I, Cy C, I,

+ T —1 T

where [éﬂr} = [C}i} [éﬂr} ) [éﬂr} is the Penrose-Moore inverse of [éﬂr} Further, we

note (11) and (12) in another form as

T, =T4 — ZTTT27 (13)
Q’I‘ = er - ZrQrQ» (14)
by denoting
- 1+ r 1 +
E I, E E I,
Tri=M ; Tro=|1- )
CT Oan C’r‘ C('r‘ Opxn
- 1+ r 1 +
E 0, E E On,
er =M Xp ’ QTQ =|I- P
C, 1, Cr Cr I,
It can be seen from (10) that
M
| N K | — T, A, (15)
Cr
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and we know that since S, is nonsingular, we have

v M; 0 0 I, O M; 0
rank = rank 0 I, = rank I,—, 0 O 0 I,
' c, G, L0 -G, L] |C G,
[0 I,
= rank M; 0 =n-+w,
| Cr 0

which implies that { g{ } is also nonsingular. Then, we can get the solutions of ;. and Kj;, by
solving (15):

-1 -1

No — T.A. M In—ptw Ko —T.A M O(n—p+w)xp

r Opx(nprrw) Cr Ip

Substitute (13) into the above equation, one can obtain

Nir = Nip1 — ZrNira, (16)
Kir - rl — ZT‘KiT27 (17)
where
~ R - - ~ - —1 r -
Ny = T A, M Inpu Ny = TroA; M In—ptw
_Cr_ _Opx(n—p—i-w) ] _CT_ _Opx(n—p+w) ]
— - 71 - - — - 71 - -
M 0 n— w M 0 n— w
Kip =T Agy (nmptw)xp v Kipg = TroAyy (nmptw)xp
C, 1, C, I,

From the previously discussions we can see that the observer matrices Ny, L., T;» and Q;y
can be computed out once Z, is determined. The selection of suitable Z, that makes the error
dynamic equation (8) is stable will be discussed later.

After getting the estimation of « based on the reduced-order observer (4), we obtain the

estimated sensor fault from ﬁ(t) = [Owx(m-p Tw]a(t). Extend M1Z(t) as {Agg((tt)) }, and we can

Miz(t)] ~ _ [ Hn=p On—p)xwla(t) : : H
have [Cr%(t)] = S,z(t) = S—C T () ] Then, the asymptotical estimations of the

state can be obtained from

[ L Ou-pp | 810)

B(t) =8, -
y(t) = G (1)

by noticing that S, is nonsingular.
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Next, we shall focus on the observer-based fault-tolerant controller design for plant (2). We

construct the following observer-based controller as:
u(t) = > pi(0(1) K i 2(1), (18)

where Z(t) is the estimated state provided by (4), and K, will be designed later in the following

analysis.
Substitute (18) into (2), and we can obtain the whole resulting closed-loop system

N N
B(t) =Y pi(0t) D pi(0) (Air + Bir K jr)a(t) — Bir K jrea (1)), (19)
i=1 j=1
where e;(t) = z(t) — Z(t). If we can find suitable matrix Z, such that system (8) is stable,
then we have e, (t) — 0. Hence, if K jr can be designed to ensure the stability of the following

system, z(t) will be stable

N N
#(t) =Y pi06)) Y pi(O0)(Air + Bir K jr)a(t)). (20)
i=1 j=1
The following theorem is the major result of the present paper which provides the existence
conditions of the proposed observer and controller.
Theorem 3.2 If there exist symmetric positive definite matrices P, € R Tw—p)x(ntw=p)
R, € R™", symmetric matrices X, € R™" and X., € Rtw—p)x(ntw=p) ond matrices

Y, € RTw=p)x(ntp) sych that the following matriz inequalities hold

Rr(Air + Birkjr) + (AlT + Birl?jr)TRr

+ Z er/(Rk/ - Xa:r)
WSk <0, (21)
P.Niy1 =Y Nipo + NT i1 Py

_()/TNM’Q)T + Z Trk! (Pk’ - Xer)
k'eSy,

Ry — Xop 20, K eSh, K=r (22)
Ri— Xon <0, K €S, K#r (23)
Po— X >0, KeS,, K= (24)
Po—Xo <0, KeS,, K#n (25)

where Z, = P1Y,., then the observer error system (8) and closed-loop system (19) is stochas-

tically stable.
Proof Consider the Lyapunov candidate function as V(z(t),e(t),r(t)) = 2T (t)R(r(t))z(t) +
eT(t)P(r(t))e(t), and for each r € S, take the weak infinitesimal operator along the trajectories

@ Springer
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of (8) and (20), then it follows that

N N
=Y pi0(1) D p;(0(1)) (xT(t)(Rr(Air + BirKjr) + (Air + Bir K j2) " Ry )a(t)
=1 =1
N, J
T S mo Rura(t) + TP, N+ NIPJe(t) + €7(0) 3 moasPre )
k=1 k=1
N —
=2 ni Z OO0 (R + By )+ (4 BB Ryl
+xT(t) Z Towr R w(t) + 27 () Y mowe Riwx(t) + € (8)(PrNiy + Ny P )e(t)
k€S, k'€Sy,
+€T(t) Z er/Pk/e Z er/Pk/e ) (26)
k'esr, k'esy

by noticing S = Sj + S5],.. It is the fact that

> mwal () Xapa(t) =0 and Y mpe’ () Xere(t) =0,

kes k€S
where X,, and X, are symmetric matrices, since Zk'es e = 0. Thus, we add the term
— Y wes T at () Xgra(t) and — 3, g Trwe’ (1) Xere(t) to the right side of (26), and it be-

comes

eV (x(t), (t)ﬂ")
N

=>_mlot Zpg (DR (Air + Bir K ) + (Aig + Bin K j2) " Ry(t)
+z T (t) Z Towr Rpw(t) + 27 () Y mowe R x(t) + €¥ (8) (P Nig + NPy )e(t)
k'esr, k'esy
t) Y mowPue(t (t) Y mowrPrelt ka/ or@(t
k'es;k k'esy k=1
—eT(t) Z T Xere(t)
k'=1
N —
= Zm Zpg (DR (Air + Bir K ) + (Aig + Bir K j2) " Rya(t)
Z Tk Rr z(t Z T R () + €T () (P Ny + NLPe(t)
k'esr, k'esy
+€T(t) Z er/Pk/e(t)+€T(t) Z er/Pk/e(t)
k'esr, k'esy
—a t)( Z er/Xa:r + Z er/Xa:r>x(t)
k'eSy k'esr,
—eT t)( Z er’Xer + Z er’Xer)e(t)
k'esr, k'esy

@ Springer
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N
- Z P1 Z PJ ( (Aw’ + BlTKj’r‘) (AlT + BiTKjT)TRTx(t)
i=1 j=1
+2T(t) Z Twr (Rpr — Xy )x(t) 4+ 2T (¢) Z Tk (R — X ) (t)
k'esr, k'esy
+eT(t)(P-Ni + NLPe(t) + T (1) Z Tk (P — Xer)e(t)
k€S,
+e"(t) Y mw (P — Xer)e(t). (27)
k'eSy

For unknown the term 2™ (t) Zk'esrk Tk (R — X )2 (t) and e (t) Zk'esg Trer (Prr — Xer)e(t),
we will argue in four cases:

(I) When r = k’, we have 7,3 < 0, then (22) implies x7 (¢) Zk/esrk Tt (Rpy — X )2 (t) < 0.
(I1) When r # k', we have 7. > 0, then (23) implies 2T () Zk,es;rk Tk (Rk/ — X )z(t) <0.
(IIT) When r = k’, we have 7,4 < 0, then (24) implies e (¢) Zk,esr T (P — Xer)e(t) < 0.
(IV) When r # k', we have 7, > 0, then (25) implies e (¢) Zk/esr Tk (Pk/ —Xer)e(t) <0.
Thus, from analyzing Cases (I)-(IV), we can conclude that
2(t) Y mow (R — Xor)a(t) <0, (28)
k'EST,
et (t) Z Tk (P — Xer)e(t) < 0. (29)
k€S,
Substitute (28) and (29) into (27) we have
OV (x(t), e(t),r)
N N R R
<D pi0) D pi(0(1)) (xT(t)(Rr(Aw + Bir Kjr) + (Air + Bir K j1) " R, ) (t)
i=1 j=1
+e"(t)(P.Nir + Nt Po)e(t) + 27 () Y moowr (R — X ) (t)
k'E€ST
+eT(t) Z Tk (Prr — Xer)e(t)>
k'esy,
N N T
a(t) x(t)
=D pi0(1)) Y pi(0(1)) Lijr ; (30)
i=1 =1 e(t) e(t)

where Qijr = |:96jr @?ﬂ :| s @ijr = R (A“« + Birl?jr) (A”- + Birkjr)TRr + Ek’esg T k! (Rk’ —
er), and @UT =P N“« + N P + Zk/eS* er/(Pk/ — X )
Substitute (16) into (30) and let Y, = P.Z,, and one have

N N T
0V (x(t), e(t),r) < Zf’i Z [ (t)] 0 [x(t)] o
i=1 i=1
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According to (21). Further we can deduce that

al al z(t) z(t)
OV (x(t),e(t),r) < =D pi(0() D pi(0(t)6 ; (31)
i=1 j=1 e(t) e(t)

where § = mini}j’r )\min(_gijr)~
Integrate on both sides of (31) under zero initial condition, and apply Dynkin’s formula

fooo oV (x(t),e(t),r)= E{V(z(0), e(c0),r)} — E{V(x(0),e(0),79)}, we can yield

/ eV (z(t),e(t),r)

= E{V(z(00), e(00),7)} = E{V(2(0),€(0),0)}

T
al x(t) x(t)
/ sz ;’JJ e(t) e |
e [
= o | e |

By noticing Zf\]:l pi(0(t)) = 1. As V(z(c0),e(00),7) > 0, we can have from the above
inequality

(t) z(t) E{V(2(0),e(0),r0)} _
/0 ( e®) | | e )dté Y =%

which implies that [~ 2T (¢)z(t)dt < oo and [~ €T (t)e(t)dt < oo. According to Definition 2.1,
we can see that both (8) and (20) are stochastlcally stable, which in turn ensures the stability
of (19). This completes the proof.

We can obviously find that the matrix inequality conditions (21) are not linear, which
puts obstacle in computing matrices Z, and K;,.. Hence, next by using some subtle skills, we
transform (21)—(25) into linear matrix inequalities those can be easily solved to provide the
appropriate Z, and K;,.

Theorem 3.3 If there exist symmetmc positive definite matrices P, € R Tw—p)x(ntw=p)
U, € R™™™, symmetric matrices XM € R and X., € RTw—p)x(ntw=p) and matrices
Y, € Rtw=p)x(ntp) sych that the following linear matriz inequalities hold:

(i) Forr ¢ Sy,

Sy, 0 U U U
* Qi 0 0
% % —ﬂﬁ%U;; 0 < 0; (32)
X% 0 0

| ok % 0 0 —ﬂ'r_l;nUl;n_

@ Springer



1416 LI XIAOHANG, et al.

(ii) Forre S, 17, #r,

Sijr 0 Ur Ur Ur
x % —w;%U;T ’ 0 <0, (33)
x % 0 0
|k % 0 0 —ﬂ'r_l} Urr, |
Up — Xor >0, K €80, K=r (34)
_pr Ur ’ ’
<0, KeS,., k+#r (35)
U, —Up
P — X >0, ke SZk) P T, (36)
Pk’ - Xer < 07 kl S SZ]@) kl 7é r, (37)

where %ijr = AirUr + Birkerr + (AirUr + Bir-f{err)T - Zk’ES,: er’)?wr; Qir = P.Nij1 —
Yer'TQ + NTirlpr - ()/TNM’Q)T + Zf/esg Trk! (Pk’ - Xer); Sijr = AirUr + Birl?err + (AlTUT+
BM,IA(J-TUT)T - Ek/esg ﬂ'rsz(w—kmrUr, )?m, = U, XU, and I}, represents the mth known

element in S}, then the observer error system (8) and closed-loop system (19) is stochastically
stable.

Proof Let U, = R;', and pre- and post-multiply [ 9] and U, on both sides of (21)

and (22)—(23), we have

AirUr + Birl?err + (AirUr + Birf?err)T

— Zk'es,: Tkt Up XorUr + Zk/ESQ Tk Up Ryt Uy <0
P,Niy1 =Y, Nipg + N1 P, 7

_()/TNM’Q)T + Zklesg Trk! (Pk’ - Xer)

0

Up R Uy — Uy XoUp >0, K €80, K =r,
U,RoU, — U, X0U, <0, K €80, K £

Using Schur complement lemma, (32)—(37) can be easily accessible to by noticing X, =
U, XU, and 7, < 0. This completes the proof.

The whole design procedures are summarized as follows:

Step 1 Solve LMIs (32)-(37) to get K;, and Z,.

Step 2 Substitute Z, into (13)—(14) and (16) to obtain T;., @,, N;, and K;,.

Step 3 Substitute Kj, into (17) to get Ly,.

Now the observer coefficient matrices T;., @, N;,, L;, and observer-based fault-tolerant
control gain K i are all obtained. The proposed reduced-order observer and fault-tolerant
control can be constructed.
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Remark 3.4 Although Reference [10-19] concerned the problems of simultaneous fault
estimation methods, they were on the basis of designing full-order (augmented) observers.
However, in this paper, we design a novel reduced-order observer to provide state and sensor
fault estimations, which involves less integrators, compared with adaptive ones!'516:19 "and has

a simpler structure, thus can be easier to implement.

Remark 3.5 Reference [10-12, 14] required the exact boundaries of the faults and their
derivatives, which brought some conservatism, as it is usually difficult to access to the exact
information of the faults in practice. However, in our method, we do not need any priori

information of the faults, thus has a looser pre-conditions.

Remark 3.6 To our best knowledge, most of the fault estimation and fault-tolerant con-
trol methods for MJSs were designed under the assumptions of exact knowing of the transition
rates, however, our proposed method is designed with partial unknown transition rates, which
ensures generality as it can be directly applied to MJSs with exact transition rates, as shown

in the simulation section.

Remark 3.7 In the existing observer-based fault-tolerant control works, the control gain
matrices were determined before the designs, which led to that some control performances can
not be guaranteed well, such as. In the proposed method, the control gain matrix can be

computed online, which brings some freedom to the design.

Remark 3.8 In practical control systems, although sensor faults are common, actuator
faults also occur frequently, however, this manuscript only discusses sensor fault estimation,
which seems limited. So it will make big significance to study simultaneous actuator and sensor
fault estimation based on reduced-order observer. In our next work, we intend to combine
the proposed method with descriptor system theory to accomplish the simultaneous estimation

problems.

4 Simulation
4.1 Numerical Study

We consider the plant (2) associates with Modes (1) and (2) and two fuzzy rules, and the
system data are chosen as follows:

—15-1.3 —1.5-0.3 -5 —04 —25 —-14

A11: ’ A21: y A12: ) A22:
—-1.1 =2 -3 -1 —1 —-1.06 —2.1 —-2.06

Buii=Bu=Bn=Bn=| |, clzczz[o.ﬁo.q, Gy =Ga=0.1.

The TRM has the following form II = (m,j)ax2 = [ 97 % ]. We take the premise variable
O(t) = [01(t) 62(2) - 64(t) ]T as output, which can be measured online and assume that the mem-
bership functions are p1(0(t)) = 175”‘2(7’('5)) and p2(0(t)) =1 — p1(6(t)), respectively. We choose
M = [_02 8 ?] to make sure S, is nonsingular. According to Step 1, the control gains are ob-
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tained as K11 = Ko = [2.1367 —2.1289 |, Ko1 = [2.7909 0.4619] , Koo = [3.2145 1.7863 ], and we can

also get
4 —1.1235 —1.0867 —2.0012
Z1 =10" x
—1.0765 —4.8970 —3.2156
and
4 —2.1256 1.6987 —1.6578
Z2 =10" x

—8.7485 3.2356 —1.2354

Finally, we can compute the other observer matrices T;., Q.,., N;, and L;, by following Steps 2—-3.

For simulation, the sensor fault is set to be fs(t) = 3cos(t) + sin(¢). The initial state of
System (2) and observer (4) are z(0) = [2 1] and z(0) = [0 4], respectively. The estimations of
state, which are activated by the fault-tolerant controller, are shown in Figures 1-2, illustrating
that the closed-loop system is stochastically stable under the designed controller (18). The
sensor fault estimation performance is depicted in Figure 3. Figure 4 shows the switching
signal r(t). It can be seen that both the states and sensor fault can be accurately estimated
and controlled using the proposed method, thus proving the feasibility of the discussed method.

The actual state x,
The estimated state x,

03

0.2

0.1

. . .
0 10 20 30 40 50 60
time(sec)

Figure 1 Stabilization and estimation of z1(t)

The actual state x,

The estimated state x,

0.8

0.6

04
0.2
ot

-0.2

. . . . .
0 10 20 30 40 50 60
time(sec)

Figure 2 Stabilization and estimation of z2(t)
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The actual sensor fault

The estimated sensor fault

. . . . .
0 10 20 30 40 50 60
time(sec)

Figure 3 Stabilization and estimation of f(t)

3

Switching Signal

25

05

0 10 20 30 40 50 60
time(sec)

Figure 4 Switching signal r(t)

4.2 Compared Study

In order to testify the generality of the proposed method, we assume the transition rate

matrix to be exact known as Il = [El _12] The existence conditions of the proposed observer

and controller in Theorem 3.2 will become (33) with £’ € S. We obtain that

3 0.0014 —0.3529 —0.1504
Z1 = 10" x
—0.0896 —2.2666 —1.0226
4 —0.5293 0.7723 0.0283
22 = 10" x
—1.7858 2.4672 0.0368

from solving the corresponding linear matrix inequalities. The simulation performance is de-
picted in Figures 5-6. From the simulation performance we can clearly see that the proposed
method can be put into use for the MJSs with exact transition rates, as discussed in Remark 3.6.
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The actual state x,

The actual state x,
4
P
0 [
.

L L
0 10 20 30 40 50 60

time(sec)

Figure 5 Stabilization of the states

)

5

The observer error of x,

The observer error of x,

-14 - The observer error of sensor fault

. . . . .
0 10 20 30 40 50 60
time(sec)

Figure 6 Observer errors of state and sensor fault stabilization of the states

5 Conclusions

In this paper, simultaneous estimations of state and sensor fault, together with the design of
fault-tolerant control, are studied for a class of T-S fuzzy MJSs with PUTRs. A novel reduced-
order observer is proposed to estimate the states and sensor faults simultaneously. Based on the
state estimation, a fault-tolerant state-feedback controller is designed to ensure the stochastic
stability for the resulting closed-loop system. Sufficient conditions of the existences of the
observer and controller are given in terms of linear matrix inequalities. The simulation results

show the validation and effectiveness of the proposed observer and controller.
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