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Abstract. A new fault estimation and compensation scheme of fuzzy
systems with sensor faults is addressed in low-frequency domain. A
descriptor observer is proposed to ensure dynamic error’s stability and
Hs performance for low-frequency range. The faults estimation is
obtained via the observer above. By considering estimation of faults, a
H output feedback controller is shown such that controlled model with
sensor faults considered has certain fault-tolerant function. A simulation
proves this results’ effectiveness.
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1 Introduction

Fuzzy logic has been used to describe complicated nonlinear system, which is
effective. By applying the existing fuzzy approaches, the fuzzy IF-THEN rule
has been firstly used to describe this kind of model [1], namely T-S fuzzy model.
This method can simplify analysis of nonlinear model. By applying T-S fuzzy
methodology, different linear models are described by local dynamics in different
state-space regions. Therefore, membership functions smoothly blend these local
models together so that overall fuzzy model is obtained. The issues [2-6] on fuzzy
systems attracted attention.

Recently, [7] has introduced generalized Kalman—Yakubovich-Popov
(GKYP) lemma which is a very significant development. Frequency domain
property is converted into a LMI for a finite-frequency range. GKYP lemma
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has many practical applications. T-S fuzzy models’ Ho, control [8] was solved.
Fault detection problem [9] was proposed in T-S fuzzy networked models. Fuzzy
filter problem for nonlinear systems [10] was solved. T-S fuzzy fault detection
method was designed in [11].

In past decades, when demands for industrial manufacture are growing, more
and more people pay attention to fault-tolerant control (FTC). For obtain-
ing the same control objective, different design methodologies are used in two
approaches: passive FTC (PFTC) and active FTC (AFTC) in accordance with
how redundancy is used. The system performance lies on the availability of
redundancy and FTC design method. Each method can produce some unique
properties based on the distinctive design approaches used. Passive and active
FTC were considered simultaneously in [12,13]. PFTCs were provided for affine
nonlinear models [14] and stochastic systems [15,16], respectively. At the same
time, there were also many results on AFTC. Fault estimation and AFTC of dis-
crete systems [17] are considered by finite-frequency method. Nonlinear stochas-
tic AFTC system [18] was analyzed by applying fuzzy interpolation approach.
For stochastic systems [19], the descriptor observer was given to solve fault esti-
mation and FTC problem by the sliding mode method. FTC [20] for fuzzy delta
operator models was proposed.

However, there are few papers on fault estimation and compensation for T-S
fuzzy models with sensor faults in low-frequency domain. Therefore, this paper
solves the problem above, whose contributions are that: For this models consid-
ered, in terms of the descriptor system approach, a fuzzy observer is designed so
as to make the stability of dynamic error in low-frequency domain be ensured.
State and fault’s estimations are showed by the observer above, then a Hy,
output feedback controller is proposed so as to make controlled systems with
sensor faults have certain fault-tolerant function. A numerical simulation shows
the effectiveness of this designed scheme.

2 Problem Formulation

T-S fuzzy model is shown: Plant Rule i: If 01y is @8, Oo is @5, ..., O is &1,
then

Ti+1 = Arizy + Briug + Dyidy,
yr = Aoy + Fa fi, (1)

wherei =1,..., M, M is IF-THEN rules’s number; 01, 02, - . ., O,k are premise
variables; ¢¢, @b, ..., ¢\ are fuzzy set; z, € RY is state, yp, € RIY is output.
di € RI%, up, € R and f, € RIS are disturbance, input and sensor fault,
respectively, which belong to £5[0,00). A1;, B1s, D1, A2, and Fy are matrixes.
Hypothesis that (A1;, As) is observable and F» has full rank.
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A fuzzy inference and weighted center average defuzzifier is given by consid-
ering a singleton fuzzifier, the form of (1) is

M
T = Y Mgy [Avizr + Briug + Duidi],
i=1
yr = As Fa fi, (2)

1_[211 ¢Z9 M
where 1,9, = =xr—=—— E .o =1
0k Z{\il 1121:1 ¢z9zk ’ i=10

Define [xf f,?}T = T, then the dynamic global model is that
— M — — —
EZpi = ank [A1; Tk + Briug + Diidg],
i=1
Ur = Agy, (3)
I0f -  |Au0

_ _ Byl - Dyl -
where E = 00],1411'— [ 0 0:|7Bli:[ OZ}DM:[ 01],142: [ Az Fo.

For the same IF-Then rule, design the fuzzy observer

i1 = (A1 — L1;A2) Ty + Bryug + L,
Ty = (E + L2 A2) ™ (hk + Lagix),

:ljk = AQi‘ka (4)
and the output feedback controller
up = Kyyr = KyYr, (5)

with Zj,’s estimate is that Zj, z4’s estimate is that &, = [ 0] Z, fi’s estimate
is fk = [O I] Zy , and yi’s estimate is 4. L1;, Lo, K, are gains to be determined.
Hence, dynamic global model is obtained as follows:

M
Py = Z Niog [(A1; — L1;A2) %k, + Bryug + L1y,
i=1
Ty = (E + Ly Ag) ™ (hg + Laogy),
Uk = Aoy, (6)
and
M M
uk = Moo Kok = Y 1o, Kok (7)
v=1 v=1

Equation (6) becomes

M
(B + Lo A2)Tpi1 = Z Niop [(A1i — L1;A2)Z + Brjug + L1k + Lagk11]. (8)
i1
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Meanwhile, adding Layg11 on the two sides of (3), then

M
(E + LaA3)Tpy1 = Z nioy, [(A1i — L1;A2)Zx + Briug + L1 + Dyidy]. (9)

=1

Define ik =T — %k, Th = Yk — ﬁk, then

M
Ty = Z Niog [(E + LaAs) ™1 (Ay; — L1;A2)%y, + Dyidy],
=1
i = Agky. (10)

3 Main Results

Theorem 1. Considering constant v > 0, the gain of (4) is addressed so as to
make (10) with Hoo level vy asymptotic stability in |9| < 91 if there is symmetric
matrizes P; > 0, P, > 0, Q > 0 and matrizes X; for alli,l € {1,..., M} so that
(11) and (12) hold:

P —gXi — X 1 Xi + 9261

<0, 11
* —P, — 16 — gu&f (1)
“PRQ+X, 0 0

£ SXIDudz (12)

* * %I 0 ’

* * * —I

where & = XT(E + LyAg) ' Ay — Y;Ag, o1 = P —2coshQ — & — &, Ly =
[0 I] T, and g1, g2 are arbitrary fived scalars satisfying g3 omax (P;) < g50min(FP;).
Then gains of (4) are that L1; = (E + Lgflz)Xi_TYi.

Proof. Define V;, = %}f[zfil nio, Pi]Z1, differences of V) along (10) is that
AVi = (0 mi0,)? Sl oy, 21 [07 Pro—Pi) iy, where o = (E+ Lo Ay) 1 (Ay;—
L1;A3). Notice that o7 Pjo — P; < 0 so AV < 0. Easily, it is obtained that

T
4 P 0 0
[I] [0 —PZ} M <0 (13)
There exist g; and g such that g7omax(P;) < g20min(P;), then
T
g1l P 0 al|l o TS
[921] {O _R:| {921 =g P — g3 <O. (14)
TL

Since that [ng fglf]
]T, it has

= [glf gQI} and [QT I] belongs to the null sub-
space of [—I 0

T T
I gaI g2l | or [—1 P 0
X; X; < 0. 15
L}T} {glf} +[911] ’[QT} +[0Pi] (15)
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Set Y; = XI'(E + LyA3)~'Ly;, (15) holds after some matrix manipulations.
According to GKYP Lemma [7], then

—_ — T —
Aln Dn _Pn+ Q 1n Dn
I 0 Q P,—2costQ I 0
—_ T —
As 0 I 0 As 0
+[01] [0—721][01]“)
Define Py = 7, Mok, Py = > Nio k) P, then
Ali Dz Ali D1 A2 0 A2 0
[I 0]@1[1 0}“{0[} @2{01]@’ (16)
| =hB Q | 0 , .
where ©1 = [ O P 2COSI91Q:|’ 0, = {O 721], then (16)’s form is that
T (o7 ©101 + 050200) T+ <0, (17)
AT 10 100]" 0450
1 _ | “11s _ _ 2
where T = [DiTOI}’ o= [010} 2= {0 0 I]'

For Y1, then T = [—I Ay Di]. According to Projection Lemma, then
0T©101 + 070200 < YX;RT + (YX;RT)T. Let RT = [0 0], then (18) holds:

-P Q 0 07T01" Jo-x; o
x P—2coshQ 0 |+ |AT| [AY| —|*x v XID;| <0.(18)
* * —2I 0 0 * ok 0

with v = AT, X;+ X A1;. By matrix manipulations, (18) and (12) are equivalent.
Therefore, (12) satisfies Hoo, index v in |9 < ¢ if (16) holds. The proof is
finished.

Secondly, we give the controller in low-frequency domain. This system may
not work normally with sensor faults. This motivates us to consider the fault-
tolerant method, which is shown in the following.

Based on observer technique, fj is designed as fk = [O I ] Z1,. By subtracting
fr from yi, then yer, = yr — Fafiy = Asxy + Fofis — Fofy = Asay, + FoZy, with
F,=F[0I].

Consider controller (5), and use y. to replace yg, then wu. =
Zq,j\; My (0r) Kyyer so closed-loop models are that

M M
z(k+1) = Z 16, Z Mooy, [(A1i + B1iKyA)xy + B K, FaZy + Dyidy],
i—1 v=1

Yok = Agay + Fo [0 1] Zy.
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Considering system (10), a new system is obtained

M M _ _
Xek = Z M6y, Z Nvoy, [Ai'uXk + Dlidk],

=1 v=1
Yek = EQX]C’ (19)

where X = {xék)} Dy; = [QM], /Zlm = {TOH %12]7 jQ = [A2 F2]a T =
k i 22

Ay + B Ky A, Y19 = By Ky Fy, Yoo = (E + LoAs) ™1 (Ay; — L1;A).

It is not difficult to show that equation (19) for this controlled system adopt-
ing the static output feedback control strategy, by applying this proposed tech-
nology, it can reduce sensor fault’s influence on controlled models, so whole
closed-loop ones have a certain fault-tolerant function.

4 Numerical Simulations

A example can prove effectiveness of this proposed method. These systems have
Rule 1 and 2, their membership functions are ¢1,,, = m, B2y,
1 — ¢14,,, and consider z1y is ¢1 and ¢9, respectively, and

0.3 0 0.1 0 —0.2 0.6 0
An = [ 0 0.6] B = [ 0 —0.1} »Du = [ 0.5 } Az = [ 0 0.5]’

04 0 0.8 010 1.0 0
B12 = [ 0 0.4} D1z = [04} Az = [ 0 0.1] F2 = [ 0 1.0]’

let g1 =1, go =3, in || < 1.7, for v = 0.15, by (11) and (12), gains of (4) are

—2.2563 0.8171 —1.6636 —1.0563 00
Lo | L1779 —1.0420| | -1.4917 —0.3082] . _ |00
1 —0.0744 —0.0817 | 12 —0.4336 0.1056 |2 10

—0.1178 —0.4958 0.1492 —0.4692 01

f2k
0, 0<k<30 0, 0<k<30
flk

Assumed that di = 0.1sing and f = {flk} with

0.3sin,70 > &k > 300, k> 70 1% = Y 0.4sing, 70 > k > 300, k> 70

Considering g = [z}, 23, ]T =[-1 Q]T, Fig. 1 depicts the estimation of fault
fr , where fo; is the estimation of f;; with ¢ = 1,2. ¢;’s estimations are shown
in Fig. 2, where yo; means 91, and yos means .
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5 Conclusion

The fault estimation and compensation scheme of fuzzy T-S discrete models is
addressed for low-frequency range. A fuzzy observer is given so as to ensure error
model’s stability with H., performance for low-frequency range. The fault esti-
mations are obtained via the observer above, then a fuzzy H., output feedback
controller is shown so as to ensure certain fault-tolerant function of controlled
model with sensor fault considered. A numerical simulation proves the effective-
ness of this method. The conclusion of this paper can also be expended into
finite middle- and high-frequency domain.
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