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Abstract

despite the presence of bounded sensor faults. Based on
the derivation, we obtain sufficient conditions, ex-
ressed in LMI terms, for the existence of robust fuzzy
ontrollers for TS fuzzy model with sensor faults. The
tate feedback gains of a robust fuzzy controller and the
gains of the fuzzy observer can also be directly obtained
from the LMI solutions.

This paper is organized as follows: Section 2 de-

This paper presents the robust fuzzy fault tolerant con-
trol (FFTC) for nonlinear wind energy conversion sys-

tems (WECS) in the presence of bounded sensor fault
and the state variable unavailable for measurementS
based on Takagi-Sugeno (TS) fuzzy model. Sufficient
conditions are derived for robust stabilization in the
sense of Lyapunov asymptotic stability and are formu-

lated in the format of linear matrix inequalities (LMISs). scribes the fuzzy plant model, fuzzy observer and refer-

The closed-loop system will follow those of a user- o 0" nogel The Proposed FTC Fuzzy controller and
defined stable reference model in the presence of

bounded taults. The effecti f th the condition for stability are presented in section 3.
ounded sensor 1au'ts. 1ne efieciveness of the pro-gg i, 4 presents description of WECS model and TS
posed fuzzy fault tolerant controller and fuzzy observer

desian methodoloav is finally demonstrated throuah fuzzy description. In Section 5 simulation results illu-
esign 9y y 9 strate the effectiveness of the proposed control method
simulations on the WECS.

for wind systems. A conclusion is drawn in section 6.
Keywords: Takagi-Sugeno observer; LMI; WECS;

FTC; Fuzzy Proportional Integral Observer. 2. TSfuzzy model, reference model and fuzzy ob-

server
1. Introduction

Stability is one of the most important problems in 2.1, TStuzzy plant model with sensor faults

the analysis and synthesis of control systems. RecentlyThe TS fuzzy model is described by fuzzy IF-THEN
the issue of stability of fuzzy control systems in nonli- rules, which represent local linear input-output relation-
near stability frameworks has been considered exten-ships of nonlinear systems [9]. The ith rule of the TS
sively [1], [2]. Ref. [2] presented a design method for fuzzy model with sensor fault is in the following form.
the stabilization of a class of nonlinear systems as de- Plant Rule: gu(t) is N'; AND ... AND q,(t) isN',

scribed by TS fuzzy model. In order to design a fuzzy Then  x(t) = A; x(t) + B;U(t) ,

contr_ollgr, they used the concept of the so_—called par_al- (1) = C x(t) +E.f(t) 1)
lel distributed compensation (PDC) and linear matrix ! ! ]

inequality (LMI). Ref. [3] also presented stability con- Where N is a fuzzy set of ruld, Q = 1,2,...y,

ditions satisfying decay rate for TS fuzzy model. i=1,2,...,p, x(t) Dk™ is the state vectorJ(t) 0x™*
Since faults are frequently a source of instability and

encountered in various engineering systems, the issugs the input vector,y(t)Dmelis the output vector,
of a robust fuzzy controller design for faulty nonlinear

systems has received considerable interest [4],[5]. Ref.f (t) O™ represents the fault which is assumed to be
[4] derived robust stability conditions for a fuzzy sys-

tem with sensor faults. Ref. [5] also presented activebounded, A O« and B Ox™", c Ok, E
fault-tolerant control for nonlinear systems with sensor ! ! ! !

faults and a method for designing robust controllers to are system matrix, input matrix, output matrix and fault
stabilize sensor fault nonlinear systems. matrix, respectively, which are assumed to be known. It

More recently, in [6]-[8] the fault tolerant control is supposed that the matrix is full column rank, i.e.

strategy for wind energy conversion systems has beer{anKE‘): r. Itis assumed that the derivative of f(t) w.

well developed and extensively applied to efficiently r.t to time is norm bounded, i.er (t)HSdl and

?u(arz;\r/]v&?rg}gczgc;‘blems of robust stabilization and dis- 0<d, <o , pis the number of IF-THEN rules, and
This paper is dedicated to the design of a fuzzy fault®()---, G(t) are assumed measurable variables and do

tolerant control strategy for nonlinear systems with sen-Not depend on the sensor faults [10]. _

sor faults described by TS models. This approach is an' he defuzzified output of (2) subject to sensor faults is

extension of the work proposed in [4], [5]. In designing "ePresented as follows [4]:

a fuzzy FTC control system, the nonlinear systems are «(t) = P QA x(t) + B u(t

represented by TS fuzzy model with sensor faults. PDC X(©) El'u' (@O ! X i o

is employed to design the fuzzy controllers from TS p

fuzzy model. A sufficient condition is derived so that y(®) = 2 4 ()G x() +E;f(V)] 2

the closed-loop system is asymptotically stable and will =1

follow those of a user-defined stable reference model

nxn gxn
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Where 3. Proposed FFTC algorithm design

_ ¥ _ _hi@®)) In this section, we present LMI-based solutions to the
r'](q(t)) ar:IlNﬂ(q(t)) H a®) fuzzy FTC controller synthesis problems for nonlinear
2 h; (a(t)) systems with sensor faults described by the TS fuzzy
) ) i=1 model. The proposed fuzzy FTC controller can be de-
Some basic properties of signed such that the states of the closed-loop system

will follow those of a user-defined stable reference
model (1) despite the presence of sensor faults.

p
O ()=l X ()F 1 OFL2,...p (3)
=1 3.1. PDC technique

2.2. Reference model The concept of PDC in [2] is utilized to design fuzzy
A reference model is a stable linear system without controllers to stabilize fuzzy system (2). The idea of
faults given by [9], PDC is to associate a compensator for each rule of the

i A o fuzzy model. The resulting overall fuzzy controller is a
(1) = A X +Br() fuzzy blending of each individual linear controller. The
Y1) = C X(t) (4) fuzzy controller shares the same fuzzy sets with the
1 fuzzy system (2).
Where X(t) 0 k™is the state vector of reference mod-
3.2. Proposed fuzzy controller
1. .
el, r(t)0«™is the bounded reference input, Definition 2: If the pairs A,B), i= 1, 2,..., p, are con-
X - _ trollable, the fuzzy system (1) is called locally controll-
A DOk is the constant stable system matrix, gpje[11]
g .
For the fuzzy controller design, it is assumed that the
is the constant input matrixg Ox™" is fuzzy system (1) is locally controllable. First, the local
' state feedback controllers are designed as follows,
mMx1 s the reference  based on the pairgy(B;). Using PDC the ith rule of the
fuzzy controller which is the following format,

B [ Knxn

r

the constant output matrixi(t) O «

output. Controller Rulei: gy(t) isN'y AND ... AND q,(t) isN',
Then u()=ui(t) )
2.3. Fuzzy Proportional Integral Observer (FPIO
desjal] . = ( ) where u () 0«™%is the output of the ith rule control-
|

Definition 1: If the pairs A,C), i= 1, 2,..., p,are ob-  er that will be defined in the next sub-section. The

servable, the fuzzy system (1) is called locally observa-9lobal output of the fuzzy controller is given by
ble[11]. P _
For the fuzzy observer design, it is assumed that the v El'ui @®ui ® ®

fuzzy system (1) is locally observable. First, the local ,
state observers are designed as follows, based on th&3:  Design of the proposed FFTC controller

triplets (,B;,,G). In order to detect and estimate faults, we design the control law(t) for i=1,2,...,p,such that

the fOllOWing fault estimation fUZZy state observer for C|osed_|00p system behaves like the stable reference

TS fuzzy model with sensor faults (1) is formulated as "
follows [4],[5]; model. From (2), (3) and (8), writing; (q(v) asy; , we

Observer Rulé: IF gy(t) is N3AND ... AND q,(t) isN', have,

Then X(t) = AX() + B u(®) +K, (y(t) - () , X(t) = ﬁlﬂi [AX®+B u®]
0 =L0-9=L3 Y = $41C, XO+E )] ©
WY =CXxM)+E f(t) i=1,2,...p (5) -

we use the property
WhereK; is the proportional observer gain for the ith
L ; p p p p
observer rule and; are their integral gains to be deter- ¥ W=y Sup; =1,B= % U B E= 3 HE (10)
mined. y(t) is the final output of the fuzzy observer. i=1  =j=1 ) i=1 i=1

y(t) is the estimation error. The defuzzified output of Note thatB andE are known. Also from (3), (4) and

(5) subject to sensor faults is represented as follows: (g)' we Eave
X(t) = éyi (A)AR() + B u(t) +K F(0)] X(t) = Z 44 (QO)A Xt + B, u; (1) + K,y (]
P i .
=3 uLy 510 = 44 (@0)IC; 30+ ) 1)
A ! :pl A . let e (1) = x(¥) - x(t) (12)
Y= 2 (aOiG KO E ] © e, () =x(t)-%), f(t) =1 -fe (13)
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The dynamics ok (t)is given bye (1) = () - X(t) IS [=]Se [ H O4™"is a stable matrix to be de-
] p _ signed. A block diagram of the closed-loop system is
€ (1) = X 4 [A; x()+ B ui () - A x(1) -B,r()]  (14) shown in Fig.1. It is assumed that exists Z is non-

=1 ) ) singular). From (21) to (23) and assuming that
The dynamics oie2 (t) is expressed as follow: el(t) #0 and choosing S so that S=E ard = Js,

p —~ .

&,(0= T wlA -KCe,-KEF®] @5 Weoban

i=1 V=g (O (H P +PH)e ()
The dynamics of the fault error estimation can be writ-

< . A 1p - ~ - s

ten f(t) = f(t) - f(t) . The assumption that the fault signal +§i§1/4[ f(ST Pg (ty+ q(t)TliiS(t)-“f(t*‘"SE "ma)M'(t)“] (24)
is constant over the time is restrictive, but in many prac- . .
tical situations where the faults are time-varying sig- Lemmal [12]: Given constant matriced/ and O ap-
nals. So, we consider time-varying faults rather than propriate dimensions fore>0, the following in-

constants faults; then the derivativefgf) w.r.t time is equality holds:
< . i - wTo+ & wseww+1oTo
i) =f()-f0) =0 - X « [L Ge,®+LEF®] (16) ) £ )

i=1 Using Lemma 1 tof(t] ST Re ()+ g ()T P,Si(t) yields
From (15) and (16), one can obtain;

p=A _p+B () an v =%el @ (H R+ BH+PRP)e®
With o= ?“’] 8,7 = fun, sl -l Ladfo] @)
0O | =1 The time derivative ofV_((t)) is
A-KG -KE 2
where Ao '{— LS -LE 1 V, 0060 Pe0+ o0 P o) (26)
Consider the Lyapunov function candidate By substituting (17) into (26) and using Lemma 1 and

V(e (9, ah) 1 ()T Pe (1) ()T P ) (18) the definition [10], one obtains

e (9, ==e () Pe (h)+g(t t . p

1 217" 117 2" Vo QOFRS 149 @ 8" B+ BA+PP)AY
WhereP; andP, are time-invariant, symmetric and pos- =1

itive definite matrices. Let +f 2Amax(B Bo) (27)

M) :% el(t)TPlel(t) » Vo(dt)) = an’ Pyt) (19) Where Ayax(-) denotes the largest eigen value.

. o ) Combining (25) with (27), the time derivative dfcan
The time derivative ofVl(el(t)) is be expressed as

g0 =-2 a0 Q) ~0(0)T Q)
+ 08Ol 2 IS¢ )

p =T
% Plel(t)+%el(t)TP1{z LA X(®) + By () Where Q= " R+ RH+ AP,
i=1 Q== PbiT B+ BA,+PP,+J) are a symmetric

.
. p
vy :%{i S HIA; X B i ()- A RO - Brr(t)]}

f(t)“ (28)

-A, X() -B,r®] (20)
We designui(t), i=1,2,...,pas follows,
* WhenB is an invertible square matrix, the con-

positive definite matrix, whered = flz/l max(BgBo).
From (28), we have

is qi : 1 T T
trol law is given by Y ?( ), (D) < - q(t) Qlel(t) - @) Qz(p(t) (29)
_ -1 . .
u=2"z, (1) e andg converges to zero i/ <0. V <0 if there
* WhenB is not a square matrix, the control law is L . -
given by eﬁqsts a common positive definite matHxandP,such
that
uy=B'z", (22) H R+ RH+ RR <0
whereZ ={Hey(t) + A, X() +Byr(D) - A; X() AT B+ PA,+ PP, <-a i=1,2,...,p (30)
- - - From (29) and (30)
- oseoffofls. [/ a7 Pa©)ssicf @ TV i
WhereZ=B if B is an invertible square matrix Z=BB" V=-29(0 Qe (M ~¢) Qe)<0 (31)
if B is not a square matri>H,[m denotes thé, norm for If the time derivative of (18) is negative uniformly for

vectors and |, induced norm for matrices, all e(t),¢t) and for all t=0 except at
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el(t): 0,¢(t) =0 then the controlled fuzzy system (9) (X iE)T + X E+ PPy, <-=d (35)

is asymptotically stable about its zero equilibrium. The inequalities in (34) and (35) are linear matrix ine-
quality feasibility problems (LMIP's) iR, P,,,, Y and

»|  Reference Model X(t) X . By solving (34) anq (35) the observer gatngndL;
R ) can be easily determined.
f(t) l ) 4, System model and TS fuzzy description
A The underlying hybrid wind-diesel system is illu-
> System Xt - strated in Fig. 2. The hybrid generation system is com-
C posed of a wind-turbine coupled with a synchronous
generator, a diesel-induction generator, and an energy
r(®) Observer V() -v storage system. In the given system, the wind turbine
— > ‘ drives the synchronous generator that operates in paral-
(1) + lel with the storage _battery system. When the wind-
f(t) |—> C generator alone provides sufficient power for the load,
P the diesel engine is disconnected from the induction ge-
-~ Controller « nerator. The PEI connecting the load to the main bus is
o N used to fit the frequency of the power supplying the
) ) load as well as the voltage.
Fig. 1: Block diagram of FTC scheme
Diesel IG
The results of this section can be summarized by the engine
following lemma and theorem. 1
Lemma 2: The fuzzy control system of (9) subject to Wind turbine Cal_ Load

plant sensors faults is guaranteed to be asymptotically I
stable, and its states will follow those of a stable refer- —
ence model of (4), if the following two conditions satis- Wi > ( SG PE| Ve

fy; . . . o speed Battery con-
» Z is nonsingular. One sufficient condition to verter unit
guarantee the nonsingularity d@fis that there Ex T |
existsP such that, ref

; Excitation Controller

ZiT P+ PZi <0 Ci controller converter

e The control laws of fuzzy controller of (8) are

designed as (21) and (22) “ '

Fig.2:Structural diagram of hybrid wind-diesel storage system
Theorem: If there exist symmetric and positive definite The dynamics of the system can be characterized by

matricesP,, P,, some matrice&; andL; ,and matrices the following equations [131:

X; , Y, such that the following LMIs are satisfied, then = A% XD+ BXu(), y=Cx(t) , (36)
the TS fuzzy system (14) and (17) describing the evolu- - T - T

tion of the errorey(t),e(t) and, is asymptotically stabi- where X =V, @l UD=Ey gl

lizable via the TS fuzzy model based output- feedback L¢ L¢ (L raisq)
dlsd——=
controller (8) , (22) and (23) 1 1]|T@elma WL s i
H P+ PH+ PP <0 32 A=y _
11 11 Pind ~ Pload Ds
AT B+BA +PP,<-d i=12,...p  (33) NINZAE Js

designing the fuzzy observer based fuzzy controller is B= ,C=
the solution of (33) for a commd®- P,', a suitable set V! Isaws 0 1

of observer gain&; andL, (i =1,2,...,9. Equation (33) whereV, is the AC side line-to-line voltageg (4 is
forms a set of bilinear matrix inequalities (BMI's). The _ .

BMI in (33) should be transformed into pure LMl as he SG field voltageos is the bus frequency (or angu-

follows: For the convenience of design, assume !ar speed of SGJs D are the inertia and frictional

P,=diag(P11,P»). By multiplying (33) from left and damping of SGig, isq are the direct and quadrature cur-
rent component of SQ,4, Ls are the statod-axis and

right by M, =P "and apply the change of variables rotor inductance of SGmgis the d-axis field mutual
Y=-P,K; and Xi=-P,L;, one obtain the following inductancey is the transient open circuit time constant,
LMIs. ro is the rotor resistance of S8,y is the power of the
T _ T _ induction generatoR|,,q IS the power of the loadl is
ARt R A (YG) YNGR <A (34) the direct current set point, ang is the bus voltage.
The control inputs are the excitation field voltagg)(

According to the theorem, the most important step in l:l -V /Jsag} [1 O}
Cc
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of the SG and the direct-current set poiigy)(of the

converter. Equation (36) indicates that the matries
andB are not fixed, but change as functions of state va-the control input, respectively.
riables, thus making the model nonlinear. The used sys-

tem parameters are shown in Table 1 [13], [14].

Table 1: System parameters

Rated power 1[MW]
Blade radius 37.38 [m]
Air density 0.55 [kg /m]
Rated wind speed 12.35 [m/s]
Rated line ac voltage 230[V]
AC rated current 138 [A]
DC rated current 239 [A]
Rated Load power 40 [kW]
The inertia of SG 1.11 [kg m]
Rated power of IG 55 [kW]
The inertia of the IG 1.40 [kg M|

Torsional damping

0.557 [Nm/ rad]

Rotor resistance of SG 0.96 [Q]
Stator d-axis inductance of SG 2.03 [mH]
Rotor inductance of SG 2.07 [mH]
d-axis field mutual inductance 1.704 [mH]
Transient open circuit time constant 2.16 [ms]

To design the fuzzy controller and the fuzzy observ-
er, we must have a fuzzy model that represents the dy-
namics of the WECS. Therefore, we first represent the
system with a TS fuzzy model. The system (36) is de- B, =B,=
scribed by a TS fuzzy representation with the angular

speed of SGs and is the bus voltagg, as the premise

variables and do not depend on the sensor faults [10].

Where qu(t)=1/ ws , Qu(t)=1/ 1 ws V, are nonlinear

terms. Then, we have

Lt
q,(®)
A_{l 1} TLmd LES
0 1 Pind ; Pload q2 (t) _&
s S
5 _[1 —chl(t)/\]sl
0 - qu(t)/Js

f .
- q, (L ol sd=ray 0 (1)

where x(t) 0«2, u(t) Dk are the state vectors and

Where
Lt Lt . |
—Umax 7q]max(|-d'5d—r . q )
Al_{l 1} L 10 L ai sqmax
0 1J| Pind ~Pioad _ _Ds
Js 2min Js |
F L f - -
r 1 A 1max UymasLisd—rg g, )
AZ 1 1]|7Lmd W Limd isq ' Imax
L0 1| Pind ~Pjoaq _Ds
I J, 2max Js |
[ Ls Ly . ]
r =177 Ymin 7qlmin(|‘d|5d_|’a' q, )
A3— 1 1||7Lmd TWg L mg isq 1min
L0 1] | Pind ~Pjoad _Ds
I 'Js 2max Js ]
Lt Lt )
A1min qlmin(l‘d|5’-'1_l’a- q, . )
A _|:1 1} Tlmd T Limg isq "min
4 O 1 Pind_Pload . _&
Js 2min Js
_Ve _Ve
1 ‘Tq]max 1 J %min
s ’B3=B4:
\Y Vc
0 _Jq]max 0 =7 %min
Js J

E

10 1
01 001

Qadeof mabership fundtion
cooo0o000 00
o h N MR
Qadeof mebership fundtion
coo0o0009 00
ok N Jo e

Next, calculate the minimum and maximum values of Fig 3: Membership functions of statariables
0i(t) andag(t) underdimin< i(t) < Gimax Oomin < Ga(t) <

q2max

From the maximum and minimum valuggt)

andqy(t), can obtain the sector nonlinearity as follow,

()= 1maN1(91(t))+0 1minN2(a (1))

() =02maM1(A2(1))+ 0 2midM2(0a(t))

where  Ny(au(t))+N2(au(t))=1,

Mu(02(t)) +M2(a(1))=1,

N, andM,' are a fuzzy term of ruleThe degree of
membership function fog,(t) andgy(t) are depicted in

Fig.3. Then, the nonlinear WECS system (36) is

represented by the following fuzzy model.

Rule i IF gy(t)is N;' andgy(t)is M,
Then x(t) = (Ai +AAi X(t) + Biu(t) ,

y(t) = C x()

i=1,2,...,

4

Referring to (2) the fuzzy plant model given by:

X0 = 5 al(A +AA) X0 + B u()

i=1

YO = 5 4C X(O+E ()]

37)
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We consider respectively two sensor faults: bus
voltage and generator speed sensors which are modeled
as follow:

gmz{

5. Simulation studies

0 € l4%ec

0 £ l4%ec
f(t)=
2 {1 3 14.Esec( )

sint t) & 145ec

The simulations are performed on a simulation model
of hybrid wind-diesel storage system (36). The wind
speed is considered random variation. Fig. 4 shows the
sensor faults and their estimations based on (38). Fig. 5
shows the observation errors. The error between the
reference state and the nonlinear systems states are
shown in Fig. 6.
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= E
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Fig. 4: Bus voltage sensor fault and its estimate and Generator
speed sensor fault and its estimate

(6]

Bus\oltageBTar v,

[7]
Fig.5:

(8]

Bus \bitage Traking Biror
o n N
o @m e @ n

Rotor Speed Trakdng Bitor of
6 6 6 & o o oo
N o b b o om s

Fig.6: Error between reference and system state of bus voltagég]
andof generator speed variables

From the simulation results it can be seen that the
Fuzzy Fault Tolerant Control law compensates the

bounded sensor faults. Comparing the simulation resultg10]

of the proposed algorithm, with that given in the pre-
vious algorithms, it can be seen that the proposed con-
troller can control the plant well over a wide range of
sensor faults compared with [4],[5].

6. Conclusion

This paper is dedicated to the design of a fuzzy fault
tolerant control law for nonlinear TS systems. A refer-

ence model is used and the Proposed FFTC is then dd12]

signed for guaranteeing the convergence of the states of
the system to the states of a reference model even if
bounded sensor faults occur under the conditions that

the state variables are unavailable for measurements|13]

Some sufficient conditions for robust stabilization of
the TS fuzzy model are formulated in the LMIs format.
A simulation on WECS has been given to show the de-
sign procedure and the merits of the proposed fuzzy
fault tolerant controller. In future works will be interest-

ing to develop the FFTC law by taking into account pa- [14]

rameter uncertainties and external disturbance.
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