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Abstract 
   This paper addresses the design of fault diagnosis 
for Wind Energy Conversion System (WECS). In this 
approach, the residual signal is generated by a fuzzy 
observer which is based on Takagi-Sugeno (TS) 
fuzzy models based on Lyapunov function. The 
approach presented takes into account the stability 
and design of non-linear fuzzy inference systems 
based also on TS fuzzy models. The paper derives 
the necessary conditions for the assignability of 
eigenvalues to a region in the s-plane and the 
necessary conditions to guarantee the stability of 
fuzzy models. The problem is solved via the Linear 
Matrix Inequalities (LMI) method. The proposed TS 
observer is used for detection and isolation of faults 
which can affect a TS model. The proposed 
methodology is illustrated by estimating the speed of 
blades, speed of generator and the diagnosis fault of 
WECS. 

1. Introduction 
     Wind power is a kind of renewable energy and 
plays an important role in the future energy supply. 
Without question, the safe operation of control 
system which is the center of wind turbine is 
essential to ensure the running of the unit. However, 
wind turbine usually works under the bad 
environment. The gearbox and bearing failure [1]-[3] 
and various sensor faults often occur, such as 
sensor bias fault, sensor constant gains and so on. 
Wind generators are also inaccessible since they are 
situated on extremely high towers, which are 
normally 20 m or greater in height.  When fault 
occurs it will seriously affect the engineering quality 
and cause great economic losses. Consequently the 
use of advanced fault detection, isolation and 
accommodation methods could improve the 
reliability of the turbine, even though, for some faults, 
it might result in production with limited power. 
Alternatively condition monitoring is used to 
monitoring some mechanical components such as 
gear box etc,[4]. This allows for early detection of the 
degeneration of the generator health, facilitating a 
proactive response, minimizing downtime, and 
maximizing productivity [5]-[7].Recently, the fault 
mode behavior, protection and fault tolerant control 
of WECS have been covered in a large number of 
papers [8]-[15]. Reference [8] an observer based 
scheme to detect sensor faults in the pitch system 

was presented. A parity equations based scheme for 
fault detection on wind turbines was presented in [9]. 
An unknown input observer was proposed for 
detection of sensor faults around the wind turbine 
drive train in [10]. Fault detection of electrical 
conversion systems can be found e.g. in [11]. 
References [12]-[15] present fault diagnosis of wind 
turbine control system based on artificial neural 
network. Also many current papers studied the fault 
tolerant control of electrical drive [16]-[18] or the fault 
detection and diagnosis of rotating machinery 
[19],[20]. Field programmable gate array 
(FPGA)-based real-time power converter failure 
diagnosis for fault tolerant WECS with electrical 
machine has never been presented in [21]. 
Reference [22] shows current Sensor fault-tolerant 
control for WECS with double feed back induction 
generator. 
    In this paper fuzzy logic is combined with the 
model-based method to formulate the so-called 
fuzzy observers. The main idea is to use the 
Takagi-Sugeno fuzzy model [18]. The idea of the TS 
model approach is to apprehend the global 
behaviour of a system by a set of local models, each 
of them characterizing the behaviour of the system in 
a particular zone of operation. The local models are 
then aggregated by means of an interpolation 
mechanism. So under the fuzzy logic observer 
scheme, a number of local linear observers are 
designed and the state estimation is given by a fuzzy 
fusion of local observer outputs. The diagnostic 
signal - a residual is the difference between the 
estimated and actual system outputs. Although all 
local observers are stable, the global observer is not 
necessary stable (i.e. the state estimation may not 
be converge). In this paper, the linear matrix 
inequality approach is used to analyze the global 
stability of the fuzzy observer and some measures to 
achieve global stability are presented.  
    The paper is organized as follows: In Section 2, 
the general structure of the Takagi-Sugeno fuzzy 
model and fuzzy controller are presented. The 
concept and structure of fuzzy observers and 
residual generation are presented in Section 3. 
Section 4 shows stability analysis for the proposed 
algorithm. Section 5 present System description and 
fault specifications. In section 6 the fuzzy observer 
for the described system is presented.  Section 7 
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presents simulation of the wind turbine. Finally, 
concluding remarks are made in section 8 followed 
by the list of appendix and references. 

2. Takagi-Sugeno Fuzzy PLANT Model and 
Nonlinear  Controller 
2.1. Takagi-Sugeno  Fuzzy Plant Model 

     The TS fuzzy plant model describes the dynamic 
property of a nonlinear plant through fuzzy rules that 
have linear systems as the consequent parts. The 
inferred system is expressed as a weighted sum of a 
number of linear sub-systems [23]-[25]. Let r be the 
number of fuzzy rules describing the nonlinear plant. 
The ith rule is of the following format, 
Plant Rule i :  

   IF ))((
1

txf is iN1  AND …AND ))(( txf ψ  is iNΨ  

      Then    u(t) x(t))( BAtx ii +=�      

     )()( txCty i=                           (1) 

Where Rtx nx1)( ∈  is the state vector, Rtu mx1)( ∈  is 

the input vector, Rty gx1)( ∈  is the output vector. 

RA nxn
i
∈ , RB nxm

i
∈ , RC gxn

i
∈  and RD gxm

i
∈  are 

constant system matrices. ))((
1

txf ,…, ))(( txf ψ  

are the premise variables , iNα  is a fuzzy term of rule 

i corresponding to the function ))(( txf α  , ψα ,...,1= , 

i=1, 2…,r  and ψ s a positive integer. Given the input 
vector u(t), the global state and output of the system 
are inferred as follows: 

   u(t)] x(t)(f(t))[)(
r

1i
� +=
=

BAtx iiiµ�                   (2)                                   

    x(t)(f(t)))(
r

1i
�=
=

Cty iiµ                     (3) 

 where  

   

))((

  ))((
(f(t))

1

�

=

=

r

i
i

i
i

txh

txh
µ ,    ))(( ))((

1

txNtxh
i

i α

ψ

α
Π=
=

      

(f(t))µ i
 is the grade of membership of the premise 

variable f(t), or the tensor product of grade of 
memberships, if f(t) is a vector. The membership 
grade function (f(t))µ i

satisfies the following 

constraints 

r 1,2,....,i  1(f(t)),1(f(t))0
r

1i
=∀� =≤≤

=
µµ ii

 

2.2. Nonlinear Controller  
    In the Parallel Distributed Compensation (PDC) 
design [25], each control rule is designed from the 
corresponding rule of a TS fuzzy model. The 
designed fuzzy controller shares the same fuzzy sets 
with the fuzzy model in the premise parts.  For the 
fuzzy model (1) we construct the following fuzzy 
controller via the PDC. It is supposed that the fuzzy 
system (1) is locally controllable. A state-feedback by 
linear matrix Inequalities (LMI) is used to design 

controller for each subsystem. 
Controller  Rule ith:  

IF ))((
1

txg is j
M1  AND …AND ))(( txgΩ  is j

M Ω  

Then         x(t))( Gtu j−=                    (4)                     

Where  j
M β  is a fuzzy term of rule j corresponding to 

the function ))(( txg
β

 , Ω= ,...,1β ,  j=1, 2…,c  and 

Ω  is a positive integer. RG mxn
j
∈  is feedback gains 

vectors of rule j and c is the number of rules . Then, 
the final output of the fuzzy controller is 

    x(t)(g(t)))(
c

1
�−=
=j jj Gmtu                       (5) 

where  

 c1,2,....,j  1(g(t)),1(g(t))0
c

1i
=∀� =≤≤

=
mm jj (

6) 

   

))((

  ))((
(g(t))

1

�

=

=

c
txq

txq

j
j

j
jm ,  ))(( ))((

1

tgMtxq
j

j ββ
Π=
Ω

=
      

                          (7) 
From Eq. (2), and Eq. (5), the fuzzy control system is 
given by: 

    )x(t) ((g(t))(f(t)))(
1i 1j
� � −=
= =

r c

GBAmtx ji ijiµ�  (8) 

  

3. Fuzzy Observer Model and Residual 
Generation 
3.1. TS Fuzzy Observers 

    This section presents fuzzy observer design 
methodologies involving state estimation for TS 
fuzzy models. In practice, all of states are not fully 
measurable, it is necessary to design a fuzzy 
observer in order to implement the fuzzy controller 
(5). For the fuzzy observer design, it is assumed that 
the fuzzy system model (1) is locally observable. As 
in all observer designs, fuzzy observers [26] are 
required to satisfy 

0(t)x̂-x(t) →   as  ∞→t  

Where (t)x̂  is the estimated state vector by fuzzy 
observers. This condition guarantees that the 
steady-state error between x(t)  and (t)x̂  converges 
to 0. As in the case of controller design, the PDC 
concept is employed to arrive at the following fuzzy 
observer structures: 
Observer Rule i: 

 IF ))((
1

txf is iN1  AND …AND ))(( txf ψ  is iNΨ  

      Then  (t))ŷ-(y(t)u(t)(t)x̂ )(ˆ LBAtx iii ++=�      

      ))(ˆ)(ˆ txCty i=            i=1, 2…,r        (9) 

Where Li (1,2,…,r)  are observation error matrices. 
)(ty  and )(ˆ ty  are the final output of the fuzzy 

system and the fuzzy observer respectively. The 
fuzzy observer has the linear state observer’s laws in 
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its consequent parts. For design of augmented 
system, we present LMI-based designs for an 
augmented system containing both the fuzzy 
controller and observer. The dependence of the 
premise variables on the state variables makes it 
necessary to consider two cases for fuzzy observer 
design: 

3.1.1. Case A  
 ))((

1
txf ,…, ))(( txf ψ  do not depend on the state 

variables estimated by a fuzzy observer. The overall 
state estimation is a non-linear combination of 
individual local observer outputs. Then the overall 
observer dynamic is given by 

   (t))]ŷ-(y(t)u(t)(t)x̂ (x(t))[)(ˆ
r

1i
� ++=
=

LBAtx iiiiµ� (10)                   

  (t)x̂ (f(t)))(ˆ
r

1i
�=
=

Cty iiµ                       (11) 

We use the same weight ))(( txhi defined in section 

2.1 as that of the ith rule of the fuzzy models. The 
structure of the fuzzy observer as shown in Fig.1.  
According Eq.(4), Eq.(5) and estimated state we 
obtain the following fuzzy controller: 
Controller Rule i:  

IF ))((
1

txg is j
M1  AND …AND ))(( txgΩ  is j

M Ω  

Then    (t)x̂ )( Gtu j−=      j=1, 2…,c                 (12) 

Then, the inferred output of the fuzzy controller is 
given by: 

   (t)x̂ (g(t)))(
c

1
�−=
=j jj Gmtu                     (13) 

By respectively substituting (13) into (2) and (10), 
and let (t)x̂-x(t)e(t) = we obtain the following 
system representations: 

))( )x(t) G(¨()(
r

1i 1j j

c
teGBBAmtx jii iji

+� � −=
= =

µ�          (14) 

� −�=
= =

r

1i 1j
)() ()(

c
teCLAmte jiijiµ�                 (15) 

Therefore, the augmented systems are represented 
as follows: 

� �=
= =

r

1i 1j aij

c
 (t)xK)( mtx jia

µ�                   (16)      

where �
�

�
�
�

�
=

)(

)(
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tx
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a
,

�
�

�

�

�
�

�

�

−

−
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jii
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CLA

GBGBA

0ij
K  

A sufficient condition that guarantees the stability of 
the fuzzy system is obtained in terms of Lyapunov’s 
direct method. The augmented system described by 
Eq. (16) is globally asymptotically stable if there 
exists a common positive definite matrix P such that 

0<+
ii

T

ii
PKPK                                          (17)                  

0
22
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+
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    ji,∀      (18) 

 
 

3.1.2. Case B  
 ))((

1
txf ,…, ))(( txf ψ  depend on the state 

variables estimated by a fuzzy observer. So we use 
))(ˆ( txf instead of ))((

1
txf because )()(ˆ txtx ≠  

The fuzzy observers for Case B are of the following 
forms, instead of Eq.(10). 

   (t))]ŷ-(y(t)u(t)(t)x̂ (t))[x̂()(ˆ
r

1i
� ++=
=

LBAtx iiiiµ� (19)                   

   (t)x̂ (t))f̂()(ˆ
r

1i
�=
=

Cty iiµ                        (20) 

Accordingly, instead of Eq.(13), the PDC fuzzy 
controller becomes 

   (t)x̂ (t))g()(
c

1
�−=
=j jj Gmtu

�
                            (21)  

We use the same weight ))(( txhi  as that of the ith 

rule of the fuzzy models and the property of  

� �=�=�
= ===

r

1 1
i

c

11
   

r

i

c

j
jj

j
i i

mm µµ  

Then the augmented systems are obtained as 
follows: 

� �=
= = =

�
r

1i 1j 1k
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r
 

r
(t)

a
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kjikjiijk
GBBCLAS )()(2 −−−=  

 
also the augmented system described by Eq.(22) is 
globally asymptotically stable if there exists a 
common positive definite matrix P such that 

0<+
ijj

T

ijj
PKPK                                          (23)                  

0
22

<
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Figure 1:   Fuzzy Observer Structure 
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3.2. Residual Generation 
Once the state and/or output are estimated, the 
diagnostic signal residual, can be generated by the 
comparison of measured and estimated outputs. 

Residual:       (t)ŷ-y(t)r(t) =                          (25)                

E
F
�

≥

≤

Th

Th
r(t)                                                (26) 

Where Th is the threshold value 
 

4.   Stability Analysis For The Proposed 
Algorithm 

For the fuzzy control system of (16) the sufficient 
stability condition is summarized by the following 
Lemma: The fuzzy control system of (16) is 
guaranteed to be globally asymptotically stable if 
the gains of the nonlinear controller of (13) are 
chosen as, 

�
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F
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��
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=
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txwhentxQQtxq
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i
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,...,2,10)(
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(x(t) 

0)()()((x(t)
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µ
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and there is a common solution of P for the 
following LMI, 
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,...,2,10
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           (28)         

where 

)(

)(

ij

T

ij

m
T

m

PKPKQij

PKPKQm

+−=

+−=
cjrifor ,...,2,1;,...2,1 == , 

  RK nxn
m

∈ is a stable matrix to be designed. 

RQ nxn
m

∈  is a symmetric positive definite matrix 

and RQ nxn
ij

∈ is a symmetric matrix.  

 Lemma governs the way of designing the gains of 
the nonlinear controller of (13). The number of 
linear matrix inequalities is reduced to r+1, instead 
of r(r+1)/2 as stated in [27]. 

5. System Description and Specification of 
Faults 
5.1. System Description 

   WECS illustrated by Fig.2. This system comprises 
of wind turbine, a drive train and induction generator 
(IG). The IG  turbine are the most important part of 
this system and hence its reliability should be 
guaranteed . The possible faults in this system 
include the generator speed sensor and rotational 
sped of the turbine. The residual signal generated by 
the observer in this system is used as alarm signal 
for fault diagnosis 

The dynamics of the system can be characterized 
by the following equations [28]: 

I
WtButxxAtx ++= )()()()(� ,   )()( txcty =           (29) 
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u is the  input vector, V  is the wind speed and x  is 

state vector. Iw  is the wind disturbance and is 

defined by 

[ ]00.Vw T

I
χ=  ,                           (30) 

 
 
 
 
 
 
 

 
 
 
 
 

Figure 2: Structural diagram of wind power system 
 

where, χ =0.1  represents the variance of random 
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T
f  and 

G
f  are the friction coefficient of the shaft at 
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coefficient. k   is the stiffness  coefficient. 
G
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electromagnetic torque. The aerodynamic coefficient 
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Eq.(29) indicates that the terms A and B are matrices 
denoting the nominal model of the system; {A, B} is 
controllable, the matrix A is not fixed, but change as 
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functions of state variables, thus making the model 
nonlinear  [29]. The used system parameters are 
shown in Table 1 [28]. In this paper, this system is 
described by a TS fuzzy representation with the 
angular speed tω as the premise variable 

Rule ith:  IF tω  is iN
1

  

   Then    Iwtx ++= u(t)B x(t)A)(
ii

� , 

 x(t))( cty =             For    i=1, 2              (31) 

Table 1: System parameters 
Rated power 600 [kW] 
The radius of the turbine L 35 [m] 
Air density ρ  1.225 [kg /m3] 

Rated wind  speed 12.35 [m/s] 
Cut-in speed 4 [m/s] 
Cut-out speed 25 [m/s] 
The stiffness  coefficient  k 16.8570 N.ms/rad 
The shaft damping d 3324.2 N.ms/rad 
The generator inertia J G  63.857 kg.m2 

The turbine inertia J T  82988 kg.m2 

The friction coefficient fT 0.3071 kg.m /s 

The friction coefficient fG 399.1060 kg.m /s 

where iN
1

 is a fuzzy term of rule i. The degree of 

membership function for state tω is depicted in Fig.3. 

Then, the system dynamics is described by       

][ Ii

2

1

wu(t)BA x(t)x(t))()(
.

++�=
=i

i
tx µ            (32) 

where Rtx x13)( ∈ , Rtu x11)( ∈ , Iw   are the state 

vectors, the control input, and the disturbance signal, 
respectively. Where 
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21
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5.2. Sensor Fault Detection and Isolation 
  The objective of this part is to generate residuals 
that reflect the faults acting on the system (32). An 
ideal residual signal should remain zero in the 
fault-free case and non-zero when fault occurs. 
Once a fault has been detected, it must be 
estimated. The fault estimation will specify the type 
of fault, its duration, its amplitude and eventually its 
probable evolution. In the literature, there are 
several fault detection techniques. They are 

generally based on the change detection of the 
average and the variance. In this FDI study, we will 
not deal with the detection thresholds of residuals. 
We will confine ourselves only to the detection and 
localization of sensor.  In order to identify the sensor 
fault, we consider that the output vector y(t) is 
corrupted by the sensor fault  �y. Then the system 
(30) becomes: 

][ Ii

2

1

wu(t)BA x(t)x(t))()(
.

++�=
=i

i
tx µ  

y x(t))( ∆+= cty                           (34)  

 
 
 

 

 

 

 

 

 

 

 
 

Figure 3:  Membership Functions of State tω  

5.3. Fault Specification 
The three faults considered for the generator speed sensor 
are: proportional error, fixed output, and no output [30]. 
These faults are modeled separately in the next 
subsections. 

5.3.1. Proportional Error on Generator   
Speed Sensor 

 
   A proportional error on the generator speed sensor 
changes the sensor gain as shown below. 

)()())(1()(, kvkk gpekmesG G ωωαω ++=    (35) 

Where  )(, kmesgω is the generator speed 

measurements [rad/s] . peα  determines the 

proportional error[.]  and is given by 
[ ]1.01.0−∈peα . ))(1( kpeα+  is sensor gain. 

)(kv gω is a zero mean Gaussian distributed noise 

sequence with variance )(2 k
gω

σ . The fault can 

either be a result of a faulty configuration of a sensor 
or be incipient faults.  

5.3.2. Fixed Output From Generator 
Speed Sensor 

A fixed output from the generator speed sensor is an 
abrupt fault, which can happen at any time resulting 
in the following measurement equation. 

ffmesGkmesG kkk >∀= )(,)(, ωω               (36) 
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5.3.3. No Output From Generator Speed 
Sensor 

  No output from a generator speed sensor results in 
the same changes in the measurement equation as 
a fixed output does. In contrast to a fixed output the 
control system is notified when no output is received 
from the sensor. The three faults are also considered for 
the blade rotor speed sensor. 

6.  Fuzzy Observer Model For The 
Described Systems 

  Firstly we can easily checked that the following 
necessary conditions are satisfied: i ∈  {1, 2, 3}, j ∈  
{1, 2} Rank (Ai, C(j, :)) = 3. The fuzzy observer is 
designed to estimate the system output and generate 
the residual signal.  Three TS observers are designed 
as shown in Fig. 4 , the first is based on the turbine 
rotational speed ty ω=

1
, the second is based on 

the generator speed Gy ω=
2

 and the last is based 

on the two outputs tω  and Gω . 

 
 

 
 
 
 
 
 
 
 
 
 

 
Figure 4:  Block diagram of the WECS 

observer-based FDI 
 
The sensor fault detection and localization is based 
on the analysis of the residuals 

ki
y

i
y

yik
r

,
ˆ−= k 

∈ {1, 2, 3} , i ∈  {1, 2} generated by three observers 
(Fig.4) which depend on two inputs TG,ref and V  

applied to the system (29). The turbine rotational 
speed observer1 and the generator speed observer2 
use respectively only one output tω  and Gω . The 

global observer3 uses two outputs tω  and Gω .  

In this way, the following residual signals are 
generated: 

tttt ry ωωω ˆ
1

−==∆=∆  

GGGG ry ωωω ˆ
2

−=∆=∆ =                       

7. Simulations and Results 
According to Eq. (35), Fig.5 shows the proportional 
error of the generator speed sensor in the rated wind 
speed that represents sensor failure between t=40s 
and t=50s .  

7.1 FDI Using Global Observer3 and 
Generator Speed Observer2 

 The simulation results of the fault detection and 
isolation based on the observer3 and the observer2 
are illustrated by the Fig.6 and Fig.7 with the initial 
conditions ( )0()0()0( GGt Tωω )=(0.35 0.3 0) and 

( )0()0()0( ˆˆˆ GGt Tωω )= (2 10 1). The residuals 

( tt ωω ˆ− ) and ( GG ωω ˆ− ), i = 1, 2 show that there 

are sensor failures without being able to locate them 
since the corresponding observers depend on the 
faulty output Gy ω=

2
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5:   Proportional error on the generator 
speed sensor Gy ω∆=∆
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Figure 6:   Sensor fault detection and isolation 
using observer2 
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Figure 7:    Sensor fault detection and isolation 
using observer3 

7.2  FDI Using Turbine Rotational Speed 
Observer1. 

 The simulation results of the fault detection and 
isolation based on the observer1 are illustrated by 
the Fig.8. The residuals ( tt ωω ˆ− ) and ( GG ωω ˆ− ) 

generated by the observer1 allow to detect and 
locate the fault sensor on the generator speed 
output Gω . Thus the fault detection and localization 

is possible by these three observers 

8. Conclusion 
In this paper, based on a TS fuzzy model 

representation, the design of fault diagnosis is 
proposed. The synthesis conditions lead to the 
resolution of an LMI problem. Moreover, the 
estimation of the residual signals for wind energy 
conversion systems is considered. The proposed 
observer is then used for state estimation and for 
detection and isolation of faults which can affect 
WECS models. The fuzzy observer used in this 
paper is based on the combination of the TS fuzzy 
model and the idea of PDC.The effectiveness of the 
proposed methodology is illustrated by estimating 
the generator speed and faults of wind energy 
conversion systems. It can be concluded that the 
fuzzy observer is an effective tool to generate 
residual signals for WECS fault diagnosis. The 
scope of application of this work extends to all 
WECS with parametric uncertainties and possible 
faults. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 8:  Sensor fault detection and isolation 
using observer1 
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