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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 i" rule is of the following format,
Plant Rule i :

IF f,(x(t) is N AND ...AND f, (V) is Niy
Then  x(t) = A; X(t) + B; u(t)

y(t) = C; x(t) (1)
Where x(t) O R™ is the state vector, u(t) O R™ is
the input vector, y(t) O0R% is the output vector.
Ai OoRr™", Bi gR™m, Ci OR%" and Di ORM are
constant system matrices. f (x(t)) ..., fw(x(t))
are the premise variables , Ni, is a fuzzy term of rule
i corresponding to the function f a(x(t)) a=1..y,

i=1, 2...,r and ¢ s a positive integer. Given the input

vector u(t), the global state and output of the system
are inferred as follows:

X(t) = élui (O A; X + B; u(D)] @
() = X4, 60) ¢, X0 3
where
h; (x(t v o
w; (F) = r(# C ()= n N;(X(t))
S by (X(1) @t
i=1

; (f(t)) 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 H, (f(t)) satisfies the following
constraints

0< u (f)) <1 _ilﬂi f®) =1 Oi=1,2,..r

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 i

IF g,(x(t)) is M{ AND ..AND g (x(t)) is Mg

Then u(t) =-G; x(t) (4)
Where M} is a fuzzy term of rule j corresponding to
the function g'g(x(t)) ,£=1...Q, 71, 2....c and

Q is a positive integer. G. O R™" is feedback gains
i

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

U ==X m; OG0 (5)
where
0<m; @=L ImjE)=1 G=12..c

6)
q; (x()
m; (g) =

C
> a,(x(®)

j=1

Q :
C g, (x)= N M (g(1)
B=1

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

KO = L4,00) m; 00) (A ~B G X0 (®)

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

Xt)-X(t) - 0 as t - »

Where X(t) is the estimated state vector by fuzzy

observers. This condition guarantees that the
steady-state error between x(t) and X(t) 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 f,(x(t) is N AND ...AND f,(x(v) is Niy

Then X(t) = A X() + B; u(® + L; (Y(®) - ()
y(t) = C; X(1)) i=1, 2...,r C)]
Where L (1,2,...,r) are observation error matrices.
y(t) and ¥y(t) 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.
fl(x(t))

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

K0 = X1, ()L A KO + B U + L (60 - SO (10)

Case A
fw(x(t)) do not depend on the state

) = %44, (0) ¢, %00 (11)

We use the same weight h; (X(t)) defined in section

2.1 as that of the i" 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 g,(x(t)) is M{ AND ...AND g (x(t)) is M}
Then u(t) =- Gj Xt j=1,2...c (12)

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

U ==X m; OO)G; X0
By respectively substituting (13) into (2) and (10),

(13)

and let e(t)=x(t) - X(t) we obtain the following
system representations:
X0 =35 pm (4 -B.Gx® +BGer) (14
i=1j=1 J
I c
et) = Z _Z,Ui mj(A. — L Cj)e(t) (15)
i=1j=1 [

Therefore, the augmented systems are represented
as follows:

X (0= 3 pmK x @ (16)
a == i a

(t) A~ BS,
where x (t) —{ } =
a e(t) 10

A sufficient condition that guarantees the stability ¢

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

BG.
i

A-LC.
I i

K'P+PK_ <0 17
i 1

K +Kk ) K.+ K.

T pep L —Llco mi,j (@8
2 2

3.1.2.

fl(x(t))

variables estimated by a fuzzy observer. So we use
f (X(t)) instead of f l(x(t)) because X(t) # x(t)

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

Case B

fw(x(t)) depend on the state

KO = 340, GOLA KO + B UO + L 60 - IO (19)
50) = £ G010 (20)

Accordingly, instead of Eq.(13),
controller becomes

u(t) == S m; @O)G ; X0
j=1

We use the same weight h; (x(t)) as that of the i"

the PDC fuzzy

(21)

rule of the fuzzy models and the property of

r C r C

EH T M :izlj{:l'uimi
Then the augmented systems are obtained as
follows:
(22)

rr I R
£ O=5 5 2 44 (F0)m; @O m @O0, X0

A -BG BG
I ik ik
where K__k = . 5
1]
Sijk Sijk
S =(A-A)-(B-B)G +L (C -C)
ijk i j i 7k ik i

2 -_ — — —
Sljk_(Ai LjCk) 8 Bj)Gk
also the augmented system described by Eq.(22) is

globally asymptotically stable if there exists a
common positive definite matrix P such that

K'P+PK <0 (23)
1]] 1]]
TSR Ko+K
kW pyp Uk WMo gk
2 2
R + L
—»Q > Xt) =Ax+Bu | C

|

>l X(t)=AX+Bu+L(y-9)

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: r(t) = y(t) - ¥(t) (25)
”r(t)”{STh Normal (26)
=Th Fault

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,

qj x(@) = xa(t)T[i m Qij - QmJ xa(t) when x(t) #0

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

X(t) = AX)X(®) + Bu(t) +W . y(t) = ¢ x(1) (29)
Where_ .
(kwwt ) fT) 0 __1
‘]T JT
f 1
A(X) =| 0 £ —
Jg Je
k(k w - f ) "
de—wt T P fG (—-—)
L JT Je JT G |
T
u(t)=[T } B=|o L x|
G, ref J
G G
100 -
,C= d x(t) = T
c L L 0} and x(t) |_a4 wg Tg ]

=1 (27)  uis the input vector, V is the wind speed and x is
q. (X0 _1 when x (t) # 0 for j =12,...c state vector. W, is the wind disturbance and is
) c a defined by
T
and there is a common solution of P for the W= [)(-V 0 0] : (30)
following LMI, Grid
Qm> 0 For stabiliz¢
c (28) the frequency
> Q'k -cQ_>0 for all i =12,....,r —1Ts
K=1 I m Transmission {¢—| Induction pEl
where Shaft System | | Generator |/ [ ]
T A “
Qm=—(K P+PK) @l T, ﬁ
m . . aero
for i=12..r; j=12..c, . Output
Q= ~(KTP+PK ) wind | o Gre voltage with
ij ij \% variable

K OR™is a stable matrix to be designed.
m

Q OR™" is a symmetric positive definite matrix
m

and Q OR™"is a symmetric matrix.
ij

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

Figure 2: Structural diagram of wind power system

where, Y =0.1 represents the variance of random

component of wind variation. wg is the rotational
speed of the generator. JT and JG are the moments

of inertia of the turbine and generator respectively.
fT and fG are the friction coefficient of the shaft at

the rotor and generator sides. d is the damping
coefficient. k is the stiffness coefficient. TG is the

electromagnetic torque. Tg.s IS the reference
electromagnetic torque. The aerodynamic coefficient
of the system are defined by
_ C
k =—pi®>—, T
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

is aerodynamic torque
aero
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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 ¢} as the premise variable

Rule i IF ¢ is Ni

Then x(t) =A x(t) +B u(t) +w,,
| |
y(t) = cx(t) For i=1,2 (31)
Table 1: System parameters

Rated power 600 [kW]
The radius of the turbine L 35[m]
Air density p 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; 82988 kg.m2

The friction coefficient fr 0.3071 kg.m /s

The friction coefficient fg 399.1060 kg.m /s

where Ni is a fuzzy term of rule i. The degree of

membership function for state ¢« is depicted in Fig.3.
Then, the system dynamics is described by
. 2
X(t) = X u (XO)[AXO +Bju(®) +w,] (32)
i=1
where x(t) DR, ut) ORY™ , w, are the state

vectors, the control input, and the disturbance signal,
respectively. Where

~01995 0  -1205010 °
A=|0 651 001566
3321 1013 -02536
~00083 0 -1205010 °
A =[0 651 001566
33241 1013 -0.2536
B =B, = [0 -001566 02539" (33)

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 Ay. Then the system
(30) becomes:

. 2
X(t)= X u (XOD[AX®) +Bju(t) +w,]
i=1

y(t) =cx(®) + Ay (34)

o
=)

5

>

[ERET

Grade of membership function
N

S o o o o
w

[

o

Figure 3: Membership Functions of State «j

5.3. Fault Specification
The three faults considered for the generator spensor
are: proportional error, fixed output, and no ott{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.

W, mes(k) = (L+ ' pe(K)) e (K) + vy (k) (35)

Where Wy, mes (k) is the generator speed
measurements [rad/s] Qe determines the
proportional  error[.] and is given by

a'peD[— 01 0.1]. (1+a'pe(k)) is sensor gain.

vwg(k) is a zero mean Gaussian distributed noise

sequence with variance o? (k) . The fault can
@y

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

5.3.2. Fixed Output From Generator
Speed Sensor
Afixed output from the generator speed sensor is an
abrupt fault, which can happen at any time resulting
in the following measurement equation.

Wg mes (K) = a)G’mes(kf ) ok > kf (36)

International Conference on Renewable Energy and Eco-Design in Electrical Engineering
iREED 2001 - Lille France - 23-24 March 2011 Univ Lille Nord de France, F-59000 Lille, France



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 [J {1, 2, 3}, j U
{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 y1 =} , the second is based on
the generator speed y2 = a; and the last is based

on the two outputs a; and wg .

\% Turbine rotational speed
observerl
o
WECS Global observer3
s
Generator speed
observer2
TG,ref

Figure 4: Block diagram of the WECS
observer-based FDI

The sensor fault detection and localization is based
on the analysis of the residuals ryik = yi - yi,k k

LI{1, 2, 3}, i U {1, 2} generated by three observers
(Fig.4) which depend on two inputs Tg. and V

applied to the system (29). The turbine rotational
speed observerl and the generator speed observer2

use respectively only one output a and awg. The
global observer3 uses two outputs «; and ag .

In this way, the following residual signals are
generated:

Ayle(q :rt:@—Q

Ay =AW= =T =W — @,
Y, G =g G ~ We

(37)

7. Simulations and Results

According to Eqg. (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 (@ (00 wg () Tg (0))=(0.35 0.3 0) and
(& @g© Tg ©)= (2 10 1). The residuals

(w —@) and (wg — &g ), | = 1, 2 show that there

are sensor failures without being able to locate them
since the corresponding observers depend on the

faulty output y2 =g

112

e

rad/Sec
5
>
T
L
|
|
|
|

| |
| |
1 L
| ]
| |
| |
w84~~~ 7-~" """~~~ 7-~"~~""~"fF~"——"pF~—— -
| |
| |
+ -
| |
| |
| !

L i R B -

| |

| |

| |
02Frt—-——~+t -~~~ ~t -~~~ fF -~~~ —— -

|

|

| |
|
10 L L L
10 20 30 40 50 60
Time (Sec)

Figure 5: Proportional error on the generator
speed sensorAy2 = Aay
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Figure 6: Sensor fault detection and isolation
using observer2
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Sensor fault detection and isolation
using observer3

7.2 FDI Using Turbine Rotational Speed
Observerl.

The simulation results of the fault detection and

isolation based on the observerl are illustrated by

the Fig.8. The residuals (a —d) and ( wg —ayg)

generated by the observerl allow to detect and
locate the fault sensor on the generator speed

output ag . 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 7:

rad/Sec

rad/Sec

Time (Sec)

W ~ Ws

Figure 8: Sensor fault detection and isolation
using observerl
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