ResearchGate

See discussions, stats, and author profiles for this publication at:

Fault Reconstruction using a Takagi-Sugeno
Sliding Mode Observer for the Wind Turbine
Benchmark

Conference Paper - July 2014

DOI: 10.13140/2.1.2959.6808

CITATIONS READS
2 157
3 authors:
e Hochschule fiir Technik und Wirtschaft Berlin @ GE Renewable Energy
2 PUBLICATIONS 2 CITATIONS 24 PUBLICATIONS 74 CITATIONS
SEE PROFILE SEE PROFILE

% Hochschule fiir Technik und Wirtschaft Berlin

93 PUBLICATIONS 279 CITATIONS

SEE PROFILE

Allin-text references are linked to publications on ResearchGate, Available from: Horst Schulte
letting you access and read them immediately. Retrieved on: 17 May 2016


https://www.researchgate.net/publication/264554013_Fault_Reconstruction_using_a_Takagi-Sugeno_Sliding_Mode_Observer_for_the_Wind_Turbine_Benchmark?enrichId=rgreq-c969ccd3-2e10-42fc-b47f-a6a2b0e649d9&enrichSource=Y292ZXJQYWdlOzI2NDU1NDAxMztBUzoxMjgyNzkyODU2MDQzNTJAMTQwNzU5NTU3MzM3Mg%3D%3D&el=1_x_2
https://www.researchgate.net/publication/264554013_Fault_Reconstruction_using_a_Takagi-Sugeno_Sliding_Mode_Observer_for_the_Wind_Turbine_Benchmark?enrichId=rgreq-c969ccd3-2e10-42fc-b47f-a6a2b0e649d9&enrichSource=Y292ZXJQYWdlOzI2NDU1NDAxMztBUzoxMjgyNzkyODU2MDQzNTJAMTQwNzU5NTU3MzM3Mg%3D%3D&el=1_x_3
https://www.researchgate.net/?enrichId=rgreq-c969ccd3-2e10-42fc-b47f-a6a2b0e649d9&enrichSource=Y292ZXJQYWdlOzI2NDU1NDAxMztBUzoxMjgyNzkyODU2MDQzNTJAMTQwNzU5NTU3MzM3Mg%3D%3D&el=1_x_1
https://www.researchgate.net/profile/Florian_Poeschke?enrichId=rgreq-c969ccd3-2e10-42fc-b47f-a6a2b0e649d9&enrichSource=Y292ZXJQYWdlOzI2NDU1NDAxMztBUzoxMjgyNzkyODU2MDQzNTJAMTQwNzU5NTU3MzM3Mg%3D%3D&el=1_x_4
https://www.researchgate.net/profile/Florian_Poeschke?enrichId=rgreq-c969ccd3-2e10-42fc-b47f-a6a2b0e649d9&enrichSource=Y292ZXJQYWdlOzI2NDU1NDAxMztBUzoxMjgyNzkyODU2MDQzNTJAMTQwNzU5NTU3MzM3Mg%3D%3D&el=1_x_5
https://www.researchgate.net/institution/Hochschule_fuer_Technik_und_Wirtschaft_Berlin?enrichId=rgreq-c969ccd3-2e10-42fc-b47f-a6a2b0e649d9&enrichSource=Y292ZXJQYWdlOzI2NDU1NDAxMztBUzoxMjgyNzkyODU2MDQzNTJAMTQwNzU5NTU3MzM3Mg%3D%3D&el=1_x_6
https://www.researchgate.net/profile/Florian_Poeschke?enrichId=rgreq-c969ccd3-2e10-42fc-b47f-a6a2b0e649d9&enrichSource=Y292ZXJQYWdlOzI2NDU1NDAxMztBUzoxMjgyNzkyODU2MDQzNTJAMTQwNzU5NTU3MzM3Mg%3D%3D&el=1_x_7
https://www.researchgate.net/profile/Soeren_Georg?enrichId=rgreq-c969ccd3-2e10-42fc-b47f-a6a2b0e649d9&enrichSource=Y292ZXJQYWdlOzI2NDU1NDAxMztBUzoxMjgyNzkyODU2MDQzNTJAMTQwNzU5NTU3MzM3Mg%3D%3D&el=1_x_4
https://www.researchgate.net/profile/Soeren_Georg?enrichId=rgreq-c969ccd3-2e10-42fc-b47f-a6a2b0e649d9&enrichSource=Y292ZXJQYWdlOzI2NDU1NDAxMztBUzoxMjgyNzkyODU2MDQzNTJAMTQwNzU5NTU3MzM3Mg%3D%3D&el=1_x_5
https://www.researchgate.net/profile/Soeren_Georg?enrichId=rgreq-c969ccd3-2e10-42fc-b47f-a6a2b0e649d9&enrichSource=Y292ZXJQYWdlOzI2NDU1NDAxMztBUzoxMjgyNzkyODU2MDQzNTJAMTQwNzU5NTU3MzM3Mg%3D%3D&el=1_x_7
https://www.researchgate.net/profile/Horst_Schulte2?enrichId=rgreq-c969ccd3-2e10-42fc-b47f-a6a2b0e649d9&enrichSource=Y292ZXJQYWdlOzI2NDU1NDAxMztBUzoxMjgyNzkyODU2MDQzNTJAMTQwNzU5NTU3MzM3Mg%3D%3D&el=1_x_4
https://www.researchgate.net/profile/Horst_Schulte2?enrichId=rgreq-c969ccd3-2e10-42fc-b47f-a6a2b0e649d9&enrichSource=Y292ZXJQYWdlOzI2NDU1NDAxMztBUzoxMjgyNzkyODU2MDQzNTJAMTQwNzU5NTU3MzM3Mg%3D%3D&el=1_x_5
https://www.researchgate.net/institution/Hochschule_fuer_Technik_und_Wirtschaft_Berlin?enrichId=rgreq-c969ccd3-2e10-42fc-b47f-a6a2b0e649d9&enrichSource=Y292ZXJQYWdlOzI2NDU1NDAxMztBUzoxMjgyNzkyODU2MDQzNTJAMTQwNzU5NTU3MzM3Mg%3D%3D&el=1_x_6
https://www.researchgate.net/profile/Horst_Schulte2?enrichId=rgreq-c969ccd3-2e10-42fc-b47f-a6a2b0e649d9&enrichSource=Y292ZXJQYWdlOzI2NDU1NDAxMztBUzoxMjgyNzkyODU2MDQzNTJAMTQwNzU5NTU3MzM3Mg%3D%3D&el=1_x_7

Fault Reconstruction using a Takagi-Sugeno Sliding
Mode Observer for the Wind Turbine Benchmark

Florian Poschke
TU Clausthal
Inst. of Elec. Power Eng. (IEE)
Clausthal-Zellerfeld,
Germany
Email: florian.poeschke @tu-clausthal.de

Abstract—In this paper, a Takagi-Sugeno sliding mode ob-
server is designed to detect, isolate and reconstruct three different
sensor faults and an actuator fault in a specified wind turbine
benchmark problem. An extension of the discontinuous observer
term using a weighted combination of gains responsible for estab-
lishing the sliding motion is proposed. The weights are equivalent
to the membership functions of the Takagi-Sugeno (TS) model of
the wind turbine. This approach enables new design possibilities
for sliding mode observer if the matrices of each local model
of the TS model differ significantly. The effectiveness of the
design approach is demonstrated by simulation results for fault
scenarios defined in the wind turbine benchmark.

Index Terms—Fault diagnosis, fault isolation, sliding mode
observer, wind turbines, renewable energy systems

I. INTRODUCTION

Sliding mode observers are used for fault detection and
isolation, where actuator or sensor faults are directly recon-
structed using the equivalent output injection signal [2]. An
important extension to the sliding mode observer concept was
presented in [5], where the observer is implemented within
a Takagi-Sugeno (TS) model structure to take into account
system nonlinearities. In [10], a Takagi-Sugeno sliding mode
observer (TS SMO) was successfully applied to detect sensor
faults in a dynamic pitch system model of a wind turbine.

A modification of the discontinuous observer term with a
weighting matrix for the individual output errors was proposed
in [3] by using a gain matrix instead of a scalar gain factor. In
this paper, a more extensive modification of the TS SMO from
[5], using a weighted combination of gains responsible for
establishing the sliding motion, is proposed. The weights are
equivalent to the membership functions of the Takagi-Sugeno
(TS) model of the wind turbine. This approach enables new
design possibilities for sliding mode observer if the matrices
of each local model of the TS model differ significantly.

The modified TS SMO is used for the wind turbine benchmark
problem in [8], which describes a realistic generic three-
blade horizontal variable-speed wind turbine with a full-scale
converter coupling. This generic turbine has a rated power of
4.8 MW. Since this model works at the system level, the fast
control loops of the converters are not considered. This wind
turbine fault detection and isolation (FDI) and fault-tolerant
control (FTC) benchmark model was originally presented in
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[7]. The purpose of this benchmark was to provide a model on
which researchers working in the field of fault diagnosis and
fault-tolerant control can compare different methods in their
field applied to a wind turbine.

This paper is organised as follows. In section II, a brief
overview of the modelling of the wind turbine benchmark
in Takagi-Sugeno form is given. Section III introduces the
idea to modify the TS SMO using a weighted switching term.
In section IV, the modified TS SMO is applied to the wind
turbine benchmark. The effectiveness of the design approach is
demonstrated by simulation results for fault scenarios defined
in the benchmark. Finally, in section V these are compared
with other results recently summarized in [8].

II. TS MODEL OF THE WIND TURBINE BENCHMARK

A. TS Model Structure

Consider a nonlinear MIMO system (1), that is Lipschitz
with respect to =(¢) € R” and «(t) € R%.

@(t) = A(a(t) 2(t) + B(a(t))u(t) + BE(a(l)) fu(1)

y(t) = Cz(t) + f,(1).
(1)

The functions f,(¢) and f(t) represent the occuring actuator
faults and sensor faults. The output matrix C € RP*™ is
assumed to be full row rank. It is assumed that the nonlinear
model can be represented by a TS system [12] consisting of
a fuzzy rule base where each rule ¢ = 1,..., N, is of the form

Model rule i: IF (1 (t) is M;1) and ... and (oy(t) is My)

o) =
THEN: { a0

where «;(t) is the jth entry of the premise variables c(t)
and M;; is the fuzzy set for the ith model rule and the jth
premise variable. The matrices A; € R™*", B, € R™*™ and
E; € R"“ represent the system dynamics, input gains and
gains of the actuator faults. The final fuzzy system with the
membership functions h;(«(t)) and N, rules is inferred as

A, x(t) + B u(t) + E; f,(t),
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follows [5]

N,
o(t) =Y hi(a(t)[Ax(t) + Biu(t) + Eif,] )
=1

y(t) = Ca(t) + £ ()
To construct the TS model the so-called “’sector nonlinearity
approach” proposed in [12] was used. This method allows
to derive an exact representation (globally or at least semi-
globally) of a nonlinear system if the nonlinearities fx(cx(t))
can be replaced by sector nonlinearities zx(c(t)). The main
idea is to derive the TS model by replacing the n; nonlinear
terms of system (1) by the sum of two linear models weighted
by nonlinear sector functions wy, 1 (ce(t)) and wy, 2 (a(t)), k =

1, Nyl
fi(a(t)) = £, wii(at) + fi wia(a(t)) 3)
v i zu(al)
_Je— z(a
w1 (a(t)) = Fio, (4)
and ;
wialalt) = D L )

fe— 1,
where f, := min(z((t))) and fr := max(zx(a(t))). Fur-
thermore, the sector functions satisfy 23:1 wig(a(t)) =1
and 0 < wgg(a(t)) < 1 for g = 1,2. In a last step,
aggregated membership functions h;(c(t)) can be calculated
from all combinations of the n; sector functions wy, 4(cx(t))
[12]. This results in a TS fuzzy model with n, = 2" linear
models (rules) of the form (2). Therein, each aggregated model
(A;, B;, C) represents the system at one combination of the
sector bounds and the membership functions h;(c(t)) satisfy
S hilal®) = 1, 0 < hifa(t) < 1.

B. Conversion of the wind turbine model into a TS form

The model of the wind turbine given in [8] leads to a
nonlinear state matrix A(«(t)), where a(t) = ;T((?) is the
nonlinear part of the model. 7,.(t) represents the aerodynamic

torque and w,-(¢) the rotational speed of the rotor.

_ [Au(a(t)) Ouxe
N O6 x4 Ao ©

From n; = 1 nonlinearities, n,, = 2™ linear models weighted

by n, nonlinear sector functions follow. The bounds & and
0.1 =g

Aa(t))

« can be found by definition of wy min = , so the

nonlinear functions to weigh the linear models can be defined
as’:
a(t) — o
mla(p) = 2=

a—a

a—at)
h t) = ———= 7
a(t) = "2 @)
where the bounds are

3 2
a = pﬂ—R Cq,ma:v vw,max

®)

2 Wr,min

! Arbitrary choice such that wy-(t) > Wr minVt is satisfied.
Note that in case of n; = 1, it follows that h;(a) = w;(a), i = 1,2.

and

TRSC min 1)121) max
o=t maz )

2 Wr.min

Vw,maz aNd Wy min are used in both of the bounds, since
Cq,mi,n <0.

A

‘41 — |: O4><6:| , ‘42 — |:A11,04
064

O4x6
10
Ago 064 } (19

A22

As a result the following TS model is inferred:

2
(t) = Z hi(a(t))[As(t) + Bu(t) + Ef (1))
y(t) = Cz(t) + f(1)

III. TAKAGI-SUGENO SLIDING MODE OBSERVER DESIGN

(1)

A. Observer structure and existence conditions

The sliding mode concept involves the design of a dis-
continous feedback ensuring that a sliding surface is reached
in finite time and that a sliding motion is maintained. In
the majority of works about sliding mode controller and
observer design, nominal linear systems are considered. If
the nominal system is nonlinear (1), the reconstruction of
unknown fault signals may be more difficult due to the large
effort necessary to reach and maintain the sliding mode. In
order for the proposed Takagi-Sugeno model extension of
the sliding mode observer in [2], [13] to exist, the following
existence conditions C'1 to C'3 have to be fulfilled:

C1 The actuator and sensor faults, as well as the derivatives of
the sensor faults are unknown but bounded by Euclidean
norms: || f, || < E, ||£.]l < ¥, ||£.]] < ¥4. Furthermore,
the system states o and inputs w are assumed to be
bounded.

C2 Let g be defined as the number of columns of the matrices
E;. Then, the condition ¢ = rank(C E;) = rank(E;)
must be fulfllled. Furthermore, it must hold that p > g,
where p is the number of measurable system states.

C3 All invariant zeros of (A;, E;,C) lie in C_.

The model equation for the TS SMO based on (2) is

N
@(t) = > hi(at) [A&(t) + Biu(t)
=1

— Gy (t) + G, (),
) = Ca(t),

(12)

where e, := ¢y — g denotes the output error and v the
discontinuous switching term necessary to maintain a sliding
motion. The observer gain matrices G'; ; and G, ; are obtained
from the transformed observer form using a coordinate trans-
formation (see section III-B). The premise variables ¢ in (12)
are assumed to be measurable. In [5], a treatment for a TS
SMO with unmeasurable premise variables can be found.


https://www.researchgate.net/publication/228751172_Fault-Tolerant_Control_of_Wind_Turbines_A_Benchmark_Model?el=1_x_8&enrichId=rgreq-c969ccd3-2e10-42fc-b47f-a6a2b0e649d9&enrichSource=Y292ZXJQYWdlOzI2NDU1NDAxMztBUzoxMjgyNzkyODU2MDQzNTJAMTQwNzU5NTU3MzM3Mg==
https://www.researchgate.net/publication/223684445_Nonlinear_robust_fault_reconstruction_and_estimation_using_sliding_mode_observer?el=1_x_8&enrichId=rgreq-c969ccd3-2e10-42fc-b47f-a6a2b0e649d9&enrichSource=Y292ZXJQYWdlOzI2NDU1NDAxMztBUzoxMjgyNzkyODU2MDQzNTJAMTQwNzU5NTU3MzM3Mg==
https://www.researchgate.net/publication/221041955_Design_of_Sliding_Mode_Observers_for_TS_Fuzzy_Systems_with_Application_to_Disturbance_and_Actuator_Fault_Estimation?el=1_x_8&enrichId=rgreq-c969ccd3-2e10-42fc-b47f-a6a2b0e649d9&enrichSource=Y292ZXJQYWdlOzI2NDU1NDAxMztBUzoxMjgyNzkyODU2MDQzNTJAMTQwNzU5NTU3MzM3Mg==
https://www.researchgate.net/publication/221041955_Design_of_Sliding_Mode_Observers_for_TS_Fuzzy_Systems_with_Application_to_Disturbance_and_Actuator_Fault_Estimation?el=1_x_8&enrichId=rgreq-c969ccd3-2e10-42fc-b47f-a6a2b0e649d9&enrichSource=Y292ZXJQYWdlOzI2NDU1NDAxMztBUzoxMjgyNzkyODU2MDQzNTJAMTQwNzU5NTU3MzM3Mg==
https://www.researchgate.net/publication/229925732_Fuzzy_Control_Systems_Design_and_Analysis_A_Linear_Matrix_Inequality_Approach?el=1_x_8&enrichId=rgreq-c969ccd3-2e10-42fc-b47f-a6a2b0e649d9&enrichSource=Y292ZXJQYWdlOzI2NDU1NDAxMztBUzoxMjgyNzkyODU2MDQzNTJAMTQwNzU5NTU3MzM3Mg==
https://www.researchgate.net/publication/229925732_Fuzzy_Control_Systems_Design_and_Analysis_A_Linear_Matrix_Inequality_Approach?el=1_x_8&enrichId=rgreq-c969ccd3-2e10-42fc-b47f-a6a2b0e649d9&enrichSource=Y292ZXJQYWdlOzI2NDU1NDAxMztBUzoxMjgyNzkyODU2MDQzNTJAMTQwNzU5NTU3MzM3Mg==

B. Transformed form for TS Sliding Mode observer

The sliding mode observer concept by Edwards and Spur-
geon makes use of a series of linear coordinate transforma-
tions, whereby the underlying system is transformed into z =

T 77T p
[zr , zy} , where the measurable system states z, € RP and
the nonmeasurable system states z, € R(™~P) are separated
and the actuator faults f, only influence the change of the
measurable states. This separation is achieved by introducing

a series of coordinate transformations
T,=T.;Tpr;T.. (13)

The transformation matrices are briefly described in [2],
[5]. Note: In the following equations, for space reasons, the
argument ”t” has been omitted. Applying the coordinate
transformations (13) to (2) the TS system in transformed form
is obtained as

N,

2y = Z hi(a
l;rl

= Z hi(c)
i=1

y=Cz+f,,

) [Ar1i 20 + A2z + Biiul

[A21i2s + A izy + Baju + E2, fol »

(14)

where the transformed system matrices are given by

- A, A,
:TZAZTIZ , ,t ,
Ai * [ Az Az
o | Bl
BZ_T'LBZ_{B27'L_}7
C = CT;l — [Opx(nfp) Ip] 5
E, =T, E;.

The system in transformed form (14) will be used to design
the TS sliding mode observer
Ny

2, ZZ hi(a)[Ai1,i 2o + Ar2,i 2y + B1i u— Az &)

hi(o)[A21,i25 + A2z,i2y + Bau

— (A — Alp) €, + 1]
(15)

with A3, as a stable design matrix. The vector v is defined
by

N,
P W o~
vV = _(Z:lhl( ) )HP2‘2}V5:H+6 lfey#o

= ,  (16)
0 otherwise

where p = diag(p; - - - pp) is a diagonal, positive definite gain
matrix. The weighting matrix W is a positive definite, diago-
nal matrix consisting of the reciprocal values of the estimated
maximum absolute values of the output vector componentS'
W = diag(Wy---W,) = d1ag< . Psis

Y1 e |yp‘

max

the unique symmetric positive definite (s.p.d) solution of the
Lyapunov equation Py A3, + A’ Py = —Q, , where Q,
is a symmetric positive definite design matrix. Once the sliding
surface S = {e(t) € R" : e, = 0} is reached, the observer
tries to maintain the sliding motion on S.

In addition to the fault and uncertainty bounds in existence
condition 1, the error vector e; = &1 —x; of the unmeasurable
states is assumed to be bounded |le;|] < I, which was
considered in [5] and is omitted here for the sake of brevity.
For a unique p = p; Vi, the design steps and the existence
condition for a sliding motion were given in [3] where it was
shown that the TS SMO using the modified switching term
(16) is able to establish an ideal sliding motion in finite time
if the following condition is fulfilled:

ér [(p — Komax Tpp) (PQW)Q} &, >0, (7
where K,y is given by with W, as the upper bound
Kmax = |[Az1]] T + [ A U + ||E2 =+ \de

max max maX
The extension in (16) with the weighted sum of p, is presented

here for the first time. A proof of the existence condition for
an ideal sliding motion can be obtained by following along
the lines of the proof in [3]. The existence condition in (17)
is then simply replaced by

éf [(Pi

where K; is given by K; := [ A2l T + [ Al ¥ +
|€24|E + T4 Note: The weighted switching term (16)
was first introduced in [3] to achieve good simultaneous
reconstruction of fault signals in systems were the orders of
magnitude of the outputs differ significantly. In the case of
wind turbines, this is the case for the two control signals, the
pitch angle and the generator torque, which are also included
as system states and outputs in the model equations.

— KiIpxp) (PaW)?| &, > 0, (18)

C. Actuator and sensor fault reconstruction

For fault reconstruction, the discontinuous switching term
(16) is replaced by a continuous approximation:

Zh

with a small positive constant §. The equivalent output in-
jection signal vy describes the average behaviour of the dis-
continuous term (16). If no sensor faults are present, actuator
faults can be reconstructed using the relation

N
<Zh ) Eo, ) veq 2[5 (20

On the other hand, if no actuator faults are presented sensor
faults can be reconstructed using the relation

Fo= (@) v

P,We,

_PWe, 19
||P2Wey|| 75 19

2n
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where * denotes the pseudo inverse and &7 (c(t)) is

(Z h Agz i Z h A21 7
N, N'r‘

[Z ( Allz 12 hz A221)-
i=1 i=1

Hint: In a strict mathematical sense, the existence of the
pseudo inverse in (20),(21) is not guaranteed yet. However,
it could be shown by the following numeric results, that the
pseudo inverse could be determined in each iteration step.

D. Choice of the gain matrices and weighting matrices

As a starting point, the allowed common lower bound of
the gains p, [2] are chosen. Then, each value was iteratively
determined to satisfy the fault detection, isolation and recon-
struction requirements of the benchmark. The following gain
matrices p; , and weighting matrix W were determined:

p, = diag[3-10%, 7.5-10%,1-107, 1-10%, 1-10%, 1-10* ],
py = diag[1-10%, 7.5-10%,1-107, 1-10%, 1-10%, 1-10* ],

and
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IV. SIMULATION RESULTS

W = dlag{

The TS SMO solution is able to detect and isolate the faults
1,2, 3, 6,7 and 8. In addition to the detection and isolation it is
possible to reconstruct faults® 1, 2, 3 and 8 to a certain degree
of accuracy. The denotation ffil in a signal name results
from the fact, that there exists a non filtered reconstructed
signal f and a filtered reconstructed signal. Sensor noise is
defined by the benchmark and considered in the simulation.
The reconstructed signals of the faults are based on the noisy
signals of the benchmark, which show a noisy behaviour as
well. This is handled by the use of a filter. From the filtered
reconstructed fault signals a detection signal is generated,
which depends on the thresholds defined in section V.

The designed observer can not differentiate between actuator
faults and sensor faults. Since the wind turbine benchmark
provides two sensors per output, two observers can be used,
which work in parallel and have the same structure. When
a sensor fault occurs, only one observer notices a faulty
behaviour of the benchmark. By contrast, actuator faults have
an influence on both observers. With respect to that fact
the differentiation between sensor and actuator faults can be
achieved by the use of two observers.

Since the detection signals are based on reconstructed fault
signals, the fault detection signal changes its state when the
reconstructed fault signals drop under a certain threshold (e.g.
cf. Fig. 5 and 6).

3The bias of some reconstructed signals are caused by &, which has the
effect of a continuous approximation of v and is than called veq . This leads
to a slight bias from the sliding surface.

A. Fault 1

In the time period from 2000 to 2100 s, the measurement
of the pitch angle 3 ,,; remains on a fixed value of 5° [8].
Since the reference pitch position /3, remains on a value of 0°,
the fault in the measurement stays on a constant value of 5°.
Fig. 1 shows the detection signal of the fault and Fig. 2 shows
the reconstructed signal of the fault f5}47 fil- A reconstruction
accuracy of ~ 94 % is reached (cf. Fig?2).

= 0.5+
0 ; ; ; ;
2000 2020 2040 2060 2080 2100
t[s]
Fig. 1. Fault 1: Detection signal fl
B. Fault 2

In the time period from 2300 to 2400 s, a gain factor equal
to 1.2 on f33,,2 occurs [8]. The detection of the fault with
the presented TS SMO solution is possible only if the pitch
position is # (2. Since the pitch system’s reference position
B is equal to 0 until ¢ ~ 2310 s, the required detection time of
Tp < 0.1 s cannot be reached (cf. Fig. 3). The reconstruction
of the fault, which occurs resulting from a gain factor on
B2,m2, can be seen in Fig. 4. In Fig. 4 the real resulting
fault signal f, 5 is compared to the reconstructed fault signal
f 5,5, fil, which shows a good accuracy of reconstruction. The
detection signal oscillates because of the fault characteristic.
Since the magnitude of the occurring sensor fault depends on
the state of the pitch position, the sensor fault signal can fall
under the defined threshold when the pitch position is small
(cf. Fig. 3).

C. Fault 3

In the time period from 2600 to 2700 s, the measurement of
the pitch angle 3 ,,,1 remains on a fixed value of 10° [8]. The
fault detection signal can be seen in Fig. 5. The reconstructed
fault fS,& 41 signal is compared to the real resulting fault signal
fs,6 in Fig. 6 and shows a good accuracy of reconstruction.
The magnitude of the fault f;¢ changes depending on the
faultless pitch position of the plant. When the magnitude
undercuts the defined threshold, the detection signal can switch
its state, cf. Fig. 5.

D. Fault 6

In the time period from 2900 to 3000 s, the pitch actuator 2
works with changed dynamics due to hydraulic pressure drop
[8]. Since the measurement of the pitch rate is not given in
the benchmark model, a reconstruction with the presented TS
SMO solution is not provided. The reconstruction of the pa-
rameter faults under consideration of the pitch rate was shown
in [4]. The detection of fault 6 is based on an artificial actuator
fault modelled in the form Ba(t) = dg(t) = x7(t) + fau(t).
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Fig. 6. Fault 3: Reconstructed signal fsﬁ,f“

The detection signal can be seen in Fig. 7. The pitch system is
modelled as a second-order lag element, whose stationary gain
equals 1 and thus is in stationary state invariant to parameter
faults. This leads to the oscillation of the detection signal.

E. Fault 7

In the time period from 3500 to 3600 s, the pitch actuator
3 works with changed dynamics due to increased air content

-

t [s]

o

2900 2920 2940 2960 2980 3000

Fig. 7. Fault 6: Detection signal fg

in the oil [8]*. Since the measurement of the pitch rate is
not given in the benchmark model, a reconstruction with the
presented TS SMO solution is not provided. The detection of
fault 7 is based on an artificial actuator fault modelled in the
form f3(t) = d10(t) = wo(t) + fa.5(t). The detection signal
can be seen in Fig. 8. The reason for the oscillation of the
detection signal equals the explanation in Fault 6.

: i ” “H “ H |

-

O3400 3420 3440 3460 3480 3500
Fig. 8. Fault 7: Detection signal f7
F Fault 8

In the time period from 3800 to 3900 s, an offset of 100
Nm on 7, occurs. Fig. 9 shows the detection signal of the
fault and Fig. 10 shows the reconstructed signal of the fault
f 5.4 ril- A reconstruction accuracy of ~ 96 % is reached (cf.
Fig. 10).

“=o0.5- ]

3860 3880

[s]

3800 3820 3840 3900
t

Fig. 9. Fault 8: Detection signal fg

V. COMPARISON OF THE FDI SOLUTIONS

The following thresholds were chosen for the detection of
the faults: FD Threshold Fault 1 = 0.6°, FD Threshold Fault
2 = 0.6°, FD Threshold Fault 3 = 0.6°, FD Threshold Fault
6 = 5, FD Threshold Fault 7 = 5, FD Threshold Fault 8 =
10 Nm.

For the TS SMO solution Monte Carlo studies were not
applied yet. Thus, the resulting times of the simulation are
compared to the mean value of detection time of the other
solutions:

“4In the given benchmark model the fault is implemented in the time period
from 3400 to 3500 s.


https://www.researchgate.net/publication/228751172_Fault-Tolerant_Control_of_Wind_Turbines_A_Benchmark_Model?el=1_x_8&enrichId=rgreq-c969ccd3-2e10-42fc-b47f-a6a2b0e649d9&enrichSource=Y292ZXJQYWdlOzI2NDU1NDAxMztBUzoxMjgyNzkyODU2MDQzNTJAMTQwNzU5NTU3MzM3Mg==

100
o 50
g
0
3800 3820 3840 3860 3880 3900
t[s]
Fig. 10. Fault 8: Reconstructed signal fa,27f“
TABLE I
DETECTION TIME: FAULTS 1,2 AND 3
Solution [ Ty[s] Fault 1 | Ty4[s] Fault 2 | Ty[s] Fault 3
GKSV 0.02 47.24 0.02
EB 0.02 44.65 0.54
UDC 0.03 69.12 0.04
COK 10.32 19.24 10.35
GFM 0.04 13.70 0.05
TS SMO 0.022 11.375 0.017

¢ GKSV: Gaussian Kernel SVM Solution [6]

o EB: Estimation-Based Solution [14]

« UDC: Up-Down Counter-based Solution [9]

e« COK: Combined Obs. and Kalman Filter Solution [1]

o GFM: General Fault Model Solution [11]

The bold time values in Tab. II, III and IV fulfill the
requirements given by the benchmark. With the exception of
Fault 4 and Fault 5 the TS SMO is able to detect all faults
which the other solutions were able to handle. The detection
times are in the range of other presented solutions.

VI. CONCLUSION

In this paper, a Takagi-Sugeno sliding mode observer (TS
SMO) was used to detect, isolate and reconstruct sensor and
actuator faults in a wind turbine benchmark. The benchmark

TABLE I
DETECTION TIME: FAULTS 4,5 AND 6

Solution [ T4[s| Fault 4 [ T,4[s] Fault 5 [ T4[s] Fault 6
GKSV 0.11 25.90 -

EB 0.33 0.01 11.31
UDC 0.02 2.96 11.81
COK 0.18 31.32 23.80
GFM 0.10 9.49 15.52

TS SMO - - 24.948
TABLE III
DETECTION TIME: FAULTS 7,8 AND 9
Solution [ T,(s] Fault 7 [ T,(s] Fault 8 [ T,[s] Fault 9
GKSV - 0.01 -
EB 26.07 0.01 -
UDC 12.93 0.02 -
COK 34.00 0.01 -
GFM 31.70 7.92 -
TS SMO 9.350 0.038 -

model simulates the actuator, sensor, and system faults in
the pitch actuators, drive train, and converter system. Nine
different faults were included in this test bench model, with
different time locations of the faults, which corresponded to
different operating points at which the faults occurred.

The fault detection, isolation and reconstruction module in
this system was designed based on a Takagi-Sugeno sliding
mode observer. The FDI scheme described herein allows for
successful detection and identification of six of nine faults. In
addition, the dynamics of Fault 1,2 and 3 are reconstructed
from the equivalent output injection signal of the TS SMO.
Finally, all simulation results were compared with the previ-
ously published results [1], [6], [9], [11], [14] in terms of the
mean detection time T); of each fault. The main advantage of
the TS SMO is the possibility to reconstruct faults in addition
to the detection and isolation.
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