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Gear-box fault monitoring and detection is important for optimization of power generation and availability of
wind turbines. The current industrial approach is to use condition monitoring systems, which runs in parallel
with the wind turbine control system, using expensive additional sensors. An alternative would be to use the
existing measurements which are normally available for the wind turbine control system. The usage of these
sensors instead would cut down the cost of the wind turbine by not using additional sensors. One of these
available measurements is the generator speed, in which changes in the gear-box resonance frequency can
be detected. Two different time-frequency based approaches are presented in this paper. One is a filter based
approach and the other is based on a Karhunen-Loeve basis. Both of them detect the gear-box fault with an
acceptable detection delay of maximum 100s, which is neglectable compared with the fault developing time.

© 2015 International Federation of Automatic Control. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Wind turbines play a rapidly increasing role in the world’s power
grids. Consequently reliability of these turbines is of increasing im-
portance both from a grid stability point-of-view and from a cost of
energy (COE) perspective. Usages of modern fault detection, isolation
and accommodation methods is one of the approaches which can be
used to achieve this. One of the main objectives in wind turbine re-
search and development is to lower COE of wind turbines. COE can
basically be lowered by either increasing the energy production or
lowering the costs of the installation and operation of the wind tur-
bines. Better fault detection and accommodation can lower the main-
tenance costs as well as the down-time of turbines, thereby both low-
ering costs and increasing possible conversion of energy by increasing
the reliability and availability of the wind turbines.

The predominant approach for fault detection and accommoda-
tion within the wind turbine industry is, at present, to use simple
fault detection methods applied to the available control system sen-
sor signals, like thresholds on measurements, and condition mon-
itoring systems used on some of the expensive rotating parts like
gear-boxes and bearings. These condition monitoring systems are us-
ing additional, often expensive measurements of accelerations, vibra-
tions or sound. It is consequently an expensive add-on to the control
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system. More information on wind turbine condition monitoring can
be found in Hameed, Ahn, and Cho (2010) and Yang, Tavner, Crabtree,
and Wilkinson (2010). Reviews of wind turbine condition monitor-
ing can be found in Amirat, Benbouzid, Al-Ahmar, Bensaker, and
Turri (2009), Hameed, Hong, Cho, Ahn, and Song (2009) and Garcia
Marquez, Tobias, Pinar Perez, and Papaelias (2012). It would clearly
be beneficial if one could use the measurements available in the con-
trol system to detect changes in the condition of e.g. the gear-box in a
wind turbine. To facilitate research for this problem a friction change
in the drive train gear-box was included in the wind turbine fault
detection, isolation and accommodation benchmark model proposed
by the same authors in Odgaard, Stoustrup, and Kinnaert (2009). In
the benchmark model the gear-box is modeled with a 3 state model
and the fault is modeled by changing model parameters slightly and
slowly to obtain a change both in the resonance frequency and the
damping coefficient.

The wind turbine converts wind energy to electrical energy. The
state-of-the-art wind turbine is an upwind three bladed turbine.
Three blades are mounted on a rotor shaft and the wind forces are
converted into torque on the rotor shaft by acting on the blades. This
torque can be controlled by pitching the blades or by controlling the
generator torque through a power converter. Between the rotor axis
and the electrical generator, normally a gear-box is mounted, convert-
ing the low speed high torque rotor side of the gear-box to the high
speed low torque generator side. For more details on turbines consult
Bianchi, De Battista, and Mantz (2007) and Burton, Sharpe, Jenkins,
and Bossanyi (2008). The generator speed measurement contains a
frequency component due to the gear-box resonance frequency; this
might be lowered with the usage of a drive train damper, which will
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move a part of this component to the generator torque control sig-
nal. More details regarding drive train dampers can be found in Licari,
Ugalde-Loo, Ekanayake, and Jenkins (2012). Consequently, condition
changes in the gear box can be detected by monitoring changes in fre-
quency content of the generator speed measurement and/or the gen-
erator torque control signal. The challenges raised in the wind turbine
benchmark, see Odgaard et al. (2009), are dealt with in a significant
number of publications. Even though a gear-box fault is included in
the benchmark model, the number of publications in which this fault
is detected is limited. Some of the better contributions to the bench-
mark problem excluding the gear-box fault are evaluated in Odgaard,
Stoustrup, and Kinnaert (2013).

In Odgaard and Stoustrup (2014a, 2014b), two different time-
frequency based approaches were proposed for detection of faults
in the gear-box included in the benchmark model. In this paper, we
will show that the problem of detecting changes in the resonance
frequency in the gear-box is a problem that can be appropriately
handled by a time frequency based approach in which there is sup-
port in both time and frequencies. In this paper the two proposed
approaches for time-frequency based fault detection are applied on
the wind turbine gear-box problem, which is included in the previ-
ously mentioned benchmark model. A first approach could be to use
a basis approximating the general trends of the original fault free
frequency spectrum. The approximating basis is found by extract-
ing a Karhunen-Loeve basis from a windowed Fast Fourier Transform
(FFT) of fault free data, see Odgaard and Stoustrup (2014b). Details on
the Karhunen-Loeve basis can be found in Wickerhauser (1994) and
Mallat (1999). Examples of using Karhunen-Loeve basis for fault de-
tection can be found in Odgaard, Stoustrup, Andersen, Wickerhauser,
and Mikkelsen (2006) and Odgaard and Wickerhauser (2007). This
approximating basis supports the general trends in the frequency
spectrum. The gear-box fault can subsequently be detected by com-
paring relative energy content in the component supported by the
approximating basis relatively to the entire energy content in the
given window at which the FFT was performed. This approach has the
advantage of detecting changes in the frequency spectrum, within a
few samples, with the disadvantage of requiring quite a lot of compu-
tation to achieve this. The second approach detects changes in the fre-
quency spectrum by using a filter based algorithm where decreases
in the relative energy content at the gear-box resonance frequency
would be detected, see Odgaard and Stoustrup (2014a). This energy
content is compared with the total energy level in the signal inves-
tigated, which in this gear-box fault case is the generator speed sen-
sor signal. The Energy content can be found by band-pass filtering
the generator speed sensor signal using a band pass filter with cen-
ter frequency at the gear-box resonance frequency. The energy for the
original signal and the band-pass filtered one are computed in win-
dow length of the last N samples, to remove the dependency on fast
changes in frequency content. A drawback of this approach is that
it requires excitation of the original resonance frequency to detect
changes in it. The approach requires a low level of computation, with
the disadvantage of introducing a detection delay which is equal to
the window length. As the fault is expected to be very slowly devel-
oping, both methods are acceptable, as the first method does not nec-
essarily need to be computed for every sample, and for the second
method the detection delay is not a problem. In Section 2 the wind
turbine system is described. The proposed frequency based detection
schemes are presented in Section 3, which is followed by simulations
and evaluations of the two proposed schemes in Section 4. A conclu-
sion is drawn in Section 5.

2. System description
The purpose of a wind turbine is to convert wind energy into elec-

trical energy. Modern state-of-the-art industrial wind turbines are
typically of the multi-megawatt size. They are variable speed upwind

three bladed turbines. Three pitchable blades are mounted on a rotor
shaft. The blades are used to convert wind energy to mechanical en-
ergy by lift forces acting on the blade, which in turn exert a torque on
the rotor shaft. Most turbine uses a gear-box to connect the low speed
rotor shaft with the generator in the wind turbine, which operates
with a higher rotational speed than the rotor. The generator in turn is
connected to the power grid through a power converter. The power
converter enables variable speed operation of the wind turbine as the
generator is not directly connected to the power grid. It does as well
provides controllability of the generator torque. Some industrial tur-
bines are made without a gear-box; however, such turbines are not
considered in this work. The gear-box balances the torques from ro-
tor and generator sides, where the generator side is well controlled,
as the generator is torque controlled by the wind turbine power con-
verter, which connects the generator to the grid, enabling variable
speed operation. The rotor torque is driven by the wind, and only
partly controlled by pitch actions of the blades and indirectly by the
rotor speed. This potential torque imbalance will over time lead to
wear and tear and fatigue damage of the gear-box. The wind turbine
controller could in principle suppress some of these resonances of
the gear-box, such that some of the changes cannot be detected. In
practice the relevant gear-box resonance frequencies are located in a
frequency region above the controller bandwidth.

3. Proposed detection scheme

The considered problem of detecting changes in resonance fre-
quency of a system, like the wind turbine gear-box, can be appro-
priately addressed by applying a joint time frequency based method,
which provides support both in time and frequency, see Mallat
(1999). A number of possible schemes from windowed FFT to Wavelet
bases and other specific time frequency bases can be considered.
The situation with the resonance frequency changing fault is illus-
trated in the frequency domain in Fig. 1, which provides an exam-
ple of a decreasing resonance frequency. In order to determine a ba-
sis suitable for detecting certain phenomena in time, frequency or
time/ frequency domains, it is important to find a base that sup-
ports the phenomenon which one wants to detect. Here the prob-
lem is to detect a changing resonance frequency. It would be relevant
to consider a windowed FFT or cosine base, which basically shows
the frequency domain for given time intervals/ windows. The window
length should be selected wide enough to ensure that short time vari-
ations in the operation are leveled out, while short enough to detect
changes in frequency content of the measurements, e.g., arising from
changes in different resonance frequencies. The frequency responses
obtained by the windowed FFT algorithm would subsequently be
compared to determine if the response is as expected. The problem
with such a scheme is that it is relatively computationally demand-
ing, and consequently problematic to use in the existing control sys-
tem. A fix to this problem could be to avoid computing a FFT for each
sample, which enables distributions of the FFT computation over a
number of sample periods. In this paper the detection problem is
dealt with by using two different approaches. These two approaches
are:

+ a Karhunen-Loeve base approach, which is presented in
Section 3.1. This approach checks if the frequency spectrum of
the gear-box changes. This scheme is computationally demand-
ing. However, the computations can be distributed over a number
of samples, as the detection scheme can be operated with a lower
sample frequency than the normal wind turbine controller, due
to the slow development of the considered faults in the gear-box;
and

afilter based approach, which uses the identified resonance to de-
tect if the energy content in the frequency range in which the res-
onance decreases. This approach is presented in Section 3.2.
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Fig. 1. Illustration of a changed resonance frequency plotted in the frequency domain.

3.1. Karhunen-Loeve basis based detection scheme

The Karhunen-Loeve basis provides basis vectors ordered with re-
spect to their approximating capacity of a given data set. The basis
vectors are generated and sorted in such a way that the first basis
vector supports the largest fraction of the energy in the data set. This
means the remaining basis vectors support the differences from each
sequence in the data set, see Wickerhauser (1994). Consequently, this
basis can be used to compare the general trends in different data se-
quences. In this approach the trends in the frequency domain are ap-
proximated, and consequently an FFT algorithm is applied to the data
set before the Karhunen-Loeve basis is computed. This Karhunen-
Loeve basis can be used to detect changes in the general trends in the
frequency domain.

Define a matrix X of u column vectors in R™, where u >= m. The
Karhunen-Loeve basis minimizes the average linear approximation
error of the column vectors in X. In this scheme X is constructed
by vectors, x;, with the absolute values of the FFT of the data vec-
tors of length m. The low frequency part of the FFT is not of inter-
est since it contains dynamics from the rotation of the wind turbine
and other resonances like the tower. The high frequency part is not
of interest, since it does not contain the relevant resonances. Only a
part of the frequency range in the FFT is included in the x; vector.
The frequency range used is bounded by the lower frequency de-
noted as f; and the upper frequency denoted as fy. f; should be se-
lected above the controller bandwidth, to remove resonance frequen-
cies in the wind turbine which depend on the rotational speed of the
wind turbine. f;, should be selected as twice the value of the high-
est relevant gear-box resonance frequency, as considering the Nyquist
frequency.

A given vector x; can be found from the measured data vector, y;
as follows.
« compute the FFT of y;, g i (f) = fft(y;);
» setx;asx; = [y i(f) - yirei ()]
The Karhunen-Loeve basis K is defined as
K={vi,....vm}, (1)

which is an orthonormal basis of eigenvectors of XX', ordered in such
a way that vy is associated with the eigenvalue A5, and A; > A; fori <
j. This means that a basis of the | most approximating basis vectors,
K; can be defined as

- Um_i41 } (2)
Now the approximating Karhunen-Loeve basis is found. The coeffi-
cients, «;, for these basis vectors can be found for a given data vector
Yi-

« Compute the FFT of y;, yr i (f) = fft(y;).

T
» Setx;as X = [yeei(fi) - Yarei(fu)] -
- Compute «; as k; = x! - Ki.

K = {Vm. Vn_1, ..

The approximation of x;, denoted as x; is subsequently computed
as

=K -« (3)

The last part of this detection scheme is to compute the ratio, y [n],
which is defined as the ratio between the energy supported by the K;
basis and the energy in the original signal

T
yln) = L5 (4)
yfftv,‘ - Yffei

y[n]is computed for each sample n. This ratio will decrease if the rel-
ative energy content in the approximated frequencies, at which it is
expected that the gear-box will have an energy content, are decreas-
ing due to a changed dynamic behavior of the drive train. Gear-box
faults can be detected by comparing y [n] with a threshold «[n]. k[n]
can be determined either using different methods for threshold se-
lection, e.g. Stoustrup, Niemann, and la Cour-Harbo (2003) or by us-
ing the experimental data, such that false positive detections due to
measurement noise are avoided. The proposed scheme given as an
algorithm in pseudo-code is provided as:

1: Procedure KARHUNEN LOEVE BASED DETECTIONY;
2: Compute yf ;(f) = fft(y;)

3 %= ymi () - Vi (F)l

4:  Compute k; = x! - K

5:  ComputeX; = K; -«

6
7
8

T
XX

Compute y[n] =

yfot_i'yfft.i
if y[n] > k[n] then
: gear-box fault detected
9: endif
10: end procedure

This proposed scheme is somewhat computationally demanding
since a FFT is required to be computed for each sample of data with
the window length, L, where L should be so large that a reasonable
frequency resolution in the interval between f; and f; is present.

3.2. Frequency based detection scheme

This approach uses time frequency based analysis to design a filter
based approach which detects changes in the resonance frequency. It
is assumed that a certain energy level will be presented at a given fre-
quency, e.g. due to resonance frequency, f. Define the signal on which
the frequency detection should be applied, y[n].

(2015), http://dx.doi.org/10.1016/j.arcontrol.2015.09.004
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The first step is to extract the energy in the signal at and around
the requested frequency, by a band pass filter, Hyz]. This filter is sub-
sequently applied to the signal y[n] to obtain yydn].

The next step is to compute the energy in the signals for a given
window length, L. Ey{n] denoting the energy in the band pass filtered
signal, and E[n] the energy in the normal signal, are computed as:

Eysln] = yusln] - yuslnl', (5)
E[n] =yln] -y[n]", (6)
in which,

Vuslnl = yugln— (L= 1] -+ yyglnl], (7)
yin]=[yln— (L—-1)] - y[n]]. ®)

Subsequently a ratio between these two energies, defined as y[n],
can be computed, which can be used to detect if the energy level at
the resonance frequency drops. This could indicate that the frequency
spectrum of the system has changed.

(9)

This ratio y[n] would subsequently be compared with a thresh-
old «[n]. Again as in the Karhunnen-Loeve based scheme «[n] can
be determined either using different methods for threshold selection
or by using the experimental data, such that false positive detections
due to measurement noise are avoided. In cases where the resonance
frequency depends on operational conditions, the center frequency
of the Hg filter should as well depend on this, and a number of filters
might have to be computed in advance. The proposed scheme given
as an algorithm in pseudo-code is provided as:

Procedure FILTER BASED DETECTIONY;
Compute y[n] = [y[n — (L -1)] --- y[n]]
Compute yy¢[n] = [yysln — (L= D] --- yyglnl]
Compute E[n] = y[n] - y[n]"
Compute Ey¢[n] = yy[n] - yysln]”

1:

2

3

4

5

6: Compute y[n] E’E{YE?]
7-

8

9
10:

if y[n] > «[n] then
gear-box fault detected
: endif
end procedure

4. Simulation and evaluation of the proposed s cheme

The two proposed schemes are evaluated in this section with re-
spect to their potential of detecting the gear-box fault, evaluated on
a well known wind turbine fault detection benchmark model. Com-
putational requirements are not evaluated as these requirements de-
pend on the actual industrial hardware and software platforms.

4.1. Wind turbine model

The used wind turbine model is from Odgaard et al. (2009), and is
not described in details in this paper. An overview of the model can
be seen in Fig. 2, in which v,, denotes the wind speed, 7, denotes the
rotor torque, w; denotes the rotor speed, T, denotes the generator
torque, wg denotes the generator speed, 8, denotes the pitch angle
control reference, 8, denotes the measured pitch angles, Ty, de-
notes the estimated rotor torque, w; , denotes the measured rotor
speed, Tg ; denotes the measured generator torque, wg, i, denotes
the measured generator speed, P; denotes the measured generated
electrical power, vy, m is the measured wind speed, Tg  denotes the
generator torque reference, and P, denotes the power reference. The
figure shows the relation between the different model parts, those
are described below. They are: Blade and Pitch System, Drive Train,

v Tr Tg
w Blade & . . Generator &
| Drive Trz
Pitch System rive tram Converter
wWr Wg
/Br Bmv Uw,m Wr,m Tg,m,Wg’m,P)g Tgr
Controller

B

Fig. 2. An overview of the benchmark model. It consists of four parts: Blade and Pitch
Systems, Drive Train, Generator and Converter, and Controller. The variables in the fig-
ure are defined in text.

Converter and Generator, and Controller. In addition the wind and
sensors are modeled. Each element of the model is shortly described
in the following.

4.1.1. Wind model
The wind speed is given by a wind model including mean wind
trends, turbulence, wind shear and tower shadow.

4.1.2. Pitch and Blade model

Aerodynamics and pitch actuators are modeled in the Blade and
Pitch System model, the pitch actuator is modeled as a second order
transfer function with constraints. The aerodynamics are modeled by
a static mapping from the pitch angle, rotor and wind speeds to the
torque acting on the wind turbine rotor.

4.1.3. Drive Train model

The Drive Train, which is used to increase the speed from rotor
to generator, is modeled with a flexible two-mass system. The drive
train model includes the inertia of the rotor (which includes blades
and the main shaft) and generator.

4.14. Converter model

The Converter which controls the generator torque is modeled by
a first order system with constraints. This model covers both the elec-
trical behavior of the generator and converter.

4.1.5. Sensor models

This model is not shown on the figure, since models of each sensor
in the figure are included in the relevant part models. The model con-
tains a number of sensors, generator and rotor speed, pitch angles,
wind speed, converter torque, and electrical power. All the sensors
are modeled as the measured variable added with random noise.

4.1.6. Controller

The wind turbine operates in principle in 4 regions: Region 1 in
which wind speeds are too low for the wind turbine to operate, Re-
gion 2 in which the turbine operates up to a nominal wind speed (par-
tial load), Region 3 between nominal and rated wind speed, where
the nominal power can be produced, Region 4 above rated wind
speed, where the wind turbine is closed down in order to limit ex-
treme and fatigue loads on the wind turbine. The controller is active
in Regions 2 and 3. In Region 2, the optimal rotor speed is obtained by
using the converter torque as a signal. In Region 3 the rotor speed is
kept at a given reference value by pitching the blades, (the converter
keeps the power at the reference taking care of fast variations in the
speed). In this paper only the second region control is considered. The
basic controller in the different regions is described in Johnson, Pao,
Balas, and Fingersh (2006).

4.1.7. Wind scenario

A plot of the wind speed sequence used in the benchmark model
can be seen in Fig. 3. Fault 9 from the used benchmark model which
changes the gear-box resonance frequency occurs from 4000 s to
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Fig. 3. Plot of wind speed sequence used in the benchmark model.

4200 s. During this fault the wind turbine is only operating in full
power mode, which can be used for these initial tests, as it means
the generator speed will be relatively constant. The purpose of this
evaluation is to see if the proposed scheme can detect the gear-box
fault included in this benchmark model. It is less important to eval-
uate robustness towards model uncertainties as the purpose of the
scheme is to detect that the resonance has changed from its known
starting point. However, robustness toward operational-depending
changes are tested using the specific wind scenario. The two meth-
ods are tested and evaluated in the order they are presented.

4.2. Simulation and evaluation of the Karhunen-Loeve based scheme

The Karhunen-Loeve basis is computed based on data from the
benchmark model without gear-box fault present. The proposed de-
tection scheme presented in Section 3, includes a number of parame-
ters which can be adjusted in the tuning process. The window length
used in the FFT computation is set to 2000. The frequency range for
which the Karhunen-Loeve basis is given by f; = 2 Hz and f, = 6 Hz,
and since the sample frequency is 100 Hz, the frequency resolution in
the K; basis is equal to 19012 = 0.05.

The five most approximating basis vectors, {Vp,_4, ..., Um}, can be
seen in Fig. 4. The coefficients in these vectors, {k;;_4. ..., km} are
shown in Fig. 5. This shows that the best potential for detection is ob-
tained by using the fourth most approximating basis vector, i.e. [ = 3.
This also means that y[n] is computed based on x,,_3[n] only. Fault 9
which changes the gear-box resonance frequency occurs from 4000 s.
The computed value of y[n] is plotted, see Fig. 6 for the time interval
from 3400 s to 4300 s, in order to ensure that the wind turbine is op-
erating in the full power mode, and that the fault is present in a part
of the interval. It is assumed that the wind turbine operates in full
power mode for this initial design evaluation. From Fig. 6 it can be
seen that y[n] clearly drops when the gear-box resonance frequency
changes at 4000 s with a delay on approximately 10 s. Based on Fig. 6
the value of o can be found. It seems that o = 0.25 provides the best
tradeoff between detection delay and avoidance of false positive de-
tections, by trial and error experiments on these data. The detection
can be seen in Fig. 7 for the time interval 3400-4300 s. It can be seen
from the test that the proposed scheme has a clear detection of the
gear-box fault. The Detection is a bit slow but quite robust to differ-
ent operational conditions, in terms of avoiding potential false posi-
tive detections, since y[n] has a clear distinctive reaction during the
fault. These initial tests clearly shows a potential of detecting gear-

box faults using existing rotational speed measurements using the
Karhunen-Loeve based scheme, and thereby a possible cost reduc-
tion by monitoring the gear-box condition from the control system
without additional sensors.

4.3. Frequency based scheme

4.3.1. Specific design

In this considered case the sample frequency is at 100 Hz. It is
necessary to filter out the low frequency content in the signal y[n]
before the proposed scheme is applied to y[n], since the main energy
content is located in the frequency range below 0.5 Hz, see Fig. 8.
Consequently, a low pass filter with a cut-off frequency at 0.5 Hz is
applied to y[n]. The output of this filter is subtracted from y[n], and
the difference is used for the computation of E[n]. The used low-pass
filter, L[z], can be seen in (10).

1.935+5.806z! +5.806z72 + 1.935z73
1.0000 — 2.9497z-1 +2.9007z-2 — 0.9510z3

Hp{z] was designed using the Matlab function butter, which de-
signs Butterworth filters. A filter of order 3 with a center frequency
at 4.47 Hz was computed. The amplitude of this filter can be seen in
Fig. 9. The filter itself can be seen in (11), where it is defined in the
Z-domain.

L[z] = -107%. (10)

B, - Z;
H = 11
slzl A, Z (11)
in which the parameter vectors are defined as
B, =[3.86 0 —11.59 0 11.59 0 3.86]-10°° (12)

A; =[1 —-5.7574 14.0466 —18.5644 14.0172 —5.7343 0.9937]
(13)

—4 -5

Zo=[12z12223 7475 79" (14)

A part of this design is based on trial and error on the bench-
mark model, meaning that certain parameters are found based on
simulations using the benchmark model. The first parameter is the
window length L. If the value of L is too low the scheme will react
too much on various disturbances, which means that it is prefer-
able to use a high value for L, consequently the detection delay is
proportional to L, therefore it is important to select a good tradeoff
between detection correctness and detection delay. Experiments on
the benchmark model have shown that a value of L equal to 10° is a
good trade-off. It corresponds to a detection delay of 100 s, with none
false positive detections. The detection delay seems a long delay, but
one should have in mind that changes in the gear-box resonance fre-
quency are occurring slowly, developing over months, so this delay is
acceptable.

It should also be noted that for the detection scheme to work the
wind turbine should be excited with frequencies at the expected res-
onance frequency. In Fig. 10 the computed value of y[n] is plotted for
the time interval from 3500 s to 4400 s. This interval is selected in
order to ensure that the wind turbine is operating in the full power
mode, and that the fault is present in a part of the interval. From
Fig. 10 it can be seen that y[n] clearly drops when the gear-box res-
onance frequency changes at 4000 s with a delay of approximately
100 s. Based on the same test sequence the value of k can be found. It
seems that k = 1.8 - 102 provides the best tradeoff between detec-
tion delay and avoidance of false positive detections, a slightly higher
value would have resulted in a false positive detection at 3900 s. The
detection can be seen in Fig. 11 for the time interval 3500-4400 s.
This result obtained by applying the proposed scheme for frequency
change detection on data from the mentioned wind turbine bench-
mark model, see Odgaard et al. (2009), shows a potential for using
this scheme to detect changes for specific dominating frequencies
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Fig. 4. Plot of the five most approximating Karhunen-Loeve basis vectors, V;;_4 — Vp,.

which can be seen in different measurements from a system. In the
specific case it detects that the resonance frequency changes from its
normal value due to the simulated fault.

4.4. Summary

Both proposed methods detect the gear-box fault provided in the
used wind turbine benchmark model. The Karhunen-Loeve based
method detects the fault faster with a delay at 10 s, but also requires
more computations as an FFT is computed for each sample. The filter

based approach has a detection delay at 100 s, which corresponds to
the memory block length used. As the gear-box fault is slowly devel-
oping both methods are applicable, since neither the detection delay
or the high computational burden is a real problem. The high com-
putational burden can be dealt with by distributing the computation
over a number of samples, which will result in extra delay on the
detection of the fault. The detection delay will be increased by the
number of extra sample which is used to compute the detections. In
the perspective that the gear-box fault is evolving over months, these
delays are relatively short and are consequently of no concern.
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4.5. Further work

It would be relevant to test the proposed scheme for a more de-
tailed model of the wind turbine gear-box and fault, which is oper-
ated in a realistic wind turbine simulation. Examples on such model
and simulations can be found in Nejad, Xing, and Moan (2012) and
Nejad and Moan (2012), and an a test of an simple detection scheme
has been applied to such a model in Nejad, Odgaard, Gao, and Moan
(2014) and Odgaard and Nejad (2014).

The proposed schemes could be modified to incorporate multi-
ple sensors and actuator signals, e.g. it could be relevant to include
the generator torque reference in the drive train resonance frequency
case considered in this work, since this would suppress variations
in the generator speed during partial load, and thereby dampen the
gear-box forces.

It would as well be relevant to test and analyze the robustness of
the proposed schemes with respect to changes in operational con-
ditions like changes in wind speed, which results in variable rotor
speed, which in turn changes some of the other resonance frequen-
cies in the wind turbine. This might influence the gear-box resonance
frequencies. Another aspect is to use other methods for detection of
the change gear-box resonances. Some potential methods could be
to use recursive identification of Auto-regressive models, see Ljung
(1999), oscillation based estimation methods like seen in Landau,
Alma, and Airimitoaie (2011). Again another approach could be to
use optimal frequency shaping to detect the changes see Tibaldi and
Zattoni (1996). It could as well be relevant to use an internal model
and observer based approach to detect the resonance changes, see for
example Odgaard and Mataji (2008).

5. Conclusion

In wind turbines, changes in the condition of a gear-box are most
often monitored with a condition monitoring system, which is a sys-
tem running in parallel to the control system, and typically also using
additional often expensive sensors. In this paper two different time-
frequency based approaches for detection of this fault are presented
and evaluated. Both approaches can be applied to measurements al-
ready available in the control system. Both methods are applied to
the generator speed measurement. The first approach is based on a
Karhunen-Loeve basis of the frequency spectrum, this scheme has a
detection delay at 10s, this method is computationally intensive but
of little significance to detection of this fault. The second approach is

a filter based approach which detects the fault with a detection delay
at 100 s. Neither the computational requirements nor the detection
delay are actual problems as this fault is very slowly developing and,
therefore, these issues can be dealt with in the implementation. The
proposed schemes are tested on a well established wind turbine Fault
Detection and Isolation (FDI) and Fault Tolerant Control (FTC) Bench-
mark Model. These tests show potentials of the proposed schemes for
detecting gear-box faults. This enables the possibility of using gener-
ator and rotor speed measurements for gear-box fault detection in
wind turbines, and thereby reducing costs by removing the need for
expensive auxiliary condition monitoring systems.
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