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ABSTRACT

In this paper a model-based fault detection method for fault detection of gearboxes in offshore wind turbines is presented.
The main aim of this paper is to support conceptual studies with more emphasis on early fault detection methods for
floating wind turbines. The method is introduced and applied on a 5 MW reference gearbox installed on a spar type floating
wind turbine. Faults applied on the main bearing, high and intermediate speed shaft bearings and the planet bearing are
examined with this method. The gearbox is modelled in a multi-body simulation environment with high fidelity. The 5 MW
gearbox model used in this study is an offshore reference gearbox consists of three stages, two planetary and one parallel
stages, which is supported in a 4- points configuration layout. The bearing faults are detected through the angular velocity
error function. The angular velocity measurements are carried out at input, output shafts and two additional sensors inside
the gearbox. The aim of the method is also to detect the fault through the external sensors - input and output shafts -
measurements, which can be embedded in the existing control system. The results reveal the possibility of early fault
detection by this method for large floating wind turbines.
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1. INTRODUCTION

Drivetrains in wind turbines are used to convert the wind’s kinetic energy to the electrical power. Experiences [1] show
that faults or damages in the drivetrain contribute significantly to the wind turbine’s downtime and non-availability. The
maintenance and repair is particularly too costly for the offshore wind turbines where special vessel and crane barge

is needed to replace the faulty drivetrain. In addition, the harsh offshore weather reduces the repair period only to few
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months often in summers. There is therefore a need to develop reliable tools and methods for condition monitoring and
fault detection of the wind turbine’s components.

The condition monitoring is based on the fact that an emerging defect is detected from the changes in the system’s
conditions. For gears for instance, crack damage can be detected from the torsional vibration due to changes in tooth mesh
stiffness [2, 3, 4]. The condition monitoring and fault diagnosis system can be embedded in control system, for instance for
blade pitch actuators [5], or can be a separate system. The most common methods for the drivetrain condition monitoring
include vibration [4, 6, 7], temperature, noise and oil particle measurements [8, 9] which are often not integrated in the
classical wind turbine control system. Lu et al. [10], Hameed et al. [11] and Yang et al. [12] have provided a comprehensive
review of methods used for the gearbox condition monitoring in wind turbines. Isermann [13] has classified the condition
monitoring in three groups of monitoring, automatic protection and supervision. The monitoring and automatic protection
are the limit-value based methods where the alarm or corrective actions are implemented as soon as a threshold is passed.
Quick response, reliability and simplicity are indeed the most advantages of these methods, while the disadvantage is
that they act only when a considerable change has already occurred in the system [13]. The fault diagnostic methods
at supervision level are expected to detect the fault in an early stage of development. This in general can be achieved
by evaluating the trend in measurements. Any information about the system or having a model of the system is a great
advantage as it can provide a deep insight into the system behaviour [13, 14, 15].

For drivetrains in wind turbines, methods that can detect faults in an early stage are very advantageous and cost-effective
especially if the monitoring system can also employ existing sensors. Oil debris analysis [16] or thermography [17] analysis
are often used as offline systems in periodic inspections [18, 19]. The simple torsional model proposed by Perisi¢ et al.
[20] is of interest for detecting the faults in the rotor in a model-based monitoring system. However, this method is unlikely
to capture faults inside the drivetrain or bearings as they are not included in the model.

The common approach for the drivetrain fault detection is to employ a vibration-based condition monitoring system. In
this method the accelerometers are installed on three locations on the wind turbine drivetrain housing [21], near the main

shaft, in the middle and near the generator shaft - see Figure 1.

'ensor locations

generator

bed plate

Figure 1. Measuring locations on gearbox as recommended by ISO 10816-21 [21] - figure adapted from Nejad et al. [22].

The main goal of such systems are to ensure that the system operates within the acceptable vibration limits. As the
vibration amplitudes (often measured in terms of rms of velocity or acceleration) pass the limits suggested by standards
such as ISO 10816-21 [21] or manufacturers guideline, an alarm is generated. There are in general two issues with this
approach. First, the vibration-based fault detection is not a system integrated within the control system at the time of
manufacturing. It is an optional system with additional cost and often is not supplied by the drivetrain manufacturer, but
by a separate company with another contract and financial terms. Many existing wind turbines are not fitted with such
systems. Second, more sensors are needed to identify exactly the root cause of the failure as there are many gears and
bearings inside the gearbox with wide range of frequency. Faults in gears and bearings are normally seen in their mesh

frequencies and their harmonics.
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Nejad et al. [23] and Odgaard and Nejad [24] proposed a simple vibration-based fault detection approach employing the
existing sensors within the existing control system. The goal was to minimize the additional cost for a separate condition
monitoring system. The proposed method employs angular velocity measurements from the input and output shafts, which
are often standard measurements in existing control system, and two additional angular velocity measurements from the
intermediate shaft inside the gearbox. The concept is based on the dynamic transmission error known in gear systems [23].
The method was tested on a high fidelity wind turbine drivetrain model (750 kW) and found to be accurate enough to
identify some of the bearing defects prior to failure and system damage [23]. The 750 kW drivetrain used in this initial
study was installed on a land-based wind turbine.

In previous studies [25, 26], it was shown that the drivetrain on floating wind turbines are subjected to different
loading/motion conditions than those on land-based ones. The wave induced motion in floating wind turbines causes
dynamic forces which are transferred through drivetrain. Moreover, large multi-megawatt wind turbine drivetrains follow
fundamentally different design approach than the small size drivetrains [27]. Therefore, this study is aimed to evaluate the
possibility of employing of the angular velocity error function method as introduced by authors [23] on the drivetrains on
large floating wind turbines. Based on the results of a previous study [25] of several 5 MW floating wind turbine designs
(a TLP, two semi-submersibles and a spar), the spar was chosen for further examination due to its relatively large motion,
axial force, and nacelle acceleration. Thus, the 5 MW reference gearbox [27] used in this study is installed on a spar type
floating wind turbine. The gearbox is modelled in a multi body simulation (MBS) tools and simulations are conducted
for the rated wind speed where the turbine produced its rated power. The de-coupled approach is employed in this study
meaning that the forces and moments obtained from global analysis are applied on the main shaft in MBS model. Bearing

faults are introduced in each stage of the gearbox and the error function method is applied for detection.

2. WIND TURBINE & DRIVETRAIN MODELS

A 5 MW reference gearbox [27] mounted on the floating OC3 Hywind spar structure [28, 29] is used in this study. This
wind turbine is a 3-bladed upwind turbine with rated wind speed of 12.1 rpm. The spar floating structure is a column
shaped structure which is connected by mooring lines to the seabed. The details of the spar structure used in this paper can
be found in Nejad et al. [25].

The 5-MW reference gearbox used in this study was developed by Nejad et al. [27] for offshore wind turbines. This
gearbox follows the most conventional design types of those used in wind turbines. The gearbox consists of three stages,
two planetary and one parallel stage gears. Table I shows the general specifications of this gearbox. The gearbox was
designed with a 4-point support with two main bearings to reduce non-torque loads entering the gearbox.

The MBS model of this gearbox is presented in Figure 2 using the commercial software, SIMPACK [30]. In this
model, bearings are modelled by their stiffness. Gears are modelled by SIMPACK gear pair element which considers,
among others, involute meshing teeth and parabolic behavior of tooth stiffness. More details about the gear pair model in
SIMPACK can be found for example in Ebrahimi and Eberhard [31].

As it is shown in the figure, the motions are applied on the bed plate and the external loads on the main shaft. The

generator torque and speed is then controlled at the generator side [27].

3. METHODOLOGY

3.1. De-coupled Approach & Environmental Condition

The dynamic excitations of wind turbine gearboxes are classified into external and internal groups. The external
excitations—including wind and wave—are in low frequency range, often less than 2 Hz. The external excitations include

also the dynamic loads on main shaft induced by the vibration of the whole wind turbine system such as tower bending
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Table I. 5-MW reference gearbox specification [27].

Parameter Value
Type 2 Planetary + 1 Parallel
1st stage ratio 1:3.947
2nd stage ratio 1:6.167
3rd stage ratio 1:3.958
Total ratio 1:96.354
Designed power (kW) 5000
Rated input shaft speed (rpm) 12.1
Rated generator shaft speed (rpm) 1165.9
Rated input shaft torque (kN.m) 3946
Rated generator shaft torque (kN.m) 40.953
Total dry mass ( x 1000 kg) 53
Service life (year) 20

Forces/Moments applied here Gearbox housing

Torque/Speed
controlled here

Motions

Applied on bedplate
(App plate) Bedplate

Figure 2. MBS model of the 5-MW reference gearbox [27].

or blade bending. The gear mesh frequencies, which cause internal excitations, are normally in the high frequency range,
above 20 Hz. Therefore, in order to capture the internal resonances, simulations with very small time steps (e.g. 0.005 s)
are required, while simulations with 0.1 s can often capture possible responses to external excitations.

The external excitations occur at integer multiples of rotor speed. The internal excitation occurs at gear mesh

frequencies, fn,, which for simple parallel spur or helical gears are defined as [32]:

Ngea'fZ

fm = =60

()]

in which Ngeqr is the gear rotational speed in rpm and Z is the number of teeth. For planetary gears more complicated
formula is used for the mesh frequency calculation - see for instance AGMA 6123-C16 [33] or McFadden [34]. Harmonics,

at integer multiplies of mesh frequencies, and sidebands often occurs [32, 35].
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The different simulation frequency requirements as well as the computational requirements for complex gearbox models
encourage using a “de-coupled” analysis approach. Figure 3 presents a schematic procedure of the de-coupled analysis

approach for wind turbine gearbox analysis.

Gear force

Step |I: Global loads are applied on
a detailed gearbox model Step lll: Gear/bearing load and load response analysis

Step |: Global analysis

Figure 3. Drivetrain de-coupled analysis method.

First, the forces and moments on the main shaft are obtained from the global response analysis. Second, they are used
as inputs to a detailed gearbox model in a Multi Body Simulation (MBS) model where simulations with a higher fidelity
model and smaller time steps are carried out.

The global analysis is conducted by using an aero-hydro-servo-elastic code, SIMO-RIFLEX-AeroDyn [36]. simulations
are carried out at the rated wind speed with wave conditions characterized by significant wave height Hs = 5 m and peak
period Tp = 12 s (modelled by a JONSWAP spectrum). The turbulence intensity factor is taken as 0.15 according to IEC
61400-1 [37]. The environmental data used in this study were generated by a numerical hindcast model at the National
and Kapodistrian University of Athens (NKUA), which corresponds to the data from a buoy off the coast of Portugal [38].
The data was hourly sampled and generated from a hindcast model from 2001 to 2010. Long-term joint distributions of
the mean wind speed (U, ), significant wave height (/) and spectral peak period (71},) were obtained by fitting analytical
distributions with the hindcast data. The joint distribution of U.,, Hs, and T}, (Eq. 2) consists of a marginal distribution
of U, (with two-parameter Weibull distribution), a conditional distribution of Hs given U,, (with two-parameter Weibull

distribution), and a conditional distribution of 7}, given both U,, and H, which follows a lognormal distribution [38].

Jvw.m,1, (W hot) = fu, (W) - fu, v, (hlu) - fr, 0,80, (tu, h) 2

where f() refers to probability density function (P DF’). The fitting methods and the parameters for the joint distribution
at this site can be found in Li et al. [38].

To minimize the statistical uncertainties, six 3800 s simulations are carried out for each wind speed. The first 200 s are
removed during post-processing to avoid start-up transient effects. The sampling frequency is 200 Hz, thus the simulation
does not include the gear mesh component at the high speed shaft.

In the MBS analysis, bearings are modelled as force elements and their force-deflection relation. Gears are modelled
with compliance at tooth including detailed tooth properties [27]. The generator should also be modelled. The generator
model depends on the choice of the generator. Synchronous generators act as power-dependent torsional springs, whereas
asynchronous or induction generators are modelled by dampers in operating conditions or free-free lumped masses [39].
In this paper a doubly fed induction generator (DFIG) is considered and modelled. Doubly fed induction generators are
the ones mostly used in wind turbines [40].

The de-coupled method described above has been used in this paper. Earlier works on wind turbine gearboxes based on
the de-coupled method include, for instance Xing et al. [41], Dong et al. [42], Jiang et al. [43] and Nejad et al. [44].
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3.2. Fault Cases

A set of bearings from the case study gearbox are chosen for the fault study. They are selected based on their probability of

fatigue failure and vulnerability map as described by Nejad et al. [27, 26]. The bearing damage is modelled by varying the

bearing’s deflection in the axial or radial directions. This is done by changing the bearing stiffness in different directions.

As the bearing degrades the stiffness reduces and therefore the relative displacement increases. This approach of bearing
fault modelling is discussed in Nejad et al. [23] and Ghane et al. [45].

Figure 4 and Table II present the fault cases studied in this paper. For INP-B, the axial deflection is changed from
2.5 x 107% mm to 2.5 x 1072 mm for each 1 kN applied force. In LC2, HS-A, and LC3, IMS-B, the deflection is

changed from 1.2 x 1072 mm to 1.2 x 10~ mm, and for LC4, the radial deformation is reduced from 8.3 x 10™* mm

t0 8.3 x 10™2 mm for each 1 kN applied force.

Table Il. Fault cases

Fault case Description

LCO Reference case, fault-free

LC1 Damage in axial direction of the down wind main bearing (INP-B)

LC2 Damage in radial direction of the high-speed shaft bearing (HS-A)

LC3 Damage in radial direction of the intermediate-speed shaft bearing (IMS-B)
LC4 Damage in radial direction of the 2nd stage planet bearing (IMS-PL-A)

‘% INP-B -

LCI LC4 LC2
/ ‘/ to generator
ms-pL-A L £

E

£
= = /
e ]
S
F

=

. @ @

in Ist 2nd out

Figure 4. Fault cases and the angular velocity measurement locations.

The angular velocity error functions [23] as defined in following equations (equations 3 - 6) are used for fault detections.

€t = Wout — QWin 3)
€12 = Wist — Q1Win 4
€23 = W2nd — Q2W1ist 5)
€30 = Wout — Q3W2nd (6)

In these equations, o, a1, a2 and a3 are the inverse of the gear ratios (see Table I) and w represent angular velocities

shown in Figure 4. As it is seen in the equations, e; uses the measurements of angular velocities at input and output of the

gearbox, while other error functions require additional measuring sensors inside the gearbox.
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The faults in the gearbox change the error function which can be detected by the reference values known for instance
from the MBS model simulation or real measurements. Moreover, studying the long-term error function and comparison
with the model can reveal the behaviour of the system and prevent potential failures. Table III summarizes the required

measurements and error function comparison for each fault case.

Table Illl. Measurements & error functions

Fault case Measurements Error functions Detection

LCO Wins Wouts Wlsts Wand et, €12, €23, €30 reference values

LC1 Wins Wouts Wlst €t, €12 compare e, eqo with reference values
LC2 Win, Wouts Wand €t, €30 compare e¢, ez, With reference values
LC3 Wins> Wouts Wand €t, €30 compare e, ez, With reference values
LC4 Wins Wout, Wlst, Wand et, €23 compare e, eg3 With reference values

3.3. Frequency based detection scheme

In this paper, an updated version of the frequency based detection scheme presented by Odgaard and Stoustrup [46, 47] is
employed. This approach is primarily based on the detection of the changed resonance frequencies due to faults which are
compared with the normal fault free case.

In order to select a suited base for distinguishing certain phenomena in time, frequency or time/frequency domains, it is
important to find a base which supports the phenomenon in question. In this case the problem is to detect a changing
resonance frequency, a windowed fast Fourier transform (FFT) or Cosine base would be relevant as it supports the
frequency content for at given window length, and the frequency content would change with time as the fault develops.
The window length should be selected such that short time variations in the operation is levelled out, while short enough to
detect changes in frequency content of the measurements, like 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 demanding. One solution to reduce the
computational time is to design band pass filters which has pass band in the frequency range which is changed in case of a
given fault [46, 47]. This filter is used to compute energy in the measurements in this frequency range. This energy content
is subsequently normalized with the energy in the signal for the given window length. It is assumed that a certain energy
level will be present at a given frequency of f (e.g. due to resonance frequency) and the signal on which the frequency
detection should be applied, y[n], can be defined.

The first step in this approach is to extract the energy in the signal at the requested frequency by a band pass filter,
H¢[z]. This filter is subsequently applied to the signal y[n] to obtain yg ¢[n].

The next step is to compute the energy in the signals for a given window length, L. The energies, Ey s [n], for the energy

in the band pass filtered signal, and E[n] the energy in the normal signal, are computed as:

Ensln] =ynyn] - ynsn]”, @)
E[n] =y[n] - y[n]", ®)
in which,
yusln) = [yasln = (L= 1] - yugln]] ©
yinl = [yl — (L=1) -yl (10)
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Subsequently a ratio, v[n], between these two energies can be computed to detect changes in energy level.

ol = 220, (i

This ratio y[n] - which is called hereafter in this paper as the detection value - will subsequently be compared with a

threshold . The value of the s should be found based on real data, and is selected such that the fault is detected early, but

still without a high number of false positive detections.

4. RESULTS & DISCUSSIONS

The proposed detection scheme is applied on the case study and results are presented in this section. For each fault,
two questions should be answered: is it possible to detect this fault by using the proposed scheme? Secondly, is there a
difference between using the error function from external speed measurements (e;) and the error function from internal
speed measurements (e12, e23 and es,)? The latter set of measurements requires additional sensors inside the gearbox,
while the external speed measurements are often available in the existing control system. Therefore, the use of external
speed measurements is preferred.

The FFT of the angular velocity error functions for LC1 to LC4 with the reference values from LCO are plotted in
Figures 5 - 12. Since these faults are related to bearings wear, it is reasonable to assume that they develop slowly and
the transient phase between fault and non-fault scenario can be ignored. Therefore, datasets with faults or datasets with
non-faults are only used in this study.

It should be noted that the frequencies shown in following figures are related to the gear mesh frequencies. The angular
velocity error function is dominated by tooth-tooth meshing frequencies. This is inline with the results of earlier studies,

for instance for bearing faults [48] or gear faults [4].

4.1. Analysis of variable resonance frequencies

The FFT of the angular velocity error functions for fault and non-fault cases are analysed and commented in this section.

LC1 For this load case, the FFT of the angular velocity error function e;2 is plotted in Figure 5 and the error function
obtained from external speed measurements, e; is shown in Figure 6. Form both figures, it is evident that it is not possible
to detect the fault in LC1 from any of these two data. No filter is designed for this case as it is not possible to distinguish

LC1 from LCO in the frequency domain.

LC2 The FFT of angular velocity error functions from internal and external speed measurements (e3, and e;) for load
case LC2 are compared with LCO in Figs. 7 - 8. These figures show that the LC2 fault can be detected in the frequency
range of 44.5 Hz - 45 Hz. A bandpass filter is subsequently designed for this frequency range for fault detection related to
LC2 case.

LC3 The LC3 FFTs of the angular velocity error functions es, and e; are compared with the LCO in Figs. 9 - 10. From
the figures it can be seen that the fault detection might be possible with both error function data in the frequency range

between 42.4 Hz and 43.4 Hz. Therefore, a bandpass filter is designed for this frequency range related to LC3 fault.

LC4 The angular velocity error functions FFTs of the e23 and e; compared with the LCO are presented in Figs. 11 - 12.
Figures indicate possibility of detection in the frequency range between 30 Hz and 70 Hz. A bandpass filter is designed for

a more narrow frequency range between 49.5 Hz and 52 Hz for this fault case.
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Figure 8. Frequency content of e, for LC2 (green) and LCO (blue).
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Figure 12. Frequency content of e; for LC4 (green) and LCO (blue).

4.2. Detection results

Using the detection scheme described in section 3.3, the possibility of detection using different detection filters on different
error functions is discussed. The detection values as calculated by equation 11 are presented in Table IV for all angular
velocity error functions in the non-fault case LCO. These are the reference values which are used as references for the fault
cases LC1 - LC4. The detection values presented for LC1 to LC4 in Tables V to VIII are shown in normalized values with

respect to reference values given in Table IV.

Table IV. Detection values for LCO (reference values).

Error function Filter LC2 Filter LC3 Filter LC4
et 1.2700- 1072 | 2.6240-10"T | 5.6610-107!
e12 1.0803-10"7 | 3.1239-10"7 | 2.7467-10°°
€30 1.2600-10~% | 7.0826 - 10~ % | 8.9743-107°
€23 5.2713-107° | 1.6200- 1072 | 3.4000- 1072

In Table V, the detection values for the three filters and the error functions are presented for LC1 case. Similar to the

results from frequency domain, it is evident that the detection is not possible for this fault case. It can be seen from the
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table that the values of the detection signals are similar to the ones from the reference values thus there is no false positive
detection for LC1 case.

Table V. Normalised detection values for LC1.

Error function | Filter LC2 | Filter LC3 | Filter LC4
et 1.00 1.00 1.00
€12 1.00 1.00 1.00

The normalised detection values for error functions related to LC2 are presented in Table VI. The detection values for
both e;, which uses external measurements, and e3, , using internal measurements, are considerably higher than reference
values which indicates that detection is possible for this fault case. It should be noted that the false positive detections of

the other faults is avoided as the LC2 filter is only active in this fault case.

Table VI. Normalised detection values for LC2.

Comparison results for LC3 fault case is presented in Table VII. The changes in detection values with respect to

Error function | Filter LC2 | Filter LC3 | Filter LC4
et 51.34 1.13 1.04
€30 55.59 57.75 9.27

reference values are too small to be able to detect this fault case.

The results of the detection values for LC4 is presented in Table VIII for the three filters and the error functions. The

changes in detection values are considerable and thus the fault detection is possible by using either of e; or e23.

Table VII. Normalised detection values for LC3.

Error function | Filter LC2 | Filter LC3 | Filter LC4
et 0.83 0.99 0.99
€30 0.83 0.87 1.88

Table VIII. Normalised detection values for LC4.

Error function | Filter LC2 | Filter LC3 | Filter LC4
et 0.89 0.17 0.18
€23 0.86 0.17 0.18

4.3. Discussions

From the results, it is evident that the fault cases LC2 and LC4 were detected by the proposed method, while this method
was not suitable for detection of the cases in LC1 and LC3. Referring to Table I, LC2 and LC4 are related to the damage
in the high-speed shaft bearing and the second stage planet bearing respectively. The reason that LC2 and LC4 were
detectable by this method lies on the physics of this detection method. The fault in bearings in LC2 and LC4 are in radial
direction meaning that their faults create an excitation in radial direction, similar to an unbalanced mass system. This radial
excitation can be seen in the rotational angular velocity and therefore the proposed method, which is based on the angular
velocity measurement, is able to detect them.

The fault in LC3 is also in radial direction, but why the proposed method was not able to detect this fault case? The
LC3 is the fault case in bearing IMS-B located at the end of the intermediate-speed shaft. There is also one more bearing
(IMS-A) near to this faulty bearing - see Figure 4. These are taper type bearings and normally are installed together. The
reason that the fault in LC3 was not detected is because of this nearby bearing which has carried the additional loads

caused by fault in IMS-B, and thus no or very little vibration is produced.
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The LCI1 case was not detectable by the proposed method because the fault in this case is in the axial direction and
therefore affects the axial vibration which is not seen in the rotational velocity signals. Other methods - for example
evaluating the axial acceleration - is needed to detect such axial faults [49].

It is also interesting to note that the faults in LC2 and LC4 can be detected by using either external measurements or
internal measurements. As discussed earlier the external measurements are preferred as these are often existing sensors

already installed with the control system.

5. CONCLUDING REMARKS

In this paper, a model-based method was demonstrated and applied on a 5 MW reference gearbox installed on a spar type
floating wind turbine. The proposed detection method is based on the angular velocity error function and measurements of
the angular velocity of input and output shafts. A detailed multi body model of the gearbox was used and simulations were
conducted at rated wind speed and associated wave data taken from the most probable environmental condition measured
at a site off the coast of Portugal. A de-coupled approach was employed to calculate the global load effects which were then
used and applied on the gearbox model for local analysis and fault detection examination. Bearings faults were introduced
by altering the bearing force-deflection properties, representing the wear and damage inside the bearing.

The main aim was firstly to investigate the potential of using gearbox speed measurements for gearbox fault diagnosis in
floating wind turbines as a replacement for expensive add-on condition monitoring systems. Secondly, a frequency model
based filter approach was applied on the case study wind turbine. The fault cases in LC2 and LC4 were detected by the
proposed method, while this method was not suitable for detection of the cases in LC1 and LC3. LC2, LC3 and LC4 are
related to the faults in radial direction of bearings and LC1 covers a fault in the axial direction. It was observed that the
proposed method is suitable for detecting bearings’ damage in the radial direction, but not effective for the faults in the
axial direction. The LC3, which was a case with fault in the radial direction, was not detected due to existence of a nearby
bearing covering the additional loads caused by this fault case.

It is also important to see the modulation of the gear mesh frequencies and bearing faults. In other words, this article
demonstrates the influence of bearing damage on the modulation of the gear tooth harmonics by using the changes to the
angular velocity fluctuations.

A similar approach, using the shaft angular velocity for the gearbox fault detection, was tested by Roy et al. [50] on
a small size gearbox with a known fault. Employing the error function method, as described in present article, has so
far been extensively tested on high fidelity models (750 kW and 5 MW) on both land-based and floating wind turbines
with different drivetrain configurations and different fault levels. In the next step and with collaboration with an industrial

partner, a test wind turbine drivetrain is planned to be used for experimental evaluation of the proposed method.
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