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Abstract

Condition monitoring can be used to detect faults and failures at an early stage. Thus it decreases the overall main-
tenance expenses. This report gives an example of condition monitoring with focus on early crack detection in the
main shaft of an offshore wind turbine. This article discusses the applicability of different condition monitoring
techniques like performance monitoring, strain gauge results and vibration analysis for crack detection on the low
speed shaft. Different signal processing methods like descriptive statistics, Fourier Transforms, Wavelet trans-
forms, Modal Assurance Criteria and Time Synchronous Averaging are investigated and tested for applicability in
order to detect cracks on the low speed shaft of a wind turbine. The results of this study can be used to define
alarm thresholds as well as detection characteristics for main shaft cracks leading to failure of the main shaft. The
example in this paper showed that the crack on the main shafts needs to be relatively large (around 20 % of the
main shaft diameter) until it can be detected.
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Chapter 1

Introduction

Wind technology is a fast growing market for renewable electricity production. In 2014, a total wind power capac-
ity of 51 GW was installed and reached 370 GW [45] by the end of 2015. Trends show (Europe: [20]; Worldwide:
[28]) that the installed offshore wind capacity is expected to strongly grow in the future. In 2014, 12.6% [20] of
the total new installed wind power capacity were erected offshore, reaching a total offshore installed wind power
capacity of 8045.3 MW by the end of 2014 producing 29.6 TWh in 2014 [28].

Wind turbines are unmanned power plants which are exposed to highly variable and harsh weather conditions.
These varying weather conditions lead to highly variable operational conditions which make maintenance neces-
sary. Maintenance costs, which contain all costs necessary during the life time of a machine in order to keep the
machine in service, are important cost drivers for offshore wind turbines. For offshore wind turbines, the operation
and maintenance costs to the total cost of energy are typically in the order of 25% [23] of the levelized cost of
energy.

Therefore, large efforts are in progress in order to decrease the overall maintenance costs especially for offshore
wind turbines. One possibility to decrease operation and maintenance expenses is the possibility to better plan
maintenance actions. In order to better plan maintenance actions (inspections) for offshore wind turbines, it is ben-
eficial to observe the condition of important structural parts in order to have knowledge about the condition of the
components before accessing the wind turbine. This condition-based preventive maintenance, which is according
to [2] the most modern and popular maintenance strategy, is discussed in the literature. Access to the wind turbines
offshore is expensive due to limited access times (no access possible during storms) as well as long transportation
times and expensive equipment (e.g. special cranes/ships needed). Condition monitoring can be used to record the
condition of a certain structural component and to detect possible failures before they occur. Condition monitor-
ing can be performed by either installing special condition monitoring systems (like e.g. vibration sensors) or by
SCADA (Supervisory control and data acquisition) variable observation over time where unusual changes of these
variables in time can indicate a future failure of a wind turbine component. A combination of both systems makes
it possible to reduce false alarms displayed by the SCADA system when carrying out a detailed investigation of
the true failure caused by condition monitoring systems compared with merely measured amplitudes, which are
used for triggering fault alarm [57, 60].

Condition monitoring for static objects like dams or bridges is generally called structural health monitoring (SHM)
in literature. Based upon the common use of the words condition monitoring and structural health monitoring,
condition monitoring focuses more on machines (or machine parts) whereas structural health monitoring deals
with the state of the structural components. Fault diagnostic systems, which are part of the condition monitoring
system, are commonly used in aircraft and power station turbines where vibration measurements are state of the
art [25]. Furthermore, also in the paper industry, the railway industry and for crane applications as well as industry
robots damage, prevention measures are used to perform condition monitoring [19]. Especially on rotating struc-
tures condition monitoring is important due to cyclic loading and fatigue behavior.

Preventive maintenance is of importance for offshore wind turbines (OWTs) due to the fact that in case of failure,
long waiting times may occur and the transportation/installation costs are high. For OWT components, condition
maintenance has mainly be applied to parts with relatively high failure rates like bearings, gearboxes, generators,
and power electronics as well as components made out of composites like the blades. Condition monitoring of the
main shaft is of importance as a broken main shaft will lead to large secondary damages and is expensive to be
replaced even though the failure probability is small. According to [53, 9] between 1% and 4% of all failures are
located at the main shaft. Replacement of a broken main shaft for a 2 MW turbine costs 50% [19] of the initial
investment costs of an entirely new wind turbine plus additional costs due to secondary damages as well as loss
of electricity production. Detailed reviews about already used condition monitoring methods for different com-
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ponents mounted on a wind turbine are given e.g. in [25, 36, 57, 51, 6, 37, 4, 14] or for reviews about condition
monitoring technologies in general, see e.g. [47, 30].

Condition monitoring is, in general, divided into six different steps [38] as shown in Figure 1.1. The first step
of a condition monitoring process consists of data acquisition where a physical phenomenon is transferred into a
measurable parameter. Then the data (measurements) of this parameter needs to be processed in order to conclude
on the component health. In a third step, the processed data enables indication of normal or abnormal conditions.
If the condition is normal, no further actions need to be performed. When the condition is detected as abnormal,
validation of the fault as well as its location and severity need to be determined. Based on the outcome of the
diagnosis, an estimation on how long the faulty component will last until it fails is performed i.e. the remaining
useful life (RUL). In the last step, recommendations from the prognosis are given stating what maintenance actions
should be performed at which time.

This paper focuses on condition monitoring studies related to cracks on the low speed shaft of a wind turbine.

D D . . . . .
‘ ?t.a. }—> ata. H Detection H Diagnosis H Prognosis H Recommedation
acquisition processing

Figure 1.1: Different steps to be included in condition monitoring.

Different condition monitoring methods are tested and their applicability for failure detection at the low speed
shaft are investigated. The outcome of this study can be used as starting point for low speed shaft condition mon-
itoring implementations in wind turbines. The analysis is based on simulated data from FAST [32] but takes the
randomness of the environmental conditions like turbulence intensity and crack modeling into account.



Chapter 2

Condition Monitoring Techniques for
Wind Turbine Drivetrains

Condition monitoring converts a physical measurement (e.g. vibrations or temperatures) at a certain position in
the machine into recommendations for actions. This method allows scheduling of maintenance or other actions in
order to minimize the consequences of failure before it occurs. Therefore, changes in the machinery conditions
need to be detected on time and the detection method itself should be reliable. The gained knowledge is used for
future developments in order to mitigate measures. Condition monitoring is not applicable for avoiding sudden
failures, but enables decreasing of the overall maintenance costs by observation and early detection actions [56].
Symptoms which may indicate a crack or initiate failure of a structural component of the drivetrain are e.g. [48]:

e Elevated vibrations (due to e.g. unbalanced blades, mechanical looseness, resonance problems or gear dam-
age)

o Increased noise levels (due to e.g. gear damage, misalignments, mechanical looseness or resonance prob-
lems)

e Oil contamination (due to e.g. inadequate lubrication conditions or gear damage)
e Overheating (due to e.g. inadequate lubrication systems, generator problems or misalignments)
e Component performance degradation (e.g. due to electrical problems or bearing problems)

The time history response of a structural component or system can be measured by a variety of sensors. In addi-
tion, the following condition monitoring techniques can be considered in order to monitor the above mentioned
symptoms [54, 25, 39, 57, 14]:

e Vibration analysis
e Acoustic measurements
e Oil monitoring
e Thermography
e Strain gauges
e Ultrasonic techniques
e Shock pulse method
e Process parameter or component performance monitoring
e Visual inspection (cameras)
e Electrical effects
The obtained signals can be processed in different ways like [11, 30, 57, 6, 14]:

e Amplitude demodulation (resolving periodic events with low amplitude/frequency)

9
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e Frequency domain analysis (Fourier Transformation, Wavelet Transformation, Time Synchronous Averag-
ing, Modal Assurance Criteria, Cepstrum analysis)

e Time-domain analysis (Time Synchronous Averaging, Descriptive statistics)
e Hidden Markov models

o Filtering methods

e Trend analysis

e Other (novel) approaches

The analysis algorithms for condition monitoring can either work in the time domain or in the frequency domain.
In the time domain, extreme values within a certain time range, the mean value as well as its scattering could be
analyzed whereas in the frequency domain side band analyzes or envelope analyzes could be performed in order
to identify possible abnormalities of the component and future structural failures. Spectrum analyzes can be per-
formed for a certain frequency as well as on the overall spectrum. In wind turbine farms, the results can also be
compared with neighboring turbines in order to gain more information [57].

Performance monitoring includes the observation of the relationship between power, wind speed, rotor speed or
blade angle. Large deviations may indicate a problem. Vibration analysis is the most known technology used
for condition monitoring. In the low-frequency range position transducers can be used, and in the high-frequency
common accelerometers are used. [25]

In order to enable vibration monitoring, vibrations of mechanical components to be mounted on wind turbines are
standardized (see e.g. [29]). But vibration analysis condition monitoring compared with other condition monitor-
ing technologies needs a special recording system needs, and a large amount of data (high sampling frequencies)
needs to be recorded and treated. [37]

Table 2.1 states what the different condition monitoring methods can and cannot detect. Vibration and acoustic
measurements at different locations at the drivetrain enable the estimation of the size and location of the crack.
Acoustic emission measurements feature very high frequencies compared with other methods. The necessary high
sampling rates lead to expensive data acquisition systems, which need to be considered when taking acoustic con-
dition monitoring system should be installed [37]. Thermography directly indicates the position of the crack on
the pictures. Oil monitoring enables, based on lubricant deterioration (measure of viscosity, water content, particle
matter or degree of oxidation), finding indications that failure might soon occur. But the location of the crack
cannot be indicated.

For the drivetrain components, acoustic and vibration analysis seem to be suitable [56] (Vibration measurements
are very suitable for rotating devices). Challenges with vibration analyses and wind turbine applications are ac-
cording to [25, 54] the dynamic load characteristics (not fixed rotational speed) and the low rotational speeds. An
important aspect when implementing condition monitoring is the amount of data which needs to be analyzed in
order to get tendencies for possible failures. Furthermore, the wind is a dynamic parameter which also introduces
dynamics to the overall systems and makes it difficult to read out tendencies. It is, therefore, not enough to analyze
each parameter isolated from the other. Another aspect to be aware of is that some wind turbine characteristics are
(also within a wind turbine farm) different for each wind turbine.

Condition monitoring can only be used when the measured parameter is a reliable indicator of a certain failure

Table 2.1: Possibilities and limitations of different condition monitoring methods. [48]

Indication of
CM method crack position in size of possible lubricant deteriora-
component crack/damage tion
Vibration analysis X X
Acoustic measurement X X
Oil monitoring X X
Thermography X X
Performance X X X

or prospective failure. Furthermore, knowledge about failure progress (time scale and how measured parameter
changes) needs to be known. This indicates at which value of the measured parameter, replacement/repair as well
as inspection need to be performed. Among the above mentioned different techniques, according to [48] and [57]
vibration analysis, fibre optic strain gauges and oil monitoring (particle counters) are the most predominantly used
condition monitoring techniques for wind turbine applications. Strain gauges mounted on rotating parts can be

10
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used with slip rings or radio telemetry in order to transfer the measured results to the control unit. The reason for
the application of vibration and oil quality analysis for condition monitoring are due to their cheap implementation,
their proven and high availability (due to large experiences from other industry branches) as well as possibility for
remote operation. Furthermore, these two condition monitoring technologies indicate different ranges of potential
failures.

Furthermore, condition monitoring can be performed on-line or off-line. On-line monitoring enables deep insight
in the performance analysis of the machine and shows characteristic changes over time. On-line can be applied
for details which are not accessible or where (and this is the case for OWTs in general) access to the machine is
generally costly and limited. Off-line monitoring means inspections at specific intervals by maintenance personnel.

2.1 What is used Today

There are tools available for (offshore) wind turbines in order to perform condition monitoring. The main focus
for condition monitoring of OWTs is mainly on the rotor blades, the generator, the gearbox, the main bearings, the
yaw and pitch system as well as the main bearings. There are different industrial tools available enabling on-line
condition monitoring for drivetrain components of wind turbines. The bearing company SKF offers their condition
monitoring tool called SKF WinCon [49], which also contains a remote lubrication system for monitoring the WT
machines as well as lubrication system itself. For vibration analysis, existing tools used for other rotating com-
ponents from PRUFTECHNIK Dieter Busch AG (called VIBNODE® and VIBROWEB XP®) [44] can be used.
Gram & Juhl A/S [24] offers their TCM® system which consists of accelerometers and sensors to perform online
condition monitoring of wind turbines. Another company offering online condition monitoring tools is Briiel &
Kjer Vibro GmbH [10] with their VibroSuite software package and their data acquisition unit. Mita-Teknik offers
their MiCMS' Condition Monitoring System [41] with real time frequency and time domain signal processing
tools. Spectral analysis (including their spectral trends) and online monitoring of vibrations can be treated with
FAG Industrial Services condition monitoring system WiPros [22].

Feedback from the condition monitoring should be used to improve existing and planned components. Therefore,
the recorded data should be centralized stored in order to enable cross analysis and comparisons between sites and
different turbine types as well as drive conclusions and improvements from a large number of monitored turbines.
[10]

11
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Chapter 3

Theoretical Background of Important
Condition Monitoring Analysis Techniques

This section explains the theoretical background of the techniques used in this report for analysing condition
monitoring investigations of a wind turbine main shaft.

3.1 Descriptive Statistics

A common way of describing statistics of a certain parameter is the use of the mean value ;1 and the standard
deviation o of a certain dataset X = (z1, 22, ..., xy) of one parameter for a recorded time-series with N recorded
data points [5]:

1
HX:N;%‘

X 3.1
= |— )2
gx N _1 1:21(552 M)
3.2 Fourier Transform
Fourier transforms enable the description of a measured/simulated sign z(¢) by means of a set of functions e“*:
1 > iwt 1 > o
x(t) = by X(w)e™'dt = Py X (w)(cos(wt) — i sin(wt))dt (3.2)
T J oo T J oo

where w represents the angular frequency and X (w) the Fourier transform. Measured and simulated data is avail-
able at discrete data points. In such cases the Fourier transform can only be calculated at these discrete data points.
Then, the so-called Discrete Fourier Transform (DFT) is applied. The DFT is defined for N data points as:

N—-1
Xp= > wpel-i2mhE) (3.3)

n=0

where x,, are the Fourier coefficients (complex number) and can be calculated by the use of Fast Fourier Transforms
(FFTs), which finds fourier coefficients for the different frequency bins.

The results from the FFT can be used to build the so-called Frequency Response Function (FRF) H, which is the
ratio between an output of the system Y (w) and a certain input of the system X (w) for a given frequency w:

Hw)=—— (34
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3.3 Wavelet Transform Methods

A Wavelet transformation belongs to the family of time-frequency transformations. The advantage of Wavelet
Transforms is their ability to get information about location and time, which is important for signals which vary
in frequencies. The Wavelet theorem is based on the Heisenberg uncertainty principle [55], which states that high
resolution in frequency and position cannot be obtained at the same time. When using Wavelet transforms, the
frequency resolution of the time and position can be adapted. Wavelet transform methods are a tool capable of
representing non-stationary processes.

Wavelet transforms can, in general, be categorized into two groups: continuous wavelet transforms (CWT) and
discrete wavelet transforms (DWT). The CWT is based on a translational and scale change of the function ¥, ,, (%),
which is also called mother wavelet and can be written as [40]:

]_ —
Woalt) = 20 (t - “) (35

where s is the scaling parameter and u the position parameter (also called translational factor). The basic wavelet
U, ., (%) has to fulfill the following basic properties:

/OO W, (t)dt =0
o (3.6)
/ vl (tdt=1

— 00

The continuous wavelet transform CW T, (s, u) of a signal x(t) is the decomposition of the signal x(¢) in a set of
functions forming the base with the conjugate (U% , (¢)) of the wavelet ¥, ,,(t), (see e.g. [13]):

CWT,(s,u) = /x(t)\Il:’u(t)dt 3.7

However, continuous wavelet transforms contain redundant information and are computationally demanding. There-
fore, so-called discrete wavelet transforms are often used for applications where computational time is limited (e.g.
for online condition monitoring). Discrete wavelet transforms replace the continuous coefficients s and w in the
CWT approach by sampling specific parameters. The DWT calculates the wavelet coefficients at discrete intervals
(power of two intervals) of time and scale. The discrete wavelet transform, DWT,(j, k), is given as (see e.g.
[16, 13]):

1 -2k
DWIL (i) = / (1) T (t . )dt (33)

where j represents the discrete dilation and k the translation, respectively. The parameters j and k are integers.
The transfer from CWT to DWT can be done by using the two equations:

s=27

u=2k 69

The signals from the DWT result in low frequency approximation signals A (called approximation coefficients)
and high frequency details D (called detail coefficients or wavelet coefficients). The original signal x(¢) can be
reproduced by the signals A and D:

2(t) = A;+ Y D; (3.10)

J<J

where J is the total number of considered levels. When using multilevel filtering (5 > 1) repetition of the filtering
process is applied. Figure 3.1 shows how multilevel filtering is performed for an example with three levels (J = 3).
Wavelet transforms basically break the signal down into a series of local basis functions, which are called wavelets.
The choice of the considered wavelet depends on the particular signal processing application and the requirements.
There is no standard or general method for selecting the wavelet function for different tasks [43]. Several wavelet
forms exist with unique properties and associated advantages and disadvantages. Among the most commonly
used wavelet families in condition monitoring are the Daubechies, Biorthogonal, Symlet and Coiflet wavelets.
Different studies as e.g. [34, 46] show that for rotating machinery the Daubechies mother wavelet family shows
good results.
More general information about Wavelet transforms with respect to condition monitoring can be found e.g. in
[43, 61].
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o

rAz—l D,

As D3

Figure 3.1: Example of Wavelet decomposition tree for multilevel filtering.

3.4 Modal Assurance Criteria

Modal assurance criteria (MACs) are a measure to compare the similarity of two mode shapes. MACs are sta-
tistical indicators sensitive to large differences and relatively insensitive to small differences in the mode shapes.
MAC values have their origin in the comparison of analytical and experimental results (modal analysis and model
updating). But this criterion can also be used in condition monitoring cases in order to detect possible damages
(see e.g. [1]). A reduction in the modal assurance criterion value could indicate a damage of a structural detail.
In the case of condition monitoring, the modal assurance criterion principle is used to compare the instantaneous
characteristics (damaged stage) with the reference characteristics (undamaged stage). Changes in the modal assur-
ance criterion values over time could indicate partly damaged components (e.g. crack evolution).

There are many different ways how a modal assurance criteria is defined and calculated. A good overview about
the different methods is given in [3]. The two modal assurance criteria considered in this paper are explained in
the following.

The Modal Scale Factor (MSF) is a mean number which normalizes the estimates of the same modal vector, taking
into account magnitude and phase differences [3]. MSF represents the ratio between a certain discrete FRF (H)
and a reference FRF (H,.r) [21]:

asp - e M) Moy )
Zw:wl Href (w) ’ Href (OJ)

where w indicates the actual considered discrete frequencies within the considered frequency range between w; and
wy. For condition monitoring purposes, the reference FRFE, H,.y, is the case when no crack/failure of the device
is present. The second considered modal assurance criterion considered in this paper is the Frequency Response
Assurance Criterion (FRAC), which estimates the linear consistency (degree of linearity) between two FRFs H
and H,.r [3]:

@3.11)

- X, Hw) - Hyyy ()P

Yot Hrep(w) - Hyop(w) 3202, H(w) - H* (w)
where H* indicates the complex conjugated of the complex FRF vector H. FRAC values reach numbers between
zero and unity. A value of 1 means a perfect match whereas a value of 0 means that the two shapes are completely
dissimilar (no consistency). It needs to be mentioned that if the same errors (e.g. biases) are present in all FRF
estimations, it cannot be detected by the FRAC and the MSF [3].
For condition monitoring purposes, the absolute value of MSF and FRAC is not of importance but its change over
time (Comparison undamaged component and partly damaged components) is of importance. The MSF as well as
the FRAC can be calculated over the overall frequency range or for a certain frequency range.

(3.12)

3.5 Time Synchronous Averaging

Time Synchronous Averaging (TSA) algorithms are commonly used for determining the condition of rotating
equipment. TSA is a tool which enables the extraction of periodic waveforms from measured signals.

TSA averages numerous revolutions with a length corresponding to a single revolution. TSA enables the enhance-
ment of the vibration frequencies which are multiples of the shaft frequency. TSA is widely used for condition
monitoring of bearings or gearboxes because the TSA technique averages out random vibrations and external dis-
turbances.

15
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The results of the TSA can be performed either in the time domain or the frequency domain. Reference [8] com-
pared different TSA techniques (spline, linear and bandwidth limited interpolation as well as frequency domain
TSA). The results showed that the frequency domain TSA provided the best discrimination in the detection of
faults.

Using TSA in the frequency domain based on a discrete Fourier transform (DFT), Equation 3.3 can be expanded
by considering M rotations as well as N data points per rotation and can be written as [52]:

N-1 _ ’ N—-1 M )
Xi= 3 2,eC2E) = 37N, (S (3.13)
n=0 n=0 m=1

where Z,, is the time-averaged data resulting from M data points and x,, ,, represents the nth Fourier coefficient
of rotation number m.

16



Chapter 4

Condition Monitoring of Offshore Wind
Turbine Main Shaft - Example

The lack of access to defect records and experience is according to [58] one of the main challenge to overcome
when implementing condition monitoring systems. Also, in this example with focus on crack detection in the main
shaft, no recorded data is directly available. Therefore, simulated data is considered.

The example considered in this study is based on simulations performed with FAST (Fatigue, Aerodynamics,
Structures and Turbulence, v8.08) simulation tool, which is explained in more detail in [31]. The AeroDyn [15]
v14.02.01 tool is used to determine the aerodynamic loads and the wind conditions based on the generalized
dynamic wake model and the Blade-Element/Momentum theory, see [42]. The wind field used as input for the
FAST simulations are generated by TurbSim (v1.06.00).

Table 4.1 shows the baseline definitions of the NREL SMW offshore wind turbine. More background information
about the considered wind turbine is given in [32]. The NREL 5SMW baseline wind turbine contains a generator-
torque controller which optimizes the power capture below the rated wind speed of 11.4 m/s as well as a blade-pitch
controller which regulates the generator speed above the rated wind speed.

A PI pitch controller is considered for controlling the torque at the drivetrain. The torque defines, among others,
the rotational speed of the main shaft as well as the electricity production. The generator is modeled as a variable-
speed generator.

The generator is modeled using the Thevenin Equivalent Circuit equations for a three phase induction generator,
and the considered gearbox has a gear transmission ratio of 97.

According to [11], are any condition monitoring decisions/guidelines based on numerical simulations and tests at

Table 4.1: General properties taken from [32] of the NREL SMW Baseline Wind Turbine.
Meaning Value
Rated Power 5 MW
Rotor Orientation, Configuration Upwind, 3 Blades

Control Variable Speed, Collective Pitch
Drivetrain High Speed, Multiple-Stage Gearbox
Rotor, Hub Diameter 126 m, 3 m

Hub Height 90 m

Cut-In, Rated, Cut-Out Wind Speed
Cut-In, Rated Rotor Speed

Rated Tip Speed

Overhang, Shaft Tilt, Precone
Rotor Mass

Nacelle Mass

Tower Mass

3 m/s, 11.4 m/s, 25 m/s
6.9 rpm, 12.1 rpm

80 m/s

5m, 5°,2.5°

110,000 kg

240,000 kg

347,460 kg

laboratory scale. The issue of whether or not environmental effects can be reliably and confidently filtered from
measured data for condition monitoring purposes has not yet been tackled comprehensively in the literature.
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4.1 Stochastic Model

In order to make the results realistic and stochastic, uncertainties of different input parameters are considered and
the results are based on Monte Carlo simulations.
The following environmental input parameters are considered as stochastic variables:

e Turbulence intensity and mean wind speed within bin.
e Significant wave height and wave peak period given a certain wind speed (location dependent).

The turbulence intensity of the actually considered 10-minute wind speed within a given 10-minute mean wind
speed bin are considered as stochastic variable. Its mean value is set equal to 0.15 at hub height and its uncertainty
has a Coefficient of Variation value (COV = ¢ /u) equal to 0.05 [50]. Furthermore, the 10-minute mean wind
speed at hub height itself is modeled as uniformly distributed for a given wind speed bin with width b (commonly
1 m/s). Table 4.2 shows the considered stochastic model. Time series with a length of 10-minutes are performed
as considered in other studies (see e.g. [58]).

The turbulence dependent on the height is assumed to follow the so-called normal turbulence model (NTM) and
the mean wind speed dependent on the height follows the power law with an exponent of 0.14 as proposed by [27]
for normal conditions. The Kaimal spectral density model, which is in accordance with the standards [26] and [17]
for offshore applications, is considered for modeling the wind energy distribution among different frequencies.
The waves are assumed to follow a Pierson/Moskowitz spectrum.

Wind loads as well as hydrodynamic loads due to waves are considered in the simulations. For wind turbine
applications, the wave states can be modeled conditional on the wind speed. The waves are characterized with the
significant wave height and the peak period. Reference [12] presents, based on measurements at HornsRev in the
Danish North Sea, a model for the significant wave height conditional on the mean wind speed V. The peak period
can, according to [18], be assumed to follow a Lognormal distribution conditional on the significant wave height.
The peak period stochastic variables are taken following the North Sea region characteristics (Nautic zone 11 in
[18], Appendix B and C).

Table 4.2: Environmental parameter for the different FAST simulations with a duration of 10 minutes. U: uniform
distribution; N: Normal distribution; LN: Lognormal distribution; D: deterministic; b: bin size (here 1 m/s); Distr.:
distribution; Std.: standard.

Meaning Distr. Mean value Std. deviation Source

type

2 705

10-minute wind speed V' U Vin [%}
Turbulence intensity & N 0.15 0.0075 [50]
Significant wave height N 0.13-V,, 0.24m [12]
Hg for given V,,,
Peak period Tp given LN V2exp [0.7 +0.935 - h%222]  \/2exp [0.07 + 0.1386 exp(—0.222 - h)] [18]
certain Hg = h
Water depth D 20 m - -

4.2 Crack Modeling

The idea of this study is to investigate which condition monitoring technique is suitable to detect cracks in the main
shaft as well as which parameter/measurements are needed in order to be able to detect cracks in the main shaft
of a wind turbine using condition monitoring. The following parameters are investigated in this study for possible
main shaft crack indicator:

e Power production
e Pitch angle adjustment
e Rotational speed shaft

e Acceleration of shaft speed
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e Torque shaft behavior

Reference [1] uses capacitive acceleration measurements on the blades for detecting damage in the blades. Wind
turbine main shafts have large torsional loads and are exposed to complex transient torsional loading, which may
initiate cracks and let initiated cracks or manufacturing defects propagate. In this example, open cracks on the
surface are considered. Cracks on the surface of the main shaft can e.g. be initiated during the production process
itself or by circumferential scratches on the shaft surface due to sliding between the main shaft and the planetary
frame [59]. These surface cracks are then exposed to cyclic loading which increases the crack size over time and
will lead after a certain time to fatigue failure.

The drivetrain is modeled in the FAST tool as an equivalent shaft separating the hub and the generator. This shaft
is modeled as a shaft with a linear torsional stiffness and as isotropic linear elastic material. Based on simulations
and experiments on rotating shafts, reference [7] detected that the torsional stiffness decreases when cracks are
present. Furthermore, [7] noted that the reduction of torsional stiffness is generally higher than the reduction of
bending stiffness for cracks. In this study it is assumed that when cracks in the main shaft (low speed shaft)
occur, the torsional stiffness is affected. Reference [35] investigated the effect of semi-elliptical surface cracks on
torsional stiffness by experiments and FEM studies. The torsional stiffness kyndamagea Of an undamaged shaft can

be calculated for isotropic materials as:

GJ
kundamaged = T 4.1

where J is the torsion constant, G the shear modulus and L the length of the element. For cracked shafts the
resulting torsional stiffness, kggmaged, can be calculated from the undamaged torsional stiffness kyndamaged [35]:

KR
kdamaged = kundamagedli (42)

— K

where « is the effective torsional stiffness and dependent on the crack size and form. Table 4.3 presents the x
values dependent on the crack size a and shaft diameter D value. Large a/D ratios are critical as large cracks have
a large crack growth rate which can lead to residual failure of the main shaft after a short period. This study does
not investigate the time-dependent crack growth of cracks but the short-time behavior (without considering crack
growth) of a wind turbine given a certain crack size on the wind turbine shaft. The undamaged torsional stiffness
kundamaged of the main shaft is equal to 8.68E + 08 Nm/rad [32].

For calculating the torsional stiffness value the model in Equation 4.2 is used and this model is connected to

Table 4.3: Effective torsional stiffness coefficient « for different a/D ratios. Data is taken from [35].

crack depth a and Diameter D ratio (a/D) Effective torsional stiffness coefficient
)

0.1 1.44E-01

0.2 3.25E-02

0.3 8.33E-03

0.4 3.35E-03

uncertainties (model uncertainties). In order to account for these uncertainties, the torsional stiffness kgamaged 15
combined with a stochastic variable X, which accounts for model uncertainties related with the torsional stiffness
given a certain crack size a:

kmodel = kdamaged ¢ 4.3)

where Ky, oder 18 the torsional stiffness implemented in the FAST simulation. Reference [33] suggests to use a
LogNormal distribution for the stochastic variable X, with a mean value of 1 and a standard deviation of 0.1 for
model uncertainties related with shear loads.

In general, the operators prefer keeping the condition monitoring analysis process as simple as possible, and the
process should be based on already recorded parameters (e.g. for the control system). Complex condition monitor-
ing systems may be expensive (additional costs). Not considered in this paper is the impact of failure of a certain
component other than the main shaft (like e.g. imbalance of the blades or wear failure of the bearings) on the
considered condition signals. This paper considers ideal conditions (no failure of other components). Common
vibration condition monitoring setups have a recording frequency between 200 and 500 Hz. For the FAST simula-
tion tool, a sample frequency of 200 Hz is chosen.
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Chapter 5

Results

The purpose of this paper is not defining failure of the main shaft, but showing the relations between performance
and the crack size (condition) of the main shaft. The results can e.g. be used to define threshold values when an
inspection should be performed.

This example focuses on main shaft condition monitoring separated from other components. What is not answered
in this example is the fact that crack growth of different components may occur at the same time and then interaction
between e.g. the main shaft and the bearing impact the recorded data. But when the bearing is also condition
monitored, these condition monitoring devices indicate imbalance and then inspection needs to be performed.

For each wind speed condition between 3 m/s and 25 m/s 50 10-minute simulations are performed within a certain
1 m/s bin in order to get statistical meaningful results for different a/D ratios and used as basis for the condition
monitoring analysis. The results are discussed with the wind speed as a reference.

5.1 Time Domain Analysis - Simple Descriptive Statistics

The simulation results in this section are analyzed based on descriptive statistics. The results of the analyzed
parameters (power production, pitch movement, torque measurements and rotational speed as well as rotational
accelerations of the low speed shaft) are shown in Figure 5.1 dependent on the 10-minute wind speed for different
crack depth a and main shaft diameter D ratios. In order to get an overview about possible main shaft crack
indication parameters, Figure 5.1 shows the undamaged (a/D=0.0) and a damaged case (a/D=0.2). Mean values
and the standard deviation of the considered parameters are shown including their standard deviations. Also, the
skewness and kurtosis of the considered parameters in Figure 5.1 are analyzed but not shown here because they
cannot be used as main shaft crack indicator. The results in Figure 5.1 show that below the rated wind speed (rated
wind speed in this case at 11.4 m/s [32]) the uncertainties and variations among the different simulations are larger
compared with wind speeds above the rated wind speed. Therefore, when using descriptive statistics cracks can
only be detected at wind speeds above the rated wind speed. Figure 5.1 shows that only the standard deviation
of the Low Speed Shaft (LSS) rotational acceleration has large enough differences between the two considered
cases and thus makes it possible to identify a possible crack in the main shaft. All other parameters do not show
differences large enough to identify possible cracks in the main shaft.

The only parameter which is able to clearly indicate cracks in the main shaft is shown in Figure 5.2 for further
a/D ratios. Figure 5.2 shows the standard deviation behavior of the LSS acceleration based on 10-minutes of
wind speeds simulations for a/D ratios between 0.1 and 0.4 together with the results from the undamaged main
shaft (a/D=0.0). In general, it can be seen that for 10 minute mean wind speeds below the rated wind speed, the
fluctuations of the accelerations are too large for all considered a/D ratios. But when having larger wind speeds
than the rated wind speed, the standard deviation of the LSS acceleration becomes less scattered for all considered
a/ D ratios. However, a clear and explicit detection based on the LSS accelerations can only be performed when the
crack is already relatively large. For a/D ratios above 0.2, the differences between the damaged and undamaged
case become large enough such that the larger standard deviation of the acceleration explicitly indicates the crack
in the main shaft of the drive train.

Figure 5.2 shows that, compared with the less damaged main shaft cases a heavily damaged main shaft (a/D=0.4)
leads to different main shaft acceleration characteristics where large variations in LSS accelerations are also present
at wind speeds between 8 and 15 m/s. This fact suggests that at this damage level other performance parameters
can also indicate the damages in the main shaft.

Figure 5.3 shows the behavior of the power, the LSS torque and the LSS rotational speed for a damage level equal
to a/D=0.4. The power curve indicated by the mean extracted power dependent on the wind speed is clearly
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Figure 5.1: Mean value p and standard deviation o (including their standard deviations) of different performance
parameters for different crack depth a and main shaft diameter D ratios dependent on 10-minute mean wind speeds
between 3 m/s and 25 m/s. a/D=0.0: undamaged case; a/ D=0.2: damaged case; LSS: low speed shaft.
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5.1. TIME DOMAIN ANALYSIS - SIMPLE DESCRIPTIVE STATISTICS
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Figure 5.2: Standard deviation (its mean value and the corresponding standard deviation) of the instantaneous LSS
acceleration for different crack depth a and main shaft diameter D ratio dependent on 10-minute mean wind speeds
between 3 m/s and 25 m/s. LSS: low speed shaft.
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decreased for 10-minute mean wind speeds between 8 m/s and 16 m/s. Also, the torque and the rotational speed
of the LSS is smaller for mean wind speeds between 8 m/s and 15 m/s compared with the undamaged case. The
aforementioned three parameters can also be used as damage indicators of the LSS main shaft for damage levels
equal to a/D=0.4 or higher.
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Figure 5.3: Mean value p and standard deviation o (including their standard deviations) of different performance
parameters for different crack depth a and main shaft diameter D ratios dependent on 10-minute mean wind speeds
between 3 m/s and 25 m/s. a/D=0.0: undamaged case; a/D=0.4: heavily damaged case; LSS: low speed shaft.

5.2 Frequency Domain Analysis - Simple Fast Fourier Transformation

The analysis of the frequency domain results given different main shaft crack depths can, among others, be per-
formed by analyzing the frequency at which the spectral density value is maximized or the variation of the spectral
density by investigating the spectral density for different crack depths over a certain frequency range.

Figure 5.4 shows the frequencies at which the spectral density values of the low speed shaft rotational acceleration
are maximized for three different frequency ranges and different crack sizes at the main shaft. For a frequency
range between 1 Hz - 2.8 Hz and 2.8 Hz - 5 Hz, the frequency of maximum spectral density values of the LSS
acceleration is different for the two considered crack sizes, which enables detection of cracks on the main shaft.
The lowest considered frequency range in Figure 5.4 (Frequency range 0.3 Hz - 1 Hz) does not show differences
in the resulting frequencies where the spectral density is maximized for different crack sizes. Figure 5.4 shows
that the large differences of the frequency at the maximum spectral density value of the rotational acceleration of
the LSS within the frequency range of 2.8 Hz - 5 Hz is a useable parameter to indicate possible cracks in the main
shaft. This frequency range (2.8 Hz - 5 Hz) enables indication the main shaft cracks at all 10-minute mean wind
speeds in which the turbine is operating.
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Figure 5.5 shows the expected frequency where the low speed shaft rotational acceleration spectral density value is
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Figure 5.4: Frequency where low speed shaft (LSS) rotational acceleration spectral density values are maximized
for different crack depth a and main shaft diameter D ratio dependent on 10-minute mean wind speeds between 3
m/s and 25 m/s for three different frequency ranges. a/ D=0.0: undamaged case; a/D=0.4: heavily damaged case;
max.: maximum,; rot.: rotational.

maximized for different crack depth a and main shaft diameter D ratio dependent on 10-minute mean wind speeds
between 3 m/s and 25 m/s for the frequency range 2.8 Hz - 5 Hz. The frequency at which the maximum rotational
acceleration density values are reached decreases if the crack size increases. Figure 5.5 shows that a crack with
a a/D ratio equal to 0.1 can be detected except for 10-minute mean wind speeds around the rated wind speed
(10-15 m/s) where the difference to the undamaged case is not large enough. It needs to be kept in mind that under
real conditions the accuracy of the measurement device and the risk of false alarms might as well influence the
threshold for clear crack detection. A clear crack detection for all 10-minute mean wind speeds which the turbine
is under operation is possible when the crack depth is equal to or larger than 20% of the main shaft diameter.
Instead of focusing on the maximum spectral densities within a certain frequency range, the spectral density distri-
butions within a frequency range can be investigated. For this case study, investigations showed that the interesting
frequencies are between 1 Hz and 5 Hz. Figure 5.6 shows the spectral density of the low speed shaft for different
crack sizes having a 10-minute mean wind speed of 15 m/s. Depending on where the threshold for an alarm is set,
indication of a crack might be possible already at a a/D ratio of 0.1 (comparison of the spectral density around
2.5 Hz). Perhaps the differences are too low such that many wrong alarms (alarms without real damage as the
threshold is too low). But a a/D ratio of 0.2 shows clear differences in spectral density characteristics of the LSS
rotational acceleration for frequencies between 1 Hz and 5 Hz compared with the undamaged case. Another factor
indicating cracks in the main shaft is the frequency shifts of the spectral density peaks, which are already indicated
by Figures 5.4 and 5.5.

Figure 5.6 shows the mean value and the standard deviation of the spectral density for a frequency range between
1 and 5 Hz for different crack depth a and main shaft diameter D ratios for a 10-minute mean wind speed of 15
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Figure 5.5: Frequency at which the LSS rotational acceleration spectral density is maximized for different crack
depth a and main shaft diameter D ratio dependent on 10 minute mean wind speeds between 3 m/s and 25 m/s for

a frequency range of 2.8 Hz to 5 Hz. max.: maximum; rot.: rotational.
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Figure 5.6: Spectral density of the LSS rotational acceleration for different crack depth a and main shaft diameter
D ratio for a 10-minute mean wind speed of 15 m/s. std dev.: standard deviation; rot.: rotational; acc.: acceleration.
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m/s. This figure shows that a 10-minute mean wind speed of 15 m/s is possible when the crack size to main shaft
diameter ratio is equal to or larger than 0.2. Figure 5.7 shows the spectral density of the LSS rotational accelera-
tion for different 10-minute mean wind speeds. The behavior between no main shaft crack and the case in which
the a/D ratio is equal to 0.2 is considered in Figure 5.7. The amplitudes of the spectral density increase if the
10-minute mean wind speed is increased. This means that the condition monitoring alarm threshold should be
dependent on the actual wind speed. But the frequencies at which the maximum spectral density of the rotational
LSS acceleration occurs is, as shown in Figures 5.4 and 5.5, not dependent on the 10-minute mean wind speed.
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Figure 5.7: Spectral density of the LSS rotational acceleration for different 10-minute wind speeds at a crack depth
a and main shaft diameter D ratios of 0.0 and 0.2. std dev.: standard deviation; rot.: rotational; acc.: acceleration.

5.3 Frequency Domain Analysis - Modal Assurance Criteria

Figure 5.8 shows the Modal Scale Factor (MSF) which is the ratio between the frequency response of a damaged
main shaft with a a/D ratio between 0.1 and 0.3 and the frequency response of the undamaged case (a/D=0.0).
This Figure shows the MSF when considering the frequency ranges between 2 Hz and 5 Hz as well as between
5 Hz and 10 Hz. The MSF becomes smaller when the damage is increased. But the differences in the MSF for
different crack sizes at the main shaft are too small in order to explicitly detect the crack.

A better factor for indicating cracks on the main shaft is the Frequency Response Assurance Criterion (FRAC),
which estimates the linear consistency between two Frequency Response Functions (FRFs). As a reference FRF,
the undamaged case is considered. Figure 5.9 shows the FRAC for different crack sizes (a/D ratios between
0.1 and 0.3) dependent on the 10-minute mean wind speed and two frequency ranges (2-5 Hz and 5-10 Hz).
Considering the frequency range between 2 Hz and 5 Hz by looking at the FRAC values, it indicates crack sizes
for all considered 10-minute mean wind speeds whereas the frequency range between 5 Hz and 10 Hz leads to too
small FRAC differences between different damage levels. Furthermore, the larger the crack size a is, the lower is
the FRAC value.
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Figure 5.8: Modal Scale Factor (MSF) of the LSS rotational acceleration for different 10-minute wind speeds at
crack depth a and main shaft diameter D ratios between 0.1 and 0.3. std dev.: standard deviation.
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In this example, the FRAC (see Figure 5.9) is better suitable than the MSF (see Figure 5.8) for detecting cracks in
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Figure 5.9: Frequency Response Assurance Criterion (FRAC) of the LSS rotational acceleration for different 10-
minute wind speeds at crack depth a and main shaft diameter D ratios between 0.1 and 0.3. std dev.: standard
deviation.

the main shaft.

5.4 Frequency Domain Analysis - Wavelet Transformation

In this section, Wavelet transformation based on a one-dimensional Wavelet decomposition is performed for the
rotational acceleration of the LSS. Wavelet coefficients from discrete Wavelet transform (DWT) for 5 different
levels (1-5) are considered. Table 5.1 shows which frequency range is covered by which level. The different levels
make it possible to investigate different frequency ranges. This example will include Wavelets of the Daubechies

type.
Figure 5.10 shows the mean value and standard deviation of the Wavelet coefficients D; of the rotational LSS

Table 5.1: Corresponding frequency range of the different levels of the discrete Wavelet transform.

Level j Frequency range [Hz]
1 0-100

2 0-50

3 0-25

4 0-125

5 0-6.25

rotational acceleration for different levels j. The undamaged case with no cracks present on the main shaft (a/D
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ratio equal to 0.0) and the damaged cases with a a/D ratio equal to 0.2 are compared in Figure 5.10. This figure
shows that the variation of the wavelet coefficients at the levels 1 and 5 indicates the crack with a crack depth a
and main shaft diameter D ratio of 0.2. All mean values of wavelet coefficients at these 5 levels as well as the
standard deviations of the wavelet coefficients at level 2, 3 and 4 do not indicate different values with and without

the presence of a crack.
Figure 5.11 shows the variation of the wavelet coefficients of levels 1 and 5 dependent on the ratio a/D. Based
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Figure 5.10: Mean value p and standard deviation o of the wavelet coefficients of the LSS acceleration time series
considering 5 different levels, different 10 minute mean wind speeds and two different crack depth a and main
shaft diameter D ratios of 0.0 and 0.2.std dev.: standard deviation.

on this figure one can estimate the minimal crack size, which enables detection of the crack when using Wavelet
transformation in condition monitoring of the LSS. A crack size a to main shaft diameter D ratio of 0.1 does
not give enough large different wavelet coefficient fluctuations at levels 1 and 5 to detect the crack. In general,
the distinction between damaged main shaft case and the case in which no damage is present becomes bigger the
larger the wind speed becomes. The differences in wavelet coefficient variations between a/D=0.2 and a/D=0.3
are small. It can be concluded that a minimal crack size equal to 20 % of the diameter can be detected when
monitoring the LSS acceleration and performing wavelet transformations for 10-minute wind speeds larger than
the rated wind speed.

5.5 Frequency Domain Analysis - Time Synchronous Averaging

An adapted Matlab®routine for TSA in the frequency domain using linear interpolation presented in [52] was used
in this example. Before analyzing the TSA results, a sensitivity analysis on the number of considered rotations
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Figure 5.11: Standard deviation o of the wavelet coefficients of the LSS rotational acceleration time series for
Wavelet coefficients of levels 1 and 5 dependent on the 10-minute mean wind speeds and the crack depth a and

main shaft diameter D ratio. std dev.: standard deviation.
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using for averaging is performed.

Figure 5.12 shows the TSA results of LSS accelerations for different numbers of considered full rotations as well
as different wind speeds dependent on the rotational position of the LSS. The number of considered full rotations
is desired to be kept as low as possible in order to keep the analyzed data and data transfer as low as possible as
well as to guarantee realtime condition monitoring. The lowest rotational speed of the considered SMW NREL
wind turbine is around 6.9 rpm. When considering 50 full rotations, it can take more than 7 minutes to get one
measurement. But on the other hand a low number of considered rotations per measurement increases the statistical
uncertainty. As seen in Figure 5.12, the spreading of the data when using 10 rotations (n=10) is largest and smallest
for n=50. The difference between 20 rotations and 50 rotations is small. Therefore, in this example the number of
full rotations considered is set equal to 20.

Figure 5.13 shows TSA results of different parameters for the undamaged case (a/D=0.0) and a heavily damaged

——n=10 (mean value)
——n=10 (mean value + std dev.)
——n=20 (mean value)
——n=20 (mean value + std dev.)
——n=50 (mean value)
——n=50 (mean value * std dev.)

7 mls 12 m/s
3.5 T T T 0.5 T

17 m/s 22 m/s

Rotation [-]

Figure 5.12: Time Synchronous Averaging (TSA) of the LSS rotational acceleration for different 10-minute wind
speeds at a crack depth a and main shaft diameter D ratio of 0.1. n: number of considered full rotations of the LSS
main shaft for one measurement.

LSS main shaft with a/D=0.3. From these results, the conclusion is that there are other condition monitoring
strategies and analysis tools like descriptive statistics or FFT methods which give better results than TSA in this
example.

But it has to mentioned that Time Synchronous Averaging has limited applicability in this example as the crack in
the main shaft is not directly modeled, but adaption of the torsional stiffness of the main shaft is considered in the
FAST simulations. Therefore, including the exact position of the crack on the LSS and modeling the crack in more
details based on different local main shaft characteristics instead of adapting the overall torsional stiffness of the
main shaft would make the TSA a more promising tool for crack detections on the main shaft as it is presented in
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this example.
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Figure 5.13: Time Synchronous Averaging (TSA) results for different parameters and different crack sizes
(a/D=0.0 and a/D=0.3). The considered 10-minute mean wind speed is equal to 17 m/s and the number of
considered full rotations (n) is equal to 20.
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Chapter 6

Conclusions

This report focuses on different approaches in order to perform condition monitoring of the low speed shaft of an
offshore wind turbine. Condition monitoring is especially important to offshore wind turbines due to their limited
accessability as well as the commonly heavier and larger installed components offshore compared with wind
turbines mounted onshore. Compared with other technologies in which condition monitoring is already performed,
wind turbines have the problem that they are operating under varying conditions, like different rotational speeds,
different wind speeds, and different turbulence intensities. These conditions lead to non-stationary conditions and
make condition monitoring complex and challenging.

Different condition monitoring tools used today like simple descriptive statistics, Fast Fourier Transformations,
Wavelet Transformations, Modal Assurance Criteria and Time Synchronous Averaging are investigated based on
an example in order to check the applicability of these tools to detect cracks in the main shaft. The considered
example in this report is based on simulations using the FAST tool. Different crack sizes are modeled and included
in FAST simulations by adapting the properties of the main shaft. A stochastic model is included in order to
account for uncertainties related with the simple crack model and the environmental conditions like wind speed,
turbulence intensity or wave conditions.

The investigations performed in this report showed that the fluctuation of the acceleration of the low speed shaft
of a wind turbine is a potential promising parameter to detect possible cracks in the main shaft. Many condition
monitoring tools showed that crack detection can only be reliably performed when the actual wind speed is above
rated wind speed. For lower wind speeds, the uncertainty of the compared parameter indicating a crack is often
too large. The investigations showed that a crack depth equal to or larger than 20% of the main shaft diameter
can be reliably detected using the considered condition monitoring approaches. This report shows that preventive
maintenance planning based on condition monitoring system for crack evolution detection at the main shaft is
possible.

Due to the fact that simulated data is used in order to find suitable condition monitoring methods, the proposed
methods also needs to be tested under real conditions. Future work should consider more detailed modeling of the
low speed shaft crack based on direct modeling of the crack instead of adapting the global characteristics of the
main shaft. Studies should also include focus on the crack evolution in order to estimate the risk of collapse given
a certain crack size as well as the remaining useful life (RUL).

Furthermore, the study performed in this report did not take into account any additional safety systems. In practice,
safety systems could be used to stop the machine before the main shaft gets broken. Many condition monitoring
procedures record parameters over time. Change over time can also be monitored and considered in condition
monitoring applications. When the crack is growing fast, this issue is important.
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