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Summary

Unscheduled maintenance interventions on wind turbines (WTs) incurs significant downtime and
thus loss of revenue. Therefore, it is important to perform maintenance just before it is needed.
Due to the high costs of Condition Monitoring systems (CMs), data recorded by the Supervisory
Control and Data Acquisition (SCADA) system of a WT is increasingly being used for detecting
failures. Currently, the company Independent eXperts (IX) analyzes historical SCADA-data with a
tool that, among others, presents deviations in SCADA-parameter behaviors. The company faces
two main challenges when trying to relate this information for diagnosing turbine damage. Firstly,
the relation between the behavior of the parameters and a (sub-)assembly damage is unclear as
there is no one-to-one relation between the parameter deviations and (sub-)assembly damage and
secondly, it is unclear whether the deviation of a parameter relates to the cause of a damage or its
effect.

In order to tackle the above-mentioned challenges, IX has proposed to analyze SCADA-data through
a functional approach. The goal of this work is to explore whether/to what extent knowledge of the
functional relations between the WT (sub-)assemblies supports the detection of

To achieve this goal, a generic overview was created of the functional relations that generally exist
in a Horizontal Axis Wind Turbine (HAWT). These relations were established based on the physi-
cal arrangement of the WT (sub-)assemblies and their functionalities. Hereafter, the fundamental
physics governing the energy conversion process were studied in order to support analyzing the
SCADA-data.

This research showed that the detection of (sub-)assembly failures based on the functional relations
is not feasible as the failure effects of a certain (sub-)assembly failure cannot be fully captured based
on the functional relations. To overcome this challenge, this work proposed to additionally consider
the forces and moments, i.e. the load flow, seen by the WT (sub-)assemblies.

Application of the load flow showed that significantly more failure effects were identified. Addition-
ally it was possible to provide a scientifically underpinned explanation of how SCADA-parameters
are related and thus which parameters may be plotted against each other in order to detect failures.
The latter is often lacking in literature. It was also possible to explain the deviations seen in the
parameter behaviors.
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Chapter 1

Introduction

In this introductory chapter, the background of the thesis is discussed through a brief introduction to
the topic. Based on this, the problem and research objective are described, followed by a presenta-
tion of the research questions that guide the study. Lastly, the chapter concludes with a description
of the structure of the thesis.

1.1 Context

As the wind power energy industry has been growing significantly over the past decades, turbine
capacities have shifted to the multi-megawatt (MW) category and Wind Farms (WFs) have moved
offshore [1]. Generally, the Operation & Maintenance (O & M) costs of WFs increase when turbine
failures occur - this is especially true for offshore Wind Turbines (WTs). Here, unexpected failures
lead to excessive downtimes [3] due to i. harsh and unpredictable weather conditions, ii. large
travel distances involved and iii. the modes of transportation [10] needed to access these WFs (i.e.
vessels and helicopters [2]).

To reduce unscheduled downtime and thus O & M costs, increasing effort is being spent in the pre-
diction of turbine faults [2][4]. Traditionally, Conditioned-Based Maintenance (CBM) was adopted
as a maintenance regime for WF’s in order to help reduce O & M costs [5][7][9] as it "promises to
increase the efficiency of maintenance by optimising the point of intervention based on the condi-
tion of the system and the risks of imminent failures" [1]. To be more specific, Condition Monitoring
(CM) is very effective in detecting any degradation or upcoming failures in an early stage [3][5]
thereby preventing further fault escalation. Moreover, turbine outages are reduced since unneces-
sary scheduled maintenance operations are prevented [8]. In the past several Condition Monitoring
Systems (CMS) have been developed and are normally installed additionally to the standard WT
configuration [4]. They generally monitor drive train vibrations, oil quality and temperatures of
some sub-assemblies. Despite the financial benefits of CMS, their adoption is seriously limited due
to the high costs of the sensing devices they rely on to support fault detection [4][5].

In recent years, data recorded by the Supervisory Control and Data Acquisition (SCADA) system
integrated in large utility scale WTs is increasingly being used for detecting developing failures
[3][4][7]. These systems ensure the reliability of WTs by means of sensors that serve to protect, i.e.
stop the turbine in case of an unsafe situations, and adapt the control of the various sub-assemblies
of the turbine. SCADA systems typically measure multiple parameters, but "wind speed and direc-
tion, pitch and yaw angles, rotational speed, power output and ambient temperature are always
monitored. Additionally, temperatures of parts in the drive train are often measured - although with
different levels of detail, e.g. only a generator and a gearbox temperature in one setup or more
than twenty temperatures at different locations at the shaft in a more detailed configuration." [1].
The measured data is stored every 10-minutes, where only a mean, maximum, minimum value and



standard deviation during the interval is calculated and recorded. Apart from the operational and
environmental parameters, a record of alarms providing information about the WT sub-assemblies is
also recorded by the SCADA-system. Given that SCADA-systems provide data with no requirements
for additional sensor installations, they are a low cost solution for traditional condition monitoring
systems [1][4][7].

1.2 Problem definition

Given the context, the company Independent eXperts (IX) - a consultancy bureau that supports
clients with expertise in all wind power plant life stages (development, construction and operation,
both on- and offshore) - has initiated a research project, called Wind turbine Maintenance & Op-
eration decision Support (WiMOS), in collaboration with the University of Twente (UT) and the
company Joulz.

The main objective of the WiMOS-project is to expand the functionalities of IX’s maintenance de-
cision support tool, SOMOS (Strategic Operation and Maintenance Optimization Simulation), such
that it allows for the short-term (£ 6-12 months) planning of maintenance activities and the required
logistics of Horizontal Axis Wind Turbines (HAWTSs - in the remainder of the report the abbrevia-
tion WTs is used interchangeably with HAWTs). The tool has been developed by IX and aids in the
life-time, i.e. long-term, assessment of a WF’s maintenance and logistics strategy through Monte-
Carlo simulations of the WF’s operations. These simulations are based on stochastic inputs related
to reliability figures (i.e. Weibull distribution and MTBF) of main (sub-)assemblies failures, as well
as weather patterns, procurement times of vessels and exchange parts, among others. In order to
support short-term planning of maintenance activities and logistics, a more accurate assessment of
the failure behavior of the WT main (sub-)assemblies is required.

Currently, IX analyzes historical SCADA-data of WFs with an additional tool, called MEcal SCada
Analysis (MESCAL). This tool allows the assessment of WT and WF performance by i. comparing
the monitored parameters of a predefined period with those of a reference period. The tool de-
termines the deviations in the parameter values and classifies these according to the amount of
deviation above the limit value. Also, ii. monthly information regarding among others the produc-
tion, availability and losses of a WT for a predefined period can be determined in comparison with
a reference WT. The tool additionally presents information on the triggered alarms for a given time
period and the turbines of the complete WE While the MESCAL tool presents deviations in the pa-
rameter behaviors for a selected time period, the company faces two main challenges when trying
to relate this information for diagnosing turbine damage, namely:

1. the relation between the behavior of the parameters and a (sub-)assembly damage is unclear as
there is no one-to-one relation between the parameter deviations and (sub-)assembly damage. In
other words, damage of a (sub-)assembly can effect many parameters and a specific parameter
can relate to different damages;

2. it is unclear whether the deviation of a parameter relates to the cause of a damage or its effect.
This means that the question arises whether the deviation of a parameter is an indicator that a
certain (sub-)assembly has already failed or will fail.

1.3 Research objective

Due to the above-mentioned challenges it is difficult to determine which WT (sub)-assemblies will
fail. Given that the parameters provide information about the functionality of the (sub-)assemblies,



i.e. the extent to which they function properly, IX has proposed to tackle the above-mentioned
challenges through a functional approach. This approach intends to describe a WT by means of
the (sub-)assembly functions carried out (for transforming wind energy into electrical energy) and
based on these functions, derive the functional relations/dependencies between the different (sub-
)assemblies. The function-to-(sub-)assembly relations are intended to enable the analysis of the
monitored parameters for the assessment of upcoming (sub-)assembly faults. Based on this, the
goal of this work is:

To explore whether /to what extent knowledge of the functional relations between WT (sub-)assemblies
supports the assessment of short-term failures from SCADA-data.

1.4 Research questions

In order to guide and support the research objective, it is translated into a main research question.
The main research question is further divided into sub-questions in order to assist the research
approach.

The main research question is:

Can a functional approach provide insight into failures of WT (sub-)assemblies from SCADA-data? If
not, what information is additionally required?

The sub-questions in this regard are:

1. How are the (sub-)assemblies of a HAWT functionally linked to each other?
a. What are the types of HAWT’s that currently dominate the wind energy market?
b. How are the WT (sub-)assemblies physically linked to each other?

2. How can the SCADA-parameters be related to the function disruption of a certain (sub-)assembly?
a. Which methods currently exist for the detection of WT (sub-)assembly failures from SCADA-
data?

3. If a functional approach does not support the detection of a certain (sub-)assembly failure,
what information is additionally required to evaluate the functions (failure detection)?



Chapter 2

Research design & structure

In order to answer the earlier defined research questions, the research was divided into three phases
with dedicated tasks that were based on the research questions. Recall that this work aims to ex-
plore, with gathered SCADA-data, whether/to what extent knowledge of the functional relations
between WT (sub-)assemblies allows the detection of failures. In other words, the focus is to iden-
tify whether/to what extent knowledge of the functional relations can provide insight into the (sub-
)assemblies that are failing based on the behavior of the SCADA-parameters. The research phases
are described next.

Phase 1: Literature survey
In this phase the literature was surveyed in order to establish the functional relations that generally
apply to a HAWT and how SCADA-parameters can be related to each other.

Phase 1a: Identify existing WT-configurations

In order to allow the functional approach/architecture to be applicable for the assessment of vari-
ous WT’s, first the HAWT types that have recently been installed in the wind energy market were
identified.

Phase 1b: Establish general physical decomposition

Once the various configurations were identified, the (sub-)assemblies making up these turbines were
studied. This physical decomposition of the WT’s aided in identifying the common and differing
(sub-)assemblies between the various WT types and supported establishing a general overview of the
functional dependencies between the (sub-)assemblies of HAWT’s. Namely, in Systems Engineering
the design of a system generally starts with identifying the functions and functional requirements of
the system, after which the physical architecture is established. With the various WT designs on the
market, the physical architecture was thus already established. This means that in order to identify
the manner in which the functionalities of a WT-system were connected, the opposite could be done
of what is usually seen in Systems Engineering: based on the (sub-)assemblies present in a WT the
functions could be derived and from the physical connection between the (sub-)assemblies it was
possible to derive the connections between the different functions. Worth mentioning is that the
level of detail of the physical decomposition was based on the SCADA-data available from the case
study.

Phase 1c: Establish general functional decomposition

As mentioned previously, knowledge of the physical connections between the (sub-)assemblies al-
lowed establishing how the WT (sub-)assemblies were connected and thus how the various function-
alities were linked, i.e. how the WT works functionally. Therefore, this stage focused on building a
general functional architecture that maps the functional relations between the WT (sub-)assemblies
of HAWTSs.

Phase 1d: Identify methods regarding the application of SCADA-parameters



As this research focuses on relating monitored SCADA-parameters to (sub-)assembly failures and
each other (through a functional approach), the first step was to identify the methods which have
been used in previous studies for the detection and of WT faults through SCADA-parameters.

Phase 1e: Study physics governing the energy conversion process
The fundamental physics governing the energy conversion process were studied as it aided the re-
search in multiple ways, of which the two primary reasons were:

1. it supported understanding how the SCADA-parameters were related to each other;
2. it supported explaining deviations in the behavior of the SCADA-parameters;

3. it provided a scientifically underpinned explanation/reasoning of the effects of a (sub-)assembly
failure on other (sub-)assembly functionalities. Namely, since the WT is an energy conversion
system where the functionalities of the (sub-)assemblies are based on/support the conversion
and transmission of energy, studying the physics gave insight into how this process, and thus
the functionality of other (sub-)assemblies, is affected when one of the (sub-)assemblies no
longer properly fulfills its function;

Additionally, the physics supported:

i. explaining the (normal) behaviors of the SCADA-parameters;
ii. help explaining and/or relating the deviations that appear in multiple parameters at the same
time;

Phase 1f: Establish general load flow
With knowledge of the physics behind the transformation of kinetic energy in the wind into electri-
cal energy it was possible to establish the various loads that the WT (sub-)assemblies experience.

Therefore, in this phase a generic overview of the load flow along the (sub-)assemblies was pro-
duced.

Phase 2: Case study

In this phase the established physical decomposition (see phase 1b) and functional tree (see phase
1d) were applied to a case study in order to identify whether/to what extent knowlegde of the
functional connections provided insight into failures.

Phase 2a: Establish specific physical and functional decomposition

For the case-specific turbine the applicable functional decomposition was established, since a cer-
tain turbine type functions differently compared to another turbine type. In order to establish the
turbine-specific functional decomposition, first the physical decomposition that maps the physical
arrangement of the (sub-)assemblies of this turbine was worked out. This implies that the general
functional decomposition alone is not enough to establish the functional relations that apply to a
specific WT.

Phase 2b: Derive failure modes, causes and effects

Generally, the system level function of the WT, i.e. power production, can be affected by the func-
tional failure of any of the main (sub-)assemblies, e.g. blade failure, main bearing failure, gearbox
failure, as they are all responsible for supporting the power production by the generator. Ideally,
all possible root causes and effects of the (sub-)assembly failures are identified in order to present
for each (sub-)assembly failure the set of SCADA-parameters that are the identifiers for the (sub-
)assembly failure causes and effects. However, due to time constraints, this work focused on the
functional failure of the blade pitch system as this had been identified as one of the failure cases of
the WT of the case study. For this (sub-)assembly, the failure mode(s) and root causes of as well as
the functionalities affected due to blade pitch failure were derived based on the functional relations
(part 1) and additionally based on the load flow (part 2).



Phase 2c: Determine effects SCADA-parameters

Based on the description of the SCADA-parameters, the parameters were mapped to the (sub-
)assemblies they monitor. Based on the failure mode(s) of pitch failure, the identified root causes of
pitch failure and the failure effects of pitch failure it was possible to identify the SCADA-parameters
that were affected and which parameters may be related. In order to understand how the SCADA-
parameters were related, and thus which parameters could be plotted against each other, and how
they were affected due to pitch failure, the physics were taken into account.

Phase 3: Assessment of the proposed method to detect failures
In this phase the applicability of the functional approach for the detection of upcoming failures was
assessed.

Phase 3a: Data analysis
With knowledge of the expected parameters to be affected and how they were related to each other,
the field data was analyzed based on the established parameter relations.

Phase 3b: Assess proposed method - conclusions and recommendations
The findings from the field data were compared with the theory in order to assess the applicability
of the functional approach, load flow and physics to detect failures.

Figure 2.1 presents the previously described research phases. This research model presents the
research steps and the chapters in which the research phases are treated.

Literature survey

Preliminary Background Problem Research | Research
phase information definition objective questions
Describe
research
design
Support
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Chapter 3

Literature survey

In this chapter the literature is surveyed i. in order to gain an understanding on the fundamentals
of wind turbine technology as well as the approaches and methods that currently exist regarding
the analysis of SCADA-parameters and ii. to translate this knowledge into new insights that support
failure detection based from SCADA-parameters.

3.1 Existing WT-configurations

In order to allow the functional tree, which will be developed later in this work, to be applicable to
any type of HAWT, the various WT configurations that exist on the market must be identified. Worth
mentioning is that the different HAWT concepts have been developed to maximize the energy that is
harnessed from the wind, minimize the cost of energy and improve the power quality (= the quality
of the electrical power fed into the grid assessed by the stability of frequency and voltage at the
grid terminals [43]) during the past decades [68]. The identification of the different configurations
will allow to establish a uniform taxonomy for analyzing the SCADA-data of the different WT’s in a
common way [13][14].

HAWT’s are wind energy converters where the rotation axis of the blades lies in a horizontal position.
They are commonly referred to as the propeller turbine and are the dominant design in the wind
energy technology today [21]. The current techniques for converting wind energy into electrical
energy in a HAWT can be categorized as fixed speed and variable speed. These are explained next.

Fixed speed vs variable speed WT’s

As the name implies, fixed speed WT’s operate at fixed speed, which means that regardless of the
wind speed the turbine rotor speed is fixed. This is because for these configurations the generator is
directly coupled to the grid and so the frequency of the power network determines the speed of the
generator and thus the turbine rotor. For this reason it is said that the WT operates at fixed speed.
These turbines thus achieve maximum power output at one certain wind speed. Variable speed WT’s,
on the other hand, can achieve maximum output over a wide range of wind speeds. This is because
in this case the rotational speed of the turbine rotor is continuously accelerated or decelerated to the
wind speed through power converters that control the generator speed [71]. Variable speed mode
of operation, i.e. adjustment of the generator speed, occurs at wind speeds below the rated wind
speed. This is the wind speed where the rated generator speed is reached.

Geared vs gearless WT’s

Fixed speed and variable speed WT’s can further be categorized based on their transmission, namely
as geared or gearless. In the gearless, i.e. direct drive, mode of operation the generator rotor is
directly connected to the hub and there is no gearbox between them. From the point of view of
the energy yield, reliability and servicing, direct drive WT’s are more superior compared to geared
WT’s [68][21]. However, a difficult condition to be satisfied for the direct drive mode of operation



is the necessity for the generator and the hub to be at the same speed [21]. Given that the speed of
the WT rotor is generally low, the generator of a direct drive WT operates a low speed [69]. This
means that a generator with a large number of poles, and thus a large diameter, is required for the
generator to deliver the required frequency. This leads to a turbine weight that is higher compared
to geared WT’s.

Partially rated vs fully rated power converter WT’s

As mentioned earlier, variable speed HAWT’s can additionally be categorized according to the power
converter rating. In this regard, three configurations exist, namely the partial variable speed WT with
variable rotor resistance, the variable speed WT with partial-rating power converter and the variable
speed WT with full-rating power converter. Worth mentioning is that the configuration of the partial
variable speed WT is similar to the fixed speed concept [60][72], however, the rotor windings of
the generator are connected in series with a variable resistance [73]. The size of this resistance
defines the range of the variable speed. By altering the rotor resistance, through power electronics,
the rotational speed of the WT can be partially adjusted [74]. With regard to the partially rated WT,
only a part of the power production is fed through the converter, while in the case of the fully rated
WT the total power production is fed through the power electronic system.

Fixed pitch vs variable pitch WT’s

Lastly, fixed speed and variable speed WT’s can each be classified as fixed pitch or variable pitch WT’s,
namely: fixed-speed fixed-pitch, fixed-speed variable-pitch, variable-speed fixed-pitch and variable-speed
variable-pitch [43]. Pitch regulation adjusts the aerodynamic torque developed on the rotor and
occurs above rated wind speed. As the name implies, fixed pitch means that the pitch angle of the
turbine blades remain the same during operation. In the case of fixed speed - variable pitch WT’s,
the maximum power output is reached at a single wind speed and the pitch angle remains constant
below rated wind speed. Once the rated wind speed is reached, the power is limited by continuously
adjusting the blade pitch angle (note: fixed speed - fixed pitch WT’s are stall regulated at high wind
speeds). Further, variable speed - variable pitch mode of operation is more commonly applied in
commercial WT’s and in this scheme the turbine operates at variable speed - fixed pitch below rated
wind speed and at variable pitch above rated wind speed.

With an overview of the existing HAWT-configurations, the following step is to establish a physical
decomposition of HAWT’s such that it covers the above mentioned concepts. This is done in section 3.2.

3.2 General physical decomposition for HAWT’s

Apart from the gearbox, power converter and pitch system a HAWT is made up of other (sub-
Jassemblies, such as a main shaft, main bearings, mechanical brake, etc. to achieve kinetic-to-
electric energy conversion. In order to be able to cover all possible (sub-)assemblies and how they
are physically connected to each other, extensive literature review has been done on existing WT
taxonomies. Several WT taxonomies have been developed in the past, with the ReliaWind taxon-
omy being the most extensive taxonomy available in literature [13][14]. However, according to
[14], this taxonomy needs modernisation as most of the turbines used for the ReliaWind project
were built earlier than 2008 and thus operate with older WT technologies. In [14] the ReliaWind
taxonomy was carefully rearranged and extended by using detailed manufacturer information on
current WT technologies and taking into account the functionality and physical location of com-
ponents. It should be noted that the reviewed taxonomy is not an entirely new taxonomy, rather
a modernization of the existing ReliaWind taxonomy and is aimed to allow its application to both
older and modern WTs [14]. That is why this taxonomy (see Figure 3.1) is used as a basis for this
work.

Next, the physical connections between the assemblies listed in Figure 3.1 are discussed. These



connections are later used for identifying the functional dependencies between the assemblies (see
section 3.3).
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Figure 3.1: Reviewed ReliaWind taxonomy [14].

Establishment of the physical connections between the assemblies

Rotor & blades

According to [21], the rotor of a WT is defined as all rotating parts outside the nacelle and consists
of the blades, the hub and the pitch system. However, depending on the design, the pitch system
and its control system are partly located in the rotor and partly in the nacelle [21]. In [22], [24] and
[32], the rotor is specified as the assembly of the blades and hub only. With no agreed descriptor
for WT (sub)assemblies [26], the current work defines the rotor as done by [21]. This means that
the rotor shall not be considered seperate from the blades, hub and pitch system.

Regarding the physical connections of the above mentioned assemblies, the blades are attached to
the hub by blade bearings. These bearings support the blades at their root in order to pitch, i.e.
turn, the blades around their longitudinal axis. As the blade bearings are needed for pitching, they
are generally considered part of the pitch system [21]. This is in contrast to the taxonomy presented
by Figure 3.1, since they have listed the blade bearing and pitch system separately. Lastly, in the
taxonomy two brakes are listed, namely "Other Blade Brake" and "Mechanical Brake". According to
[27], the brake system of a WT (see Figure 3.2) includes a rotor lock and a rotor brake. From Figure
3.2 it can be seen that the rotor lock is placed close to the blades (between the hub and the nacelle)
and the rotor brake behind the gearbox. For this reason and taking into account that the authors of
[14] have placed the assembly "Other Blade Brake" under "Rotor & Blades", it is assumed that the
authors have referred to "Other Blade Brake" as being the rotor lock. The rotor lock is physically
connected to the hub.

Nacelle

The nacelle is an enclosed space on top of the tower that accommodates the components which are
responsible for converting mechanical energy into electrical energy [21][22]. These components
are carried by the nacelle base frame and mounted in line behind the rotor. The nacelle also houses
the yaw system, which forms the transition from the nacelle to the tower. Parts of the components
of the yaw system are integrated into the nacelle and some in the tower.

Drive train

In the case of a geared WT, the main/low-speed shaft is one of the first assemblies to be mounted
behind the rotor. It is located in the nacelle [22] and connected to the hub and gearbox - the hub
is installed on the low-speed shaft. Therefore it rotates due to the rotation of the hub (and blades)
[22]. It is further supported by the main bearing(s) [23][25]. The gearbox is further connected to



the high-speed shaft, which is aligned and coupled with the generator (shaft) [22]. The high-speed
shaft is also connected to the mechanical brake, which is also called the rotor brake [21]. To address
the physical connection of the assembly "bearings" (see Figure 3.1), it should be noted that the blade
bearings and main bearing(s) have been excluded from this term (see Figure 3.1). Other bearings
to be present in a WT are the generator, yaw and gearbox bearings, which are all, respectively, part
of the assemblies "generator", "yaw system" and "gearbox" themselves. For this reason, it is unclear
which "bearings" are considered by the authors of [14]. Lastly, silent blocks are mechanical devices
that are used for suspensions with pivoting and/or rotating movements, pivot points of connection
rods and damping of high-frequency vibrations. They are made up of twee concentric steel bushings
with a layer of rubber between them [29]. In WT applications, rubber bushings are generally placed
at the gearbox. Worth mentioning is that when the WT has no gearbox, there is no high-speed shaft
present as this is the assembly connecting the gearbox with the generator.

Figure 3.2: Braking system of a WT [27].

Power module + Control & Communications + Auxiliary System

According to [21], the electrical system of a WT " includes all components for converting mechanical
energy into electric power as well as the electrical auxiliaries and the entire control and supervisory
system". Based on the taxonomy in Figure 3.1, the electrical system is thus divided into the subsys-
tem "Power module", "Control & Communications" and "Auxiliary System".

The power module is responsible for the production (generator), control (frequency converter) and
supply (tranformer, power feeder cables) of the electrical power as well as the protection (switch
gear, soft starter, power protection unit) of and power supply (power cabinet) to the electrical equip-
ment. It is assumed that the physical connections of the power cabinet and the switch gear, for ex-
ample, with the assemblies of the power module as well as other WT assemblies may differ per WT
design and so this work shall only consider the physical connections of the generator and frequency
converter as generally their arrangement remains the same for most configurations. For the case of
the geared WT’s the generator is physically connected to the high-speed shaft of the gearbox and
the transformer. Further, the frequency converter is physically connected to the generator and trans-
former. A difference with the direct drive WT is that in this case the generator is directly connected
to the hub through the main shaft.

Lastly, similar to the power cabinet and switch gear, the physical arrangements among the assemblies
listed under the Control & Communications and the Auxiliary System may strongly differ per WT.
However, from literature it can be derived that certain physical connections between the (assemblies
of the) Control & Communications and the Auxiliary System and other assemblies generally are the
same despite the type of HAWT. The pitch system, for example, is physically connected to the Control
& Communications as the latter sends a signal to the pitch system for adjusting the blade pitch angle.
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Further, the frequency converter is also physically connected to the Control & Communications due
to the fact that the former adjusts the generator speed based on aninput signal received from the
Control & Communications. Lastly, the mechanical brake and yaw system also receive an input signal
from the Control & Communications. With regard to the physical connections between the Auxiliary
System and other WT assemblies, the following exist: the pitch system, main bearing(s), gearbox,
mechanical brake, generator and yaw system require cooling, hydraulic fluid and lubrication to
function properly. Worth mentioning is that a "lubrication system" has not been included as an
assembly of the subsystem "Auxiliary System". It is unclear why this has been done as the lubrication
of WT bearings occurs in two ways, namely through an external oil supply system or through grease
lubrication.

Structure

The tower holds the rotor and the nacelle in the air and must therefore be strong enough to carry
the weights of the WT assemblies. Generally, a WT tower is integrated in a foundation, which is
embedded in the ground [21].

Based on the theory studied above a general representation of the physical connections between the
(sub-)assemblies of a HAWT is established. This is presented in Figure 3.3. The gray (sub-)assemblies
represent those which are not always present in a HAWT, for example a gearbox. Similarly, the gray
arrows indicate physical connections which only exist in the case that the gray (sub-)assemblies
are present in the WT under study. Since, based on the theory, the black colored (sub-)assemblies
are always present in a HAWT the physical connections between them are represented by orange
arrows.
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Figure 3.3: A simplified overview of the physical connections between the assemblies of a HAWT.
The orange arrows indicate physical connections between (sub-)assemblies that are present in every
HAWT, whereas the gray arrows refer to physical connections that depend on the WT-configuration.

3.3 General functional relations for HAWT’s

Generally, in System Engineering the design of a system starts with identifying the functions and
functional requirements which make up the system. Based on these, the physical solutions to provide
for these functions are assigned. In the case of this work, the physical architecture of the system
is already established. Therefore, to find the functional dependencies, the physical connections
between the (sub-)assemblies have first been studied (see section 3.2) after which the functions of
the (sub-)assemblies have been identified. The functionalities of the (sub-)assemblies are listed in
Appendix A.

For this work, a functional dependency is defined as the relation between subassembly X and Y such
that the functionality of subassembly Y depends on or is controlled by input from subassembly X in
order to function properly. Taking this into account, the functional relations/dependencies between
the (sub-)assemblies have been established. These are explained in Table 3.1 and are graphically
presented in Figure 3.4.
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Assembly

Functional dependency

Description

Blades

Hub

The blades can only produce a torque
from the wind if they are properly
supported by the hub.

Blade pitch system

The torque produced by the blades
depends among others on the blade
angle of attack, which is regulated by
pitching the blades with the aid of the
blade pitch bearings.

Blade pitch system

Auxiliary system

The blade pitch bearings require
sufficient lubrication in order to
function properly.

Control &
Communications

In order to adjust the pitch angles of the
blades, the slewing gearboxes or
hydraulic cylinders (in the case of an
electric or hydraulic blade pitch drive)
must receive a signal with the required
pitch angle from the Control &
Communications.

Hub

Main shaft

In order to be able to support the blades,
the hub is mounted on the main shaft.

Main shaft

Main bearings

The rotational motion of the main shaft
and the main shaft itself are supported
by the main bearings.

Gearbox (bearings)

Other functional dependencies present
is the dependency between the gearbox
bearings and the main shaft, since the
rotation of the main shaft is not only
supported by the main bearings, but
also by a planet carrier bearing that
supports the hallow input shaft in which
the main shaft is mounted.

Auxiliary System

In order to function properly, the main
bearings require sufficient lubrication.

Gearbox

Auxiliary System

In order to ensure proper functioning of
the gearbox, it must be cooled by a
cooling system. Also, the bearings of the
gearbox require sufficient lubrication.

Silent blocks

The silent blocks of the gearbox absorb
the torsional moment acting on the
gearbox, due to the rotor torque, to
prevent the gearbox from rotating.

13



Assembly

Functional dependency

Description

High-speed shaft

Gearbox (bearings)

The rotational motion of the high-speed
shaft and the high-speed shaft itself are
supported by the high-speed shaft
bearings of the gearbox.

The calliper of the mechanical brake

Mechanical brake Auxiliary System requires hydraulic oil for providing a
braking force.
The flow of hydraulic oil to calliper is
Control & controlled via a control valve that
Communications receives a signal from the Control &

Communications.

Generator

High-speed shaft

The torque required for generating
electrical energy is transmitted via the
high-speed shaft to the generator.

Main shaft (in the case of
gearless WT)

The torque required for generating
electrical energy is transmitted via the
main shaft to the generator.

Flexible coupling

The torque required for generating
electrical energy is transmitted via the
high-speed shaft further to the flexible
coupling and ultimately to the
generator shaft.

Augxiliary System

Similar to the gearbox, the generator
requires cooling in order to be able to
function properly. Also, the bearings of
the generator require sufficient
lubrication.

Frequency converter

Between cut-in and rated wind speed,
the generator speed and thus the power
output of the generator is controlled by
the frequency converter.

In order to control the generator speed,
the frequency converter must first

Control & . . . .
Frequency converter L receive a signal containing the required
Communications
generator speed from the Control &
Communications.
The calliper of the yaw brake system
requires hydraulic oil in order to
Yaw system Augxiliary System provide a clamp force to the brake disc.
Moreover, the yaw bearing and yaw ring
gear require sufficient lubrication.
The yaw motor must receive a signal
Control & from the Control & Communications
Communications containing the wind direction prior to

rotating the nacelle.

Table 3.1: The functional dependencies of a HAWT.
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Figure 3.4: A simplified overview of the functional connections between the assemblies of a
HAWT. The green arrows indicate functional dependencies between (sub-)assemblies that are always
present in a HAWT, whereas the gray arrows represent functional relations between (sub-)assemblies
which may not always be present for a certain WT-configuration. Note that an arrow comes from the
(sub-)assembly which functionally depends on the (sub-)assembly at which the arrow points.

3.4 Existing methods regarding the application of SCADA-parameters

According to [4] several approaches using SCADA-data for failure detection currently exist. The
authors of [4] have reviewed recent approaches using SCADA-data and have categorized them as i.
trending, ii. clustering, iii. normal behavior modelling, iv. damage modelling and v. assessment of
alarms and expert systems.

Trending methods include plotting SCADA-parameters against each other and interpreting the be-
haviors of these graphs in order to detect upcoming failures. The authors of [4] have pointed out
that even though trending can reveal upcoming failures, various studies have shown that observed
deviations are case dependent making interpretations of such changes difficult. The authors of [4]
also mentioned the visual interpretation of trends may be difficult for large fleets of WTs as generally
WTs operate under very different conditions. Therefore, research on the application of SCADA-data
shifted to clustering algorithms for automating the classification of normal and faulty behaviors. In
this regard, machine learning techniques are used for grouping normal and faulty data into clus-
ters. [4] mentioned that the clustering of faulty and healthy data has not shown a clear advantage
compared to trending algorithms. Another approach for fault detection through SCADA-data is mod-
elling the behavior of normal operation so that anomalies are detected in the data. Here, the residual
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of the measured signal minus the modelled signal acts as an indicator for a possible fault. When
the residual is equal to 0 normal conditions are assumed, while a residual unequal to O indicates a
possible fault. Normal behavior modelling can be based on linear and polynomial models, Artificial
Neural Networks (ANNs), fuzzy systems or other methods not covered under these categories. A
disadvantage of normal behavior modelling is that thresholds are manually set, which leads to fre-
quent false alarms [4]. Lastly, damage modelling has been proposed to better predict failures. This
method is based on the interpretation of SCADA-parameter signals with the aid of physical models.

This work aims to analyze SCADA-parameters for failure detection based on the functional relations
between WT (sub-)assemblies. This means that based on the functional relations, the relations between
the SCADA-parameters are established and for each parameter set it will be studied whether deviations
are visible, i.e. whether failure can be detected. However, given that WT (sub-)assemblies may be
monitored by multiple parameters, a main challenge in this regard is understanding which of these
parameters can be used for detecting failure. From the literature review it was found that most works
do not provide a method for understanding why a specific set of parameters are plotted against each
other for failure detection. Also, most works do not show how the deviations seen in the data can be
explained. In order to overcome this challenge, this work takes into account the physics governing the
energy conversion process of a HAWT.

3.5 Physics governing the energy conversion process of a HAWT

In literature, various SCADA-parameters are analyzed over time or against each other in order to
detect failures. However, a reasoning for plotting specific parameters against each other and/or an
explanation of the root(s) behind the deviations from their normal behavior, is often lacking. As
the SCADA-parameters are related to the physics and monitor various WT functionalities, knowledge
of the load transfer supports arguing which WT functionalities and thus the SCADA-parameters that
may be affected due to abnormal operation of the WT. Additionally, the physics behind the load transfer
support understanding how the SCADA-parameters are related to each other and how they may be
plotted against each other in order to detect deviations.

Another advantage of studying the forces and/or moments is that:

iii. they allow arguing the functional relations established (in the previous sections) as well as aid
in identifying additional functional relations that were neither found on the basis of the phys-
ical connections between the WT assemblies nor on the basis of their function descriptions;

This is true as fundamentally the tasks and arrangement of the assemblies is based on the require-
ment that they transmit, convert and/or absorb the reaction forces and/or moments that originate
from the rotational motion of the rotor. This means that any disruptions in the physical connections
of the assemblies and consequently in their functionalities can be explained by looking into the loads
that they carry.

The following subsections intend to identify the forces and/or moments that generally act on the WT
(sub-)assemblies.

3.5.1 Wind turbine loads

In this section, the term "loads" refers to the forces and moments that act upon a WT.

During operation, a WT experiences loads of varying nature. These loads arise due to various rea-
sons, for example the interaction of the wind with the rotor and tower (aerodynamics), the dead
weight of the turbine assemblies (gravity), the simultaneous motion of the rotor and nacelle (gyro-
scopics), the control actions of the turbine controller (actuation), etc.
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According to [21] and [40], it is the loads acting on the rotor that are transferred to the rest of the
turbine (assemblies). The authors of [21] even state that the loads acting on the rotor primarily
determine the loading on these assemblies as compared to the rotor loads, "the loads originating
directly from downstream components are less significant". Moreover, "discussions of the loads
acting on a wind turbine can, therefore, be concentrated on the rotor and deal with it as being
representative of all parts". With this being said, the current subsection studies how the forces
and/or moments acting on the rotor are transferred to the rest of the energy converting assemblies
and how these loads affect the SCADA-parameters selected for this work.

The analysis of the rotor loads shall be done from a quasi-static perspective. This means that high
frequency fluctuations of loads, such as structure vibrations, are not studied in this work. The reason
for this is two-fold:

i. the available data is also considered to be quasi-static in the sense that the SCADA-parameters
are logged every 10-minutes for a long period of time: these 10-minute "snapshots" can be
seen as a static representation of the parameter behaviors at a certain moment in time and
when plotted for the entire monitored period present the (slowly) fluctuating behavior of the
parameters over time. Moreover, as these snapshots are the average value for a 10-minute time
interval it is not possible to study the parameter behaviors, and thus the existing operating
conditions, within this interval;

ii. this work does not intend to calculate the actual loads experienced by the WT assemblies: the
objective is to fundamentally understand how the assemblies and thus the SCADA-parameters
are affected by the presence of a certain force. For this it is sufficient to study the physics
governing the energy conversion process in a basic way, since the fundamental principle of
the energy conversion process (and thus the transfer of the loads required for/during this
process) remains the same either from a static or dynamic perspective. Worth mentioning is
that once the load path has been established for the static case, it is possible to extend this
framework for a dynamic case as this would include adding other forces to the load path.

3.5.2 Rotor loads

The loads acting on the blades are transferred to the hub and from here to the rest of the assemblies in
the nacelle and ultimately to the tower foundation. According to [22][40][41], the main sources of
blade loading are among others aerodynamic, gravity, centrifugal, inertial and actuation forces.
Since this work applies quasi-static analysis to the loads, inertia and actuation forces are neglected.
As regards actuation forces, their occurrence during WT operation is temporary and therefore they
are not taken into account. Also, gyroscopic loads are the result of a high yawing (= actuation) rate
and are often mentioned in literature as a source of rotor blade loading. According to [21], yawing
is normally done at low rates and so gyroscopic loads are neglected in this work.

From here on, the rotor loads are briefly introduced and thereafter the load path /flow from the blades
to the rest of the WT assemblies is described.

Aerodynamic loads

As the wind flows over the turbine blades, the blades experience a force from the wind. This force
pushes the blade back as well as lifts it and is called the aerodynamic force. The aerodynamic force
can be decomposed in a lift force, F;, and a drag force, F;. These forces can be further decomposed
into a normal force, F,, and tangential force, F,. The normal force produces a thrust force on the
rotor, while the tangential force is responsible for torque generation. Worth mentioning is that due to
the nature of the wind this thrust and torque force alternate during one revolution. This is explained
in section 3.5.3.

In addition to the lift and drag force, the wind causes a moment in the airfoil [40]. This moment is
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called the (aerodynamic) pitching moment and causes twisting of the blade. Generally, M, is defined
about a certain point along the chord line and is calculated as the sum of the moment of the lift
force and an additional pure moment about this point. Further, it is considered positive when it
tends to turn the nose of the airfoil in clockwise direction [30]. Similar to the lift and drag force,
M, alternates during one revolution as it depends on v,,;. This will be explained in section 3.5.3.

Gravitational loads

Due to the dead weight of the blades and their rotation in earth’s gravity field, the blades of a WT
are subject to a gravity force, Fg, that is always directed in downward direction. Depending on the
position of the blades, F; generates pressure and tensile forces along the longitudinal axis of the
blades and bending moments in the chordwise and flapwise direction of the blades. These forces
and moments alternate during one revolution, since the direction of F; remains unchanged for every
position of the blades.

Centrifugal loads

Due to the circular motion of the blades they experience a centrifugal force, F., that is directed
outward along their longitudinal axis. In contrast to the aerodynamic and gravitational loads, this
force does not alternate during the rotation of the blades.

In the following section the transfer of the abovementioned loads to the rest of the WT (assemblies) is
explained in several steps.

3.5.3 Load analysis

As mentioned earlier, due to the nature of the wind the thrust and torque alternate during one revo-
lution. Generally, the wind is variable in nature [22][32][43]. At the Earth’s surface the actual wind
speed (V,,inq) varies with height above the ground [22][32] due to surface friction [43]. Farther
away from the Earth’s surface the wind speed increases, however at a certain height, surface friction
has a negligible effect and the wind is assumed to have constant speed [22]. The variation of the
actual wind speed with height is called the vertical profile of the wind speed or vertical wind shear.
Figure 3.5 shows an example of a vertical profile of the actual wind speed. From this figure it can be
seen that the flow toward a WT is essentially turbulent [47] (the explanation regarding the origins
of turbulence is out of scope of this work) and that V,;,q varies in direction (and time) around a
mean value [32].

The actual wind speed at a fixed point can be split into two components, namely a quasi-steady wind
speed, usually called mean wind speed (Vipean, See Figure 3.5), and the atmospheric turbulence.
According to [43], the mean wind speed is obtained as the average of the instantaneous wind speed
over a period of usually 10 to 20 minutes and thus it can be concluded that this is the average
ambient wind speed that is typically monitored by a WT SCADA-system. Lastly, the atmospheric
turbulence represents fluctuations around the mean wind speed.

Given all of the above it is now clear that the magnitude of V;,4, represented as v,,;,4, varies - i.e.
increases - along the height of the turbine. This means that as a blade (segment) rotates it shall
experience a cyclic wind speed, i.e. V. is periodic in nature during one revolution. This causes the
lift and drag force, and thus F,, and F,, for that segment to be periodic during a revolution. Figure
3.6 shows an example of the periodic behavior of the torque due to the variation of the mean wind
speed with height.
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Figure 3.6: Cyclic torque fluctuations due to variations of the mean wind speed in height [43].

As the blade of a WT is twisted and the circumferential blade speed, Vy,4e, Varies along the blade
span, a WT blade is, for analyses purposes, generally assumed to be made up of an arbitrary number
of segments. This allows studying the effect of the wind on each segment: for each segment the
aerodynamic force is decomposed into a F; and Fy. F; acts perpendicular to the direction of the relative
wind speed, V., and F; acts in the direction of or parallel to the relative wind speed (see Figure
3.7), where V. is the wind speed that the rotor blades experience as a result of their movement
relative to the wind. In other words, V., is the difference between the actual speed of the incoming
wind, Vying, and Vijage- When the lift and drag force are decomposed in reference to the plane of
rotation of the blades F,, and F, are obtained.

Figure 3.7 shows the aerodynamic forces, gravitational force and centrifugal force acting on a blade-
segment of an airfoil including a velocity triangle that explains how V. is determined. The F,, F,,
M,, F,, and F, of each segment are transferred to the blade root. To simplify the analysis, the

transmission of the blade segment loads is studied for their resultant loads that act on the entire
blade.

Resultant loads
Normal and tangential forces and pitching moments
The normal and tangential force F,, and F, acting on a blade segment is calculated as follows:

F, = F;cos0 +Fysinf (3.1

F, = F;sin6 —F,cos6 (3.2)
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where 0 is the angle between V. and the rotation plane of the blades (see Figure 3.7), from here
on called the angle of relative wind [33]. Here, F; and F; are calculated as follows:

1

Fl = Epvrelchl(a) (33)
1 2

F;= SPVre cCy(a) (3.4)

where p is the air density, c is the blade chord length, v,,; is the magnitude of V. [30] and C; and
C, the lift and drag coefficient of the airfoil, respectively.

Vwind

b%o(}. seg

Figure 3.7: Loads acting on airfoil.

The normal and tangential forces of the blade segments produce a load distribution along the blade
length of which their resultant forces, Fy and Fr, respectively, act at the center of pressure (CoP) of
a certain blade cross-section - the CoP is also the point where F,, F,, F; and F; act (see Figure 3.7).
As the location of the CoP of Fy and F; is unknown, its location is chosen to coincide with the center
of gravity (CoG) of the blade. Further, the CoG of the blade is assumed to act at a fixed distance R
from the blade root.

For a certain position (= the azimuth angle/position of the blade during rotation) of the blade,
Fy and Fy can be obtained by integrating equations (3.1) and (3.2) over the length of the blade for
0 < r <R, where R isthe length of the blade and r is the distance from a blade element to the axis
of rotation. Namely, for each distance r the value of F, and F, is different due to the variation of
Vying along the height of the turbine and thus along the length of the blade. As mentioned earlier,
this variation causes the magnitude of v,,; to be different along the blade length and as a result, the
magnitude of F; and F,; and thus F,, and F, (see equations 3.1 till 3.4).

Apart from the distance r along the blade, from equations (3.3) and (3.4) it can also be seen that
the magnitude of F; and F; and ultimately Fy and F; depend on the (local) angle of attack, a, which
is the angle between the line of chord and V, (see Figure 3.7). The angle of attack depends on
i) 6 and ii) the (local) pitch angle of the blade, ¢. This is the local angle between the chord of the
airfoil and the plane of rotation [30].
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The next step in the analysis is to determine the resultant of all pitching moments, M,,. Previously it
was stated that M), is defined about a point along the chord line of the airfoil. Generally, M,, changes
when a changes. This is because when a changes, the point of action of the lift force changes and
as a consequence its moment changes. However, there is a point along the chord line where the M,
no longer changes with a [35]. This point lies at approximately c/4 of the chord from the leading
edge of the airfoil and is called the aerodynamic center (AC). The formula for calculating M, for a
blade segment, i.e. per meter, is given below:

1
M, = Epvr612c2Cm(a) (3.5)

where C,, is called the pitching moment coefficient [34] and depends on the angle of attack. Similar
to the normal and tangential forces, the resultant pitching moment, Mp, is obtained by integrating
equation 3.5 over the length of the blade.

Gravitational and centrifugal force

The resultant of the gravitational forces acting on the blade segments, F, generally already acts in
the CoG of the blades. F, which is taken as the resultant of the centrifugal forces acting on the blade
segments is, similar to Fy and Fr, also assumed to act in the CoG. The magnitude of the centrifugal
force acting on a blade segment depends on the angular speed of the rotor, w, and the distance r
from the axis of rotation as follows:

F. = mw?r (3.6)

The resultant, F., is found by integrating equation 3.6 over the entire blade length for 0 <r <R.

Given that only Fy, Fy and Mp depend on the wind profile, their behavior is periodic, while the
behavior of F; and F on the other hand are constant for one revolution.

The following subsections explain how the above-mentioned resultant loads are transferred from the
CoG of the blades to the blade root center.

3.5.3.1 Loads transfer from blade cross-section reference system to blade root reference sys-
tem

The transfer of the resultant loads to the root is studied with the aid of two reference systems: the
first reference system is applied at the CoG of the blade and the second is applied at the blade root
center of the blades.

The axes of the blade cross-section reference system are oriented as follows:

i. Xx..oss-axis normal to plane of rotation of the blades (assuming zero tilt and cone angle) and
positive towards the suction side of the airfoil;
ii. y.oss-axis directed tangential to the rotor plane (assuming zero tilt and cone angle) and posi-
tive in counter clockwise direction;
iii. z...-axis taken along the pitch axis of the blade and positive towards the tip of the blade.

For simplicity, this reference system is chosen to correspond with the direction of the normal and
tangential forces, rather than with the chord line of the airfoil as has been done in literature and
other works (see [38], [45] and [49]). This means that the reference system does not rotate with
the pitch angle of the blade and is neither oriented by the twist angle of the blade cross-section.

For the blade root reference system the direction of its axes are chosen:
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i. X.,oc-axis normal to plane of rotation of the blades (assuming zero tilt and cone angle) and
positive along the rotor axis;
ii. y,.ot-axis directed tangential to the rotor plane (assuming zero tilt and cone angle) and positive
in counter clockwise direction;
iii. z,,,-axis taken along the pitch axis of the blade and positive towards the tip of the blade
(assuming zero cone angle).

Similar to the blade cross-section reference system, this system does not rotate with the the pitch
angle. Since this system is located in the blade root, the effect of the twist angle does not apply in
this case.

For the analysis of the load flow the origin of the blade cross-section reference system is chosen at the
CoG of the blade and the origin of the blade root reference system at the blade root center (see Figure
3.8). Given that the CoP was earlier chosen to coincide with the CoG, only Mp produces a reaction
moment with respect to the blade cross-section reference system, while the reaction moments of Fy,
Fr, F; and F are zero. Further, the assumption is made that the CoG falls at the intersection of the
blade pitch axis and the local chord line of the airfoil, where the intersection point is assumed to
be located at a distance R (along the z,,,,-axis) from the blade root center. This assumption allows
neglecting additional reaction moments of F, F- and F; that would be caused relative to the blade
reference system due to their distance d (see Figure 3.8) from the blade root center.

Blade loads relative to blade cross-section reference frame

With My assumed positive in clockwise direction, its reaction moment, Mp__, acts along the +2.-
axis (see Figure 3.8). Further, Fy, Fr, Fg and F;, create the reaction forces, Fy_ , Fr, Fg  and
F¢ . relative to the blade cross-section reference system.

Worth mentioning is that as the blades rotate the direction of F; changes relative to the blade (see
Figure 3.9). Moreover, with F; always directed vertical and in downward direction, it does not
"rotate" with the blade cross-section nor the blade root reference systems. Consequently, the moment
that is created by F;; in the blade root depends on the position of the blade and is either due to F;
itself (position b) or due to its component FGym (position a).
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Figure 3.8: Load transfer from blade cross-section to blade root center.
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Figure 3.9: Moment of F;__ in the blade root.

Blade loads relative to blade (root) reference frame

Now that the resultant blade loads are translated to the blade cross-section reference system, they
can be transferred to the blade reference system, i.e the blade root (see Figure 3.8). Recall that the
CoG was assumed to be located at a distance R from the blade root. Therefore, Fy __,Fr _andFg

produce (bending) moments in the blade root. These moments are referred to as MFN » M, and

My, , respectively. As F¢  is directed along - z-axis, it does not create a moment in the blade
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root. Further, Mp  causes a (twisting) moment along the + z,,,-axis. Lastly, the blade reference
system sees the reaction forces of Fy__, Fr_ , Fg _and Fe . These reaction forces point in the
same direction as Fy, Fr, F; and F.

Note that this load transfer is applied to all three blades. These loads flow from the blade roots to
the hub and the rest of the WT assemblies, which means that the sum of the blade root loads of all
blades form the loads seen by the hub [48]. For this reason the blade root loads must be transformed
to a single reference system, placed in the hub, after which they can be summed.

3.5.3.2 Loads transfer from blade root reference system to hub reference system

The hub reference system is chosen to be fixed and its origin is placed at the hub center - this point
aligns with the intersection point of the blade pitch axes. The hub center is further located on the
centerline of the low-speed shaft and is assumed to be at a distance H from the blade root centers.
Lastly, the axes of the hub reference system are taken as follows:

i. xy,p-axis normal to the rotation plane of the blades and positive along the rotor axis;
ii. ypp-axis along the rotation plane of the blades and positive to the left;
iii. z,5-axis along the rotation plane of the blades and directed vertical in upward direction.

In order to transform the loads from the blade (root) reference systems to the hub reference system,
a rotation matrix is applied to the loads in the blade roots:

1 0 0
R(®)= |0 cos® -sind 3.7)
O sin® cos®

where 0 < & < 27t. The matrix R is used for rotating the root loads around the x,,,;-axis, since only
the directions of the y,,,;- and the z,,,.-axis change as the blades rotate. The loads seen by the hub
during one revolution can now be expressed with the following equations:

Blade 1:
F Xhub, blade 1 1 0 0 F xmot(q’)
Vi saier | = | O cF)s ® —sin® || F, (®)|[, for 0<®<2m
Zhub, blade 1 0 Sin ¢ cos (b Fzroot(q>)
(3.8)
1 0 0 Fy ()
= [0 cos® -sin® || [Fr, (®)+Fg (2]
0O sin® cos® [FGZ (®)+ chm(<1>)]
M Xhub, blade 1 1 0 0 M Xroot (q>)
Y siater | = | O cF)s d —sind Mymot(é) , for 0<®<2n
Zhub, blade 1 0 Sin ¢ cos q> Zroot(¢)
(3.9)
1 0 0\ [([Mg_(@)+M ()]
= |0 cosd -sind Mg, (@)
0 sin® cos® Mp (®)
Blade 2:
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F
Xhub, blade 2

Yhub, blade 2

F, (®+120°)

0 0
cosd -—sin d)) F, (®+120°) [, for 0<& <2m

thub, blade 2 (0 Sin q) cos q> (Fzmut(@ + 1200)
1 0 0 Fy, (@ +120°)
= | 0 cos® -—sin® [FTmu[(fb +120°) + FG)’rool (@ +120°)]
0 sin® cosd [Fg, (®+120°)+F (®+120°)]
M i, biace 2 1 0 0 M xmot(<1> +120°)
Vs, bagez | = | O cos ¢ -sin® || M, (®+120°)], for 0<®<2m
M Zha, blade 2 0 sin® cos® M Zrom(<I> +120°)
1 0 0 [Mp, (@+120°)+ Mg, (®+120°)]
= |0 cos® -—sind Mg, (®+120°)
0 sin® cosd Mp [(¢+ 120°)
Blade 3:
Fxhub, blade 3 1 0 0 F xmot(q) —120°)
Fyvseies |= |0 cos® —sin® [[F, (®—120°) |, for 0<® <2m
thub) Mode 5 0O sin® cos® Fzmm(<1> —120°)
1 0 0 FNmot(<I> —120°)
= 0 cos® -sind [FTmot(CI) —120°) + FGyroot (®—1207)]
0 sin® cosd [Fg, (#—120°)+F;_ (®—120°)]
Xhub, blade 3 1 0 0 M, (®—120°)
Y vaes | = | O cos® —sin® || M, ($—120°) |, for 0<& <27
Mzhub, Moo 3 0 sin® cos® Mzmm(cb —120°)
1 0 0 [Mp, (®—120°)+ M, (®—120°)]
= |0 cos® -sind MFp, (®—120°)
0 sin® cos® Mp (®—120°)
Total hub loading:
Xhub, total F Xhub, blade 1 Fxhub, blade 2 Fxhub, blade 3
Yhub, total Yhab,bade 1 | T | £ Yhu, blagez | T F Yhub, blade 3 | ? for 0<®<2r
Zhub, total Zhub, blade 1 Zhub, blade 2 FZhub, blade 3
Xhub, total Xhub, blade 1 Xhub, blade 2 Xhub, blade 3
Yhub, total Yhub, blade 1 | T Vb, blade2 | T Vi, bages |2 10T 0 <@ <27
Zhub, total Zhub, blade 1 Zhub, blade 2 Zhub, blade 3
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From equations 3.8 - 3.13 it can be seen that due to the rotation of the blades, the hub forces
and moments are calculated for every angle . Also, since the blades are separated by an angle of
120°, the total loading of the hub at each instant is found by summing the transformed forces and
moments for ®p.4e 1 = P, Pplage 2 = Y + 120° and P40 3 = P —120°.

blade 1

@+ 120°

“root

Zroot

Pl Yroot

blade 3
Yroot

blade 2

Figure 3.10: Summation of the blade root loads at an instant in time.

To summarize, the load analysis shows that the blade loads fundamentally depend on the position of the
blades - and thus the magnitude of the incoming wind speed - and the blade pitch angles. Considering
the case that all blades have the same blade pitch angle, the loads on each blade are still different
in magnitude due to the position of the blades. When the blades are positioned at the "top" of the
wind profile they experience higher loads compared to when they are positioned at the "bottom"
of the wind profile - this is because of higher incoming wind speeds at the top of the wind profile.
As each blade has different load magnitudes, the resultant of all blade loads, i.e. the hub loads,
is actually never equal to 0. The analysis also showed that the hub forces and moments directed
along the x;,-axis are the summation of the transformed x,,,,-loads, e.g. M, is the summation

hub, total
of the transformed moment of [My, + My_ ] of each blade, while the hub loads acting along the

Ynub-axis and zj,,-axis are the resultmg loadgoafter subtraction of all other transformed blade loads,
e.g. My . .18 the result of subtracting the transformed bending moment of My, ~ of each blade,
ul root

from each other.

When one of the blades has a different blade pitch angle, the magnitude of the loads of this blade
changes even further (in Appendix B.1 it is explained that the effect of pitch failure due to one
blade is similar in nature compared to pitch failure of two or three blades, however smaller in
magnitude). If, for example, the blade pitch angle of one blade is larger than the remaining two
blades the resulting loads along the x3,,;-axis decrease, while the loads along the y;,;,-axis and 2y,
axis increase. On the other hand, if the blade pitch angle of this blade is smaller the resultant
loads along all three axes increase. This implies that deviating blade pitch angles will either cause
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an increase or decrease in the hub loads directed along the x3,;-axis, while the hub loads directed
along the yy,;,-axis and zj,;-axis will always increase.

As an example, the above is illustrated for the aerodynamic torque, My, , and the bending moment
root
M F, .
Nroot

Generally, Fy and Fy _ are proportional to V> based on equations 3.2 - 3.4. As v,,; depends on
Vwind> Fr,,, and Fy  are proportional to Vipind>-

Given that the wind speed varies with height, the authors of [43] have derived a formula that allows
calculating the wind speed that is seen by a blade element that is located at a height h, above the

ground:
In(5)

In(%)

where h, = h—rcos®, h is the height of the tower, r is the distance from the blade element to the
axis of rotation, ¢ represents the azimuth angle/position of the blade during rotation and z, is the
roughness length (this parameter has different values depending on the type of terrain [43]).

Vwind(hr) = Vwind (h) (3.16)

Taking v,,i,q(h) = 1, h = 90 meters, r = R = 40 meters, h, = 90 —40cos® and z, = 0.25, equation
3.16 becomes:

h.(®)
ln( 0.25 )
In(5755)
For ®pjade 1 = 0%, Pplage 2 = 120° and Pyqe 3 = —120°, the resultant of My, , M,, P and of My,

it 2 becomes:
Pitch failure case o (summation) Myhub,mmz (subtraction)
No pitch failure 2.52 0.30
One blade has smaller pitch angle 2.56 (increase) 0.42 (increase)
One blade has larger pitch angle 2.48 (decrease) 0.48 (increase)

Table 3.2: The effect of pitch failure on the hub loads.

Table 3.2 shows that pitch failure affects the resultant loads, in this case the torque and bending
moment, in the hub center.

3.5.3.3 Loads transfer from hub to the rest of the WT assemblies

The loads seen by the hub center flow to the low-speed shaft, main bearings, gearbox, etc. For the
analysis of the load flow through the drive train a configuration with two main bearings is chosen
(see Figure 3.11). The reason for this is that even though generally different WT configurations are
available [50], all are simplified versions of the "2-main bearing" configuration - this is explained in
the work of [51]. The main bearings are assumed to be either ball or roller bearings, since these
are widely used in the wind energy industry in, for example, main shaft mountings, gearboxes,
generators, yaw systems, blade pitch systems, etc. [21][32].
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Figure 3.11: Schematic overview of a drive train configuration with two main bearings [51].

Low-speed shaft

At the front end of the low-speed shaft, the hub loads enter (see Figure 3.12). The hub forces are

absorbed by the main bearings [53]. Together with the forces of the bending moments My, » o and
et total? the hub forces cause displacement of the shaft at the gearbox entrance. This displacement

is in the z- and y-direction, respectively. In Figure 3.12 the z-displacement is drawn as a green

curve. Worth mentioning is that the displacement caused by the hub forces is larger than due to the

forces of the bending moments, since the latter are the result of dividing the bending moments by a

distance.

Main bearings

As mentioned earlier, the main bearings absorb the hub forces. They also have to compensate for the
effect of the bending moments 17— and M, s o> which means that they experience an additional
force due to these moments. Further, the main bearings support the weight of the shaft. Lastly, as
shafts are generally supported by at least one fixed and loose bearing, the main bearings in Figure
3.12 are drawn as fixed and loose. The fixed bearing fixes the shaft both radially and axially, while

the loose bearing carries only radial loads.

Gearbox

Earlier it was mentioned that the hub forces and moments along the y;,,;, and 2, direction cause
a motion of the gearbox. To discuss this motion a coordinate system, of which the axes are in the
same direction as the hub reference system, is assumed at the gearbox entrance. As the rotor torque
is being transferred to the gearbox, it causes the gearbox to roll to its side - the direction of the
tilt depends on the direction of the torque. Further, My, s o CAUSES the gearbox to pitch about the
Ygear-axis, while L7 P slightly yaws the gearbox about the z4,4,-axis. It should be noted that the
motion of the gearbox is determined by the stiffness of the rubber bushings and the magnitude of
the rotor moments and forces (see Figure 3.12). As the rubber bushings allow movement of the

gearbox, they are modelled as springs attached to the nacelle bed plate (see Figure 3.12).

High-speed shaft

While the gearbox moves the high-speed shaft undergoes the same motions. When the gearbox tilts
to its side, the shaft moves vertically upward and horizontally to the left or right in the direction
of the y,,-axis. The pitching of the gearbox about this axis causes a vertical offset of the shaft.
Further, when the gearbox yaws about the z;,,,-axis the high-speed shaft displaces horizontally.

Flexible couplings

At the end of the high-speed shaft, a brake disk is installed. Between the brake and the generator
either one or two flexible couplings can be mounted. These transmit the torque coming from the
high-speed shaft and accommodate axial, angular and/or radial misalignment between the gearbox
and the generator. When there is misalignment, the couplings produce forces and moments that
are transmitted to the high-speed shaft and generator shaft [53][55]. The magnitude of these loads
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depend on the amount of misalignment and the stiffness of the couplings. In Figure 3.12 these
couplings are replaced with springs.

Generator

The torque coming from the high-speed shaft passes through the flexible couplings and reaches the
generator. Also, the loads due to the misalignment between the gearbox and generator are seen by
the generator. More specifically, these loads must be carried by the generator bearings and thus the
lifetime of the generator bearings ultimately depend on the misalignment between the gearbox and
the generator. In general, the misalignment is not only caused by the motion of the gearbox. It can
be a pre-existing condition or it can also be a result of the movement of the bedplate, as this also
has a certain stiffness, and the motion of the generator due to its torque.

Zhub

Y hub

F, R
“ hub, total (7‘):1)]’”.(/
M v )
 hub, tofal Fy ~ 52 -
7 hub, total / / MR ) /
M [ coupling [
[ My, \
hub, total \_ \_
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T hub, total b fota
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GB1 GB2
F.l,‘.
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Figure 3.12: Load transfer from hub to generator bearings.

To summarize, the loads seen by the generator are primarily affected by the misalignment between the
gearbox and generator. The compliance of the nacelle bed plate is not significant relative to the gearbox
motion [53] and so the lifetime of the generator bearings is fundamentally affected by the stiffness of
the rubber bushings of the gearbox and the hub forces and moments. Namely, the rubber bushings are
intended to allow some displacement of the gearbox caused by the hub forces and bending moments.
The displacement of the gearbox causes misalignment of the flexible coupling and as a result generates
reaction loads in the coupling. Ultimately, the forces generated in the coupling cause reaction forces in
the generator bearings.

Lastly, from statics it can be derived that the effect of the hub forces F, and F, on the gearbox

hub, total Zhub,total

movement is larger than due to the forces of the bending moments M,, = and M, . . Thisis because
the forces due to the bending moments are smaller in magnitude, since they are obtained by dividing

the bending moments by a distance.

Figure 3.13 presents a simplified overview of the load flow from the blades to the generator and WT
foundation. The purple arrows indicate the load flow from the blades to the WT (sub-)assemblies
which are generally present in a HAWT, while the gray arrows represent the load flow to/from WT
(sub-)assemblies that do not exist in all HAWT-configurations.
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Figure 3.13: A simplified overview of the load flow from the blades to the foundation. The purple
arrows indicate the load flow from the blades to those (sub-)assemblies which are generally present
in a HAWT. The gray arrows represent the load flow to/from (sub-)assemblies that do not exist in
all HAWT-configurations. The direction of the arrow indicates the direction of the "flow" of the loads.

To summarize, in the previous sections an extensive literature study was done in order to establish
a generic representation of i. the physical connections between the (sub-)assemblies of a HAWT
(see Figure 3.3), ii. the functional relations between these (sub-)assemblies (see see Figure 3.4)
and iii. the load flow along them (see Figure 3.13). Recall that the loads were analyzed in order
to gain insight into which SCADA-parameters may be plotted against each other in order to detect
deviations.
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Chapter 4

Case study

This chapter is intended to verify whether/to what extent the established functional failure effects,
according to the functional tree, of WT sub-assemblies correspond with observations from field data.
The intention of this comparison is to establish the identifiers for a certain WT sub-assembly failure
in order to allow the detection of its failure.

The main selection criterion for the case study used in this work, is the number of failures that
occurred in a specific WT. It is assumed that the operational data of a WT turbine with more failures
in the past contains more deviating parameters compared to a WT with less failures and thus supports
a better evaluation of the identifiers of a WT sub-assembly failure.

4.1 Background information of the WT

The WT under study, from here on referred to as WTA4, is a Vestas V90 onshore HAWT with a
Doubly-Fed Induction Generator (DFIG) and a rated capacity of 3000 kW.

According to a Performance Analyses Report of the wind farm, WTA4 showed lower than expected
energy yield in the first year of operation. In this report two steps were taken in order to identify
the possible root cause(s) of the lower energy yield. As a first step the availability of all turbines was
calculated by using the time as registered by the SCADA counters in order to identify the months with
characteristically lower availability. Here, it was mentioned that WTA4 had experienced a generator
bearing failure. In the second step the power curve, control strategy (i.e. blade pitch angles and
rotor speed) and power coefficient were additionally studied. From these analyses it was found that
the power output of WTA4 was lower than expected, the blade pitch angles of WTA4 were increased
late and that the measured wind speeds were not correctly measured.

Following are i. a derivation of the functional relations applicable to WTA4 based on knowledge of the
physical connections between the (sub-)assemblies and ii. the load flow occurring in WTA4.

4.2 Physical decomposition WTA4

The WTA4 is, as mentioned earlier, a V90 WT and has one main bearing. The main bearing is
integrated into the gearbox and the hub is connected directly to the gearbox input shaft, which is
connected to the main bearing. The turbine is further equipped with a hydraulic pitch system for
each blade. The blade bearings are grease lubricated, while the main bearing is forced oil lubricated.
Further, the generator bearings are lubricated with grease, which is supplied from an automatic
lubrication unit. Lastly, the gearbox is forced lubricated without the use of an integrated oil sump.
Figure 4.1 presents an overview of the physical connections between the assemblies of WTA4. The
orange arrows indicate the physical connections that are in accordance with Figure 3.3, while the
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dark cyan arrows represent the physical connections that differ from the general representation
established from theory.
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Figure 4.1: A simplified overview of the physical connections between the assemblies of WTA4. The
orange arrows indicate the physical connections that are in accordance with those generally existing
in a HAWT, while the dark cyan arrows represent the physical connections that are different.

4.3 Functional dependencies WTA4

Based on the physical connections between the assemblies of WTA4, the functional relations have
been derived. These are presented in Figure 4.2. Compared to Figure 3.3, the functional dependen-
cies between the (sub-)assemblies of WTA4 are the same except for the Hub - Gearbox and Gearbox
- Main bearing dependency. Namely, the functionality of the hub, which is to support the turbine
blades, depends on the gearbox input shaft, since for WTA4 there is no main shaft. Also, the ro-
tation of the gearbox input shaft is supported by a main bearing. The functional dependencies of
WTA4 which correspond with Figure 3.3 are marked with green arrows and those which differ are
represented with dark cyan colored arrows.
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Figure 4.2: A simplified overview of the functional connections between the assemblies of WTA4.
The green arrows indicate functional relations in accordance with those that generally exist in a
HAWT. Dark cyan arrows represent those that differ.

4.4 Fault detection blade pitch system failure WTA4

Previously it was mentioned that WTA4 suffered from generator bearing and blade pitch failure. The
choice is made to first analyze the failure of the blade pitch system, since from the load flow (see
section 3.5.3.3) it was found that this assembly sees the WT loads prior to the generator.

In this section the failure mode(s), causes and effects of blade pitch system failure of WTA4 are
identified based on knowledge of the functional dependencies and the load flow between the WT
(sub-)assemblies. Hereafter, it is studied which SCADA-parameters are expected to be affected and
how they are theoretically expected to behave in this regard. These results are then compared with
the field data in order to determine to what extent the functional approach and knowlegde of the
load flow provide insight into upcoming failures.

Various SCADA-parameters have been measured, however, for the majority of them the descrip-
tions are impossible to decipher without consultation from experts. Given that such expertise was
not available during this research, this work will focus solely on i) parameters that are commonly
monitored by the SCADA-system of a WT and ii) those parameters of which the descriptions could
easily be derived. Generally, a wide range of parameters are monitored by the SCADA-system of
a WT, however the authors of [1] mention that "wind speed and direction, pitch and yaw angles,
rotational speed, power output and ambient temperature are always monitored. Additionally, tem-
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peratures of parts in the drive train are often measured - although with different levels of detail,
e.g. only a generator and a gearbox temperature in one setup or more than twenty temperatures at
different locations at the shaft in a more detailed configuration." Taking this into account together
with point i), a set of parameters are selected for this work. These are presented in Table 4.1.

Nr. Parameter label Description

1 Amb Temp Avg Average ambient temperature

2 Amb WindSpeed Avg Average ambient wind speed

3 Blds PitchAngle Avg Average blade pitch angle

4 Gen_Bear Temp Avg Average temperature generator bearing

5 Gen Bear2 Temp Avg Average temperature generator bearing 2

6 Gen_CoolingWater Temp Avg Average generator cooling water temperature
7 Gen_RPM _Avg Average generator speed

8 Gen_SlipRing Temp Average generator slip ring temperature

9 Grd_Prod Pwr Avg Average produced power

10 Hyd Oil Temp Avg Average hydraulic oil temperature

11 Nac Temp Avg Average nacelle temperature

12 Rtr RPM Avg Average rotor speed

13 Gear Boar Temp_HMid Avg  ocrofe femperature ntermediat gearbos
14  Gear Bear TempHSGenEnd Avg QZ:?E; ﬁ?;?:;:;gr:hi??erator end gearbox
15 Gear Bear TempHSRtrEnd Avg ﬁ;;ﬁii :in:ﬁ;jture rotor end gearbox bearing
16  Gear Oil TempBasis Avg Average oil sump temperature

Table 4.1: Chosen set of SCADA-parameters.

4.4.1 Detection of the failure mode(s) blade pitch system WTA4

Based on the function description of the blade pitch system, the failure mode of this assembly is
defined as "No/incorrect adjustment of the blade pitch angle". The question to answer in this re-
gard is which SCADA-parameters instantly detect this failure mode itself, without yet considering
the causes and its effects. In literature, the functionality of the blade pitch system has been studied
by plotting the blade pitch angle against the wind speed [75]. However, as mentioned the mea-
sured wind speeds are lower than the actual wind speeds and therefore the measured wind speed,
Amb_WindSpeed_Avg, cannot - in this work - be used as a parameter for detecting the failure of the
blade pitch system.
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4.4.2 Causes of blade pitch system failure WTA4

As mentioned earlier, the blades of WTA4 are individually pitched and have a hydraulic pitch system.
In order to identify possible root causes of the failure of the blade pitch system itself, an Fault Tree
Analysis was performed for the pitch system of WTA4 (see Figure 4.3). Worth mentioning is that
the underlying failure events for the blade pitch system have been identified by considering the

functional relations between the pitch system and other (sub-)assemblies.

Incorrect/no
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Figure 4.3: The Fault Tree Analysis for the blade pitch system of WTA4.

Pitch bearing damage

As the functionality of the pitch bearings is to rotate the blades, damage of this assembly will prevent
that the blade pitch angles can be adjusted correctly or at all. Pitch bearing damage can be due to

poor/incorrect lubrication.
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Reduced (oil) supply pressure

Apart from pitch bearing failure, it is also possible that not enough hydraulic oil is supplied to the
hydraulic cylinders. This can be due to i. failure of the hydraulic accumulator, ii. hydraulic pump,
which is considered to be part of the Auxiliary System and provides hydraulic oil to the hydraulic
accumulator, or iii. due to leakage of hydraulic oil. The latter is the result of i. failure of the control
valve that regulates the amount of hydraulic oil to and from the pitch cylinders or ii. failure of the
seal of the pitch cylinders.

Based on the list of monitored SCADA-parameters, it can be seen that no parameters related to
the (sub-)assemblies that may cause blade pitch failure have been measured. Therefore, with the
SCADA-system of WTA4 it is not possible to detect the failure events leading to pitch failure. Re-
call that these failure causes are based on the functional dependencies (and load flow) established
through literature study. No expert knowledge has been included for the identification of these
events and thus it is pointed out that this analysis may be incomplete and may contain some degree
of uncertainty.

4.4.3 Expected effects of blade pitch system failure WTA4

As it is not possible to detect the failure mode and the underlying root causes of pitch failure with
the current set of SCADA-parameters, it is possible that pitch failure may be detected based on the
effects it has on other (sub-)assemblies. Similar to the root causes, these effects are studied through
knowledge of the functional dependencies as well the load flow between the WT (sub-)assemblies.
Later these effects are compared with field data in order to determine to what extent the functional
approach and knowledge of the load flow provide insight into upcoming failure of the blade pitch
system.

Pitch failure cases
Prior to studying the effects of pitch failure, the types of blade pitch failure are identified, namely:

1. the pitch system of one blade, two blades or all three blades fails, i.e. cannot provide sufficient
power to increase or decrease the blade pitch angle(s). In the case of pitch failure of two blades
it is assumed that the two blades have larger pitch angle than the third blade and that the pitch
angles of these two are different. Lastly, if pitch failure of three blades occurs the assumption
is made that all three blades have a different pitch angle;

2. Other possibilities of blade pitch failure is that there is a fault in the overall control system of
the WT which causes the wrong signal to be sent to the individual pitch systems;

3. Lastly, it is also possible that a combination of case 1 and 2 occurs. With regard to case 2 it
is assumed that sensor faults - for example no signal coming from the sensor, the sensor does
not always give a signal, etc. - are detected on time by the control system, since such failures
lead to incorrect control of the individual pitch systems and results in uncontrolled regulation
of the dynamic blade loads (which are generally transmitted further along the drive train).
The uncontrolled regulation of the blade loads is a very risky situation and should be avoided
as this may lead to damage of the drive-train sub-assemblies. Therefore, only the failure effects
of case 1 are considered in this work.

4.4.3.1 Effects of blade pitch system failure - part 1

From Figure 4.2 it can be seen that only the blades depend on the functionality of the blade pitch
system. Therefore, it can be stated that purely based on the functional dependencies it is expected that
only the functionality of the blades will be affected by blade pitch failure.

36



Recall, however, that according to the Performance Report of the wind farm, generator bearing
failure had also occurred in WTA4. Even though, purely based on their functional descriptions,
there is no functional relation between the generator and blade pitch system, from the load flow
analysis in section 3.5.3.3 it was concluded that the functionality of the generator is also affected
by the blade pitch system. Namely, the generator bearings are affected by the gearbox-generator
misalignment, which is fundamentally caused by the rotor moments. These moments, as explained
in section 3.5.3.3, depend on the angle of attack and thus on the blade pitch system.

Preliminary conclusion 1

Based on the above it can thus be stated that knowledge of the functional relations does not fully
describe the effects of a certain (sub-)assembly failure on other (sub-)assembly functionalities. This
means that a functional approach alone does not fully support the detection of failures.

4.4.3.2 Effects of blade pitch system failure - part 2

Another option to support understanding how the WT (sub-)assemblies are affected due to the failure
of a certain (sub-)assembly, in this case the blade pitch system, is by taking into account the loads
that the (sub-)assemblies experience, i.e. the load flow. Namely, application of the load flow gives
insight into how the forces and moments seen by the (sub-)assemblies changes when a certain (sub-
)assembly no longer functions properly.

Failure effects based on functional dependencies and load flow

In this section the affected (sub-)assembly functionalities, and thus SCADA-parameters, due to pitch
failure are studied based on the functional dependencies and additionally the load flow. Figure 4.4
shows a complete overview of the relations between the (sub-)assemblies of WTA4 based on their
functional descriptions and the load flow. The green arrows indicate the functional dependencies
which are in accordance with the general functional relations, while the dark cyan arrows are those
which are different, i.e. case-specific. Lastly, the purple arrow indicate the load flow that corresponds
to the general load flow and the pink arrow represents the case-specific load flow. In this figure the
SCADA-parameters have also been mapped (orange text) to the concerning (sub-)assemblies they
monitor. Note that the parameters related to the ambient temperature, ambient wind speed and
nacelle temperature cannot be assigned to a specific (sub-)assembly.
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Figure 4.4: A complete overview of the functional dependencies and load flow from the blades to the
foundation of WTA4. The green arrows are functional dependencies in accordance with the general
functional relations established. Dark cyan are case-specific functional relations. Purple arrows
indicate load flow following the general load path in a HAWT. Pink arrow indicates a case-specific
load flow.

Next, the affected (sub-)assemblies due to pitch failure are studied with the aid of Figure 4.4, i.e.
the functional dependencies and load flow.

Blades
As mentioned earlier, based on the functional dependencies the blades are expected to be affected
by blade pitch failure. There are, however, no SCADA-parameters available that monitor the blades.

Hub

From Figure 4.4 it can be seen that there is no functional relation between the hub and the pitch
system. However, it can be seen that there is a load flow from the blades to the hub. Since the blade
loads depend on the blade pitch system it can be argued that the hub indirectly functionally depends
on the pitch system and it is thus expected that its functionality will be affected when pitch failure
occurs. There are no SCADA-parameters available that monitor the hub.

Note: Figure 4.4 only presents the functional relations that can directly be derived from the func-
tional descriptions of the WT (sub-)assemblies.

Gearbox
Generally, the next assembly along the chain is the main shaft as this supports the hub. For WTA4,
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however, there is no main shaft present and the hub is directly connected to the gearbox, where it
is supported by the gearbox input shaft.

Based on the functional relations, the gearbox has no relation with the blade pitch system. However,
from Figure 4.4 it can be seen that there is a load flow from the hub to the gearbox - this is the
overall aerodynamic torque that is generated by the blades and transferred to the gearbox in order to
be converted to a lower torque for driving the generator. Given that the overall aerodynamic torque
depends on the blade pitch angles and is transmitted to the gearbox, it can be argued that the
functionality of the gearbox indirectly depends on the blade pitch system. Therefore, it is expected
that the functionality of the gearbox will be affected due to pitch failure and so will the parameters
monitoring the gearbox.

Note: From Figure 4.4 it can be seen that there is a functional dependency and load flow from the
gearbox to the silent blocks. The gearbox has its own silent blocks, which absorb the torsional rotor
moment acting on the gearbox. Given their physical structure, it is expected that blade pitch failure
cannot be detected by monitoring the silent blocks.

Main bearing

Similar to the gearbox, the main bearing has an indirect functional dependency with the pitch system.
Namely, the loads it experiences depends on the pitch system as, according to the load flow, they
originate from the blades. This was explained in section 3.5.3.3, where it was found that the
main bearings absorb F, F and F , and additionally experience reaction forces due to

hub,total> = Yhub, total Zhub, tota

M, ~  and M, .Thus it is expected that the functionality of the main bearings will be affected
ub, total hub, total

when pitch failure occurs. There are no SCADA-parameters available that monitor the main bearings.

High-speed shaft

From Figure 4.4 it can be seen that the high-speed shaft functionally depends on the gearbox and
that there is a load flow from the gearbox to the high-speed shaft - this is the increased rotor torque
for driving the generator. Due to this load flow it can thus be stated that the high-speed shaft indi-
rectly functionally depends on the blade pitch system and that that it is expected that its functionality
will be affected when pitch failure occurs. There are no SCADA-parameters available that monitor the
high-speed shaft.

Mechanical brake

The mechanical brake is a steel disc brake that is mounted on the high-speed shaft and is responsible
for mechanically braking the rotor (torque), where braking is achieved through engagement of the
brake calliper on the brake disc. Generally, the mechanical brake is applied after the shaft speed
has been reduced (through feathering of the blades) - the mechanical brakes would otherwise wear
too quickly if the rotor was stopped from full speed. When no braking occurs the mechanical brake
allows the transmission of the rotor torque, M, from the high-speed shaft to the generator.

hub, total ®

As the mechanical brake has the function of fixing the rotor during maintenance, it can be stated
that the mechanical brake will not be affected due to pitch failure. There are no SCADA-parameters
available that monitor the mechanical brake.

Flexible coupling

Following the mechanical brake is the flexible coupling, which transmits the increased 17 N— from
the high-speed shaft to the generator (see load flow in Figure 4.4). While doing so, the flexible
coupling accommodates the misalignment between the gearbox and generator. In section 3.4.3.3
it was explained that the misalignment is a result of the motion of the gearbox and that this motion
depends on 1/ —— and M,, o .Therefore, it can be stated that the flexible coupling indirectly func-
tionally depends on the blade pitch system. There are no SCADA-parameters available that monitor

the flexible coupling.
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Generator

Lastly, from Figure 4.4 it can also be seen that there exists a functional dependency between the
generator and the high-speed shaft + the flexible coupling, since the converted overall aerodynamic
torque is transmitted through the high-speed shaft + flexible coupling to the generator. As the gen-
erator converts this torque into electrical energy, it is clear that the generator functionally indirectly
depends on the pitch system and so it is expected that the parameters which monitor its functionality
will be affected in case of pitch failure.

To summarize, the load flow gave a full overview of all the (sub-)assemblies to be affected by blade
pitch system failure. In this way a complete overview is achieved of the affected SCADA-parameters.
Of all the affected (sub-)assemblies, only the gearbox and generator are monitored by the SCADA-
system. Apart from providing a complete overview of the affected SCADA-parameters due to blade
pitch failure, the load flow also complemented the functional approach in providing insight into
which SCADA-parameters may be related in the case of blade pitch failure. For example, from the
load flow it was found that the gearbox parameters are expected to be affected by blade pitch failure,
since there is a load flow from the blade pitch system to the gearbox. Therefore, based on this it
may be possible to plot the gearbox parameters against the parameter monitoring the blade pitch
system. This can, however, not be derived from the functional relations as no functional relation
exists between the blade pitch system and the gearbox. The same is also true for the generator
parameters.

There are cases, however, where both the load flow and the functional relations show that the same
(sub-)assemblies are related. This is found for the gearbox and the generator. Namely, based on the
functional relations the generator is linked to the gearbox via the high-speed shaft, while the load
flow from the gearbox to the generator indicates a indirect relation between the two.

Preliminary conclusion 2

From the figures representing the functional relations and load flow it is possible to create connec-
tions between a functional failure and its effects. However, from these figures it cannot be derived
how the affected SCADA-parameters are related, and thus which SCADA-parameters can be plotted
against each other in order to detect blade pitch failure. For this, in-depth knowledge of the physics
is required. The physics can also be used for explaining deviations in parameter graphs.

Next, it is demonstrated how the physics can be applied for understanding how the gearbox and generator
SCADA-parameters are related and explaining the deviations in the parameter graphs.

4.4.4 Application of the physics for understanding the relation between SCADA-
parameters and explaining deviations

Generally, the total amount of energy available in the wind is equal to:
1 2 3
Py = Epﬂ:R Vwind (4.1)

where R is the radius of the WT rotor and v,,;,,4 is the magnitude of the incoming wind speed. From
this amount only a portion is captured by a WT:

1
Pr= C,(A, ¢)§p TRV, id° (4.2)

where C,, is the power coefficient and A the tip-speed ratio. The tip-speed ratio is the ratio between
the tangential speed of the tip of the blade and the magnitude of the incoming wind speed:
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1= ©R (4.3)

Vwind

where w is the rotational speed of the rotor and R is the rotor radius.

The power coefficient generally describes the fraction of power extracted by a WT as:
PT = Cp(a'a ¢)PW (4.4)

Equations 4.2 - 4.4 show that the C,-value depends on the blade pitch angle, ¢, the rotational
speed of the WT-rotor, w, and the incoming wind speed, v,,;,,4. Ideally, the WT should operate at the
maximum C,-value. The operation of a WT consists of four different operating regions (see Figure
4.5):

Region 1: this is the region from 0 m/s up to cut-in wind speed. Wind speeds below cut-in wind
speed are too low to start-up the WT. At cut-in wind speed the WT starts power production.

Region 2: is the region between cut-in wind speed and rated wind speed. In this region maximization
of the power output is the main concern and therefore, ¢ is kept at 0°. The rated wind speed is the
wind speed at which the WT reaches the maximum, i.e. rated, power output.

Region 3: is the region from rated wind speed up to cut-out wind speed, which is the wind speed at
which the WT is shut down. In this region the power output is limited to the rated power in order
to avoid overloading of the turbine.

Region 4: in this region wind speeds are very high and the WT does not produce power in order to
prevent it from damage.

Pwra (U)

('Y
Region 1, Region 2 : Region 3 ; Region 4
4 > > rt———

]
! Power extraction
maximization

Speed and power
limiting
(B>0) and controlled

Output power

(insufficient energy)
Stopped wind turbine
(protection)

Stopped wind turbine

l

0 U U U u

Wing speed

Figure 4.5: The different operating regions of a pitch-controlled variable-speed HAWT [77].

In region 1 and 3 the WT is pitch-controlled, i.e. the blade pitch angles of the blades are adjusted,
and in region 2 it is speed-controlled, i.e. the rotor speed of the WT is adjusted. Both pitch and
speed control occur based on the rotational speed of the generator rotor. With regard to pitch control,
the control system measures the speed of the generator and compares the value with the reference
generator speed. Based on the error in this value, a reference pitch angle is determined by the
control system.
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A similar approach applies to speed control, where the measured generator speed is compared with
the WT characteristic curves. These curves present the power-rotor speed curves for different wind
speeds and ¢ = 0°. An example is presented in Figure 4.6. In this figure, the power is determined
according to equation 4.2 as follows: for a certain w and ¢= 0°, a certain A-value is obtained based
on equation 4.3. With this A-value, the optimum C,-value is determined from a C,-A characteristic
curve. An example of such curves is presented in Figure 4.7.
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Figure 4.6: The power output captured by a WT-rotor v.s. the WT-rotor speed for different wind
speeds [72].
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Figure 4.7: The power coefficient v.s. A for various ¢ [72].

Coming back to speed control, for the measured generator speed and a certain wind speed, the
Maximum Power Point (MPP) is determined from the power output v.s. rotor speed curve (Figure
4.6). This power output is then used as the reference signal for adjusting the power output- control
of the power output is performed by the frequency converter. Based on this reference signal, the
frequency converter adjusts the current flowing through the generator rotor windings and as a result
causes the magnetic field of the generator to change. As the generator rotor rotates in this magnetic
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field, the torque exerted by the field on the rotor, i.e. the counter torque, is also changes and as
a result the rotational speed of the rotor blades change. By changing the rotational speed of the
blades, the power captured by the WT changes.

From the above it can be concluded that since the power output of the generator, Grd Prod Pwr_ Avg,
is determined by the power coefficient C, (4, ¢) and the incoming wind speed, Grd_Prod_Pwr_Avg
can be plotted against the blade pitch angle, Blds_PitchAngle Avg. Also, as A is affected by the rota-
tional speed of the WT, Rtr RPM_Avg, it also possible to plot Grd Prod Pwr Avgagainst Rtr RPM_Avg.

Grd_Prod_Pwr_Avg v.s. Blds_PitchAngle Avg

In Appendix C it is extensively explained, using the physics, that when pitch failure occurs the power
output above rated output increases more compared to the case of no pitch failure. Therefore, for
the failing WT larger pitch angles are measured for the same power output.

Grd_Prod_Pwr_Avg v.s. Rtr RPM_Avg

Earlier it was explained that when pitch failure of one blade occurs, the hub loads change. For the
rotor torque, My, ., itis expected that this will decrease. Therefore, pitch failure causes the power
output of the generator to decrease and so for the failing WT lower power outputs are measured for
the same rotational speed of the rotor.

In section 3.5.3.3 it was explained that a deviation in the blade pitch angle affects the hub loads.
As the hub loads change, the gearbox bearing loads, gearbox displacement and generator bearing
loads will also change. Changes in the bearing loads cause the bearing temperatures to change due
to a change in the amount of heat generated by the bearing. For ball bearings the generated heat is
calculated according to the following equation:

H= 1.047-10%-n-M (4.5)

where H is the heat generated by a ball bearing (W), n is the rotational speed of the ball bearing
(rev/min) and M is the total frictional torque acting on the ball bearing (N/mm). Here, the total
frictional torque includes viscous friction torque, torque due to applied load and lastly, torque due to
the spinning and gyroscopic force acting on the bearing balls [62]. For roller bearings the generated
heat is calculated with the same formula, however, the total frictional torque is calculated on the
basis of the viscous friction torque and torque due to applied load only. If the roller bearings are
flanged, then there is also friction torque due to the flanges [76].

Equation 4.5 shows that bearing temperatures - Gear Bear Temp HSMidAvg, Gear Bear Temp HSGenEndAvg,
Gear Bear Temp HSRtrEndAvg, Gen Bear Temp Avg and Gen Bear2 Temp Avg - can be plotted

against the power, in this case Grd Prod Pwr Avg, as n- M is equal to the transmitted power. As

the rotational speeds of both the gearbox and generator are measured, it is also possible to plot

the bearing temperatures against these parameters. Next, the generator bearing temperatures are

plotted against the power. Appendix B and C present other analyses that were conducted for the

gearbox and generator parameters, based on the physics.

Gen_Bear Temp Avg and Gen_Bear2_Temp_ Avg v.s. Grd_Prod Pwr_Avg

In section 3.5.3.3 it was explained that the generator bearing loads are determined by the gearbox
movement and coupling misalignment, which depend on the hub loads. In Appendix B.2 it is
explained that the coupling misalignment increases due to pitch failure and so the generator bearing
loads are expected to increase. A statics analysis showed (see Appendix C.2) that the reaction forces
in the second generator bearing are smaller than those in the first generator bearing. This means
that due to pitch failure higher temperatures are measured for bearings 1 and 2, where the temperatures
measured for bearing 2 are lower compared to bearing 1. The analysis also showed that when pitch
failure occurs, the loads in bearing 1 increase more than the loads in bearing 2 and that bearing 2 is
less sensitive to pitch failure. A remark in this regard is that as generally bearing temperatures are
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affected by the ambient temperature, the temperatures of bearing 1 and 2 must be plotted relative
to the ambient temperature, unless this temperature does not fluctuate. Note that for the generator
bearings the ambient temperature refers to the nacelle temperature, Nac_Temp Avg. From the data
it was found that the nacelle temperature continuously fluctuates and so the bearing temperature
must be plotted relative to this temperature. Note: the data showed that Amb Temp Avg is the
temperature outside of the nacelle and is therefore not used in this work.

4.5 Results: SCADA-data analysis

In this chapter the field data is analyzed in order to identify to what extent the functional relations,
load flow analysis and physics allow the detection of upcoming pitch failure. The field data is
studied for a period of approximately one year, namely from the 6th of February 2010 until the
26th of January 2011. This is the period from the start of operation until the generator bearing was
replaced.

Worth mentioning is that the blade pitch system of WTA4 had failed due to incorrect settings rather
than due to failure of one of its components. This means that pitch failure was present from the
start of operation and so deviations in the SCADA-data cannot be studied with reference to the first
months of operation as is normally done in literature. For this reason, in this work the field data
of WTA4 shall continuously be compared with a healthy/reference turbine, from now on referred
to as WTA2, in order to spot deviations from the actual expected normal behavior. As the study
period is approximately one year, plotting all data in one graph does not provide clarity in spotting
deviations and therefore, the data is plotted for time intervals of one month. Worth mentioning is
that only those plots that show clear deviations from the reference behavior are presented in this
chapter, while the full set of plots can be found in the Appendix C.

Failure case WTA4

From a Performance Analyses Report of the studied wind farm, it was stated that WTA4 increased its
blade pitch angles later than WTA2, since for the same wind speed the average blade pitch angle of
WTA4 is lower than of WTA2. As mentioned earlier, it is assumed that pitch failure is due to failure
of (one of) the individual blade pitch systems.

Next, the parameter relations established in the previous section are studied for failure detection.

Grd_Prod_Pwr_Avg v.s. Blds_PitchAngle Avg

Figure 4.8 shows the Grd Pwr Avg v.s. Blds PitchAngle Avg graph for the months February and
March. In the month March the healthy turbine shows deviating behavior. It seems that at around
400 kW, varying average blade pitch angles are measured. Compared to the month February, the
power output of 400 kW is more or less the point where the blade pitch angles are no longer adjusted
and the frequency converter takes over the power regulation. The data analysis showed that from
the 13th - 22nd of March the average blade pitch angle at a power output of about 400 kW was
higher than it should have been.

Worth mentioning is that the remaining months, see Appendix C.2, show a similar behavior as
exhibited in the month February.

Figure 4.8 shows that for WTA4 the average blade pitch angle, at power outputs close to the rated
power output, is larger for the same power outputs. This is in accordance with the theory. The
remaining months show similar behavior.

Based on this it can be stated that plotting the power output against the average blade pitch angle fully
provides insight into pitch failure.
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Figure 4.8: Comparison of power output v.s. average blade pitch angle of WTA4 with the reference
WT for the months February 2010 and March 2010.

Grd_Prod_Pwr_Avg v.s. Rtr RPM_Avg

Figures 4.9 - 4.10 show that for the failing WT the power output is indeed lower for the same rotor
speed compared to the healthy WT. This is in agreement with the theory. The remaining months also
show the same behavior.

In the months March and May, however, the healthy turbine shows some additional deviations. For
the month March deviations were also visible in the Grd Prod Pwr Avg v.s. Blds PitchAngle Avg
graph. Here it was found that varying blade pitch angles were measured for the power output
where the frequency converter takes over blade pitch control, i.e. start of power production. This
power output is around 400 kW. Figure 4.9 shows a similar behavior, where varying rotor speeds
are measured at 400 kW. These rotor speeds are lower than they should be. This corresponds to the
higher than usual blade pitch angles that were measured at 400 kW.

For the month March it can be seen that for the failing WT the rotor speed becomes constant for a
smaller rotor speed compared to the healthy turbine. For the healthy WT the rotor speed remains
constant at 16.7 rpm, while for the failing WT this is at around 16.7 rpm. However, from Figure
4.11 it can be seen that for the months June and July the rotor speed also starts being constant at
16 rpm - this time also for the healthy turbine.

Based on this it can be stated that plotting the power output against the rotor speed fully provides insight
into pitch failure.

45



3000

2500 —

O Febr 2010 Ad-failing
©  Febr 2010 A2-reference

2000 —

1500 — o

Power output
=
S
(=]
I

@
3
S
I
o}

(=3
o
D
o
(]
?
NS
7]
(¢)
o
o)
es}
@ b
o)

Rotor speed

3000

2500 —

2000 —

Power output
3 @
S o
(=] (=]

I I

@
3
=)
T
o
o

(=]

0 2 4 6 8 T
Rotor speed

Figure 4.9: Comparison of the power output v.s. rotor speed data of WTA4 with the reference WT
for the months February 2010 and March 2010.
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Figure 4.10: Comparison of the power output v.s. rotor speed data of WTA4 with the reference WT
for the months April 2010 and May 2010.
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Figure 4.11: Comparison of the power output v.s. rotor speed data of WTA4 with the reference WT
for the months Juni 2010 and July 2010.

Gen_Bear_Temp_Avg v.s. Grd_Prod_Pwr_Avg

From Figure 4.12 it can be seen that during the first months of operation, i.e. February and March,
the temperature of the bearing 1 of WTA4 overlaps with that of WTA2. This is contradictory with
theory. However, over time the temperature of the bearing of WTA4 significantly increases, which is
in agreement with theory, up until January 2011 (see Appendix C.2) when there is generator bearing
replacement (Note: In the Performance Analyses Report of the wind farm it is not mentioned whether
generator bearing 1 or bearing 2 was replaced). This is in agreement with the expectations for pitch
failure.

Based on the above it can be stated that plotting delta T related to the temperature of generator bearing
1 against the power output does not fully provide insight into pitch failure.
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Figure 4.12: Comparison of Tiemperature generator bearing 1 = Inacelle V-S- Power output data of WTA4 with
the reference WT for the months February 2010 and March 2010.

Gen_Bear2 Temp_ Avg v.s. Grd_Prod_Pwr_Avg

Figures 4.9 - 4.10 show that for WTA4 delta T related to the temperature of generator bearing 2
for the months March and April 2010 is lower compared to WTA2. This is in contradictory with the
theory. Lastly, it can be seen that for the months February and May 2010 no deviations are visible.
This is also in agreement with the theory, since the loads in bearing 2 increase less due to pitch failure
and so it is possible that the loads do not increase enough to show deviations. The remaining months
also show no deviations.

Based on this it can be stated that plotting delta T related to the temperature of generator bearing 2
against the power output does fully provide insight into pitch failure.
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To summarize, in this section the SCADA-parameters related to the blade pitch system, gearbox and
generator were plotted against each other based on the physical relations established in section
4.4.3.2. This section also demonstrated that knowledge of the physics supports explaining the de-
viations seen in the parameter plots, but that there are cases where observations from the field data
do not match the theory.

4.6 Discussion

In this chapter firstly, the results presented in the previous section are interpreted more integrally
in order to determine what they mean and what the limitations are and secondly, the findings are
reviewed in the context of the literature.

The application of a functional approach for detecting WT failures was demonstrated on a case study
that contained blade pitch system and generator bearing failure.

From the case study it was found that the functional approach did not fully support failure detection
as it did not provide a full overview of the failure effects of blade pitch system failure. Namely, only
the blades were expected to be affected, while generator bearing failure had also occurred. This
means that not all affected SCADA-parameters could be captured. In order to be able to capture all
the failure effects of the blade pitch system, it was proposed to additionally apply the load flow. With
the load flow six affected (sub-)assemblies were identified, while based on the functional relations
only one assembly was expected to be affected due to blade pitch failure.

Both the functional relations and the load flow showed which SCADA-parameters are affected and
related, with the load flow providing a larger overview, but not how. In other words, they gave an
initial indication of which parameters could be plotted against each other. For example, based on
the functional relations the blade pitch system and blades are related and so their parameters are
related to each other. The load flow additionally showed that the blade pitch system and gearbox
are related and therefore so are their parameters. However, with one blade pitch parameter and
five affected gearbox parameters and six generator parameters, it was difficult to identify which
SCADA-parameters could be plotted against each other in order to detect deviations, i.e. blade pitch
failure. This is where the application of the physics showed its value.

The physics immediately showed that one generator parameter, i.e the power output, could be re-
lated to the blade pitch angle. Also, the same generator parameter was related to four gearbox
parameters, all related to temperatures in the gearbox, and two other generator parameters, i.e. the
generator bearing temperatures (Note that of the six available generator parameters, two were not
included in this work (see Appendix B)). Additionally, the physics helped explaining beforehand the
expected deviations in the graphs of these parameter sets, due to pitch failure.

For the parameters sets studied in the previous section, the outcome of graphs showed that the
field data matched the expectations. Namely, the parameter sets - chosen based on the physics-
showed deviations and thus were indeed affected by pitch failure. Moreover, the behavior of these
deviations matched what was theoretically expected for pitch failure. However, for some of the
remaining parameter sets - see Appendix C - the behavior of the parameters did not match the
theory for certain months. This demonstrates that the application of the physics does not always
work.

From a generic point of view it can be stated that even though more failure effects were identified
with the load flow, the load flow alone does not support failure detection. To be more specific, the
root causes and failure effects of a certain (sub-)assembly can be traced back with the load flow
alone. For example, the load flow showed that there is a load flow from the hub to the main bearing
and so faulty operation of the main bearing may be traced back to the hub and blades (root causes).
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However, there is also a functional dependency of the main bearing on the auxiliary system, i.e. its
lubrication system, and thus it should be noted that failure of the auxiliary system could also be the
cause of main bearing failure. This could not be found based on the load flow. Further, based on
the load flow no (sub-)assemblies would be affected if the main bearing fails (Note that the base
frame is not expected to be affected when the main bearings fail). The functional relations show that
the gearbox depends on the main bearing and so it is possible that the failure of the main bearings
affects the gearbox functionality. This implies that both the functional relations and load flow should
be used in order to obtain a complete overview of the root causes and failure effects related to a
(sub-)assembly.

In short, this work presented a structured analysis of SCADA-data for failure detection (of a certain
(sub)assembly) by:

1. understanding the physical connections between the (sub-)assemblies of a HAWT and deriv-
ing the applicable physical structure with the aid of the general physical decomposition (see
Figure 3.3);

2. from this structure and the general functional decomposition (see Figure 3.4) derive the func-
tional relations between the (sub-)assemblies;

3. based on the physical structure and the generic load flow (see Figure 3.13) determine how
the hub loads flow along the (sub-)assemblies;

4. with the functional relations and load flow determine the (sub-)assembly failures leading up
to (= root causes) and affected by a certain (sub-)assembly failure (= effects).

5. through knowledge of the root causes and effects, identify the affected corresponding SCADA-
parameters.

6. lastly, include the physics to identify the relations between the SCADA-parameters and which
parameter sets can be used to detect a certain (sub-)assembly failure.

Given that steps 1-3 use a generic representation of the physical and functional relations in a HAWT,
the proposed fault detection methodology can be applied to any HAWT. Also the identification of
the affected SCADA-parameter (step 5) occurs based on the functional relations and the load flow,
which are largely generic, and so this additionally shows the applicability of the method to any type
of HAWT. The challenge, however, lies in step 2 as some technical system knowledge is required in
identifying new functional relations between (sub-)assemblies in the case that the physical structure
of a certain WT deviates from the general physical decomposition established in this work. Lastly,
the physics used in this work are generic and apply to any HAWT.
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Chapter 5

Conclusions & recommendations

This chapter is meant to provide an answer to the sub-research questions and ultimately the main
research question.

This work explored the application of a functional approach in combination with SCADA-data for
detecting failures of HAWTs. The application of a functional approach for SCADA-data analysis
required the development of a functional decomposition of a HAWT such that it was generally ap-
plicable to all HAWTs and provided a structured method for relating SCADA-parameters to each
other. Additionally, this work proposed taking into the load flow and physics for complementing the
functional approach and supporting SCADA-data analysis.

The generic functional decomposition was obtained through an extensive literature review on cur-
rent existing HAWT-configurations and existing WT taxonomies. In combination with the work of
[14], first a generic physical decomposition of a HAWT was obtained and from this the generic
functional connections between the WT (sub-)assemblies were derived. It was found that even
since these decompositions are generic, there are cases where the decompositions must be slightly
adjusted in order to be applicable to a case specific WT. This requires some technical system knowl-
edge.

The analysis of the SCADA-parameters for the detection of certain (sub-)assembly failure required
understanding which parameters are affected due to this failure and identifying which parameter
sets will show deviations indicating (sub-)assembly failure. This work showed that the functional
approach limits the identification of affected SCADA-parameters as it is not capable of capturing all
root causesand failure effects. To overcome this challenge, it was proposed to include the loads seen
by the various WT (sub-)assemblies. The load flow proved to identify additional failure effects, yet
not all. For this the functional relations had to be included.

Even though the application of the functional approach and load flow supported identifying affected
SCADA-parameters, they limited the data analysis as they did not provide insight into which param-
eters could be plotted against each other in order to detect deviations. This challenge was overcome
by including the fundamental physics governing the energy conversion process. It was found that
for the majority of the established parameter sets deviations were indeed detected. Moreover, the
physics supported explaining these deviations.

Recommendations
Overall improvements for the proposed method are summarized below:

The set of SCADA-parameters chosen for this work currently contains only 16 parameters, while
the original database has close to 130 parameters. Due to lack of expertise it was not possible to
decode the remaining SCADA-parameters. In order to allow a better validation of the application of
the physics in the detection of failures, the current set of parameters should be extended as more
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parameters will be available for validation. For example, the main bearing temperature has not
been measured and so the effect of pitch failure could not be validated for the main bearing. Also,
with more SCADA-parameters available the identifiers of pitch failure can be extended. It should be
noted, however, that of the decoded parameters not all provided usable inputs.

Given that this work only used SCADA-parameters for fault detection, future research can include
the SCADA-alarm log. Connecting the alarms with the moment a deviation is observed can support
establishing additional functional connections that might not have been established based on the
functions and the load flow. This supports better detection of failures.

For future research it is also recommended to apply the proposed method to more case studies, i.e.
other WT-types and other failures. This will aid in obtaining more generic outcomes regarding the
SCADA-parameters supporting the detection of a certain failure.
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Appendix A

Functionalities HAWT-assemblies
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Appendix B

Pitch failure effects on the
SCADA-parameters

Hyd_Oil Temp Avg

There is a parameter measuring a hydraulic oil temperature of which it is unclear whether this relates
to the blade pitch, mechanical brake or yaw system. As all three (sub-)assemblies do not operate
continuously and the data points are taken every 10 minutes, it is expected that the hydraulic oil
temperature will not support pitch failure detection. To be more specific, as these (sub-)assemblies
do not operate continuously the hydraulic system is also not actuated continuously and therefore
it is expected that in the time interval of 10 minutes the hydraulic oil has already cooled down to
show any deviations.

B.1 Gearbox parameters

Rtr RPM Avg

The parameter Rtr RPM_Avg is assumed to be the average rotational speed of the gearbox input
shaft. Namely, as the hub is physically connected to the gearbox input shaft, the rotor speed is equal
to the speed of the gearbox input shaft.

It is expected that Rtr RPM_Avg can be used to detect pitch failure. When, for example, one blade
has a larger ¢ and thus a smaller a, F; of this blade decreases. As this blade has a lower F}, the
torque generated by this blade is smaller compared to the remaining two blades and consequently;,
the overall aerodynamic torque, M, deviates compared to the case of no pitch failure. As a

hub, total

result the rotational speed of the gearbox input shaft will change.

With regard to the pitch failure case of WTA4, it cannot be stated beforehand how the rotational
speed of the gearbox input shaft will change, since several types of pitch failure can occur of which
the effects on the rotational speed must first be studied. These failure types are described next:

1. Generally, the blades are pitched below cut-in wind speed, which is around 3 - 4 m/s, and just
before the rated wind speed is reached. As the wind speed increases from 0 m/s to the cut-in wind
speed, the blade pitch angles are decreased from almost 90° (feathered position) to 0°, where the
WT starts producing power. In this regard, the wind flows from the leading to the trailing edge and
a is positive. Hereafter, the pitch angle of the blades are kept constant until just before the rated
wind speed, i.e. the maximum allowable generator speed, is reached. The reason for pitching the
blades slightly before the rated wind speed is reached is to prevent an abrupt change in the blade
pitch angles so that the transient loads acting on the WT are kept at a minimum. Transient loads
are the loads which are induced due to a temporary external event, e.g. wind gusts, turbulence, the
application of the mechanical rotor brake, etc., and eventually decay [32][43]. Just below the rated
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wind speed, the pitch angles are increased from 0° to almost 90°. The increase in the blade pitch
angles is intended to maintain the power output of the WT at the rated value of the generator.

Given the above, pitch failure can thus occur i. below cut-in wind speed, where the blade pitch
angles must be decreased or ii. above the maximum allowable generator speed, where the
blade pitch angles should be increased.

2. Additionally, it is possible that during pitching a failure can occur in the blade pitch system of
one, two or three blades and that as a result insufficient pitching power is delivered for adjusting
the blade pitch angle(s). The failure effects of the blade pitch system on the loads that enter the drive
train, i.e. hub loads, shall for the remainder of this work only be discussed for the case of pitch failure
of one blade, since a larger effect is expected when pitch failure occurs for two or three blades. This
is explained, as an example, for F,

Taking the azimuth angles of blade 1, 2 and 3 to be respectively 0°, 120° and -120° and assuming
=2.2,Fr =1.8, Fr =2 and FG, o0 for all blades = 1, the resulting hub loads

FTroot, blade 1 'root,bla.de 2 root,blade 3
in yp,p- and z,; direction are:

Blade 1:
F Xhub, blade 1 1 0 0 0
Varbazer | = | O cos® -sin® [| F, (&) ], for 0<®<2r
2 0 sin® cosd 0
hub, blade 1
1 0 0 0
= |0 cos® —sind || [Fr, (2)+Fg r(‘I’)]l
0 sin® cos® 0
(B.1)
0
= | cos®.[Fr (®)+ Fg, (®)]
sin ®.[Fr_ (®) +Fg, (®)]
0
= 132
0
Blade 2:
F Xhub, blade 2 0
F)’hub, blade 2 = 2.28 (B.Z)
F Zhub, blade 2 1.63
Blade 3:
Fxhub, blade 3 0
Yhub, blade 3 = 2.44 (B‘B)
thub, blade 3 —1.74
The resultant hub loads due to F, of all blades becomes:
F Xhub, total F Xhub, blade 1 F Xhub, blade 2 F Xhub, blade 3 0
Yhub, total = F Yhub, blade 1 +| F Yhub, blade 2 +| F Yhub, blade 3 = 7.92 (B'4)
Zhub, total F Zhub, blade 1 F Zhub, blade 2 F Zhub, blade 3 —0.12
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When pitch failure of blade 1 occurs below cut-in wind speed, Fr

' o blade 1 becomes for example = 1.9.
The resultant hub loads then become:

Fxhub, total O
FJ’hub, total 7.62 (B'S)
Zhub, total _O' 1 2

In the case that pitch failure of blade 1 and blade 2 occur, F; becomes for example 1.9 and

root, blade 1

T becomes 1.3. The resultant hub loads are in this case:
root, blade 2

Fxhub, total O
Yhub, total 722 (B'6)
Zhub, total _0.41

Equation B.4 - B.6 show that compared to no pitch failure, the resultant hub forces due to F, have
decreased. When the blade pitch system of one more blade fails, the resultant hub forces decrease
further. This illustrates that the effect of pitch failure on the hub forces becomes larger when pitch
failure of more than 1 blade occurs.

Next it is studied how the aerodynamic torque, M,

b o ANd thus the rotational speed, Rtr_RPM_Avg,
are affected for pitch failure case i. and ii.

i. Pitch failure below cut-in wind speed - one blade
In order to start up the WT at around 3 - 4 m/s, the blades are pitched from 90° to around 0° - here
the WT should start producing power.

The blade pitch angles are decreased until the generator speed is no longer zero and the generator
starts producing power. When failure occurs in the blade pitch system of one blade, it is assumed
that insufficient pitching power is delivered for decreasing ¢. This means that ¢ of this blade is
decreased insufficiently and as a result the blade has a smaller a compared to the remaining two
blades. Consequently, the pitch angles of the two remaining blades of the WT are decreased more
than usual so that the minimum generator speed required for starting power production can be
reached. In section 3.5.3.2 it was explained that the blade pitch angle, ¢, affects the hub loads -
in this case My Generally, at start-up all blades have a blade pitch angle ¢ = 0° and the same
power coefficient, C,. In the case that pitch failure occurs, one blade has a different pitch angle
compared to the remaining two blades and the blade pitch angles of the blades are larger than 0°.
Figure 4.7 shows that the C,-value decreases for ¢ > 0°. As the lift coefficient, C;, depends on C,
it is expected that F; of these blades will decrease and so 17— also decreases. Consequently, the
power output of the generator will be lower due to pitch failure. The rotational speed of the rotor,
Rtr RPM_Avg, is however not expected to change, since the control system continuously adjusts the rotor

speed to the reference rotor speed.

Based on the above explanation it can be concluded that when pitch failure occurs below cut-in wind
speed, it is expected that the power output is lower (between cut-in and rated wind speed) and that
the rotational speed of the rotor remains the same.

ii. Pitch failure slightly below rated generator speed - one blade

Another failure option is that the pitch system fails just before the maximum generator speed is
reached. From this point on the blade pitch angles must be increased in order to limit and maintain
the power output of the generator. If ¢ of one blade cannot be increased sufficiently, then its blade
pitch angle is smaller compared to the remaining two blades. This blade will have a higher C,-value
than the remaining two blades and will thus produce a higher torque. The total torque generated by
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the three blades, M,, ., will then be higher. However, the control system will then further adjust

the blade pitch angles such that the power output of the generator is maintained at the rated value.

Based on the above explanation it can be concluded that when pitch failure occurs slightly below
rated generator speed, both the power output and the rotational speed of the rotor will remain at
the rated value and so no deviations will be visible. However, when the WT continues its operation
and wind speeds reach values between cut-in and rated wind speed deviations will in this case be
visible, i.e. the power output will be lower.

Gear_Bear_Temp HSMid_Avg, Gear Bear TempHSGenEnd_Avg and Gear Bear TempHSRtrEnd_Avg
Table 4.1 shows that there are three parameters monitoring temperatures of three gearbox bearings.
The operating temperature of the bearings is regulated by the cooling and lubricating system of the
gearbox. The lubricating system of the gearbox is a pressure-fed, i.e. forced, system with an external
oil sump. The heat generated by the bearings and (gears) is taken away by the (lubricating) oil,
which is afterwards sent to the oil reservoir. An oil pump takes suction from the reservoir and sends
the oil through a heat exchanger (i.e. cooler) to cool, after which it returns to the gearbox. This is
regulated by a control unit or a switch. Both activate the cooling if the oil temperature is too high.
Once the cooler is activated, the oil temperature is decreased until a certain minimum temperature.
Then the cooler is switched off and the oil temperature starts to increase again until the maximum
temperature, where the cooler switches again on. With such a system the goal is to maintain the
bearing temperature at the required level, even when they start failing and so, theoretically the
gearbox bearing temperatures would not give insight into pitch failure nor would they allow the
detection of pitch failure.

Gear Oil_TempBasis_Avg

There is also a parameter available which monitors the lubrication oil itself. It cannot, however, be
said with certainty whether this is the temperature of the lubricating oil in the oil sump. The sump
oil is responsible for absorbing the generated heat due to bearing friction and meshing of the gears.
After the oil has passed through the gearbox bearings and gears, it flows to the oil reservoir and
from here it is pumped through a filter. Depending on its temperature the oil returns back to the
gearbox lubrication system. If the temperature has reached a certain maximum value, the oil flow
is diverted to the cooler by a thermal valve (the oil has a maximum temperature that should not
be exceeded in order to prevent fast deterioration of the oil). In this way the oil is forced to pass
through the cooler before it can flow to the gearbox lubrication system. The expected behavior of
the parameter Gear_Oil TempBasis_Avg due to pitch failure is discussed next:

For the heat generated by the gearbox bearings, equation 4.5 applies. With regard to the gears, the
driving gear teeth push, i.e. exert a force on, the driven gear teeth. This is illustrated in the Figure
B.1.
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Figure B.1: Force exerted by driving gear teeth on driven gear teeth [22].

This force acts normal to the surfaces of the gears and its value generally depends on the torque
transfer between the gears [22]. As the gears mesh, they slide over each other and cause a friction
force. This friction force generates heat of which the amount of heat generation depends on the
normal force and thus the torque transfer between the gears. As M, is lower in the case of

hub, total

pitch failure, the gears will generate less heat compared to the case of no pitch failure.

To sum up, when pitch failure occurs it is expected that the gearbox bearings generate more or less
the same amount of heat due to an increase in the bearing loads and a decrease in the transmitted
torque. Due to the decrease in the transmitted torque the gears are expected to produce less heat
and thus overall it is expected that the heat flow to the gear oil remains more or less the same.

B.2 Generator parameters

The current set of SCADA-parameters contains parameters measuring the average temperature of
the generator cooling water, Gen_CoolingWater Temp Avg, and the average slip ring temperature,
Gen_SlipRing Temp. These parameters are not discussed in this work, because in-depth knowledge
is required regarding the harmonics of the rotor current that adjusts the counter torque of the gen-
erator. As the focus of this work is primarily on the mechanical system of a HAWT, the harmonics
due to the generator currents are out of scope of this work.

Gen_Bear Temp_ Avg and Gen_Bear2_Temp Avg

In section 3.5.3.3 it was explained that the reaction forces in the generator bearings are fundamen-
tally caused by the displacement of the gearbox and that this displacement depends on the forces of
the hub bending moments as well as the hub forces.

When pitch failure occurs, the forces of the bending moments and the hub forces are expected to in-
crease. This causes increased motion of the gearbox and more misalignment of the flexible coupling.
In section 3.5.3.3 it was explained that due to the misalignment, reaction forces and moments are
generated in the coupling. Consequently, the coupling reaction forces and moments cause reaction
forces in the generator bearings. Due to the increased misalignment of the flexible coupling, the
reaction forces in the generator bearings are expected to increase. Below it is demonstrated that the
reaction forces in the second generator bearing are generally smaller than in the first generator bearing.

The reaction forces in generator bearing 1 are assumed to be F, _, F, and F,  and those in
bearing 2 F,  and F,  (see Figure B.2). Further, Fy c,ypiing a0d MR coupiing are assumed to act at a

distance a from bearing 1 and a distance b from bearing 2.
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“hub

Figure B.2: Generator forces due to coupling reaction loads.

Through application of the equilibrium equations, the bearing reaction forces can be found:

z Fxhub =0: FxGBI =0
E Fyhub = O : FyGBl +F.VGBZ = FRcoupling
Mg Mg
couplin, couplin,
L F, =0:F_ —a" ~+F,, —b" = =0 (8.7)
2 Myhub =0: FZGB] -a+FZGBZ -b=0
% Mzhub =0: FyGBI .a+F.)’GBZ b=0
Assuming FRwuplmg =12 and MRmplmg =15,a=2andb=5,F,  =20,F,_ =8,F,_ =71and

F

2op, = 3-4. When pitch failure occurs, the coupling misalignment increases and so do the coupling

reaction forces. Assuming F;  becomes 20 and My _ becomes 23,F, ~=33.3,F, = 13.3,
coup‘lmg X . coupling qul K YaB2 .

F, ., =11.1and F, = 5. This shows that pitch failure causes the loads in bearing 1 to increase

more than in bearing 2, which means that bearing 2 is less sensitive to pitch failure.

Gen_RPM Avg

Another parameter that monitors the generator is the rotational speed of the generator. Previously
it was explained that when pitch failure occurs, the rotational speed of the turbine rotor remains the
same. Since the generator speed is proportional to the rotational speed of the turbine rotor, by the
gearbox ratio, it is expected that the generator speed will (also) remain the same when pitch failure
occurs.

Grd_Prod_Pwr_Avg

The last parameter to monitor the generator is the power output of the generator. Previously, it
was explained that when pitch failure occurs, the power output is expected to be lower between the
cut-in and rated wind speed and remains the same above rated wind speed.
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Appendix C

SCADA-data analysis

C.1 Gearbox parameters

Gear_Oil_TempBasis_Avg

In section B.1 it was explained that the temperature of the gear oil depends on the amount of heat
generated by the bearings and gears. For the bearing it was explained that the heat generation, H,
is a function of among others n, which is the rotational speed of the bearings. Based on this, delta
T may be plotted against Rtr RPM_Avg.

Gear_Oil_TempBasis_Avg v.s. Rtr_RPM_Avg

As the gear oil is in contact with the ambient temperature, part of the heat it has absorbed is dis-
sipated to the surroundings, i.e. there is a heat flow from the bearings and gears to the gear oil as
well as a heat flow from the gear oil to the surroundings. Therefore, the gear oil temperature must
be plotted relative to the ambient temperature, unless this temperature does not fluctuate. From
the data it was found that the nacelle temperature does fluctuate. Note that for the gearbox the
ambient temperature refers to the nacelle temperature. From the data it was found that the nacelle
temperature continuously fluctuates and so the gear oil temperature must be plotted relative to this
temperature. As the gear oil temperatures are not expected to change, delta T is expected to be the
same compared to the case of no pitch failure.

Figure C.6 shows that for the month December of 2010 and January of 2011 delta T of the failing
WT is higher compared to the healthy WT. This is contradictory to the theory. The remaining months,
however, do indeed show that delta T for WTA4 overlaps with that of WTA2.

Based on the above it can be stated that plotting delta T related to the gear oil temperature against the
rotor speed does not fully provide insight into pitch failure.
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Figure C.1: Comparison of Tyeqr oif temperature = Tnacelle V-S- TOtOr speed data of WTA4 with the reference
WT for the months February 2010 and March 2010.
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Figure C.2: Comparison of Tyeqr ol temperature = Tnacette V-S- TOtor speed data of WTA4 with the reference
WT for the months April 2010 and May 2010.
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Figure C.3: Comparison of Tyeqr oif temperature = Tnacelle V-S- TOtOr speed data of WTA4 with the reference
WT for the months Juni 2010 and July 2010.
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Figure C.4: Comparison of Tyeqr ol temperature = Tnacette V-S- TOtOr speed data of WTA4 with the reference
WT for the months Augustus 2010 and September 2010.
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Figure C.5: Comparison of Tyeqr oif temperature = Tnacelle V-S- TOtOr speed data of WTA4 with the reference
WT for the months October 2010 and November 2010.
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Figure C.6: Comparison of Tyeqr ot temperature = Tnacette V-S- TOtor speed data of WTA4 with the reference
WT for the months December 2010 and January 2011.

Gear_Oil_TempBasis_Avg v.s. Grd_Prod_Pwr_Avg
Above delta T of Gear_Oil TempBasis_Avg was plotted against Rtr RPM_Avg based on equation 4.5.
This equation also shows that Gear_Oil TempBasis_Avg can be plotted against Grd Prod_Pwr Avg,
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as n-M is equal to the transmitted power. In this regard it is expected that for the same power output,
delta T will be the same for WTA4 compared to the reference WT.

In March of 2010 delta T of WTA4 seems to be lower compared to the reference WT. In the data it was
found that for WTA4 454 data points were measured less and so this could a possible explanation
for the "lower" delta T. In the months December and January, however, it was found that delta T
of WTA4 was higher relative to WTA2. It was first checked whether WTA4 had less data points
compared to WTA2 and the difference was only about 20 data points for the month January. It can
thus be concluded that delta T is indeed higher for WTA4. This is in agreement with the theory, as
the gearbox bearing loads increase due to pitch failure. For the remaining months, delta T of WTA4
overlaps with that of WTA2 - which is also in agreement with the theory.

Based on the above observations it can be stated that plotting delta T related to the gear oil temperature
against the power output, to some extent provides insight into pitch failure (since delta T may remain
constant even in the case of pitch failure).
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Figure C.7: Comparison of Tgeqr ol temperature = Tnacette V-S- POWer output data of WTA4 with the refer-
ence WT for the months February 2010 and March 2010.
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Figure C.8: Comparison of Tgear oil temperature ~ * nacelle

v.s. power output data of WTA4 with the refer-
ence WT for the months April 2010 and May 2010.
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Figure C.9: Comparison of Tgeqr oi temperature = Tnacelle V-S- Power output data of WTA4 with the refer-
ence WT for the months June 2010 and July 2010.
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Figure C.10: Comparison of Tyear oif temperature
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Thacele V-S- power output data of WTA4 with the

reference WT for the months August 2010 and September 2010.
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Figure C.11: Comparison of Tgear oif temperature = Tnacelle V-S-
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power output data of WTA4 with the

reference WT for the months October 2010 and November 2010.
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Figure C.12: Comparison of Tyeqr oif temperature = Tnacelle V-S- power output data of WTA4 with the
reference WT for the months December 2010 and January 2011.

C.2 Generator parameters

Gen_Bear _Temp Avg, Gen Bear2 Temp Avg

In section B.2 it was explained that when pitch failure occurs the bearing reaction forces are ex-
pected to increase, which results in more heat generation H. Recall that H depends on n, the rota-
tional speed of the bearing, and M, the frictional torque. This torque is a function of among others
the applied load on the bearing. For the generator bearing this load fundamentally depends on ¢
and so Gen_Bear Temp Avg and Gen_Bear2 Temp Avg are studied against Blds PitchAngle Avg.
A remark in this regard is that as generally bearing temperatures are affected by the ambient tem-
perature, the measured generator bearing temperatures must be plotted relative to the nacelle tem-
perature.

Gen_Bear_Temp_Avg, Gen_Bear2_Temp_Avg v.s. Blds_PitchAngle Avg

Given the above, it is expected that for the same average blade pitch angle delta T for WTA4 is higher
than for WTA2. Figures C.13 - C.18 are delta T v.s. Blds_PitchAngle Avg graphs for generator
bearing 1. From these graphs it can be seen that for the months May - December of 2010 delta T of
WTA4 is higher compared to WTA2. This is in agreement with theory. For the remaining months the
data points do not show a clear trend and so it is difficult to see deviations and make interpretations.

The delta T v.s. Blds_PitchAngle Avg graphs for generator bearing 2 are presented in Figures C.19
- C.24. From these graphs it was found that for the months March, May, June, July August and
December of 2010 delta T for WTA4 lies lower compared to WTA2. This is in agreement with the
expectations for pitch failure. For the remaining months, the data more or less shows an overlaps.
This is also in agreement with the theory.
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Based on the above it can be stated that plotting delta T related to the temperature of generator bearing
1 and generator bearing 2 against the average blade pitch angle does not fully provide insight into pitch
failure.

O Febr 2010 A2-reference
O Febr 2010 A4-failing

= o} [e]
© o
= o o
®
o © » - 0
o
o o
© [e}e]
o 9
& o
| 1 | 1 1
30 40 50 60 70
Average blade pitch angle
= o o o 2
Pt & ot O & 5 o
® o) o "
a] 5 5 o Ie o
oo
o
e B 4
B
9 o 5 O o o
1© | l | ®©
30 40 50 60

Average blade pitch angle

Figure C.13: Comparison of Tgenerqtor bearing 1 temperature = Inacelle V-S- @verage blade pitch angle data of
WTA4 with the reference WT for the months February 2010 and March 2010.
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Figure C.14: Comparison of Teenerator bearing 1 temperature = Inacelle V-S- @verage blade pitch angle data of
WTA4 with the reference WT for the months April 2010 and May 2010.
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Figure C.15: Comparison of Teenerqtor bearing 1 temperature = Tnacelle V-S- @verage blade pitch angle data of
WTA4 with the reference WT for the months June 2010 and July 2010.
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Figure C.16: Comparison of Tgenerqtor bearing 1 temperature = Inacelle V-S- @verage blade pitch angle data of
WTA4 with the reference WT for the months August 2010 and September 2010.

78



O Oct 2010 A2-reference
O Oct 2010 Ad-failing

o]
-
< ° o
= o o
a
© o o
- ¢ o
o o o
o] a
o
o o
2 o o o
o o o"
) ® Lo %9 ! |
0 10 20 30 40 50 60 70

Average blade pitch angle

O Nov 2010 A2-reference
O Nov 2010 A4-failing

Q
] a
o]
o = co

| | I I |
30 40 50 60 70 80
Average blade pitch angle

Delta T

Figure C.17: Comparison of Teenerqtor bearing 1 temperature = Inacelle V-S- @verage blade pitch angle data of
WTA4 with the reference WT for the months October 2010 and November 2010.
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Figure C.18: Comparison of Tyenerator bearing 1 temperature = Inacelle V-S- @verage blade pitch angle data of
WTA4 with the reference WT for the months December 2010 and January 2011.
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Figure C.19: Comparison of Tyenerator bearing 2 temperature = Tnacelle V-S- POWer output data of WTA4 with
the reference WT for the months February 2010 and March 2010.
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Figure C.20: Comparison of Tgenerator bearing 2 temperature
the reference WT for the months April 2010 and May 2010.
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Figure C.21: Comparison of Tyenerator bearing 2 temperature = Tnacelle V-S- POWer output data of WTA4 with
the reference WT for the months June 2010 and July 2010.
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Figure C.22: Comparison Of Tgenerqtor bearing 2 temperature = Inacelle V-S- POwer output data of WTA4 with
the reference WT for the months Augustus 2010 and September 2010.
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Figure C.23: Comparison of Tyenerator bearing 2 temperature = Tnacelle V-S- POWer output data of WTA4 with
the reference WT for the months October 2010 and November 2010.
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Figure C.24: Comparison of Tgenerqtor bearing 2 temperature = Inacelle V-S- POwWer output data of WTA4 with
the reference WT for the months December 2010 and January 2011.
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Gen_Bear Temp Avg, Gen_Bear2 Temp Avg v.s. Grd_Prod_Pwr_ Avg

Figure C.25 - C.36 show the Gen_Bear Temp Avgv.s. Grd_Prod Pwr_Avgand Gen Bear2 Temp Avg

v.s. Grd_Prod Pwr_Avg graphs for the complete study period. A discussion on these graphs is found
in section 4.5.
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Figure C.25: Comparison of Tyemperature generator bearing 1 = Tnacelle V-S- Power output data of WTA4 with
the reference WT for the months February 2010 and March 2010.
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Figure C.26: Comparison of Tyemperature generator bearing 1 = Tnacelle V-S- Power output data of WTA4 with
the reference WT for the months April 2010 and May 2010.
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Figure C.27: Comparison Of Tymperature generator bearing 1 - Inacelle V-S- POwWer output data of WTA4 with
the reference WT for the months June 2010 and July 2010.
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Figure C.28: Comparison of Tyemperature generator bearing 1 = Tnacelle V-S- Power output data of WTA4 with
the reference WT for the months August 2010 and September 2010.
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Figure C.29: Comparison Of Tymperature generator bearing 1 = Inacelle V-S- Power output data of WTA4 with
the reference WT for the months October 2010 and November 2010.
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Figure C.30: Comparison Of Tymperature generator bearing 1 = Inacelle V-S- Power output data of WTA4 with
the reference WT for the months December 2010 and January 2011.
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Figure C.31: Comparison of Tyenerator bearing 2 temperature = Tnacelie V-S- Power output data of WTA4 with
the reference WT for the months February 2010 and March 2010.
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Figure C.32: Comparison of Tgenerator bearing 2 temperature
the reference WT for the months April 2010 and May 2010.
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Figure C.33: Comparison Of Tgenerqtor bearing 2 temperature = Inacelle V-S- POwer output data of WTA4 with

the reference WT for the months June 2010 and July 2010.
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Figure C.34: Comparison Of Tgenerqtor bearing 2 temperature = Inacelle V-S- Power output data of WTA4 with
the reference WT for the months Augustus 2010 and September 2010.
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Figure C.35: Comparison of Tyenerator bearing 2 temperature = Tnacelie V-S- POWer output data of WTA4 with
the reference WT for the months October 2010 and November 2010.
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Figure C.36: Comparison Of Tgenerqtor bearing 2 temperature = Inacelle V-S- Power output data of WTA4 with
the reference WT for the months December 2010 and January 2011.

Grd_Pwr_Avg v.s. Blds_PitchAngle Avg
Figure C.37 - C.42 show the Grd_Prod Pwr_ Avg v.s. Blds_PitchAngle Avg graphs for the complete
study period. A discussion on these graphs is found in section 4.5.
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Figure C.37: Comparison of power output v.s. average blade pitch angle of WTA4 with the reference
WT for the months February 2010 and March 2010.
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Figure C.38: Comparison of power output v.s. average blade pitch angle of WTA4 with the reference
WT for the months April 2010 and May 2010.
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Figure C.39: Comparison of power output v.s. average blade pitch angle of WTA4 with the reference
WT for the months June 2010 and July 2010.
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Figure C.40: Comparison of power output v.s. average blade pitch angle of WTA4 with the reference
WT for the months August 2010 and September 2010.
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Figure C.41: Comparison of power output v.s. average blade pitch angle of WTA4 with the reference
WT for the months October 2010 and November 2010.
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Figure C.42: Comparison of power output v.s. average blade pitch angle of WTA4 with the reference
WT for the months December 2010 and January 2011.

92



