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Abstract

Abstract

Wind turbine gearbox (WTG) undergoes various and extreme operational
conditions during the designed operational life of 20~25 years. Reliability
analysis data shows that the premature failures occurred in some critical
mechanical components in the WTG, such as gears and bearingdn current
research of multibody system modelling, WTG components are generally
modelled as lumped massesand isolated from the rest of the wind turbine
(WT) drivetrain components. This approach may not adequately represent
loading conditions that gears and bearings being subjected to therefore
leading to the underestimation of effect of critical loads on the premature
failures.

This study applied two modelling approaches for modelling multibody systems
of the WTG: the pure torsional multibody system model ling and the rigid and
discrete flexible multibody system model ling. Both approacheswere used to
investigate the dynamic response of different WTG configurations under
normal operation and shutdown operating conditions . Field measured rotor
torque data under normal operation and shutdown conditions , obtained from
an operating WT, were used directly as rotor torque inputs for the modelled
WTGs. The comparison of the dynamic response of WTG components during
these two loading conditions shows that the shutdown condition is one of the
most critical loading conditions that the WT G components may experience
therefore may contribute to their premature failures.

The pure torsional multibody dynamic modelling with three different
configurations of WT G design were developed by using MATLAB/Simulink. The
model of each configuration captured more details of drivetrain dynamic
behaviour than that of the widely used two-mass or five-mass drivetrain
models. The influence of the WTG design configuration on the
eigenfrequencies of the system and how they affected the dominant
frequencies and gear meshing forces during normal operation and shutdown
conditions were investigated in detail. Parametric study of variations of key
variables of the WTG components was performed to investigate their effect on
the dynamic responses of the system.
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The rigid and discrete flexible multibody system modelling of WTG was
developed by using SIMPACK softwarg¢o model the dynamic behaviour of the
critical components within the WTG during different operational conditions .
The cross-coupling and clearance effect were considered in modelling
bearings. TheUi £ y ¥} Wasw<$e@ @ |nwestigate the effects of gear
misalignment and tilting along the gear axes.The developedrigid and discrete
flexible multibody model of WTG can predict the gear tilting and the loads on
gears and bearings during normal operation and shutdown conditions. For
both gears and bearingswithin the WT G, load distribution, maximum contact
stress on surface, subsurface stress distribution , and fatigue damage were
investigated under normal operation and shutdown conditions.

This study shows that during normal operation and shutdown, the contact
stress of gears in high speed stage is higher than that on other gears within the
WTG and itexceedsthe allowable material contact stress thus may contribute
to higher fatigue damage during the WTG operation. This study also found that
the number of rollers in contact with raceways of bearings changes
consistently during normal operation however changes dramatically during
shutdown condition. This results in occurrence of overloading condition and
subjects the bearings to maximum contact stress higher than the
recommended value therefore may contribute to higher fatigue damage of
some bearings within the WTG. The findings of this study provide valuable
insights into the dynamic behaviour of the WTG under normal and transient
operating conditions. The results obtained would support the future
development of condition monitoring and preventive maintenance of the
critical components of gears and bearings in the WTG
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Chapter 1

INTRODUCTION

Wind turbine (WT) gearboxes are frequently replaced within a six to eight-year
period, which is considerably shorter than the designed life of 20 years [1] The
premature failures of the gearbox key components, such as the bearings and
the gears, are caused by the high loads and torques experienced by the
drivetrain, especially because the size of modern WTs has been steadily
increased during the last decades [2]. The wind turbine gearbox (WTG) can
often account for up to 13% of the total cost of a WT, with further expensesare
incurred due to th e difficulty of replacing failed mechanical components,
especially in offshore operation environment [3]. Reducing the component
failures and downtime of the gearbox will make wind energy more
economically viable in achieving sustainable generation of wind energy.
However, the fact that the WT gearbox consists of large number of moving
mechanical components which increases the likelihood of failure; this is a
concern as the replacement of large components in offshore environment s is
expensive.Obtaining field measurement data for WTG, such as thetorque of
the low speed or high-speed shaft, during different operational conditions is
normally costly. However, simulation data is cheaper as the simulation of
dynamic loads can support the design of the WT drivetrain. This study focuses
on investigatingthe dynamic response of different WT drivetrain with different
WTG configurations under normal operation and unplanned shutdown
conditions by using different MBS modelling approaches.



Chapter 1

The developed models can capture more details of drivetrain dynamic
behaviour than that of the widely used in literature. In this Chapter the
research background, research problem, the aim and objectives of this study
will be outlined. Finally, the thesis structure will be presented.

1.1 Background

Wind technology has been rapidly developing in recent years. The limited
natural reserves of oil and gasprovide a major incentive for using renewable
energy sources, such as the wind, to generate electricity [4]. Generating
electricity from renewable and clean energy sources has also been part of
global effort s in recent decades to reduce harmful emissions and their impact
on the environment. As a result, the wind energy industry has seen a rapid
growth and development in the last decade, especially in Europe and the
United State [5]. During 2016, around 82 GW of the total installed capability was
just in the United States alone [5] while around 153 GW of the total installed
capacity had been installed in Europe alone[5]. Bythe end of 2030, about 256-
397 GW of wind power will be installed in Europe only [6] with 38 and 85 GW
just in the UK and Germany[6]. Figure L1lillustrates the historical and predicted
growth in EU capacity projection of the offshore WT since 2008. By 2020 the
total capacity installation of the offshore WT capacity will be about 7 GW[7].
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Figure 11 Total wind power wind power capacity for offshore wind turbines  in EU,
reproduced from [7]

However, some mechanical components ofthe WT will need replacing during
its technically designed life. The WTs industry faces serious challenges of

2
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reducing the cost of wind energy and tackling the premature failures of
mechanical components, such as gears and bearings, before theend of the
designed life [8]. The premature failure of these components affects the
downtime of the WT and increases the cost of overall maintenance.

There are very limited information and failure data regarding the WTGand its
components. WTG failure can be caused bymany factors such asthe overload
of WTG bearings during the extreme loading conditions or excessive torque
reversal under braking conditions. The trend of industry toward
manufacturing turbine s of everlarger size presents real challengein the form
of a significant increase in the rate of gearbox failure which is proportional
directly with the size of turbine [9]. It has been observed that the overall
downtime of WT per year is caused mainly by gearboXailure [10] According to
the long term statistics issued by UINational Renewable Energy Laboratory)
(NREL), during just one month around 37 WT failure cases were recorded,
more than 20 of which were due to gears failure [11]Gears and bearings failure
in the WTG can be attributed to the excessive load conditions [12] Gearbox
failure contributes to significant level of gear replacement which eventually
increase the cost of power generated by the wind [12] Replacing aWTG
requires the use of heavy duty equipment such as cranes to lift out the
damaged gearbox. This is an expenske procedure, and almost impossible in
adverse weather condition s experienced in offshore operation [13]

This highlights the importance of research in this sector of industry to provide

more economic benefits for businesses and the end users alike. Increasing the
reliability of wind turbines will decrease the WT downtime and increase the

confidence in this technology and certify its status as a critical source of

renewable electricity generation.

1.2 Research Problem

The limited understanding of the root causes behind the premature failures of
WTGsimposes serious challenges on theWT makers. It has been observed that
gearbox failure is responsible for most of the downtime of WT. Premature
failure of the gearbox reduces the service life of the WT, causes unplanned
shutdown, early components replacement, and increases the overall cost of
wind power. The failures of gears and bearings under transient load are

3
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considered as one of the most frequent observed types of failures that can
contribute significant ly to gearbox replacement. This study aims to investigate
the dynamic behaviour and loading on theWTGkey components, the gearsand
the bearings, under normal and transient conditions . A clear understanding of
how these mechanical components dynamically behave within the WTG under
the transient events would potentially lead to increased reliability and
availability of WTs, which would eventually reduce the overall cost of wind
power .

1.3 Aim and Objectives

This study aimsto investigate and understand the dynamic response behaviour
of the overall WT drivetrain with different gearbox configurations and different
power rating under normal and transient operational conditions, to study how
the key components of WTG, i.e. thegears and the bearings, behave under
different extreme events such as the shutdown, to study the surface and
subsurface stress level and the corresponding damage ongears and bearings
under the condition of transient load, and to estimate the remaining service
life of gears and bearingsin operation. To achieve this, the following objectives
are going to be reached:

1. To examine and analyse large set of field load measurement data
obtained from an operating WT for four different operational
conditions comprising, normal operation, shutdown (i.e. unplanned
stop), normal stop (i.e. planned stop) and start-up. The analyses of
torque spectrums of these operational conditions would be carried out
by using the rainflow cycle counts (RFC) method recommended by the
international standard IEC 614004 and the damage equivalent load
(DEL) method.

2. Todefine which field measurement torque spectrum causes the highest
and lowest damage than the other events to use them as a diect input
to the multibody system (MBS) models that will be developed.

3. Develop a pure torsional MBS models of complete WT drivetrains with
different WTG configurations and different levels of complexity . The
dynamic response of WT drivetrains under free and forced vibration will
be investigated.
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4. Increase the complexity of the WTG models and improve modelling
accuracy to capture more complex dynamic response behaviour by
developing MBS dynamic model of theWTGwith six degrees of freedom
per component, allowing the loads and stresses on the corresponding
gears and bearings to be investigated during different transient
conditions.

5. To investigate the influence of transient load such as the shutdown on
surface and subsurface contact stress on gears and beaing and
associated damages and failures within the lifetime of these
components.

1.4 Research Novelty and New Contributions

The key research novelty and contributions from this study are related to

develop new MBS models can captures more details of WTG dynamic
behaviour operating under transit loads . The pure torsional MBS modelsfor
WTGdeveloped in this study consider the effect of torque reversal on the gear

meshing contact force s within the WTG during unplanned shutdown. In MBS
models for WTG with 6 DOF per component, the bearings model considered
the cross-coupling effect between the rollers and the races. The contact
between the roller and the race s is represented by using a lamina model.This
advance model for bearings within the WTG is important especially for the
planet gear downwind bearings to capture more details of bearing loads
operating under different operational conditions.

1.5 Thesis Layout and Structure

This thesis comprises eight chapters. A short description of each Chapter can
be found as follows:

Chapter 2: Literature review. This Chapter includes a summary of the
commonly used WTG configurations according to the international standard
IEC61400-4. It also introduces the loading conditions experienced by the key
components of a gearbox, the bearing and the gears, and their common failure
modes. The previous modelling approaches used for the WT drivetrain are
then presented to clarify their advantages and disadvantages. A review of the
methods for gear tooth contact and bearing contact modelling is presented.
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Finally, at the end of the chapter, the conclusions drawn from the previous
research are summarised to identify the research gaps and to define research
objectives of this project.

Chapter 3: Data Analysis of Field Measured Torque S pectrums. This

Chapter focuses on processing large sets of WT field measurement data for

different operational conditions and conver sion of time domain data of a

complicated loading history into number of loading levels and cycles by using
rainflow counting method. The damage caused by each operational condition
is calculated by using the damage equivalent load method. The main purpose
of this analysis is to show which operational condition could causes the most
damage to WTG components and to use it later as a direct input to the WT

drivetrain MBS developed in Chapters 4 and 5.

Chapter 4: Pure Torsional Multibody Dynamic Modelling of Wind
Turbine Drivetrain. This Chapter presents the required parameters
calculated by CAD models and simulation methodologies to develop a pure
torsional model of the WT drivetrain with different levels of complexity using
constant and variable generator models. The required models are developed
analytically and by using MATLAB/Simulink software. The consideration of gear
mesh stiffness, the gears and the shafts within the MATLAB/Simulink
environment are also presented. Eigen frequency analysis is presented
analytically and by using MATLAB/Simulink control tools. The calculations of
gear mesh frequency and Campbell resonance analysis are also presented to
study the probability of WT drivetrain resonance under different operational
conditions.

Chapter 5: Rigid and Discrete Flexible Multibody Dynamic Modelling of
Wind Turbine Drivetrain . This Chapter focuses on the development of
advance MBS models for two different WT drivetrains operating under normal
operation and shutdown by using SIMAPCK MBS software. The cros-coupling
effect and the clearance are both considered in modelling bearings within the
WTG. The contact between the roller and the raceway within the roller bearing
model has been considered. The Ui £ y ¥} Uhaswi®é& Qsed yo~
investigate the effects of gear misalignment and tilting along the gear axes. The



Chapter 1

surface and subsurface stresses and corresponding damage on bearings and
gears have been investigated.

Chapter 6: Results and Discussion of Pure Torsional Multibody Dynamic
Modelling of Wind Tur bine Drivetrain s. This Chapter reports the modelling
results of the pure torsional model of WT drivetrain with single degree of
freedom (DOF) per component during free and forced vibrations. The results
of the models are compared and validated with those published in literature
for the same WT drivetrain and with the results obtained from the same
models developed analytically in Chapter 4. The effects of three different WTG
configurations, recommended by the international standard IEC 61400-4 and
operated WT with high and low gearbox speed ratio, on the dynamic response
of the WT drivetrain and the probability of resonance within the operational
speed range have been investigated. The dynamic responses oVT drivetrain
during normal operation and unplanned shutdown have been analysed. The
variations of gear contact loads during normal operation and shutdown have
been compared.

Chapter 7: Results and Discussion of Rigid and Discrete Flexible
Multibody Dynamic Modelling of Wind Turbine Drive train s. This Chapter
reports the results obtained from the rigid and discrete flexible MBSdynamic
modelling of WTG of two WTs with similar gearbox configuration but different
power rate these are, NREL 750kW WT and 2MW WT. The developed model of
NREL 750KV is validated with measured data for the same WTG. The loads on
gears and bearingswithin the 2MW WTG, the maximum contact stresses on
surface, subsurface stress distribution , and fatigue damageduring the WTG
lifetime are investigated under normal operation and shutdown conditions.

Chapter 8: Conclusions and Future work.  This Chapter summarises and
highlights this study important findings and the suggestions for the possible
future work.
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LITERATURE REVIEW

The common types of gearboxes used in wind turbine (WT) drivetrains and

«~{¥ «~{ £lwz ¥} yl¥z « |¥% «~{° {T§{0O (:

are summarised in this chapter. The common multibody system dynamic
modelling approaches for the wind turbine gearbox (WTG) components (i.e.
gearsand bearings) and their contact within the WTGare reviewed. The overall
aim of this literature review is to gain better understanding of the transient
loading conditions occurring during the operation of the WT and how they
contribute in premature failure of the key components of the WTG, the gears
and the bearings, earlier than the designed lifetime. Moreover, to identify
potential areas of research through examination of similar work done within
this area and analyse knowledge gaps revealed in the current dynamic system
models for WTGsthat demand further investigation. In addition, to gain better
understanding of the damage mechanisms behind the excessive load to which
the gears and bearings within the WTG are subjected and how these
contribute to shortening their life.
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2.1 Configuration s of Wind Turbine Gearbox

The WTG is considered as the most important and expensive parts in WT
construction which represents about 12% to 136 of the total value of a 5SMW
WT [3].The gearbox connects the main components ofthe WT such as the main
shaft, the generator, the nacelle, the blades control mechanism and the
mechanical brake as shown inFigure 2.1[14]

Rotor hub

Coupling

Brake disk
Main bearing Gearbox Generator

Main shaft

Bed plate

Figure 2.1 Configuration of wind turbine drivetrain ~ with gearbox [14]

The mainrole of the ® ¥ z  « ~g@arbox¢i§ ttihicrease the low rotational

speed and high torque of the rotor shaft , the low speed shaft (LSS),in several
gear stages to higher speed and lower output torque on the high-speed shaft

(HSS) needed to drive the generator. The variable of rotor torque serves as an

input to the gearbox and subjects each component of the WTG to high

transient loads, which are frequently absorbed by the gears and bearings.
Depending on the required output speed to be fed into the generator, the

common configurations used in WTG are shown in Figure 2.2. As shown in
Figure 2.2(b), this type of WT gearbox designed with three stages comprise,

epicyclic (i.e.planetary) gear stagewith three planet gears or more followed

by two parallel gear stages. Thegears in planetary stage rotate with low speed

rate because it is connected to the rotor shaft of the WT which has a speed
depending on the wind speed. In aother commonly used gearbox

configuration design, shown in Figure 2.2(c), the parallel gear stages can be
replaced by another planetary gear set [15] Epicyclic gear (i.e. the planetary

gear) stagecomprises of anannulusgear (i.e. the ring), planet gears supported

by a planetcarrier and sun gear.
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Figure 2.2: Different configurations of wind turbine gearboxes.

In all WTG configurations shown in Figure 2.2, the ring gear isnormally unable
to rotate and is fixed on gearbox case.The shaft that connects the low speed
stage with the high-speed stage within the WTG is usually called the
intermediate speed shaft (ISS). The effect of different WTG configurations on
the dynamic response of the WT drivetrain under different operational
conditions will be examined in this study.
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2.2 Wind Turbine Gearbox Loading Conditions

The various loading conditions that are experienced periodically by the WTG,
such as power production, system faultiness, start up, normal stop and
emergency shutdown, can be summarised in terms of WT design requirement
standards [16, 17The stochastic nature of wind variation places the WT
components under unpredictable operational loading conditions. Several
studies have been undertakento estimate the considerable impact of variable
loads on the gearboxU &esigned lifetime during operating conditions such as
normal operation, low wind speed and shutdown. The torque reversal in short
time period under the low wind speed exhibits harmful influence that leads to
gearbox failure. The main problem of the reversal motion is the impact load
caused by the backlash of gear meshing teeth and the clearances in the
bearings.

——Shutdown
—Startup

Upshift

——NormalOperation

l “'h‘\,m,l.t oo
I

=

Torque (kN.m)

I

=
¢
:
[

(-)

Torque
reversal zone g

Time (sec)

Figure 2.3: Measured wind turbine gearbox input torque during different
operational condition s, adapted from [18]

The problem of torque reversal during low wind speed has been managed by
using various speed generator controllers in specific types of wind turbines
[19] Sutherland et al. [20] concluded that the frequent impact forces on gears
caused by torque reversal could lead to real fatigue damage in gear teeth
before they complete their expected life.

11
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As shown inFigure 2.3, excessive torque reversalmostly occurs during extreme
operational conditions [18] such as shutdown start-up, upshift, and at wind
speeds above the cutoff speed or loss of grid connection [10] Torque reversal
occurs when the torque value changes sign from positive to negativeas shown
in Figure 2.3. Shutdown normally occurs when there is a fault in the WT system.
Further studies have shown that after the brake engages with the highspeed
shaft (HSS) disc, there is random oscillation with high amplitude of the torque
between the positive and negative values in a very short periodas shown in
Figure 2.3. This phenomeron has severe influence on the life of WTG
components [21, 22] Another study focused on low speed shaft (LSS) torque
variations during the emergency stop after occurrence of grid loss connection
and brake engagement. The LSS togue fluctuation with high amplitude causes
excessive torque reversal that remains in the WTG for a considerable period
even after the brake has fully stopped the high speed shaft (HSS [10]
Furthermore, this phenomen on has harmful influence on the planet gea stage
bearings which results in high level of damage due to ther subjection to high
levels of load [8].

The data collection from the field under various operational conditions
provides an invaluable source of information for real loading conditions of the
WT drivetrain system because it gives useful indication about the real dynamic
load variations in the time domain [23-25]. A technical report published by the
National Renewable Energy Laboratory (REL presents WT torque
measurement data recorded in field operation. Torque sensors were fixed on
the HSS to measure the torque and bending moment in different operational
events such as startup and braking, to verify the influence of the braking
system on torque levels for HSS and its behaviour during the braking events.
Fourier Fast Transformation (FFT) was used to convert the torque from time
domain to frequency domain to estimate the occurrence of the high amplitude
of load frequency over the braking [26].

Although field load measurement is useful, it isatime consuming and expensive
operation. To overcome these drawbacks, many modelling studies related to
WT loading conditions in different operational conditions have used
commercial simulation software. A gmulation study done by the University of
Strathclyde together with URomaxUTechnology focused on using commercial

12
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software to investigate the influence of the transient events on bearings load
of the WTGduring normal and emergency stop caused by grid loss[8]. Without
the need for sensors, the LSS and HSS torquewas simulated. The forces
shared by all bearings inthe WTG were used to calculate the damage on
bearings according to 1ISO281 standard[8]. The results of this study were not
validated with any measured data. The outcome of this study highlighted that
the event of emergency stop is threefold more harmful than the controlled

normal stop [8]. Asimilar conclusion hasalsobeen reached bya different study

done by Romax Technology [27]. The life prediction of WTG bearings was
investigated.

R = w sofware was used to model the complete drivetrain of NREL750 kW
WTwith 6 degrees of freedom (DOF) per component. The main bearings
misalignment for the 2 and 3-point suspensions of the drivetrain was analysed.
The non-torsional load effects including rotor weight and rotor pitching
moment, were considered. The outcome of this study shows that the non-
torsional loads have harsh influence on main shaft bearings and downwind
planet carrier bearing . The non-torsional loads increase the chanceof bearings
damage occurrence by more than threefold [27]. R & w software has been
used in another study to simulate the dynamic response of a NREL750kW WT
subjected to transient dyn amic event. The simulated LSS torquewas used as
an input for a purely torsional WT drivetrain model with lower degree of
freedom [28]. Al the shafts were modelled as Bernoulli beams. The transient
load is represented in this study by electrical faults for 0.1 second. The stress
distribution on gears and bearings over this transient load was estimated [28].
The input load variations for the WTG for three different concepts of rotor
suspension during the emergency stop were also investigated by using
commercial software. It was found that with the rotor hub suspended by two
bearings, most axial loads are soak up by the spherical roller bearings of the
main shaft and have no effect on the WT gearbox loadg29]. This agrees with
the finding of another two studies done by NREL[30] and Scott et al. [3].

Despite the simplicity of the models presented in previous simulation studies

done by using commercial software, they can be used to simulate various
loading conditions that are experienced frequently by the WT drivetrain

system, particularly in the gearbox gears and bearings

13
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2.3 Gear Tooth Contact Modelling

Although the WTG components are enclosed in housing filled with lubricant,

metal to metal contact may occur between the gear teeth over the abnormal

and extreme loading conditions during braking, such asunplanned shutdown

[31] The simplest gear contact modelling method is to use a linear spring to

connect two wheels under compression [32]. The model ignores the damping

and assumes no contact loss. Other methods of modelling the gear contact

have been developed by considering the majority part of the contact area
between two gears du©® ¥} «~{ w©w{2~ ¥}D Ui£f y ¥}U ws§
divide area under contact across the gear face width into multi U2 £ y {2 U >
segments) and the gear contact represented by groups of springs and

dampers as shown inFigure 2.4 [33].

.

Slices

Slice

Figure 2.4: Schematic of slicing approach of helical gears, adapted from [33]

j~ @ Ui £ vy p¥ollute aec8r&eoanalygs-for the gears in contact
within the contact area in case of helical gear, due to the forces in gear axial
direction produced by gear meshing causing geas tilt about their radial axis.
This leads to gear shaft displacement and induces the shaft misalignment [34].
In WT application the optimum number of slices per gear contact model is 35
[35]. The same approachwas later developed to calculate the contact force

during gear mesh in short contact period s [36]. Moreover, three different

points of gear meshingwere considered instead of studying the whole contact
area. These pointsincluded: the mesh in point, the pitch point and the mesh
out point [36]. This study concluded that the gear contact forces have negative
valuesat low wind speed. This means that the contact of gear surfaces occurs
on both sides of a gear tooth [19]
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f { { «{ ©2[8R] cencadttated on studying dynamic behaviour of the WT

drivetrain system. The tooth contact forces were calculated in simple form by
takingthetooth z { | £{ y« | ¥2 yw8«-0{z x&pringintp } { woU
account and then multiply ing these by the gear mesh stiffness, adllustrated in

Figure 2.5.

T Mesh

stiffness

ep/nion

Spring deflection

Gear base circle Pinion base circle

Figure 2.5: Gear contact representation in pure torsional model

The effect of damping, backlashin gear meshing force was ignored. The mesh
stiffness values for all gearswere taken as constant but individual values and
modelled as a linear spring [32]. Another study considered factors that had
been ignored in previous studies [37]. Dynamic behaviour and the gear contact
force of the planetary gear system were investigated by using multibody
system (MBS) dynamic modelling which considered factors including: gear
tooth stiffness, damping, friction and the non -linearity in gear tooth backlash.
A gngle value of tooth contact stiffness was used as a mean value in addition to
the variation of stiffness with the time of meshing [37]. It was concluded that
the transmission error has minor influence when taking the friction effect in
the mesh area into account [38].

Heege [39] developed a numerical and experimental model of WT drivetrain
to investigate and estimate the effect of backlash and the transient load on the
WTG. The normal load on gears, the axial forcs on planets gear and the gear
displacement were estimated. The rotor and the generator torque were
simulated during the normal operation, the generator engagement, the brake
engagement and stopping. Any change in the direction of rotor torque would
give an indication of gear backlash occurrence [39].
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A study by the Sandia National Laboratoriesinvestigated fatigue load on WTG

gears in two different types of wind turbine : horizontal axis WT (HAWT) and

vertical axis WT (VAWT). The torque shared by each individual gearwas
estimated and then analysed by therainflow counting method. The number of

load cycles that contribute to stress variations on gear teeth was calculated.
The high cycle fatigue due to bending of the gear teeth was estimated. The
study shows that high sample rate is important in the case of measuring LSS
torque because with low sample rate the highest value of loadcould be missed

and the low frequency cycles could disappear [40].

The influence of the transient load during the shutdown and the start -up of
NREL 750 kW WTG on WTG bearings load has been investigated [41]
Ui _ c f MBSaditware was used to model the WTG. The results illustrate
that the flexibility of LSS has noticeable influence onthe main shaft bearings
load which is higher in shutdown case than that in start-up. The gears were
modelled as rigid bodies with discreet flexibility by using the slicing method.
The radial forces on planet bearings and the gear contact forces were
measured experimentally during both events. The comparison between the
experimental and simulation results for the bearing loads shows good
agreement. It is obvious that the measured and simulated loads of the bearings
during the shutdown event are higher than the loads in start-up [41] Study has
alsobeen carried out of the long-term effect of gear transmission loads on the
5 MW offshore WT during various operational conditions [42]. The rotor torque
was simulated and then used as an input for the WTG. The transmission load
for each stage was estimated by using two approaches: multi body system
(MBS) method and the simplified analytical method. In the latter case, the
internal gear dynamic effect was ignored, and the dampng parameters were
assumed to be zero. The results obtained by using both approaches show
adequate accuracy and good agreement as shown inFigure 2.6 [42]. A similar
simplified approach was used to estimate the gear transmission load by the
same authors in a dfferent study [43].
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Figure 2.6: Comparison of two approaches using simula  ted results for gear contact
load in different stages within the wind turbine gearbox [42]

Gear mesh stiffness and its influence on gear contact force have been
investigated extensively by numerous published studies Even if the driving
gear is moving with constant speed, the driven gear will show a fluctuation
because of Gransmission error Uwhich causes excitation forces at the gear
mesh. These forces can pass through the shaft and the bearings, causing the
gearbox as a whole to vibrate[44]. The effect of mesh stiffness parameters on
the dynamic behaviour of planetary gears has been investigated45]. Fourier
series has been used to formulate the mesh stiffness variation in planetary
spur gear stages. The rectangular wave is often used to simulate the mesh
stiffness between the spur gears [46]. For the planetary gear stage, there is a
difference between the mesh phase of produced from the contact between
the sun and the planet gears and the mesh phase produced by the contact
between the ring and the planet gears. This has noticeable impact on the
dynamic behaviour the planetary gear stage[47].

However, in WT applications the gear contact models ignored the effect of
torque revers al occurrence on gear contact loads within the WTG during
excessive transient loading conditions, such as the unplannedshutdown, and
how this could affect the WTG bearings load and their lifetime.
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2.4 Dynamic System Modelling of the Wind
Turbine Gearbox

Several studies related to the multibody dynamic system (MBS) modelling of
the WTG have been undertaken. These studies have focused on analysing and
identifying the dynamic response behaviour of the WTG under different
loading conditions. Torsional dynamic modelling of the WTG is used as a
modelling approach because of its fast solution time and low computational
cost. Shi et al. [48] developed a mathematical model for a complete WT
drivetrain. A torsional multi body dynamic model was produced with single
degree of freedom for each drivetrain component. The drivetrain shafts were
modelled as torsional springs. The study assumed that all the gears inthe WT
gearbox were spur gears and considered a gearbox of three stages with
configuration similar to that shown in Figure 2.1(b) .the equation of motion was
extracted by using Lagrange euations. The gear mesh stiffness was modelled
by linear spring varying with time using Fourier series. The gear contact forces
in all gearswithin the WT drivetrain were investigated during normal operation
[48]. The same model and parameters have been used in different research to
investigate the influence of cracked gear teeth on the dynamic behaviour of
the WT drivetrain [48]. The study concluded that the fault in gear teeth
reduced the gear mesh stiffness and increased the noise[49].

Pure torsional model s have been used successfullyto produce approximations
for torsional vibrations [50], angular velocities and accelerations[48], torques
of low speed shaft (LSS) and high speed shaft (HSS)51]and gear mesh forces
[48]. If the bearing loads required to be modelled, the torsional model could be
expanded to include the rotational and translational degrees of freedom [18]
In pure torsional models, the bearings are considered as linear springs [52].
Mandic et al. [50] proposed a damping control technique to monitor the input
torques of LSS and useda controller to regulate the generator torque. The
controller produced a resistive damping torque to reduce damping at natural
frequencies of the system. This technique was shown to be able to reduce
resonant oscillations, thus resulting in less damage togearbox components.
Similar modelling techniques were used by Girsanget al. [51]to represent the
WT drivetrain using Simulink and loading conditions obtained by FAST
software. By using a purely torsional model thedrivetrain was simulated under
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a variety of wind and grid loading conditions, allowing analyss of the dynamic
interactions between components during transient loading conditions [50, 51]

Simulation tools could be used in the design development stage of WT gearbox
configurations to reduce vibratio ns at resonant frequencies [51] Torsional
dynamic modelling of WT gearboxes is one of the commorly used modelling
approaches because of its fast solution time and low computational costs.
Meanwhile, the pure torsional model of WT drivetrain is computationally
effective to capture the torsional loads, meshing forces of all gear stages and
dynamic responses of key WTdrivetrain components during free and forced
vibrations.

Another approach that has been widely used recently for modelling the WTG
is multibody system (MBS) modelling [53-57]. The main principle of this
method is to consider the components as rigid or flexible bodies
interconnected to each other by appropriate joints, using such as spring
stiffness and damping elements. The dynamic behaviour of modelled elements
and loads on internal components of the gearbox can be predicted under
different operational conditions [9, 14, 58, 59]Extensive work associated with
WT drivetrain modelling has been done by Peeters [14] The MBS dynamic
models of the WTG with various levels of model complexity with their
advantages and disadvantagesvere examined. His work examined three types
of modelling approaches: first, the purely torsional multibody model where the
gears are modelled as rigid bodies with single degree of freedom in torsional
axisand connected to each other by linear springs. Such models are only able
to calculate torsional loading effects. The second approach is the six DOF rigid
multibody modelling with discrete flexibility ; whilst this produces a more
accurate model, the complexity of the gearbox modelling is increased. This
model takes into account the influence of bearings stiffness in the WTG model.
The bearings model is represented by a diagonal 6X6 stiffness matrix[34]. The
component flexibility is represented by spring -damper systems. Such models
facilitate a more detailed description of gear mesh and bearing stiffness. The
third approach is fully flexible multibody modelling which increases the
modelU a&ccuracy in terms of flexibility of gearbox components, compared to
the second approach, through finite element (FE) modelling. This approach
allows the visualisation of the influence of different subcomponent flexibilities ;
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however, it is computationally expensive. Similar approaches have been
developed subsequently by Helsen[59]. The insight ofthe modelU omplexity
and its influence on the dynamic behaviour of WTG was examined and
validated experimentally. In addition, the level of gearbox model complexity
was evaluated.

In the three previous studies, the influence of increasing the complexity of the
o ! z { WTGcomponents on its dynamic behaviour under different loading
conditions was examined. The torsional model islimited by the absence of load
assessment on bearingsas it concentrates only on torsional loads on gears.
Although the 6 DOF rigid multibody models are more accurate, the approach
is limited by its inability to evaluate the internal stresses and strains of gearbox
components. To take the flexibility of the internal components of WTG into
account, fully flexible multibody models have been developed. FE models have
been used for flexible multibody modelling to estimate the stresses and
deformation of the modelled components, but they incur high computational
cost.

The flexible movement in WTG comes from flexible parts such as shafts,
bearings and the gear meshing[34, 58, 60] Increasing flexibility does not,

however, always result in more accurate results. The addition of flexible

components in the WTG model increases the modelU @omplexity and slightly

affects the eigen frequencies and affects the other modes much more [32].

LaCava et al[34] observed theoretically and experimentally the influence on

the bearings and gears loads of increasing the level of gearbox componentt)
flexibility. Seven modelswere studied, with different levels of complexity . ltwas
concluded that the flexibility of gearbox sub-components such as housing,
carrier and the main shaft has noticeable influence on the loading of the planet

bearings [34]. In different studies, it has been reported that using a flexible

coupling with reasonable stiffness can reduce the torque amplitude of the high

speed shaft [9, 32] Increasing model complexity could have a small effect on

accuracy at high computational cost [35].

Kahraman[61]developed a 10 DOF model for two parallel helical gears to study
the influence of the helix angle on the dynamic response of the gear system.
The study ignored the effect of the clearance in bearings, assuming that the
mesh stiffness is constant and ignoring the effect of backlash. The mode
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shapes for the gear systemwere investigated. The results indicate that the axial
vibration of the gear system has low influence on the natural frequency value
[61] The results of this study are fairly accurate and have been validated by
later gear modelling work that used a commercial software package called
DADS[14] The results ofthe Kahraman studyare useful reference for validating
the accuracy of modelling in the HSS stage[14] However, investigating the
different levels of modelling may help gearbox designers to improve the design
and assess the dynamic behaviour othe chosen design under specific dynamic
loads [14, 62]In WT applications, flexible multi body simulation is required to:
consider the number of degree of freedoms (DOFs), study the flexibility of
gearbox individual components, and examine their deformation associated
with their dynamic behaviour. FE methods have been used to model the HSS
[32]. Different studies have reported that in comparison with rigid body system
modelling, introducing component flexibility causes noticeable reduction in
eigenvaluesbut has ignorable effect on frequencies [59, 63]

Modelling WTG components by using the FE approachtakes considerable
computational time. Other studies have shown that deformable body
modelling using the FE approach is a conventional toolthat can represent
precisely the tooth geometry and modelling in the particular contact region
between two gears in full mesh for assessng the gears deformation under
variable loading conditions [64-67]. Recently, the MBS modelling approachhas
been widely used in combination with FE method to model the full WTG. As
some gearbox subcomponents have small deformation, such as the planet
carrier and the housing, FE simulation can be used to model these parts by
using solid bodies to eliminate unnecessary degrees of freedom [59, 68].
Reducing the componentsUDOFsreduces the amount of computational time
involved in FE. Moreover, FE analysis has been used to validate the results of
dynamic behaviour obtained experimentally for gear housing and planetary
gear systems with five planets. For different ranges of gear frequency, the
accuracy of FE model outcome has been compared with the results of the
experimental model. The outcome shows reasonable trend agreement and low
error prediction percentage for natural frequenc y values [64].

In a different study , carried out by NREL fora 750 kW WT, FE approachwas
used «!'} {«~{©® ® «~ MBS modelling ctd \WgdelU WTG
subcomponents including: planet carrier rim, the planet carrier pins and planet
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bearings. The outcome of this study shows that considering the planet carrier
pins as rigid bodies instead of frictional contact pins slightly increases the
frequencies amplitude for the whole planet carrier. However, considering the
planet carrier pins as flexible bodies instead of rigid bodies reduces the
frequencies amplitude of the planet carrier as well [69]. Increasing the WTG
components flexibility does not, however, always produce accurate outcome.
The flexible modelling of components does not have a huge impact on the
gearbox components that are not in direct connect ion [60]. Considering the
bearings as flexible instead of stiffbodies increases the number of degrees of
freedom and this contributes to increasing the number of natural frequencies ,
especially inthe normal direction of t ooth contact [70].

However,the existing pure torsional models for WTG assumed that the contact
between the gears resented by linear spring working always under pressure
and cannot capture the effect of torque reversal occurrence on the gear
contact force. The bearing model within the MBS models with 6 DOF per
components published in literature is repressed by diagonal stiffness matrix
and do not consider the interaction between the rollers and the races

2.5 Common Failure Modes of Wind Turbine
Gearboxes Components

Inadequate gearbox reliability has been a chronic issue in the wind power
industry, accounting for the majority of profit warnings and downtime for
turbines. The failures are largely due to the operating conditions encountered
in wind applications which are not fully understood. Manufacturers have
learned from past failures and have set and adhered to new design standards,
yet gearbox lifetimes still fall short of the desired twenty years. For turbines in
the field, necessary retrofits and replacem ents are time consuming, costly, and
all too frequent. Due to the mechanically stressful nature of WT applications
and the numerous moving parts and subsystems of a gearbox, maintenance is
often necessary multiple times per year. A replacement or overhaul can cost
as much as $300,000 and accounts for the single largest amount of downtime
in power production [71] This cost presents a significant drawback for
companies and ertrepreneurs investing in wind power. Gearboxes installed in
wind turbines are subject to unique torque and non -torque loads from the
weight, motion, and wind loading of the rotor and blades.
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e

(b)
Figure 2.7: Failure in wind turbine gearbox components (a) Bearing surface flaking
[72] (b) High speed shaft gear surface damage [73]

Gears and bearingsfailure modes (see Figure 2.7) within the WTG are caused
by many factors: inappropriate gear or bearing materials, faulty lubrication,

faulty surface treatment, friction caused by sliding or rolling, unexpected

velocities, stresses,excessiveloads[72, 74, 75]Table 2.lillustrates the common

failure modes of gears as reported in international standards ISO-10825 and
BS- 7848 [74]. The common modes of failure for gears within the WTG are:
moderate and excessive wear, abrasion, tip root interference, surface fatigue,
Hertzian fatigue (i.e. micropitting, macropitting and spalling), crushing, plastic

flow, scuffing and fracture [10] There are many recognised types of gear tooth
surface damage.Although various surface treatment method s have been used
to stiffen the surface under contact of the flank of gear tooth, such as
carburising and nitriding , surface failure is a common occurr ence in WTG
gears.
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Table 2.1 Classification of Gear modes of failure, adapted from

[74]

1. Indications of surface
disturbances

1.1 Sliding wear

1.1.1 Normal weaiRunning in
wear)

1.1.1.1 Moderate wear
1.1.1.2 Polishing

1.1.2 Abrasive wear

1.1.3 Excessive wear

1.1.4 Moderate scratching
(Scoring)

1.1.5 Severe scratching

1.1.6 Interference wear

1.2 Corrosion

1.2.1 Chemical corrosion

1.2.2 Fretting corrosion

1.2.3 Scaling

1.3 Overheating

1.4 Erosion

1.4.1 Cavitation erosion

1.4.2 Hydraulic erosion

1.5 Electric erosion

2. Scuffing

3. Permanentdeformations

3.1 Indentation

3.2 Plastic 3.2.1 Plastic deformation by

deformation rolling
3.2.2 Plastic deformation by
tooth hammer

3.3 Rippling

3.4 Ridging

3.5 Burrs

4. Surface fatigue 4.1 Pitting 4.1.1 Initial pitting

4.1.2 Progressivepitting

4.1.3 Micro pitting

4.2 Flake pitting

4.3 Spalling

4.4 Case crushing

5. Fissures and cracks

5.1 Hardening cracks (Quench cracks)

5.2 Grinding cracks

5.3 Fatigue cracks

6. Tooth breakage

6.1 Overload
breakage

6.1.1 Brittle fracture

6.1.2 Ductile fracture

6.1.3 Semibrittle fracture

6.2 Tooth shear

6.3 Breakage afterplastic deformation (Smeared

fracture)
6.4 Fatigue 6.4.1 Bending fatigue
breakage 6.4.2 Tooth breakage
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In WT application, gearbox eventual failure occurs through two main modes of
gear failure: tooth breakage and surface failure [9, 12, 76, 77]Tooth breakage
starts with aroot crack on the meshing side; followed by crack growth leading
to complete fracture in one or more than one tooth. Surface failure starts with
micro pits that then grow into bigger pits due to the combined effects of rolling
and sliding loading on gear teeth [12][74]. The formation of micro pits is a
function of stress distribution below the contact surface and occurs due to the
heavy rolling loading in frequent extreme loading events [12] [74]. Metal
removed from the gear tooth contact surface form s spall debris suspended in
oil film that comes between the tooth surfaces in contact and works as stress
concentration points during gear rotation [12] This phenomenonlater causes
abrasion [12] The spall can be removed by usinga sufficient filtering system
[12] In WT applications, the other failure modes are not thought to be as critical
as the two listed previously. However, they could be important as they could
cause damage which may initiate or accelerate failure caused by one of the
above modes so should not be ignored. Dong et al. [36] estimated the gear
service life of the sun gearof the NREL 750 kKWWTG. Only gear surfacepitting
was considered during the normal operation of WT and all other failure modes
of surface and other operational conditions were ignored. In terms of pitting,
the sun gear exhibited more influence than the planet gears because of the
high ratio of contact pressure distribution [36]. The technical report produced
by NREL11kummarised that more than one mode of failure can be recognised
in failed gears in different stages of the WTG. The same conclusionwas
reached by another NREL report[78].

The common failure mode of roller bearings were listed in the international
standard [79]. Gearbox failure typically originates in the bearings. It has been
found that 67% of WTG failures originated in the bearings with 47% represents
the failure rate in high speed shaft (HSS) bearings [8]. The cylindrical roller
bearings installed within the WTG in planetary stage arenot designed for high
and excessiveradial loads which is exceeded the recommended levels during
normal operation and emergency stop [75, 80]. The WT bearings failure will be
much more likely under transient operating conditions [72]. With better
understanding of the operating conditions gearboxes encounter in the field,
more informed design decisions can be made, ultimately resulting in a more
reliable and economical gearbox.
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2.6 Summary

This section will summarise key findings from the literature and introduce
approaches that will be investigated in this study. The literature review
highlights the limitation of the available published work that deals with
transient events and the corresponding torque reversal within the WTG, how
it affects the gear and bearing contact load, gear and bearings dynamic
behaviour, gears and bearing contact stress and consequently their lifetime
within the WTG. Few papers have presented work examining loads during
transient events such asWT unplanned shutdown, braking, overloading and its
potential to cause WTG components (premature failure. WT shutdown induces
high loads on gearbox bearings and magnifies the gear contact pessure that
in turn causes them to fail prematurely. Although many studies have used
commercial software to achieve accurate simulation for WTG dynamic
behaviour, further effort should be made to assess possible failure modes of
gearbox components, particularly the gears and bearings. Thiswould help in
estimating gearbox componentsUremaining service life when operating under
extreme load events, considering the existence of torque reversal, and in
proposing possible design improvement solutions.

1. Previous studies used simulated low speed shaft torque as a direct input
to the developed models. In this study, field measured torque data (see
Chapter 3) will be used as direct input to the WTG models developed
and the experimental data will be used to validate the results of
developed models (see Chapter 6 and 7).

2. The research in gear contact modelling was reviewed. It has been found
that the simplified method calculated the transmission contact force
with adequate accuracy when compared with the MBS modelling
approach. The simplified method basically is a quaststatic form of the
internal gear dynamic force and could be tested later in dynamic
modelling work planned in this study. In this study pure torsional MBS
model for WTG has been developed by usig MATLAB/Simulink. The
developed model is considered the gear contact under the effect of
torque reversal as will explained in Chapter 4.

3. Dynamic system modelling was then reviewed. It must be noted that
while increasing the modelU #lexibility could complicate the model, it
does not however always result in more accurate results and has
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sometimes ignorable influence on gearbox dynamic behaviour. Three
gearbox model types were then discussed, and this highlighted the
importance of the degree of freedom of g earbox components. It was
found that using model with discrete flexibility with 6 DOF per
component improves the accuracy of the model and contribut es to
sufficient modelling of gears and bearings. Extensive studies have
highlighted that the FE approach isa conventional tool to represent
deformations of the gear tooth geometry and for modelling the contact
region between two gears in mesh and assessg the gears deformation
under nonlinear loading conditions. However, although fully flexible
multibody mode Is for the WTG expand the insights on the influence of
drivetrain  subcomponent flexibilities, they are computationally
expensive. In this study MBS modelling by using SIMPACKis used to
develop WTG model with advance bearing model consider the off-
diagonal terms in stiffness matrix and consider the interaction between
the rollers and the races as will explained in Chapter 5.

. In relation to gear failure modes, in the WTG, two key modes were
highlighted as critical modes of gear failure, namely, tooth bending
under high cydic loads and surface contact fatigue. The previous
research on gears has ignored two important factors: the variety of
loading conditions on WTG, such asshutdown, and its effect on gear
contacts which eventually contributes to gear tooth surface failure. The
other failure modes, such as sliding wear, are not thought to be so
critical. However, they could be important as they could cause damage
which may initiate or accelerate failure caused by one of the above
modes, so should not be ignored. Focusing on the effectshutdown as
transient events, and which of these causes the most damaging loading
on gear and bearing contact, will be the focus of this studyas explained
in Chapters 5 and 7.
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DATA ANALYSIS OF
FIELD MEASURE D
TORQUE SPECTRUMS

This Chapter discusses the processing of large sets of 2MW wind turbine field

measurement data using the rainflow counting method and Damage Equivalent
Load (DEL) analysis. Ithen examineseach individual operating caseseparately
and compares it with the shutdown event. The load measurement data of an
operating wind turbine has been analysed in depth. Loading variations
occurring during four operating conditions have been analysedand compared

in detail. Rainflow counting method has been usel to convert the time domain

data of complicated loading history into number of loading levelsand cycles. It
was found that the correlations between the input shaft (i.e. the low speed
shaft (LSS)) and the output shaft (i.e. the high speed shaft (HSS)), indicted

that both shafts had similar variation trend of shaft torques but higher variation

amplitude occurred for HSS Moreover, the torque cycles distribution analysis
for LSS and HSS during each individual operating condition highlighted the

importance of focusing on the extreme events that the wind turbine

experienced.
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3.1 Field Data for Different Operational
Conditions of 2MW Wind Turbine

The data recorded under four different operating conditions have been
examined,comprising: start-up, normal operation, normal stop, and shutdown.
During start-up, operation of the wind turbine started from the rest. The

machine accelerated from rest till it reached rotor rated speed without grid
connection, at which point the generator was switched online. During normal
operation this involved: non-stop operation of the wind turbine at rated power

and rated rotor speed. During the normal stop, the wind turbine was under
continuous operation and then the rotor was gradually stopped after the
aerodynamic braking by blades was initiated and the generator was
disconnected, then the mechanical brake was engaged to force the wind
turbine drivetrain to a completed halt gradually in a controlled way. During
shutdown, the rotor operat ed normally and then the stop button was pressed,
which led to initiation of aerodynamic braking by fast blade pitching, the
mechanical brake was then engaged followed by generator disengagement,
which dragged the rotor abruptly to halt in fastest possible manner.

Basead on the measured data, it was obvious that the wind turbine gearbox
components experienced loads of variable amplitudes in random sequence,
depending on the wind variations and operational controls of the wind turbine.
The recorded data were large in size. For each set of data, the mean value,
range value, maximum peak value, minimum valley value and reversal value
have been calculated.lt has been concluded that analysing all availabledata is
highly useful as it gives possibleexplanations on how wind turbine drive train
components behaves whenexposed to certain events.

To ensure accuracy, the recordings of the torque spectrum were taken using
high sample rate of 250 kHz Because of the large volume of data onlyone
operational case was processed, the shutdown, which is analysed and
discussed in detail in this chapter. The results of shutdown case have been
compared with the other operational conditions . However, no rotational speed
records are available for LSS and HSS The wind turbine specifications are
listed in Table 3.1
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Table 3.2Wind Turbine Specifications

Rated power 2 MW
Rotor diameter 80 m
Nominal rotor speed 18.1 rpm
Nominal generator speed 1680 rpm
Gear ratio 192

3.2 Rainflow Counting Method

The rainflow counting method is the process of extracting and counting the
number of load levels andcorresponding load cyclesin a complex load history
where each cycle islinked with different load amplitudes. The rainflow cycle
counting method wasiinitially proposed by Matsuishi and Endoin 1968[81]and
then developed by Downing and Socie [82]. The usefulness ofthis method in
handling any loading history is the fact that some understanding of fatigue load
may be obtained using rainflow counting method without statistical
extrapolation of stress ranges. The counting of peaks makes it possible to
formalise anew diagram in form of histogram with the peaks attributed to a
random load, history which can then be transformed into a load spectrum. In
analysis of loading histoly, the rainflow histogram is often used because it
provide s a data presentation more easily to visualize the relationship between
a specific loading level and the number of occurrences at the load level thanby
using typical time history plots [83]. Figure 3.1 shows an illustration of the
rainflow counting method .
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Figure 3.1 Rainflow cycle counting method , adapted from [83]
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For fatigue failure analysis, the rainflow histogram of the load is very important
since fatigue damage is determined using the load levels and their
corresponding cycle counts. The international standard BS ENG614001
recommends rainflow counting as acommonly accepted algorithm and very
helpful tool in WT applications to accurately calculate the fatigue of the key
components of the WTG[84].

The rainflow cycle counting technique, in its simple form, starts with using the
load history as an input. Then the dataare scannedto identify the available load
peaks and valleys in the load time history provided,and finally rearranges to
provide a new set of data. The new set of data starts with the maximum bad
peak or minimum load valley, whosoever is higher in absolute value, and then
load amplitudes values and the number of levelsare counted. In this Chapter
the load cycles have been extracted by usingan algorithm based on ASTM
standard recommendations [83]. The following MATLABcode steps shown in
Figure 3.2 summarisesthe major steps used in rainflow method.

A,,, denotes the range of data under consideration; and
A; is the previous range adjacent to A, .

1. Read the next peak or valley. If out of data, stop

2. If there are less than three points, go to step 1. Form
ranges A, and A; using the three most recent peaks
and valleys that have not been discarded

N

3. Compare the absolute values of ranges A;,; and A; v

*a) If A, <A, gotostepl
*h) IfA,,, 2 A, gotostepd

4. Count range A; as one cycle; discard the peak and
valley of A; then go to step 2

Figure 3.2: Major steps of Rain -flow cycle counting method adapted from [85]
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The rainflow cycles counting approach has been used in MATLAB code to
change the load history given inFigure 3.3(a) with seven points labelled by P1,
P2, P3, P4, P5P6 and P7, from time domain to cycles and ranges by the

following steps:

1. Check the rangesA and A+, where Ai = |PEP2 and A+1= |P2P3|. If A<
A then take another ranges in point P4.

2. Check the new ranges A and A+1, where this time A = |P2-P3 and Aix1=
|P3-P4]. If A+1 RA then |P2-P3 is considered as one cycle, andthe two
points P2and P3should be neglected. As a result the main load history
of Figure 3.3(a) should be reduced to new one as shown inFigure 3.3(b).

3. Check the ranges A = |PtP4| and Ai:1 = |P4-PY. If A+«1 <A then take
another ranges in point P6.

4. Check the ranges A= |P4-P5 and A+1= |P5-P#|. If A+1RA then |P4-P5| is
considered as another one cycle. The two points P4 and P5 should be
neglected. As a result,the adapted load history of shown in Figure 3.3(b)
should be reduced to new one as shownin Figure 3.3(c).

5. Check the ranges A= |P1P6| and A1 = |P6-P7. If A+1RA then |P1P6| is
considered as another new cycle. The two points Pland P6 should be
neglected. Checking the rest points of the load history shows that there
are less thanthree points, thus the cycles count complete d, and all the
cells of the rainflow matrix (range, mean, cycles)are filled in as shown
in Figure 3.3(d).

The full load range, DP, and the mean load, P, ..,,.,can be calculated by using the

following equations [83]:

Pmean = ( Fr)nax +Pmin) / 2 31
DP :Fr)nax I:)min 3.2

To define and analyse all the load data sets provided, ASTM standard83]
definition s for mean value, range value, spectrum, peak, valley and reversal
have been used in thisChapter as given inFigure 3.4. However, the rainflow
counting method has a weakness and limitation in term of the uncertainty of
the rainflow output to identify which cycles follow the maximum loading case
and which ones come before it. The rainflow method ignores the sequence of
the cycle occurrence in specific range within the time domain.
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Figure 3.3: Rainflow counting method process (a) Original load history
Rainflow cycle processing, (d) Rainflow matrix
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Figure 3.4: Basic cyclic loading parameters  [83]
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3.3 Damage Equivalent Load Analysis Method

The main purpose of this analysisis to show in which wind turbine operational
condition most of the damage happens.The Damage Equivalent LoadDEL) can
be calculated according to the international standard ISO/IEC 814004 [86].
Eachtorque spectrum and the rainflow cycle count the actual load time series.
Then a simple Wohler curve (i.e. T-N curve) formulation is used to calculate
what constant range of 1Hz waveform would give the same damage

N=CTP 3.3

Where N is the number of torque cycles, C is constant, T is theapplied torque ;
p is the slope of Wohler line as shown inFigure 3.5.

T r 3
Sy,
%e .
T, <
T
n o N

Figure 3.5: Woéhler curve illustration with mean torque and damage cycles

As explained before, the rainflow counting method transforms the torque

spectrum from time domain to a setof means (i.e. T, TB O0? w¥z y! ©0©{ 2 §|
cycles (n, nB  The damages caused bythe mean tor” = { ¥ «e~{w¥x ¥y U
assumed to be equal and below theWadhler line as illustrated in Figure 3.5 as

the following:

T.pq =qu 3.4
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When njis the number of torque cycle corresponding to T;which is higher than
Ti+1, the equivalent number of cycles corresponding to it, nia, can be calculated
as the following:

3.5

Qo
—
L. A AP

N. =N

Bi

Finally, the damage equivalent load (DELJor a time period of torque spectrum
can be calculated as the following:

oo 3.6

Where n+n, +.. A is equal to the time period of torque spectrum in

seconds, there are total time 1Hz cycles as he hertz is equivalent to the
number of cycles per second, 7; and n; represents the means and the
corresponding cycles presented in the original time series. Using 1Hz DEL for
loads testing is a generally well accepted practice It is possible to use the
simple T-N curve formulation to calculate the damage equivalent load for
various time periods, such as 20 seconds of torque data. Any variable
amplitude time series can be changed into any constant amplitude time series
with any frequency and duration is required to cause the same amount of
damage. By applyinga T-N curve and then calculatingd = { U§®©! ~ °
and then take that damage and calculate what simple time series would
generate the equivalent damage.The slope of Wohler y — © pUfor dieel is
typically 3, 6 or 9[86]. It is worth to mention that for most uses the DEL is
nothing more than a metric to compare different time series of load in terms

of which one causes higher damage than the other events.

3.4 Results and Discussion

The shutdown is a highly transient eventthat occurs in a very short time and
which leads to high torque values. This unique loading condition might cause
the most damaging condition for WTG components. This section analyses and
discusses in depth the full set of data obtained from the measurement of a
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shutdown event. Furthermore , the data of other three different operating
conditions will be analysed andcompared with the shutdown data. The HSS
and LSStorque history in time domain for these four different operational
conditions have been processed by using the rainflow counting cycle method.

3.4.1 Comparison Between  Shutdown and  Other
Operational Conditions

Figure 3.6 illustrates the comparison of the Mean-Range distribution (without
the load cycles) of the HSS torque during shutdown and normal operation,
shutdown and normal stop, and shutdown and start-up respectively.
Comparing the magnitude of the mean and range of HSS torque reveals
noticeable differences under different operating conditions. When the
shutdown event occurs, the mean value of HS torque varies greatly than that
under the other three operational conditions. The normal operation condition
shows the narrowest mean torque values, distributed normally and
symmetrically around the rated torque, with the maximum range value is
approximately 3,800 Nm. The highest range for the HSS torque occurs during
shutdown and exceeds 19,000 Nm, which is 5 times the HSS torque range value
of the normal operation. During normal operation, all the mean values are
positive, and no torque reversal occurrence are observed. Conversely, the
torgue reversal occurrence is obvious in other three operational conditions,
where the highest mean value exceeding 4,000 Nm (in negative mean value)
and taking place in shutdown. During the shutdown condition the p itching of
the WT rotor blades is faster than normal operation in order to provide the
required aerodynamic braking to stop the rotor by applying the brake on the
disk while the rotor rotation contribute s to torque reversal occurrence of
higher amplitude than that occurring under other operational conditions.

It is obvious that during shutdown, the HSStorque displays the highest range
and mean values above the rated torque compared to those occurring in
normal operation, normal stop and start -up respectively as shown in Figure
3.6. This would have harmful consequences on gearbox components such as
gears and bearings and could contribute to more overloading of the gearbox
bearings and gearsin the high-speed stage greater than that in the low and
intermediate stages within the WTG. Moreover, it is clear that the highest HSS
torque range value occurs over the braking periods in very few cycles.
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Figure 3.7 shows the Mean-Range distibution (without the load cycles) for L SS
torque during shutdown versus other three different operational conditions
(i.e. normal operation, normal stop, and start-up). The LSS torque shows
similar Mean-Range variation as that of the FBS but higher values which are
proportional to the wind turbine gearbox ratio. The normal operation shows
the narrowest mean values distributed normally and symmetrically around the

rated torque with maximum LSS torque range around 250,000 Nm. The
highest range for the LSS torque occurs during shutdown and exceeds
2,000,000 Nm, which is 8 times that occurring in normal operation. The
correlation between the LSS and HSS torque shows that both HSS andLSS
shafts have the same variation pattern during various operational conditions

but a higher-level load for the LSS.

For both HSS and LSS, the maximum value for torque reversal occurred when
the braking action was trying to bring the rotor to the rest. Moreover, it may
be possible to predict the behaviour of the HSS torque variation from the LSS
torgue and vice versa. The occurrence of torque reversal s and negative mean
values can be observedin the three operational conditions of start-up,
shutdown and normal stop but not for normal operation.

Analysing the time history of the HSS and LSS torqueby using the rainflow
counting cycle method is highly important because the LSS torque data is the
input load of WTG and eventually the HSS torque works asa direct input load
to drive the generator. Obtaining greater understanding of the effects of
torque variations on WTGfor different operating conditions may contribute to
finding solutions for eliminating premature failures of gearbox components.
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Figure 3.8 shows the Mean-Cyclesdistribution (without the load rang e) of the
HSS torque during different operational conditions. Comparison of t he mean
values and cyclesextracted from the HSS torque time history by using the
rainfow counting method during different operati onal conditions produces
important information . The highest number of cycles is around 280,000 cycles,
occurring during the normal stop of the WT and corresponding with zero of
HSS mean torque. The reason is that during the normal stop the WT is brought
steadily down to the lowest speed (taking around 32 seconds), and then to a
halt (taking around 48 seconds), with the braking torque occurring steadily
and completely reversing during normal stop. During shutdown it takes
shorter time, with harsher br aking torque. In normal operation the torque
cycle varnation shows normal distribution around the rated torque of HSS
torque of 11,000 Nm with narrow HSS mean torque range variation. e torque
cycle distribution is non -uniform for shutdown, normal stop and start -up.

During the shutdown, normal stop and start-up, the highest number of HSS
torgue cycles corresponds with the zero -mean value. But for the start-up, the
WT needs around 70 seconds ofsteady and completely reverse torque, to
accelerate and overcome the huge hertia of the WT rotor and WTG
components. After that the WT rotor starts to operate under the cut -in speed
trying to reach the rated speed. During start -up, the field measurement data
for the HSS toque stopped before the WT reached the rated HSS torque
required for generator engagement.

The above explains why the highest mean value of the HSS torque during start

up condition is below 10,000 Nm as shown inFigure 3.8. However, the most

effective cycles are those corresponding with the highest mean value, exceeds
145,000 Nm, and occurs when the brake is applied on the HSS side during
shutdown condition, trying to bring the WT drivetrain to a halt and dragging

the rotor abruptly to rest in the quickest way possible.
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Figure 3.8: Comparison of the mean -cycles values of the HSS torque during
different operational conditions
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Figure 3.9 shows the comparison of Mean-Cycles distribution for the L SS
torque during shutdown and the other operation al conditions. The LSS torque
shows similar Mean-Cycles variation of the HSS but with higher mean values in
LSS than in HSS for all operational conidtions. Morover, again it is becaus¢he
huge inertia of the rotor connected directly to the LSS being greater than that
of the HSS, the high rotational speed for the HSSbeing higher than that of the
LSS and the gear ratio (i.e. 1:92)of WTG being fairly high. Generally, the
comparison between the LSS and HSSorque Mean-Cyclesdistribution shows
a similar pattern during the four different operational conditions, with normal
torque cycles distribution around the rated torque and narrow mean range
during normal operation.

The analysis of the field load measurement data by using the rainflow counting
cycle method shows no occurrence of torque reversals (no negative mean
value) during the normal operation. However, torque reversal was observed in
both LSS and HSS but with different sequence s and in dissimilar manner, in
three different events , namely: start-up, normal stop and shutdown. Torque
reversal occurs when the mean torque value sign changes from positive to
negative. Consequently, high vibration loads produced by the rotor are

absorbed by the gearbox which is loaded in an extreme manner and its
components, gears and bearings, are therefore put under overload condition.
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3.4.2 Variations of Torque Ranges and Cycles for Different
Operational Conditions

Figure 3.10 shows the torque range distribution of the HSS (top) and LSS
(bottom) (without the cycles and mean) during the four different operation

conditions, shutdown, normal operation, normal stop and start -up. The highest
range variation of torque for both LSS and HSS occurs during shutdown event,
while the lowest one occurs in both shafts during normal operation. Again,the
LSS torque shows similar range varation of the HSS but higher range values
proportional with the WT gearbox ratio.
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Figure 3.10: Comparison of the range values of the HSS (top) and LSS (bottom)

torque during different operational conditions
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As illustrated in Figure 3.10 during shutdown it is very clear that the torque
ranges for both HSS and LSS spread out from the median(the middle line in
box plot), splitting the distribution of the torque range into two equal groups
(i.,e. the lower extreme, the lower quartile, the upper quartile and the
maximum extreme). This is not the case during the normal operation as the
HSS and LSS torque range data are stacked and exhibit the lowest medianFor
the HSS the range nedian (the middle line in box plot) during shutdown is 5
times higher than that of normal operation, 1.3 times higher than that of normal
stop and 1.76 times higher than that of startup respectively. For the LSS the
range median during shutdown is 8.9 times higher than that of normal
operation, 1.5 times higher than that of normal stop and 1.92 times higher than
that of start -up.

Figure 3.11shows the mean distributi on for the HSSand LSStorque (without
the range and the cycles)during the four different operation conditions . Again,
the LSS torque shows similar mean varation as that of the HSS but higher
mean values for the LSSThe highest mean torque variation for both LSS and
HSS occurs, as explained before, in shutdown while the lowest one occurs
during normal operation.

The torque reversal occurrence, the negative mean value inFigure 3.11 is
obvious in shutdown, normal stop and start-up, with the highest mean value
recorded during shutdown. Normal operation appears to have higher median
mean value(i.e. the middle line in box plot which is equal to the rated torque
for both LSS and HSS) The mean value in normal operation does not vary as
much as in the other operational condition. The greater the distance between
the points in the boxplot, the mor e spread out the mean torque value. The
latter case is obvious in shutdown.

For the HSS the median of the mean torque value during normal operation is 2
times higher than that of shutdown, 1.92 times higher than that of normal stop
and 2.47 times higher than that of start-up. For the LSS the median of the mean
value during normal opeartion is 2.2 times higher than that of shutdwon, 2.1
times higher than that of normal stop and 2.6 times higher than that of start -

up.
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Figure 3.11 Comparison of the mean values of the HSS (top) and LSS (bottom)
torque during different operational conditions

As shown inFigure 3.11 the maximum rate of torque reversal occurrence, the
negative mean torque value, during the shutdown for both HSS and LSS is 4
times and 5.8 higher than that during the normal stop and start-up
respectively. This is again, because duringshutdown conditio n the WT starts
braking by pitching the blades faster than usual to provide aerodynamic
braking and then stopping the rotor by applying the brake on disk while the
rotor running contribute on torque reversal occurrence with higher
amplitude.
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Figure 3.12shows the histogram of torque range versus cumulative cycles for
all operational conditions. It is clear that the highest torque ranges for both
LSS and HSS occurs during shutdown condition and correspond with only
fewer cycles. As expectedthe lowest torque range for both LSS and HSS
occurs during normal operation. During the four operation conditions, for both
LSS and HSS shafts,the highest number of cumulative cycles always
correspond to t he lowest torque range value. The effect of these load cycles
on the lifetime of gears and bearings within the WTGwill be investigated in
Chapter 7.
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The cumulative torque cycle histogram for HSS and LSS indicatethat the
shutdown event has harmful consequences on wind turbine gearbox
components becausethe occurrence of some high torque amplitude values for
both shafts, which exceed the rated torque and occurs with low number of
torque cycle.

3.4.3 Damage Equivalent Load for Each Operational
Condition

Figure 3.13illustrates the DEL derived from both HSS and LSS torque values
during normal operation, shutdown, normal stop and start -up. The mean
values of HSS and LSS torque, are calculated by using the rainflow counting
cycle method, is shown abng the horizontal axis. The DEL, calculated according
to the procedure explained before in section 3.33.3, is shown along the vertical
axis. The slope ofT-N curve of 6 for steel was used in DEL analysis. The main
purpose of this analysis is to show which operational condition causes most of
the damage. The damage corresponding with the transient events suchas
shutdown is 3.65 higher than that occurring in normal operation, 1.43 higher
than start-up and 1.1 higher than normal stop in both HSS and LSS. This draws
the attention to study the damage of the critical WTG components, the gears
and bearings, caused ly the transient events. As shown inFigure 3.6 and Figure
3.7, the mean tor que during br aking for HSS and LSS occurs in a high range
and this contributed to much higher damage as illustrated in Figure 3.13

The comparison of total damage occurred during various operational
conditions shows that damage to the HSS and LSS was the highest during
shutdown condition and occurred within torque ranges lower than the rated
torque. As illustrated in Figure 3.13 the damageto both shafts, the HSS and the
LSS, was of higher magnitude during brake engagement on the HSS side in
combination with the highest torque range and low number of cycles.
Conversely,lowest torque range magnitude combined with the highest torque
cycles caused the lowest damage. For the HSS, the most damage occurred
within the mean range of 5-7.5kN.m and for the LSS occurs within the mean
range 100 times that of the HSS, which is very close to the WTG ratio of 1:92.
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3.5 Summary

This Chapter has shown that the rainflow counting method , together with DEL,
is an appropriate technique to analyse load history in time domain to derive
the load cycles with corresponding ranges and damages undervarious load
levels. The fact is that no overloading occurrence was observed during the
normal operation condition highlights the importance of focusing on the
extreme events that the WT may experience such asshutdown. During braking
in shutdown and normal stop, the loading of the gearbox shafts is much higher
than that in normal operation condition. Moreover, during shutdown, for both
HSS and LSS, lownumber of torque cumulative cycles combined with high
torgue range occurs above the rated design torque. Conversely, highnumber
of cumulative cycles with various torque amplitudes occur below the value of
rated torque. The correlation between the LSS and HSS torque shows that
both shafts have the same variation pattern during various operational
conditions but with a higher-level load for LSS.For both HSS and LSS, the
torque cycles occur during braking within the transient events, shutdown,
normal stop and start-up, with high torque range, and produce a higher
damage than that during the normal operation.

In the WT drivetrain, it is obvious that the torque reversal occur s during
braking events only. This phenomenon could have considerable impact on the
WTG critical components, the gears and bearings The influence of torque
reversal on gears and bearings contact force s and how it affects gears and
bearings surface stress will be investigated in Chapters 5 and 7. During braking
in shutdown, the gearbox shafts loading is much higher than normal operation
condition. The effect of high range loadcycles during transient load conditions

on the fatigue lifetime of gears and bearings within the WTG will be investigated
in Chapter 7.
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PURE TORSIONAL
MULTIBODY DYNAMIC
MODELLING OF WIND
TURBINE DRIVETRAIN

The torsional dynamic model for wind turbine gearboxes(WTGS) is one of the
common used modelling approaches because of its fast solution time with low
computational costs. The purely torsional multibody system (MBS) dynamic
models developed in this Chapter are computationally effective comparison
with MBS models developed in Chapter 5 and can capture the torsional loads
and dynamic responses of keywind turbine (WT) drivetrain components
during free and forced vibrations. The MBS modelsdeveloped in this Chapter
are considered the effect of torque reversal on gear meshing contact forces
within the WTG during unplanned shutdown. The development of WT
drivetrain dynamic models can be beneficial in understanding the loading
behaviour and predicating the response of WT drivetrain components under
transient loading conditions. The required parameters for the pure torsional
WT drivetrain models have been calculated by using CAD models for the four
different WTs, these are: 3MW with 2 stages gearbox (DrivetrainA), 3MW with
3 stages gearbox (Drivetrain-B), 2MW with 3 stages gearbox (DrivetrainC) and
NREL 750kW (DrivetrainD) with 3 stages gearbox.
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The WTGs models developed in this study ae the commonly used WTG
configurations in the field according to the international standard IEC 61400
4. Rull descriptions for each WT drivetrain and corresponding gearbox
developed in this Chapter are shown in the following sections.

4.1 Determination of Masses and Inertias of
Wind Turbine Drivetrain

Purely torsional dynamic models with lumped masses, using 2, 5and 11 DOFs
respectively, are developed to represent this drivetrain with a fixed or variable
speed generator model. The gearbox components, including planet carrier,
gears and shafts as well as the generator and the rotor are modelled, using one
torsional DOF for each component in the rotational direction. The rotor
assembly includes three blades andthe rotor hub, which is connected to the
gearbox through the LSS. The mass and inertia of the bladesi§) , 0 ) can be
calculated by the following formulas [87]:

) cgqw?d 4.1
0 ™ pig O ¢ 4.2

where, 0 is the length of the blade and ¢ is the total number of blades. The
total amount of polar moment of inertia of the rotor assembly as one lumped
mass( 0 ) can be calculated from the summation of the blades inertia and
the inertia of the hub (0 ) [10}

The rotational stiffness is used to model the flexibility associated with each
component in the torsional model, such as the shafts and gear mesh stiffness.
In some studies, all theshafts of the WT drivetrain were considered to have
constant cross section areas, theref ore, the variable cross section area of each
shaft was simplified as a solid cylinder or tube [48, 88]. In this study, the actual
geometry of each drivetrain shaft has been modelled and the values of pola
moment of inertia of the main shaft and shafts of the entire gearbox are
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calculated from the CAD models. Through knowing the length of shaft 0, the
shaft modulus of rigidity Gand shaft polar moment of inertia U, the torsional
stiffness Asnarrand torsional damping Csrar Of each shaft can be calculated by:

- w0 4.4
0
o) c— 08Q 4.5

The shaft damping ratio snar for steel can be taken as 0.0050.007 [89] [90]. An
average value of shaft damping ratio of 0.006 is used in this study. The
generator resistance torque, which acts as a reactive loading to the drivetrain
at the generator side, affects the WT drivetrain system when the generator
{¥}w}i{?® 106 z #a{¥}w}{?® @® «~ «~{ {E£{y«O yw
electrical resistance torque is represented by a torsional spring. For NREL
750kW WT (Drivetrain-D), the value of the electrical torsional spring stiffness
between the generator armature winding and magnetic field of the generator
IS Kgen= 28,100 N.m/rad. This value is taken from Mandic et al[50], which has
been calculated and validated experimentally for different operation
conditions by the authors. The electrical torsional spring stiffness for
Drivetrain-A, B and C is not available in the literature For the purely torsional
model, the gear mesh stiffness is modelled as a linear spring[32]. The gear
mesh stiffness is a parameter that accounts for the meshing interaction
between gear teeth. Gear meshing presents a complex dynamic relationship
depending on several gear parameters such asgear material, helix angle, face
width, base radius, mesh alignment, normal load, and number of teethand can
be calculated according to the international standard BS ISO63361[91] The
gear mesh stiffness kmesn can be determined as follows [32] :

~ ~

0 0 i AltO 4.6

The mesh damping coefficient Cres» can be determined as follow s [92]:
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Where rpvy 12, biand Jp-are the base radii and the inertias of the driving and
driven gears, bis the helix angle of the gear The gear mesh damping ratiogmness
can be taken as 0.030.17[92] [90]. An average value of gear mesh damping
ratio of 0.1 is used A CAD model for the NREL 750kW/Drivetrain-D), Drivetrain-
A, B and Cgearboxes has been created as shown inFigure 4.1and Figure 4.2.
The calculated parameters have been validated with data available in published
literature [10, 50, 51]

Figure 4.3 shows the complete 750kW WT drivetrain (Drivetrain -D)
representation of ele ven lumped masses of 11 DOFs with consideration of gear
mesh stiffness and gear mesh damping coefficientwithin the WTG.

For NREL 758W WT drivetrain (Drivetrain-D), the shafts stiffness, the
electrical stiffness value, the mass and polar moment inertia for all gearbox
components, the gear ratios for each stage of the WT gearboxand the gear
mesh stiffness used to develop the pure torsional multibody system for the WT

drivetrain model are shown in Table4.1and Table4.2.The required parameters

for Drivetrain-A, B and GQyearbox components are shown in Table4.1and Table
4.3.

Table 4.1 Design parameters of three different WT drivetrains

Parameters DiEtial
A B C I

Rated power 3 (MW) 3 (MW) 2 (MW) 750 (kW)
Gearbox ratio 1:34 1:115 1:92 1:81.49
Gearbox stages 2 3 3 3

stagel Planetary Planetary Planetary Planetary
Gearbox stage2 Planetary Planetary Parallel Parallel

stage3 - Parallel Parallel Parallel
Min. rotor speed (rpm) 8.6 8.6 10.8 14.8
Rated rotor speed (rpm)  14.8 16.1 16 18.6
Max. rotor speed (rpm) 18.4 18.4 19.1 22.1

54



Chapter 4

Figure 4.1 CAD model for NREL multistage gearbox of 750kW WT (Drivetrain -D)
consisting of a fixed ring planetary gear set with three planets and two parallel gear
sets with two intermediate shafts and overall gearbox ratio of 1:81.49
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Figure 4.2: Wind turbine d rivetrains A, B and C and their gearboxes as CAD models,
from the top to the bottom: Drivetrain -A (2 stage WTG, gearbox ratio of 1: 34),
Drivetrain -B (3 stage WTG, gearbox ratio of 1: 115)and Drivetrain -C (3 stage WTG
gearbox ratio of 1: 92)
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Wind turbine gearbox

Carrier

(b) Planetary stage representaion (c) Parallel stage representaion

Figure 4.3: Representation of NREL 750kW WT drivetrain with 11 DOF
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Table 4.2: Parameters of mechanical components of

750kW WT drivetrain

Torsional stiffness of shafts and generator (N.m/rad)

Kiss Low speed shaft stiffness 3.69e+07
tiffn f the shaft connecting the sun r to the F'
Kis1 EaralleeTZgar s‘?tasgea FonEEIng e SR 9ERTo T 2.45e+07
H : St
Kiss J[Sotlgfrges;g:‘l érllz esgraft connecting the I parallel gear stage 2 70e+08
Kuss High speed shaft stiffness 2.08e+06
Kgen  Electrical torsional stiffness 2.81e+04
Torsional damping coefficient of shafts (N.m.s/rad)
Ciss Low speed shaft dampingcoefficient 2.396
Damping coefficient of the shaft connecting the sun gear
Cis1 to thg 1Stgparallel gear stage ) ’ 0.476
- — . -
Ciss g:;?zltr;% chiﬁéijl%rgr 331; etrgesar;aft connecting the ™ parallel 5561
Crss High speed shaft dampingcoefficient 5.753
Inertia of lumped masses (kg.n¥)
Jotor  Inertia of the rotor 998,138
Jec  Inertia of planetary carrier 65.2
Jp Inertia of planet 3.2
Js Inertia of sun gear 1.02
Je1  Inertia of gear in T parallel stage 31.72
Jez  Inertia of pinion in 1% parallel stage 0.4
Js3  Inertia of gear in 2" parallel stage 3.42
Je4  Inertia of pinion in 2" parallel stage 0.08
Jpen  Inertia of the generator 24
Wind turbine gearbox ratios
N Gear ratio for planetary stage 5.714
N> Gear ratio for 1% parallel stage 3.565
Nz  Gear ratio for 2" parallel stage 4.00
Gear mesh stiffness (N.m'rad)
Krp Planetary gear, RingPlanet mesh stiffness 5.86e+07
Ksp  Planetary gear, SunPlanet mesh stiffness 5.86e+07
Kcp: T parallel gear, GearPinion mesh stiffness 5.23e+07
Kspz 2™ parallel gear, GearPinion mesh stiffness 1.72e+07
Gear meshdamping coefficient (N.m.s/rad)
Crp Planetary gear, RingPlanet mesh dampingcoefficient 3.13e+03
Csp  Planetary gear, SunPlanet mesh dampingcoefficient 0.812e+3
Ccp; T parallel gear, GearPinion mesh dampingcoefficient 3.974e+3
Csrz 2™ parallel gear, GearPinion mesh dampingcoefficient 0.354e+3
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Table 4.3: Mechanical components parameters of drivetrains A, B and C
Parameters Drivetrain
A B C
Rotor inertia (kg.m?) 2.67e+6 2.67e+6 6.03e+6
Generator inertia (kg.m ?) 680 680 60
Stage 1 (2) Planet carrier inertia 2.32e+3 2.32e+3 173.86
(kg.m?) (871.4) (871.4) '
Stage 1 (2) Ring gear inertia (kg.m) 832.78 )
(233.79 2314 (226.1)
Stage 1 (2) Planet gear inertia (kg.nd) 37.119 oo (9.0) 356
(7.115
Stage 1 (2) Sun gear inertia (kg.m) 2.187
(0.887) 7.9 (0.4) 29
Stage 1 (2) Planet gear number 3 (3) 3(3) 3
Stage 2 (3) Gear inertia (kg.nv) ] (17.7) 270
' (270)
Stage 2 (3) Pinion inertia (kgm?) - (0.3) 1.5 (2)
Stage 1 (2) RingPlanet mesh 1.54e+9 7.09e+8 122649
stiffnesses (Nm/rad) (1.62e+8) (1.43e+8) '
Stage 1 (2) SunPlanet mesh 1.54e+9 7.09e+8 122649
stiffnesses (Nm/rad) (1.62e+8) (1.43e+8) '
Stage 2 (3) GearPinion mesh i 1.63e+9
stiffnesses (Nm/rad) (5.88e+8) (5.7e+8)
LSSstiffness (Nm/rad) 9.30e+9 9.30e+9 1.6e+8
Stage 1,2 connecting shaft stiffness 1 06648 1.066+8 3.426+8
(Nm/rad)
Stage 2,3 connecting shaft stiffness i 1 40e+7 1 85649
(Nm/rad)
HSS stiffness (Nm/rad) 1.40e+7 1.95e+6 3.1e+8
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4.2 Mathematical Modelling and Equations of
Motion

4.2.1 Lumped Mass Models with Fixed and Variable Speed
Generator

The 5-mass model with 5 DOF for WT drivetrain is shown inFigure 4.4. Each
gearbox stage is combinedas one effective mass. The gear mesh stiffnessvas
ignored and the five effective inertias, with respect to the LSS side of the WT
multistage gearbox, were calculated as follows:

0 0 4.8

0 0 0 4.9

0 00 00 O 4.10

0 00 000 U 4.11
0 000 0 4.12

The stiffnesses of the LSS, all gearbox shafts and the generatoresistance
torgue for fixed speed generator are calculated as follows:

0 0 4.13

0 00 4.14

0 00 U 4.15
0 00 06 0 4.16
0 00 06 0 4.17
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Wind turbine gearbox

Figure 4.4: Five mass model representation of WT drivetrain.

The damping coefficients of the LSS, all gearbox shafts and the generator
resistance torque for fixed speed generator are calculated as follows:

6 6 4.18

6 U6 4.19

0 00 0 4.20
0 000 0 4.21

bw} ow¥} {U0U2a [~ " -~w« | ¥ a s afz &orfoced¥ z o« ~{
torsional vibration, the equations of motion of the torsional model of five mass
drivetrain can be shown in matrix form as follows:

0 — &6 — 0O — 0 4.22
- 4.23
O T T 1T Tt
AU U T T Ty
U ﬁT[ TT U T T 4.24
mnonm U T
on mm T T VO
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0 o} T T m .
a4 o 11
11 0 o o o mn n Xl
11 TT 6 (0] 0 (0] Tt ' 4.25
W T 0 0 0 0 n
u Tt T T 0 o U
U U Tt Tt Tt s
la% . ]
iV v v V] T LU
0] 11Tt O U U v Tt i 4.26
(W T U v 0 U n
uTm T T 0 O LU
0O Y mn om Y 4.27

Where J, K, C, @nd d are the inertia matrix, the stiffness matrix, the damping
coefficient matrix, the torque vector and the rotational displacement vector

respectively. di, 2, &, dzand ds are the torsional displacement of the rotor,
input shaft of three stage of the gearbox and the generator.

The 2-mass model with 2 DOF for WT drivetrain is shown inFigure 4.5. The 2-
mass model for WT drivetrain is widely used in aerodynamic codes such as
FAST[93] and GH bladed[94]. The gearbox and the generator are combined as
one effective masswhile the other mass is the rotor (blade s + hub).

Hr‘of Heff
e K K
T Corr N
7;01‘ T, ern
J/'ot Jeff “

Figure 4.5: Two mass model representation of WT drivetrain
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The equations of motion for the 2-mass drivetrain model can be derived from
the 5-mass model that has been discussed early. The two effective inertias,
with respect to the LSSand the multistage of the gearbox, can be calculated as
follows:

0 O 0 U O 4.28
P P P PP 429
0 O 0O 0 0
L 4.30
0 0 0 06 0

For forced torsional vibration, the equations of motion of the torsional model
of the two-mass drivetrain can be shown in matrix form as follows:

_ _ _ 4.31
o Y vy 4.32
0 T
’ , 4.33
U Tt U
' o b 4.34
v 0 O 0 '
. 0 0
0 o o o 4.35
(0] (0] (0]
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The equations of motion for the 1imass drivetrain model shown in Figure 4.3
are listed below for a complete WT drivetrain which has 1llumped masses of

11DOFsand with consideration of gear mesh stiffness and gear mesh damping
coefficient :

TéJldl"'Cl( .g'.2)7 Kl qZ) Qo=

~

| . . .
}J2q2+cl(g'2)7 Kl( 1‘75) Gaﬁplf arp| 2
|

'II*‘]4('74+C2( q ‘5)7 KZ( q 5) Ca spi 4 4.36
§J5q5 + Cz(q4 - q-5)+ Kz(q4 - qs) FSdr
I‘]s% +C3(% - (-77)"' Ka(qe - (-77) = Feals
i‘]7q7 +C3(% - 677)"' K3(q6 - 677) =- F7dr7
%‘]sqs +C4(q8 - q9)+ K4(qs - qg) = F7dr8
|l‘]9q9 +C4(C78 - %)+ K4(q8 - %) = ’Tgen
where,
,\ spl Kspl( 3q3 4 q HECOS( 5‘3) ) sp|(3 3 rq4 4 r gC@S( sp) 29
rp| = Krp| (r CC)S@rp )q 1, 3& rpi (2 Cos(rp @ 2 03' 3) q 4.37
'Fsd:KSd(r e@ G'aj(rs 567%961
TF7d :K7d(r7q7 8@ G?d(r7.7qr 5'9‘7
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4.2.2 Eigenmode and Eigenfrequency Analysis

For the 2-mass, 5mass and 1Jdmass models, when a variable generator speed
model is considered, the Kgenis equal to zero thus it should be eliminated from
the stiffness matrix which leads to free-free system normal modes. When a
fixed generator speed model is considered, the Kgenis not equal to zero which
leads to free-fixed system normal modes. For free force vibration considering
both the fixed and variable speed generator models but ignoring the effect of
damping coefficient, the eigenmodes and eigenfrequencies of the WT
drivetrain system can be calculated using the following equation:

(K- WzJ)F =0,
FTIF =1 4.38
FIKF , =diag(u/)

Where K Jis the stiffness and the inertia matrixes and u is the eigenmodes
corresponding to the eigenfrequencies ¥ .

4.3 MATLAB/Simulink  Dynamic Modelling of
Wind Turbine Drivetrain

MATLABIs chosen as the modelling software because it is a readily available
software package that is commonly used in industry. It has the advantage that
«~{ 2! | «®hiteo | - the codinglehind the software is known. This
allows for more parameters to be inputted into the model increasing the level
of complexity that can be achieved. The integrated Simulink environment
within MATLAB enables ths study to create dynamic models of complex WT
drivetrain systems. Themultibody dynamic system of WT drivetrain can then
be excited by different input signals and simulated to obtain approximations
for the dynamic response of the system. These results can then be exported
into the MATLAB workspace for further analysis. The complexity of the
dynamic model for the drivetrain is dependent on the main function of the
developed model.
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Asone of the aim of this thesis is to understand the dynamic responses of the
three different configu rations of WT gearboxes under transient load
conditions, modelling the drivetrain as a pure torsional model in
MATLAB/Simulink is appropriate at this stage. In MATLAB/Simulink the
Simscape library enables this study to model the individual mechanical
components and the associated differential equations as blocks within
Simulink. The related blocks are coupled by connecting them together and the
software forms the supplementary equations that describe the motion of the

whole system. It is efficient to create the models in Simulink/Simscape
environment and to run simulations in order to obtain approximations of the

dynamic responses[95].

4.3.1 Key Components and Planetary /Parallel Gear
Configurations

The drivetrain is divided into groups of masses attached to each other by
springs and dampers model. By using the Simulink library, the rotor, the
generator and the gears masses can be represented by using the inertias
blocks. The shafts within the WT drivetrain can be represented by using
torsional springs available within the Simulink library environment. The key
mechanical blocks used to model the drivetrain in Simulink for each
component are displayed in Table 4.4. The inertia block, No.1 inTable 4.4, was
sufficient for use to model all the rigid bodies within the WT drivetrain, such as
the rotor, planetary carrier, gears and generator rotor. All the r equired
parameters, such as the mass and inertia of the WTdrivetrain dynamic models
have been calculated by using CAD models that were explained before in
section 4.1 The rotational stiffness and damping, No.2 and3 in Table 4.4, are
used to model the flexibility associated with the components in the torsional
model, suchas« ~{ @ ~w| «2 w¥z } {-fwow¥W{ &&Bf yrwbq {jX{
w¥z «~{ Ui a8 £{ ] inhth&limuknk/Singscape eBvieconmentz { z
No.4, 5 and 6 inTable 4.4, apply the ratio that corresponds to the gear ratio in
each gearbox stage, i.e. theplanetary, intermediate and high-speed stage
within the WT gearbox. Table 4.5 shows the representations of the dynamic
model for the WT drivetrains shafts, planetary gear and parallel gear stage
respectively, where each component and gear mesh stiffnessand gear mesh
damping are included.
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The Simulink models for a complete WT drivetrain during normal operation
and shutdown are shown in Figure 4.6. The required parameters for Simulink
models of WT drivetrain with different gearbox configurations for all gearbox
components have beenexplained before in section 4.1and shown in Table 4.2
and Table 4.3.

Table 4.4: Equivalent Simulink blocks for the mechanical components

No. Simulink Block Physical Equivalent
é Rotor Inertia
1 ES Generator Inertia
Inertia Planet, Ring, Sun, Gear, Pinion
Inertia
) e Shaft Stiffness
Rotational Stiffness Gear Mesh Stiffness
3 = Shaft Damping
Rotational Damping Gear Mesh Damping
4 C@S“ Sun-Planet GearRatio
Sun - Planet
5 up@ RingPlanet Gear Ratio
Ring- Planet
.EI_I}F-
6 Gear-Pinion Gear Ratio
Simple Gear
bles s It converts a Simscape physical
7 — input signal (PS) into a Simulink

PS-Simulink Converter output signal (S)

— It converts a Simulink input signal
8 — (S) into a Simscape physical signal
(PS)

Simulink-PS Converter
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Table 4.5: Representations of epicyclic and parallel gear stage in MATLAB/Simulink

Repersentaion
CAD Schematic Simulink
Ring-Planet
@
P :
Ring
% Cmesh%l % mesh
o Planet
wn
P
8
Q mesh mesh
C
]
o
Carrier b
Sun
D@
Sun-Planet
Gear
(]
% _—r_ Kmesh
& e
[) F _I B
% =
o Cresn ~ Simple gear L~
Pinion
Input R . — 4 .
Torque SPS Z'E ';@% Gearbox f{js-/ _}g ES—S
I Generator
Rotor Generator model Electromagnetic
Solver | f(x)=0 ineniaQ inertia D Torque
Brake force Rotational
Friction
Tnput | Brake J
Torque S_PE a'é z@% Gearbox @ %ﬁ 35_5
T Generator
Rotor model Electromagnetic
Solver | f(x)=0 inertia Q G?rrll:;g;ora Torque “

Figure 4.6: MATLAB/Simulink model of a complete WT drivetrain during normal
operation (top) and shutdown (bottom)
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4.3.2 Gear Tooth Load Calculation

The LSS torque is transfer to the WT gearbox through the planetary carrier,
then to the WT gearbox shafts and bearings through the tooth contact of gears.
For helical gears, the gear contact force has three components, tangential,
radial and axial. The geacontact force F, along the line of contact tangent to

the gear base circle can be calculated as follows:
Fbt = (rblql - r-bZCIZ)Kmesh-'- (rblql - rquz)Cmesh 4.39

where I, I, @, G, ciandc;zare the base radius , theangular displacement and

the angular velocity of the pinion and the wheel, respectively; Kmnesh and Cresn
are the gear mesh stiffness and the gearmesh damping coefficient which can
be calculated by using the equations 4.6 and 4.7respectively. The angular
displacement and angular velocity for gears in contact can be measured in the
MATLAB/Simulink environment by using the motion sensor block which will be
explained later as shown inFigure 4.8.

4.3.3 Generator Model

In order to accurately model the drivetrai n, a generator model in Simulink
must be incorporated into the system model of the drivetrain to simulate the
resistance torque supplied by the generator. This is important to ensure that
the HSS speed is limited to the speed at which the generator can produce
electricity. The generator resistance torque acts as a reactive loading to the
drivetrain at the generator side and affects the WT drivetrain system when the
generator engages (i.e. connected) with or disengages (i.e. disconnected)
from the electrical grid. The gearbox ratio is 134 for Drivetrain-A,
corresponding to a mid -speed generator thus a Permanent Magnet Generator
(PMG) model is used in the modelling. For Drivetrain-B and Drivetrain-C, a
Double-Fed Induction Generator (DFIG) model is used for both drivetrains
because their generators operate in a higher speed range as shown inFigure
4.7. The generator models can provide generator resistance torque and
controls the rotor speed for two different operational conditions: normal
operation and shutdown. The generators parameters used in this study are
shown in Table 4.6.
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Table 4.6: Generator parameters  of drivetrains A, B, C and D

Parameters Drivetrain

A B C D
Rated speed (RPM) 515 1836 1680 1809
Generator type PMG DFIG DFIG DFIG
Number of poles 10 4 4 4
Gird voltage (Volt) 690 690 690 690
Frequency (Hz) 60 60 60 60
Mutual inductance (Lm) 0.32 3.0 3.0 256
Stator leakage reactance 0.64 0.1 0.1 0.016
(Ls)
Line inductance 0.09 0.09 0.1 0.06

1
e e
1
1
1

Generator Speed

Pl
(RPM) RPM to pu E\ i
— <Te (pu)> D

|
1
| |
. 1
. 1
. 1
! |
1
: Constant r— pu to Nm 7 :
9 ——D
1
: +~ANN— Generator Outputs,
I <P (pu)> [: :
| A R1 puto W \
1
1 + -~ \/V\,— |
1 P B r—-r. 1
1 1 R2 Wind Turbine :
1 — Cc Doubly-Fed Induction Generator
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! Three-Phase R3 |
: Programmable 1
|

Voltage Source

Figure 4.7:MATLAB/Simulink double feed induction generator model
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4.3.4 Eigenfrequencies Analysis Using Control Design Tools

The natural frequency of the WT drivetrain with different gearbox
configuration and different levels of model complexity of 2 -mass, 5mass and
1imass can be calculated by using the facilities of the control system toolbox
available within the MATLAB/Simuink environment. Eigenfrequency analysis of
the WT drivetrain is performed by using the LSS torque as the input and the
corresponding angular velocity of the generator as the output. The resulting
eigenfrequencies are compared with that determined from the mathematical
model analysisthat was explained in section 4.2.2 The eigenfrequency analysis
for the 2-massmodel with variable generator speed model, i.e. the Kgenis equal
to zero, is represented in Figure 4.8. Firstly, the WT drivetrain model should be
provided with two inputs, the LSS torque and the generator torque, then the
input and output points, i.e. the input torque and the output speed, should be
set-up within the drivetrain model, as shown in Figure 4.8.

Finally, by running the linear analysis through the control design analysis tools
available in the Simulink environment, the Bode diagram for the WT drivetrain
can be drawn and the values ofeigenfrequencies can be calculated.

4.4 Gear Mesh Dynamic Excitation and
Campbell Analysis

The numbers of gear teeth of each WT gearbox gear for drivetrain-A, B and C
are shown in Table 4.7. Through knowing the number of teeth o n each gear and
the speed ratio of each gear stage within the WT gearbox, the gear mesh
frequency (GMF) can be calculated [96]. The GMF calculations of each stage
within the gearbox of Drivetrain s-A, B and C are shown inTable 4.8. The GMF
results will be used later for evaluating the Campbell diagrams and resonance
analysis.As illustrated in Figure 4.9, a potential resonance of the WT drivetrain
occurs when the GMF (the diagonal lines) of each stage within the gearbox
crosses the gearbox natural frequencies (the horizontal lines) within the zone
of rotor operational speed (the red vertical lines) .
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Figure 4.8: Eigenfrequency analysis by MTLAB/Simulink design tools for 2

model of WT drivetrain with variable generator model
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Table 4.7: Number of teeth of three WT drivetrain gearboxes

Gearbox stage . Number of teeth —
Ring gear/Gear Planet Sun/Pinion

Drivetrain-A

Planetary stage | 122 49 24

Planetary stage |l 99 39 21
Drivetrain-B

Planetary stage | 127 50 27

Planetary stage Il 105 43 19

Parallel stage Ill 65 - 21
Drivetrain-C

Planetary stage | 145 58 29

Parallel stage Il 108 - 27

Parallel stage Il 111 - 29

Table 4.8: Gear mesh frequencies of WTGs of drivetrain A, B and C

GMF of gearbox

Drivetrain Orders

Figure 4.9: Resonance analysis using Campbell diagram

A | B |
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_______________ ;.4 e
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4.5 Wind Turbine Drivetrain Input Torque
Spectrums and Upscaling Factors

Field measured rotor torque data under normal operation and shutdown
conditions were obtained from a 2MW wind turbine in operation, as shown in
Figure 4.10 These torque time-history are used directly as rotor torque inputs
for the Drivetrain-C model. For Drivetrains A and B, the field measurements of
torque spectrums under different operational conditions are not available. For
each of these two drivetrains, the rotor torque input data is determined by
applying a scaling factor to the field measured torque data of the 2MW WT,
based on scaling relations given if97-99]. It is assumed that the tip speed ratio
of BMW WTs is the same as that of the 2MW WT99]. The scaling factor can be
calculated using [99]:

4.40

el
1

L) Qo

Ndoﬂp

where, T is the torque, D is the rotor diameter, 1 and 2 denote the original
and scaled WTs respectively. The rotor torque spectrum measured for normal
operation corresponds to the operational condition when the WT operates
around the rotor rated speed, shown in Figure 4.10 (top). The shutdown
condition shows that the WT firstly operates under normal operation and then
the shutdown begins with the aerodynamic brake being applied on the rotor.
The generator subsequently is switched off, and then the mechanical brake is
applied, until the system comes to a complete stop, as shown inFigure 4.10
(bottom). It should be noted that the torque time-histories shown in Figure
4.10is normalized with the rated input torque for confidential purpose.
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Figure 4.10: Input torque time -history during normal operation ( top ) and shutdown
(bottom )

When simulating the drivetrain under shutdown condition by using
MATLAB/Simulink, the rotor torque and generator resistance torque are not
the only inputs required. Additional inputs are added to the Simulink model to
create the braking torques, so that th ey can be synchronisedwith the rotor
input torque modelled. During shutdown condition the generator is switched
off when the aerodynamic brake is activated, therefore the generator model
must be designed to respond to the event. The corresponding generator and
brake models in MATLAB/Simulink are shown inFigure 4.11A switch has been
added to the generator model to ensure that when the aerodynamic brake is
engaged the generator will be turned off, to reduce the torque to zero. Both
aerodynamic and mechanical brakes produce resistance torques on the
drivetrain; both brakes are simulated by using the friction brake function
available in the MATLAB/Simulink library. No information about the braking
system is available for the drivetrain system modelled thus a trial and error [75,
100l method is used to adjust the braking forces required by the two brakes.
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Each brake has a zero force until the brake initiates; after which a constant
resistive force is applied viathe brake while the rotor slows down gra dually.

Force

g —
O P> p{sPs
o »
Time of brake | > e SimuInkPS Rotation
engagment witc - i
ng2g Converter axi
0 [N

B

Rotational Friction
Brake

P

- ~
>z o D
Generator — Electromagnetic
switch off Switch Torgque
Generator

Figure 4.11 MATLAB/Simulink model of the brake (top) and corresponding
generator model (bottom)

4.6 Summary

The pure torsional MBSdynamic models developed in this Chapter used single
DOF for each key component within the WT drivetrain. These models
considered the effect of torque reversal on gear meshing contact forces within
the WTG during unplanned shutdown and can model the effect of generator
engagement or diamagnet on the dynamic response of WT drivetrain.
However, these models do not include the bearings. These models can be
expanded to include the rotational and translational degrees of freedom s to
model bearings thus providing further insights into the dynamic responses of
the WT drivetrain. The gear mesh stiffness is modelled as a linear spring which
reacts similarly when the meshing gears are under normal contact and
reversed contact. The results obtained from the models developed in this
Chapter will be presented in Chapter 6. A more realistic model may be
developed to simulate more complex gear meshing behaviour caused by gear
tooth interactions and to consider how the mesh stiffness would change
during transient operational conditions when torqu e reversals occur. The
development of advance rigid and discrete flexible MBS dynamic modelling
methods will be presented in Chapter 5.
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RIGID AND DISCRETE
FLEXIBLE MULTIBODY
DYNAMIC MODELLING OF
WIND TURBINE DRIVETRAIN

The torsional multibody system model (MBS) model for the WT drivetrains and
WTG presented in Chapter 4 were simple, with a single DOF per component
and ignored the existence of bearings. In this chapter, the MBS modelling
methods are developed for the key components of the WT drivetrain by rigid
and flexible bodies with 6 DOFs per component by using SIMPACK MBS
software. The advantagesof combining the rigid and flexible bodies in contact
for modelling the WTG under different operational conditions are also
presented. The cross-coupling effect, i.e. the off-diagonal terms in stiffness
matrix, and the radial and axialclearance, the contact between the roller and
the raceway within the roller bearing model ha ve been considered in bearing
model within the WTG. The developed model can predict the out of phase
loads of planet gear bearings and planet gears. The results are then used to
determine the maximum surface contact and subsurface stresses on gears and
bearings within the WTG. The bearing roller load, roller deflection, the contact
stress between the roller and the raceway and how many rollers are in contact
during different operational conditions are also obtained. Fatigue damage of
the key components for a WTG, the gear and bearingsjs then estimated.
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5.1 Modelling the Key Components of Wind
Turbine Drivetrain

Figure 5.1 shows the system layout for a WT drivetrain with the coordinate
system and displacement directions indicated by X, Y, Zg,, g, andg,

respectively, which will be referred to throughout this chapter. All components
are shown in Figure 5.1 the main shaft, main bearings,and the gearbox
components are modelled in this Chapter by using SIMPACK multibody system
(MBS) dynamic software with three rotational DOF s and three translati onal
DOFs per component, except for the bedplate and the gearbox housing, which
are assumed to be rigid. The ring gear of the WTG also serves as part of the
gearbox housing. The gearbox parts are modelled with 6-DOF in total per
component, while the rotor (i.e. the hub and the blades) and the generator
rotor are modelled as masswith only one DOF in theg, direction. The methods

for modelling the WT drivetrain components are described in this section.

Brake Disc

High
Main Bearings Gearbox Speed Y
e '(
- d Generator Oy
(]
o
E= : ; / 0z
5 Main Shaft — Z 0x
kS Bedplate R

Figure 5.1 Main components modelled in a wind turbine drivetrain

The mass and inertia of each gearbox component must be input into a
SIMPACK body element. In SIMPACK modelling of the key components of WTG
can be represented by bodies connected to each other by joints that defining
the type of motion between them and the number of the DOFs. The interaction
between these bodies can be represented by the force element in the forms
of springs and dampers as shown in Figure 5.2. The equation of motion
between two rigid bodies with consideration of the translation and rotational
movements can be written as follows:
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am 9 ~+ e 51
E?) @5%8 %m@@ '

Where mand| are the mass and the inertia of the body , F and T are the force
and the torque acing on the body, a and a are the linear and angular
acceleration, v and ware the linear and angular velocity respectively. The body
element models the mass and inertia of a system component in all 6 DOFs,
repre senting a components mass matrix. Component masses havealready
been determined by using CAD models as discussed in Chapter 3.

Marker B
Force element

Marker A

Figure 5.2: Multi body system modelling principal in SIMPACK. The letters BR refer
« | « ~{ UX:Z° h{|]{o{¥y{U || X | z

The inertia of complicated shaped components can be found by using the CAD
models discussed in Chapter 3. It is assumed that the masses and inertias of
the bearings are negligible when calculating the dyramics of the entire
gearbox. The inertia of the WT rotor, the hub and the blades can be calculated
as discussed in Chapter 3.

As this study is mainlyconcerned with the loading conditions of the WTG gears
and bearings during normal operation and shutdown condition . Effects of the
rotor movement in axial direction on the loading of gears and bearings are
ignored in this study.
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Figure 5.3: Illustration of gear slicing model with five slices for parallel gear (right)
and planetary gear (left)

The WTG gears are modelled as rigid bodies of 6 DOFs with consideration of
aspects of tooth microgeometry such as the tooth lead, tooth tip and tooth
crown. Gear contact is flexible and represented by multi-sets of springs and
dampers and modelled in SIMPACK MBS software by using théslicesUmodel.
The WliceUmodel for gear contact, using a 35slices along the tooth face width,
was selected [34], and was found tobe accurate. The chosen number of slices
along the tooth face width influenced the accuracy of the results. It has been
found that the number of slices producing accurate results at a high
computational cost [34]. A 35 slices model has been found to be the best
compromise between computational cost and accuracy [34]. A SIMPACK MBS
model representation of the gear meshing between the sun gear and the three
planetary gears in the low speed stage of the gearbox is shown inFigure 5.3.
The SIMPACK force element (FE) 225 represents the mesh between two gear
elements [101fnd takes into account many parameters such as, involute teeth
profile, the helix angle for helical gears, gear initial rotation angle, backlash,
tooth modification and shape factor, variation of gear axes, gear movement and
gear material. When using FE225, the contact mesh stiffness between two
gears is a variable and it can be calculated by using the following
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where, s and s, are the lengths of the contact path segment, ; is the pressure
angle, as shown inFigure 5.4. The maximum and minimum gear contact mesh
stiffness, k., and k..., can be calculated according to DIN3990 as followg102,

103]

E
3 3 3 h3
k., =14%10° EEETE b3, 64

kmin = SF\B kmax

where E is the modulus of elasticity of gear material, b and Y are the gear
face width and the gear shape factor and SR is the stiffness ratio.

Figure 5.4: Gear mesh stiffness estimation along the line of action , rp, rp, raand r g
are the base radius, the pitch radius, the addendum radius and the dedendum
radius respectively
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