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ABSTRACT

This study investigates the effect of variability and uncertainty of wind and wave conditions on the short-
term fatigue damage of a 10-MW floating wind turbine drivetrain. Global dynamic responses of a semi-
submersible wind turbine are calculated by aero-hydro-servo-elastic simulations in various environ-
mental conditions. Then, rotor and generator loads, as well as nacelle motions from the global analysis
are provided to a drivetrain model to investigate its dynamics. One-hour fatigue damage of the drivetrain
bearings is calculated based on the bearing loads and speeds, and the effect of uncertainties related to
wind and waves is assessed. The results indicate that the variations of mean wind speed, turbulence
intensity and wind shear have great effects on the studied drivetrain. The effect of uncertainties of
irregular waves on the drivetrain fatigue damage is small. Five wind and wave random samples are
sufficient for dynamic analysis of the drivetrain to achieve accurate results at a reasonable computational
cost. Among the drivetrain components, the main bearings are generally most sensitive to the investi-
gated environmental variables. Finally, this study discusses the variation of environmental variables in
terms of their relative importance for drivetrain analysis. The results provide a basis for establishing
improved design standards and engineering practice for design and analysis of floating wind turbine
drivetrains.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

One commonly used measure to reduce the cost is to increase the
rotor size and power rating, because larger turbines can harvest

The offshore wind energy market has been expanding very fast
during the past decade, with an annual increase of nearly 30% be-
tween 2010 and 2018 [1,2]. There is a clear trend that offshore wind
farms are moving farther into deeper waters from near shore,
because high quality and vast untapped offshore wind resources
are located in deep water sites [3,4]. Therefore, floating wind tur-
bines (FWTs) are under intensive research and development. De-
velopers have adopted experiences from the oil and gas industry
and developed various floating platform technologies [5], which
greatly promotes the successful operation of FWTs. Even so, FWTs
are still in the precommercial phase of maturity and are anticipated
with a significant cost reduction based on their early-stage tech-
nology advances and adoptable experiences of technological and
commercial developments from bottom-fixed wind turbines [6].
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more wind energy per unit of area, yield fewer installations, con-
verters, cables, and can lower maintenance costs [6]. Another
measure is to increase the reliability and thus to lower the failure
rate and extend the service life. To achieve this target, a good un-
derstanding of the dynamic response characteristics is a must, as
demonstrated by research efforts [7—10].

Among the peer-reviewed studies with respect to dynamic
analysis of FWTs, drivetrains have received less attention than
other research aspects, e.g., control, hydrodynamics and aero-
dynamics. Drivetrain is the core part of a wind turbine system
which converts the rotor's mechanical energy into electricity. Based
on the maintenance and repair data from onshore wind turbines,
mechanical components of drivetrains are found to have high
failure rates and even worse, these failures often cause significant
downtime [11]. According to Caithness Windfarm Information
Forum (CWIF) [12], the main causes of wind turbine accidents
recorded in the period of 2000—2020 can broadly be categorized as
human errors (deficient design, fabrication defects, poor quality
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control and maintenance, etc.) and lack of safety margin to cover
normal uncertainties, e.g., in environmental conditions. Although
there is still limited data to quantify the level of reliability of
drivetrains in FWTs, it is important to aim at ensuring a higher
reliability in FWT drivetrains. This is also because drivetrains in
emerging FWTs are subjected to more complex environmental
conditions than those in onshore turbines. Housed in the nacelle of
a FWT, a drivetrain is subjected to the fully coupled load effects of
wind and waves, control effects of blade pitch, nacelle yaw and
generator torque, dynamics of rigid-flexible coupled structure, and
nonlinear nacelle motions. Additionally, downtime caused by
drivetrain failure in FWTs will result in huge cost loss due to
reduced accessibility. Therefore, improving drivetrain reliability is
an essential task to achieve the desirable cost reduction of FWTs.
There have been a few studies that investigated the dynamic per-
formance of drivetrains in FWTs, e.g., Xing et al. [13], Wang et al.
[14], Li et al. [15].

Although these studies give insights into the drivetrain dynamic
behavior of FWTs, the dynamic characteristics of drivetrains
resulting from uncertainty of turbulent wind and irregular waves
are still not yet clarified. Up to now, there is no specific design
standard for drivetrains in offshore wind turbines, and current
drivetrain design is commonly based on the international standard
IEC 61400-4 [16] which refers to the wind turbine design re-
quirements from IEC 61400-1 [17] (onshore) or IEC 61400-3 [18]
(offshore). These two standards specify similar wind conditions
except wind profile for the design of rotor-nacelle assembly (RNA),
and three wind turbine classes are defined in terms of reference
wind speed and expected turbulence intensity, under the
assumption of neutral atmospheric stability regardless of site lo-
cations. Moreover, IEC 61400-3 [18] recommends considering ma-
rine conditions, which could reflect an environment at least as
severe as those anticipated for offshore wind turbine operations,
for the RNA design upon lack of site-specific metocean conditions.
Based on IEC 61400-3, the range of wind speeds, significant wave
height and spectral peak period are represented by a set of discrete
values, with a recommended interval size of 2 m/s for mean wind
speed, 0.5 m for significant wave height and 0.5 s for wave spectral
peak period. However, it is not clear whether these recommended
intervals are appropriate for load effect assessment of drivetrains.
Unreasonable resolutions will lead to huge computational efforts
associated with a large number of simulations.

As drivetrains in floating wind turbines operate in more com-
plex environmental conditions than their onshore counterparts,
many sources of uncertainties exist relating to wind speed, turbu-
lence, shear profile, significant wave height, spectral peak period,
and wave direction. However, based on the IEC standards, the
minimum safety requirements for drivetrain design of onshore and
offshore turbines are the same, implying that the difference in the
variability and uncertainties of environmental conditions between
onshore and offshore, in particular offshore wind farms, are not
taken into account. Therefore, there is an increasing need to
improve the current drivetrain design standards, especially for
FWTs. In order to contribute towards this goal, a good knowledge of
the influence of these uncertainties on the system dynamics of
drivetrain is essential.

Motivated by the background described above, the effects of
uncertainties in selected environmental parameters on the short-
term fatigue damage of a 10-MW drivetrain supported on a semi-
submersible floating structure, are addressed in this study. The
response is determined by time-domain simulations of a high-
fidelity drivetrain dynamic model, where time series of rotor cen-
ter and generator loads as well as nacelle nonlinear motions are
applied. The results demonstrate the relative importance of vari-
ability and uncertainty of environmental variables on drivetrain
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fatigue damage. Moreover, the sensitivity of drivetrain fatigue
damage to the uncertainties of the main variables is quantified.
Based on this study, a deep insight into drivetrain performance
under combined wind and wave conditions is accomplished.

2. 10-MW FWT and drivetrain concepts
2.1. 10-MW FWT concept

A 10-MW semi-submersible FWT is used in the present work.
The 10-MW wind turbine was released by the Technical University
of Denmark (DTU) Wind Energy in 2013, which is a three-bladed
upwind variable-speed collective-pitch turbine. Main specifica-
tions of the DTU 10-MW reference wind turbine (RWT) is sum-
marized in Table 1, and additional details can be found in the DTU
wind energy report [19]. It is noted that the tower mass in the
Table 1 is modified from the original land-based design, to account
for the connection with the floating substructure used in this study.
More details about the tower modification and the tower proper-
ties are introduced in Refs. [20,21].

The 10-MW semi-submersible floating substructure, shown in
Fig. 1, was designed by Dr. techn. Olav Olsen AS [22] based on the
LIFES 50+ project [23]. The floating substructure has a central
column and three outer columns, all of which have a cylindrical
upper part and a tapered lower part, which are mounted on a three-
legged star-shaped pontoon and a slab is attached to the bottom of
the pontoon. Each outer column is connected to the seabed by a
catenary mooring line. In each line, a clump mass is attached, which
separates the line into two segments. The stretched line length of
the upper part and the lower part are 160 m and 543 m, respec-
tively. The main properties of the floating substructure are pre-
sented in Table 2. The natural frequencies of the floating wind
turbine system are listed in Table 3. More details for the floating
substructure and the mooring system are presented in the
LIFES50+ project reports [20,21].

2.2. 10-MW wind turbine drivetrain concept

As a promising concept for large-scale offshore wind turbines, a
medium-speed drivetrain with a gear ratio of 1:50 was proposed by
DTU for the 10-MW wind turbine. The 10-MW medium-speed wind
turbine drivetrain used in this study was designed by Wang et al.
[25] based on the drivetrain international design standard IEC
61400-4 [16]. The drivetrain employs a traditional four-point sup-
port configuration with two main-bearing and two torque-arm
supports. Additionally, a three-stage gearbox was designed
including two planetary stages and a parallel stage. Fig. 2 presents a
schematic layout of the 10-MW wind turbine drivetrain, where the
gear and bearing nomenclature and locations are shown. The
aerodynamic loads on rotor blades are transmitted to the drivetrain
via hub. Ideally, all nontorque loads are transmitted to the tower
through the two main bearings and bedplate and will not enter the
gearbox. Meanwhile, torque drives the drivetrain to rotate to realize
the conversion of mechanical energy to electrical energy.

Fig. 3 shows the topology of the 10-MW wind turbine drivetrain.
Ring gears in the first and the second planetary stages are bolted to
the gearbox housing. The main shaft is connected to the first stage
planet carrier by means of a locking disk; gearbox high-speed shaft
is linked to generator by an elastic coupling; spline connection is
used between the first and the second stages as well as between the
second and the third stages. Torque is input from the rotor side and
transmitted serially from hub, main shaft, gearbox low-speed stage
to high-speed stage and is output to generator. In the gearbox,
planet carriers in the first and the second planetary stages serve as
input torque and output torque is applied to the sun gears. In the



S. Wang, T. Moan and Z. Jiang

Renewable Energy 181 (2022) 870—897

Table 1
Main specifications of the DTU 10-MW reference wind turbine [19,20].
parameter Value
Rating 10-MW
Type Upwind, 3 blades
Control Variable speed, collective pitch
Drivetrain Medium speed, multiple stage gearbox
Cut-in, rated and cut-out wind speed (m/s) 4,114, 25
Cut-in and rated rotor speed (rpm) 6.0, 9.6
Rotor diameter (m) 178.3
Hub height (m) 119.0
Rotor mass (kg) 227962
Nacelle mass (kg) 446036
Tower mass (kg) 1.257E+06
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Fig. 1. Sketch of the OO-Star Wind Floater Semi 10-MW concept.

Table 2

Main properties of the OO-Star wind Floater Semi 10-MW floating substructure [20].
Parameter Value
Water depth (m) 130
Draft (m) 22
Tower base interface above mean seal lever (m) 11
Overall mass, including ballast (x 1000 kg) 21709
Roll and pitch inertia about center of mass (kg-m?) 9.43E+09
Yaw inertia about center of mass (kg-m?) 1.63E+10
Center of mass height below mean sea level (m) 15.225
Center of buoyancy height below mean sea level (m) 14.236

third parallel stage, torque is delivered from intermediate shaft to
high-speed shaft via the gear pair (Gear-pinion in Fig. 3). Hereby
the mechanical energy is transformed from the low-speed and
high-torque to high-speed and low-torque form, and the output
torque is applied to the generator to generate electricity. Main
specifications of the 10-MW drivetrain are listed in Table 4, where
the efficiency of the drivetrain is 97.35% which is estimated based
on power loss of gear teeth meshing. More detailed information
about the drivetrain design and parameters can be found in
Refs. [25,26].

Table 3
Selected natural frequencies of the 10-MW floating wind turbine system [21,24].

3. Analysis methodology
3.1. 10-MW FWT and drivetrain dynamic models

3.1.1. 10-MW FWT dynamic model

The numerical model of the OO-Star wind Floater Semi 10-MW
FWT was implemented in an open-source aero-hydro-servo-elastic
simulation tool FAST version 8 (v8.16.00a-bjj) [28], which was
developed by National Renewable Energy Laboratory. The simula-
tion tool employs a combined multi-body and modal structural
approach to account for the structural dynamics of the FWT system.
Structural components of the turbine are coupled by means of rigid
and flexible bodies. Blades and tower are considered as flexible
cantilever beams with continuously distributed mass and stiffness
and these structural components are modeled using linear modal
representation assuming small deflections. Each blade deflection
includes three degrees-of-freedom (DOFs): the first and second
flapwise modes as well as the first edgewise mode. The tower
deflection includes four DOFs: the first and second fore-aft bending
modes as well as the first and second side-to-side bending modes.
The floating substructure is represented as a six DOFs rigid body.
Mooring lines are established by the lumped-mass approach in the

Surge Heave Pitch Yaw Tower 1st fore-aft Tower 1st side-side
0.0054 Hz 0.0478 Hz 0.0316 Hz 0.0097 Hz 0.579 Hz 0.746 Hz
185.19s 20.92s 31.65s 103.09s 1.73s 1.34s
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Gearbox

INP-A, B: Main shaft bearings.

IMS-PL-A, B

1% stage 2Mdstage 3"stage

PLC-A, B: Planet carrier bearing in the first stage; PL-A, B, C, D: Planet bearings in the first stage.

IMS-PLC-A, B: Planet carrier bearing in the second stage; IMS-PL-A, B: Planet bearings in the second stage.

IMS-A, B: Intermediate shaft bearings in the third stage; HS-A, B: High speed shaft bearings in the third stage.

Fig. 2. 10-MW wind turbine drivetrain schematic layout [25].
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Fig. 3. 10-MW wind turbine drivetrain topology [27].

mooring module MoorDyn [29], which is integrated with the FAST
simulation tool. In each line, 80 segments are set in the lower part
(between clump mass point and anchor point) and 20 segments are
set in the upper part (between clump mass point to fairlead point).
Each segment of the line has identical dimension and material
properties, which are provided in the reference [20].

The drivetrain in the wind turbine model in FAST is modeled as a
single DOF torsional spring-damper system. In this system, the
rotor and generator are supported on the reference frame with only
one rotational DOF, and they are connected to each other by a
torsional spring-damper joint. Effective torsional moments of
inertia of the rotor and the generator are accounted for considering
the drivetrain gear ratio of 1: 50.039.

Table 4

Four-point support
Z (two main bearings + two torque arm supports)

TL\’.

4 Gearbox

Coupling Generator

Hub Main shaft Bedplate

Fig. 4. 10-MW wind turbine drivetrain numerical model [35].

3.1.2. 10-MW wind turbine drivetrain dynamic model

The dynamic model of the 10-MW drivetrain, shown in Fig. 4, is
established by the multi-body system (MBS) method, which is
achieved by employing a MBS simulation software SIMPACK
(version 2020) [30]. SIMPACK is state-of-the-art dynamic simula-
tion software, which enables users to describe and predict the ki-
nematic and dynamic behavior of complex mechanical or
electromechanical system. The key elements of a MBS in SIMPACK
consist of body, constraint, joint, external force/moment, force
element and coordinate systems, and a physical model of me-
chanical and mechatronic system is a topological system which is
composed of these key elements. The SIMPACK solvers convert the
modeling elements and model structures into a set of nonlinear
ordinary differential equations (ODE), and additional set of alge-
braic equations are required to account for constraints or connec-
tions, then the complete set of equations are formed as differential-
algebraic equations (DAE). The nonlinear DAE set is presented as

Main specifications of the 10-MW wind turbine drivetrain [25,26].

Parameter

Value

Drivetrain configuration

Gearbox layout

Gearbox total gear ratio

First, second and third stage gear ratio
Gearbox dry mass (ton)

Maximum gearbox outer diameter (m)

Rated input shaft and generator rotor shaft torque (kNm)

Drivetrain efficiency
Design service life (year)

Four-point support

Two planetary + one parallel
1:50.039

1:4.423, 1:5.192, 1:2.179
60.43

3.098

9947.9, 198.8

97.35%

20
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follows [31]:

p=T(p)yv

M@pyv=f(p,v.c,s,t,u,l) — G (p,c,s,t,u)l
¢c= f.(p,v,c s, t,ud)

0= g(p,c,s,t,u)

0= b(p,v,c,s,t,u, 1)

where p are the position states of joints and flexible bodies, T is the
transformation of matrix for angles, v are the joint, connection and
flexible body states on velocity level, M is the mass matrix, f are the
force and torque equations of force elements, ¢ are the dynamic
states of force elements, s are the algebraic states on position and
acceleration level, t represents time, u are the excitations from joint
and connections on position and velocity level, 4 are the constraint
forces and torques, G denote the Jacobian matrix of the constraint
conditions, f. represent the dynamic state equations of force ele-
ments, g represent the algebraic constraint conditions related to
constraints, b denote the algebraic constraint conditions related to
algebraic states.

The simulation tool has been verified by experimental and code-
to-code comparisons in the use of wind turbine drivetrain dynamic
analysis [32—34]. The 10-MW wind turbine drivetrain is modeled
as a combination of coupled rigid-flexible bodies. Hub, gearbox
housing, bedplate and gears are modeled as rigid bodies, while
shafts are treated as reduced finite element bodies. Gear teeth
meshing forces and bearing forces are calculated by means of two
specific force elements in SIMPACK. Gear teeth meshing forces,
which account for the stiffness force, the damping force and the
friction force, are solved with the input of detailed gear parameters
in the gear force element. The six-DOF bearing forces are solved by
means of displacement response and the bearing stiffness and
damping constant parameters. The dynamic model descriptions
and parameters of the 10-MW wind turbine drivetrain are pre-
sented in greater detail in Wang et al. [25].

3.1.3. Validation of the 10-MW drivetrain dynamic model

The 10-MW drivetrain dynamic model was validated by a
comparison of the drivetrain first-order torsional eigenfrequencies
calculated by numerical and theoretical methods, as well as by the
resonance check in global and local gearbox perspectives. In the
study of Wang et al. [36], the 10-MW high-fidelity drivetrain model
was integrated with blades, tower, floating support structure and
mooring system, forming a fully coupled FWT dynamic model.
Then, the drivetrain first-order eigenfrequency in the global model
was calculated by modal analysis in the software SIMPACK; it was
then compared with the value calculated based on theoretical
method, and the result showed that the difference is less than 5%.

In addition, the drivetrain low eigenfrequencies in non-torsional
directions were analyzed in a global perspective, namely focusing
on coupled rotor-drivetrain-bedplate-tower modes, and the results
showed that the eigenfrequencies in drivetrain first-order vertical
and horizontal bending modes are lower than that of the first-order
torsional eigenfrequency, but still the resonance was avoided. Be-
sides, in the study of Wang et al. [25], the 10-MW drivetrain, with
focus on internal gearbox, resonance analysis was studied. Gearbox
shaft rotating frequencies, gear teeth meshing frequencies and
their harmonic frequencies, as well as high eigenfrequencies of
gear-shaft-bearing coupled modes are plotted in Campbell dia-
grams, to check the drivetrain's risks for resonance; the results
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showed that resonance did not occur in this drivetrain model.
Based on these studies, it is implied that the 10-MW drivetrain
dynamic model is reasonably developed.

3.2. Wind turbine and drivetrain dynamic response analysis

A decoupled analysis method is employed in this study to
conduct drivetrain dynamic response analysis. The global aero-
hydro-elastic-servo time domain analysis of the OO-Star wind
Floater Semi 10-MW FWT is first carried out with a simplified
model of the drivetrain in FAST, then the global analysis results are
used as input for time-domain dynamic analysis of the high-fidelity
drivetrain in SIMPACK. The decoupled analysis method has been
effectively used in previous studies, e.g., Refs. [13,27,37]. The fully
coupled global analysis and multi-body drivetrain analysis are
introduced in more detail in the following sections.

3.2.1. Global aero-hydro-elastic-servo analysis of the 10-MW FWT

The fully coupled global aero-hydro-elastic-servo dynamic
analysis is performed in FAST (version8, v8.16.00a-bjj) in the time
domain under different environmental conditions. The global re-
sponses of the wind turbine are calculated by integrating modules
which account for the aerodynamics, hydrodynamics, structural
dynamics and controller dynamics.

Aerodynamic loads on blades are calculated in AeroDyn [38], a
time-domain aerodynamic module that has been coupled to FAST.
In this study, forces and moments on the blades provided by Aer-
oDyn are calculated based on the Blade Element Momentum theory
with various advanced corrections, including tip loss, hub loss,
Glauert, skewed inflow and dynamic stall corrections [38]. Aero-
dynamic loads on tower are not considered in the present work.

Hydrodynamic loads acting on the floating substructure are
provided by a time-domain hydrodynamic module HydroDyn [39]
that has been coupled into FAST. The hydrodynamic loads on the
platform include the first-order wave forces and viscous forces,
which are calculated by linear potential flow theory and the drag
term of the Morison's equation, respectively. Hydrodynamic co-
efficients, namely added mass and potential damping coefficients,
and first-order wave excitation load transfer function are produced
in a frequency-domain panel code, WAMIT [40] based on the linear
potential theory. The linear frequency-domain motion equation is
then transformed into the time domain using a hybrid frequency-
time domain approach that was initially introduced by Cummins
[41], as shown in Equation (6). Additionally, nonlinear viscous
forces on the floating substructure are included through the drag
term in the Morison's equation.

t
|
where M is the mass matrix of the floating system including rotor,
nacelle, tower and substructure, A, is the added mass matrix at
infinite frequencies, C is the restoring matrix, which is composed of
hydrostatic restoring matrix and nonlinear restoring matrix from
the mooring system. k(t — 7) is the retardation function, which is
associated with fluid memory effects and can be found either by the
frequency-dependent added mass or potential damping coefficient.
Fexc(t) is the excitation forces, which include the Froude-Krylov
force, diffraction force, aerodynamic force and viscous force.

The hydrodynamic loads acting on the mooring lines are
calculated using the Morison's equation. Second- and higher-order
wave forces as well as current forces are not included in the present

work.
The controller applied to the 10-MW FWT accounts for both the

(M +A)X(t) 4+ | k(t — T)X(t)dT 4 Cx(t) = Fexc(t) (6)
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below rated power and full load region (from rated to cut-out wind
speed) operational modes. In the partial load region, the controller
is employed for generator torque to obtain an optimal tip speed
ratio, intending to achieve maximum power generation. Identical
proportional-integral (PI) parameters for the partial load region are
employed in the OO-Star wind Floater Semi 10-MW FWT and the
DTU 10-MW land-based reference wind turbine. In the full load
region, proportional-integral parameters for the blade pitch control
are modified from those used on the land-based turbine to avoid
the negative damping effects which could result in unstable
response of platform motions. Detailed full load region controller
parameters are presented in the LIFES50+ project reports [20].

3.2.2. Wind turbine drivetrain load effects analysis

Forces and moments at the hub center, generator speed as well
as nacelle motions are extracted from the global analysis. Then, the
six-DOF loads are applied at the hub center in the drivetrain dy-
namic model and the generator torque is controlled on the gener-
ator rotor shaft via a proportional integral controller based on the
generator speed; the six-DOF nacelle motions (tower top motions)
that are represented by displacement, velocity and acceleration are
applied at the bottom of the drivetrain bedplate to conduct the
drivetrain dynamic analysis. Fig. 5 illustrates the application of hub
center and generator loads and nacelle motions on the drivetrain
model. Based on the dynamic model and input loads and motions,
drivetrain numerical simulations are further conducted and
drivetrain bearing load effects are finally obtained.

3.3. Fatigue damage calculation for bearings

Based on previous studies on the load effects of the 10-MW
wind turbine drivetrain gears and bearings [14,35], main bearings
as well as the gearbox low-speed and high-speed bearings, INP-A,
INP-B, PLC-A, PLC-B, HS-A and HS-B are susceptible to wind tur-
bine global load response. Thus, fatigue damage of these six bear-
ings is estimated in this study. The 1-h fatigue damage of bearings is
calculated based on the linear damage accumulation theory.

Fig. 6 illustrates the process of creating bearing equivalent load
distribution associated with cycles from load time series and load
duration distribution. First, the time series of bearing dynamic
equivalent load P is calculated based on Equation [42]:
P=XF; + YF, (7)

where F; and F; are time series of radial and axial forces on the
bearing, respectively, and they are obtained from the drivetrain

Forces/Moments
applied at hub center

Torque/Speed
controlled here

Heave (Z)

Yaw

Motions applied

7 Pitch on bedplate

Roll

Surge (X)

Fig. 5. Application of hub center and generator loads and nacelle motions on the
drivetrain model.
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dynamic simulations. X and Y are bearing dynamic loading factors,
which are specified in bearing designations and are selected from
the bearing standard ISO 281 [42].

Further, the time series of load P is divided into load bins, which
is composed of various load levels P; and the corresponding dura-
tion, as shown in Fig. 6(b). Then, the load duration distribution is
transformed to load distribution associated with number of load
cycles, as shown in Fig. 6(c). The number of cycles in each bin is
calculated by the Equation [25]:

=Y

J

Gw;

2T (8)

where [; is the number of load cycles in the load bin i. ¢; is the j-th
time duration of the load bin i. w; is the average bearing inner ring
rotational speed (rad/s) in the j-th time duration of the load bin i.

The bearing basic rating life, characterized by the value corre-
sponding to the 10% quantile of the probability density function
(PDF) obtained from extensive tests, is expressed by the load-life
relationship [42]:

C a
= 10%(=
Li=10 <Pi>

where L; is basic rating life in the load bin i and is defined as the
number of cycles when pitting fatigue damage appears in 10% of the
bearings, while the other 90% of bearings work normally in one
group test under the load level of the load bin i. C is the bearing
basic dynamic load rating, which is a specific constant for one given
bearing. a is the bearing life factor, for ball bearings, a = 3, and for
roller bearings, a = 10/3.

Finally, the 1-h bearing fatigue damage accumulated from 200
load bins is calculated according to the Equation:

9)

L(EC) 1
D(EC) = Zi:L,-((EC)) Ca

> L(EC)-P} (10)

where EC represents the environmental condition, which involves
the mean wind speed at hub height, turbulence intensity, wind
shear exponent, significant wave height, spectral peak period, wind
and wave misalignment defined in the Section 3.5. D(EC) is the 1-h
accumulative bearing fatigue damage under the environmental
condition EC. [;(EC) is the number of load cycles in the load bin i
under EC. L;(EC) is the number of load cycles to failure in the load
bin i under EC. In this study, 200 load bins are used to calculate the
1-h bearing fatigue damage in all cases.

3.4. Variability and uncertainties in environmental conditions

Structural reliability measures reflect the effect of uncertainties
in the load effects and resistance of the notional failure probability.
The variability and uncertainties in load effects depend on those in
environmental conditions, modeling of loads and their effect in the
wind turbine system. Only the first source of variability and un-
certainty is considered herein. The environmental conditions are
described by wind, waves and current and their variations in time
and space. The variabilities and uncertainties used in practice and
in the study in Section 3.5 represent combinations of various
sources of variabilities and uncertainties related to wind and waves.
This study focuses on fatigue damage of bearings in a drivetrain,
which mainly depend on the number of load cycles and magnitude
of torque and non-torque loads on the drivetrain shaft. These global
responses differ significantly in different operating conditions due
to the control strategy. In this study, the variabilities and
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uncertainties in wind and wave are addressed in three typical
operating regions of the wind turbine.

The variability and uncertainty in wind loads is investigated by
considering parameters, namely the mean wind speed, turbulence
and wind shear profile. The fundamental uncertainty in mean wind
speed is manifested by several short-term wind conditions in a
certain range with small intervals of the mean wind speed bin.
Turbulence refers to fluctuations in wind speed and its overall level
is measured by the turbulence intensity (TI), which is defined as the
standard deviation of the horizontal wind speed divided by the
mean wind speed based on IEC 61400-1 [17]. In the three operating
conditions, the normal turbulence model is used, where the stan-
dard deviation corresponds to 90% quantile for a given hub height
wind speed and is calculated for a wind turbine class. Based on IEC
61400-3 [18], the normal wind speed profile for the standard wind
turbine classes is represented by a power law, where the power law
exponent is a parameter that represents the level of wind speed
shear at a given height. However, the turbulence model and the
recommended wind profile model based on the IEC standards are
developed under the conditions of neutral stability of the atmo-
sphere and are limited to the surface layer, which cannot represent
site-specific metocean conditions. Therefore, the TI and reference
value of the power law exponent obtained in the models are un-
certain and thus are addressed. The wind fields are numerically
generated by a turbulence model which combines a spectral model
with a spatial coherence model, and the wind field model is also
subjected to uncertainties.

The fundamental long-term variability of waves is reflected in a
simplified manner by using a few short-term conditions with
different significant wave heights and wave spectral peak periods.
The basis for these conditions is that they are generated by nu-
merical methods (hindcast) conditioned upon the mean wind
speed. Uncertainties also exist in the hindcast model, the meteo-
rological data used in the hindcast model, and the PDF used to
represent the long-term variability of the short-term conditions. In
addition, the fundamental long-term variability of wind and wave
directions is reflected by using four short-term conditions with
different wind and wave misalignments. The short-term variability
of waves is represented by a directional wave spectrum, which is
subjected to model uncertainties.

In addition, the short-term fatigue damage of bearings in a
drivetrain should be determined based on a certain number of
simulations, which therefore leads to statistical uncertainties. The
statistical uncertainty in the realization of short-term wind and
wave conditions is addressed by using different numbers of
samples.

3.5. Case studies

Based on the above discussions, the variabilities and
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uncertainties in the mean wind speed, turbulence intensity, wind
shear exponent, significant wave height, spectral peak period and
wind and wave misalignment as well as the sampling of wind and
wave conditions are considered in this study. The 10-MW FWT is
assumed to be installed at a representative location, site 14 in the
Northern North Sea, which is described in the study of Li et al. [43].
The long-term joint distributions of mean wind speed (u), signifi-
cant wave height (Hs) and spectral peak period T, for the site was
acquired by fitting 10 years’ environmental hindcast data, which
are generated based on a numerical hindcast model from the Na-
tional and Kapodistrain University of Athens. The hindcast data
have been sampled hourly for wind and waves from 2001 to 2010.

Long-term fatigue damage of a drivetrain bearing was estimated
in the study of Jiang et al. [44], where a total of 41 load cases, 22
operational cases, 13 parked cases and 6 transient cases, with the
probability of occurrence of each load case estimated based on IEC
61400-1 [17]. The result shows that the normal operating load cases
dominate the long-term fatigue damage of the bearing, while the
fatigue damage is less affected by the transient and parked load
cases. Thus, only the normal operating conditions are considered in
this study. Three reference operating conditions are selected at
three hub-height mean wind speeds of 5, 12 and 24 m/s, repre-
senting the below-rated, rated and above-rated wind conditions.
Fig. 7 shows the marginal distribution of the mean wind speed at
hub height, where the selected three operating conditions are
marked. In each condition, the most probable significant wave
height and spectral peak period are selected according to the
conditional distributions for given mean wind speeds. The three
operating conditions with turbulent wind and irregular waves are
presented in Table 5.

In addition, the most probable values of Hs and T, are used as the
reference values in Table 6.

Table 6 shows the variation ranges and reference values of these
environmental parameters in each operating condition. The
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2
>
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>0.041
%
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Wind speed at hub height [m/s]

Fig. 7. Marginal distribution of mean wind speed at the hub height of the 10-MW wind
turbine.
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reference values for the mean wind speed are 5, 12 and 24 m/s,
respectively. The Tl and wind shear exponent are selected based on
the IEC 61400-3 [18]. Their variation ranges are considered
from —10% to 10% to reveal the sensitivity in short-term fatigue
damage of bearings to the variability of these environmental pa-
rameters. The reference values for the significant wave height and
spectral peak period in each operating condition are the most
probable values, as listed in Table 5, and their variation ranges are
considered from 25% to 75% quantile in their long-term probability
density distribution. The variation range for the wind and wave
misalignment is considered from 0 to 90°, as illustrated in Fig. 35 in
Section 4.5, and the 0° is used as the reference value. In addition,
the variation range for the number of 1-h samples of wind and
waves are considered from 1 to 30 and the number of 30 is used as
the reference value. In order to quantify the influence of variability
of each environmental parameter on drivetrain fatigue damage, all
the other parameters remain the reference values at the time when
one parameter varies. More details for the descriptions of these
environmental parameters are provided in the next section.

The normal turbulence model and normal wind profile model
are used in all the simulations in this study. The Kaimal turbulence
model is used to generate three-dimensional time-varying wind
fields applying for wind turbine Class C defined in the IEC 61400-3
[18], using a stochastic turbulent-wind simulator, TurbSim [45].
Time-varying irregular short-crested waves are generated using the
JONSWAP (Joint North Sea Wave Project) spectrum [18] with given
Hs and T, Currents are not considered in this study.

Each simulation lasts for 4000s with time step of 0.025s, and the
first 400s is removed to eliminate the start-up transient effect,
thereby forming a 1-h dynamic simulation. To reduce the stochastic
variability, five independent simulations with random samples are
conducted in each scenario to get the results in Section 4, except for
Section 4.6, where simulations with 30 random samples are per-
formed. As shown in Section 4.5, the statistical uncertainty by using
five samples is less than 1—2%.

4. Results and discussions

This section demonstrates the effect of variabilities and un-
certainties of turbulent wind and irregular waves on the short-term
fatigue damage of drivetrain bearings. As illustrated in Fig. 6 and Eq.
(10), the fatigue damage of bearings depends on the bearing dy-
namic equivalent load P and the corresponding load cycles [, and P
serves as the main cause to the fatigue damage due to the power
exponent a. The bearing dynamic equivalent load P is calculated
based on the bearing radial and axial forces, which are affected by
drivetrain shaft loads and nacelle motions. Regarding the effect of
drivetrain shaft loads, torque loads dominate the bearing fatigue
damage of the gearbox, while nontorque loads determine the fa-
tigue damage of the main bearings. The variabilities and un-
certainties of turbulent wind and irregular waves would affect the
drivetrain shaft loads, load cycles and nacelle motions according to
global analysis and consequently affect the fatigue damage of
drivetrain bearings.

Table 5

Operating conditions with turbulent wind and irregular waves.
No. Operating condition u(m/s) Hs (m) Tp (5)
Condition1 Below-rated 5 1.6 9.4
Condition2 Rated 12 25 10.1
Condition3 Above-rated 24 54 119

Note: in this table, most probable values of Hs and T}, are presented for a given wind
condition and they correspond to different quantiles depending upon the PDF of the
variable.
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Table 6
Variation ranges and reference values of environmental parameters in each oper-
ating condition.

Environmental parameters  Variation range Reference value

—10% to +10% 5,12 and 24 m/s

—10% to +10% “Calculated by IEC-Class C
—10% to +10% 0.14

25%—75% quantile  Presented in Table 5
25%—75% quantile  Presented in Table 5
0—-90° 0°

1to 30 30

Mean wind speed
Turbulence intensity
Wind shear exponent
Significant wave height
Spectral peak period
Wave misalignment
Number of samples

2 : reference value of turbulence intensity for each wind speed condition is

calculated based on Eqgs. (12) and (13) in Section 4.2 according to IEC-Class C, where
turbulence intensity is estimated based on IEC 61400-1 [17] for wind turbine Class C.

4.1. Effect of variability of the mean wind speed

In this section, the effect of variability of the mean wind speed
on drivetrain fatigue damage in different environmental conditions
are studied. The short-term fatigue damage and the corresponding
probability of occurrence of environmental conditions determine
the long-term fatigue damage of the wind turbine structure for a
specific offshore site. The probability of occurrence of each envi-
ronmental condition can be obtained from the long-term joint
probability distribution of u, Hs and Ty, which is established based
on hindcast data for a specific site, as described in the study of Li
et al. [43]. The IEC 61400-3 [18] standard recommends that the
interval of mean wind speed bin shall be 2 m/s in the joint prob-
ability distribution. However, whether the resolution is acceptable
for the assessment of drivetrain fatigue damage is not clarified. In
order to shed light on this issue, the variations of 1-h fatigue
damage of drivetrain bearings resulting from the variations of mean
wind speed in different operating conditions are investigated.

Fig. 8 illustrates the variation of performance of global re-
sponses, including blade pitch angle, generator speed as well as
forces and moment at hub center, with mean wind speed in the
whole operating range from cut-in to cut-out. Under each mean
wind speed condition, TI and wind profile exponent are considered
based on the IEC 61400-3 [18]; the most probable significant wave
height and wave spectral peak period are selected from the con-
ditional distributions and collinear wind and waves are considered
based on the wind direction. Each curve is fitted by response sta-
tistics, based on 5 1-h simulations, of 22 wind speed conditions
with an increment of 1 m/s.

The rated wind speed corresponds to 11.4 m/s. Below this con-
dition, the rotor torque and speed increase with the mean wind
speed to realize maximum power output. Above this condition, the
blade pitch controller is activated, and blade pitch angle increases
for increasing mean wind speed to realize constant torque. Large
standard deviations are observed in bending moments My and Mz
of the drivetrain shaft, especially in high wind speed conditions, as
shown in (g) My and (h) Mz in Fig. 8, which is induced by low
frequency wind turbulence and the rotor 3P and 6P excitations. The
generator speed and torque and nontorque loads of the drivetrain
shaft serve as the basis for assessments of the fatigue damage of
drivetrain bearings.

Table 7 — 9 demonstrate the effect of the variation of mean wind
speed on the drivetrain 1-h fatigue damage under the below-rated,
rated and above-rated operating conditions, respectively. The
variation in bearing 1-h fatigue damage is expressed by percentage
difference, x, defined as:
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D; — D,

Tr x 100

(11)

where D; represents the 1-h bearing fatigue damage (averaged over
5 1-h simulations with random samples) in different mean wind
speed conditions, i denotes —10%, —8%, ... ... , 10% difference from
the reference mean wind speed. D; represents 1-h bearing fatigue
damage (averaged over 5 1-h simulations with random samples)
with the reference value of mean wind speed.

Under the below-rated condition, the 1-h fatigue damage of the
gearbox high-speed bearings, HS-A and HS-B is very sensitive to the
variations of the mean wind speed, as shown in Table 7. In addition,
the fatigue damage significantly increases as the mean wind speed
increases from conditions of —10%—10% variation, corresponding to
4.5 m/s to 5.5 m/s. In contrast, small effects are observed in the
fatigue damage of the main bearings and the planet carrier bear-
ings. It is noted that percentage differences of the 1-h fatigue
damage between —4 and 4 are not significant, because the

statistical uncertainty might be up to 2%, as illustrated in Section 4.6
in the present work.

To explain the significant effects on the bearings HS-A and HS-B,
dynamic equivalent load distributions associated with cycles of the
two bearings among three mean wind speed scenarios: 10% vari-
ation, reference value (5 m/s) and 10% variation are compared, as
shown in Fig. 9(a) and (b), respectively. Since the bearings HS-A and
HS-B are mounted on the same shaft, an identical number of load
cycles are experienced by the two bearings and there are 17931,
17938 and 17945 revolutions in 1 h under the —10% variation,
reference value (5 m/s) and 10% variation conditions, respectively.
The load cycles increase along with the mean wind speed because
of the increase of generator speed under the below-rated condition,
but this trend is not the main cause of the increasing bearing fa-
tigue damage. As shown in the Fig. 9, mean levels of the bearing
dynamic equivalent load significantly increase as the mean wind
speed increases, which is the main reason for the increase of the
bearing fatigue damage. The increased bearing dynamic equivalent
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Table 7

Effect of variation of mean wind speed on drivetrain fatigue damage under below-rated condition.

-t
N
o

Effect of mean wind speed

%difference of one-hour fatigue damage

Variation

Green value (2<X|value| <5): slight effect. Yellow value (5<<|value| <10):

moderate effect. Red value (|value| >10): severe effect.
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Fig. 9. Comparison of dynamic equivalent load (Eq. (7)) distribution associated with cycles (see Fig. 6.) of bearings HS-A and HS-B among three mean wind speed scenarios: 10%

variation, reference value and 10% variation, under below-rated condition.

loads are caused by the increase of torque loads. From Fig. §(f), it is
observed that rotor torque evidently increases for increasing mean
wind speed under the below-rated condition, which results in the
increase of gear meshing force in the high-speed stage. Thus, the
axial and radial forces of bearings in the high-speed shaft increase,
which, according to Eq. (7), result in the increase of bearing dy-
namic equivalent loads.

The rated wind speed of 11.4 m/s is between the conditions
of —6% (11.28 m/s) and —4% (11.52 m/s) variations from the refer-
ence value of 12 m/s. From Table 8, it is observed that near and
below the rated conditions, from —10% to —6% variations in mean
wind speed, significant effects generally appear in all bearings,
especially for the main bearing INP-B and the high-speed bearings
HS-A and HS-B. Meanwhile, above the rated condition, there is an
obvious decrease in the fatigue damage of main bearings, INP-A and
INP-B, as the mean wind speed increases, while small effects are
observed in other bearings.

Fig. 10 compares the dynamic equivalent load distributions
associated with cycles of the bearings INP-B and HS-A among three
mean wind speed scenarios: 10% variation, reference value (12 m/s)
and 10% variation. In Fig. 10(a), the number of load cycles
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experienced by the bearing INP-B in 1 h under the three mean wind
speed conditions are 526, 563 and 568 revolutions, respectively.
The difference in load cycles between the —10% variation and the
12 m/s conditions contributes to the difference in fatigue damage of
bearings INP-A, INP-B, PLC-A and PLC-B. In addition, there is a
general decrease in the mean level of bearing dynamic equivalent
load from —10% to 10% variations in the mean wind speed, which is
because that the increased rotor bending moment My, as shown in
Fig. 8(g), mitigates the rotor gravity effect on the main bearings;
this is another reason for the difference in the fatigue damage.
From Fig. 10(b), it is seen that the dynamic equivalent load
distributions associated with cycles of the bearing HS-A in condi-
tions of 12 m/s and 10% variation are very close, while they differ
with that of the condition of —10% variation. One reason is that the
load cycles in the —10% variation condition are different from those
in the other conditions. After the speed increase caused by the gear
ratio of 50.039, the number of load cycles experienced by the
bearing HS-A in 1 h under the —10% variation, 12 m/s and 10%
variation conditions are 26312, 28167 and 28430 revolutions,
respectively. Another reason relates to the difference in torque
loads. As discussed in the last section, the mean rotor torque and
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Table 8
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Effect of variation of mean wind speed on drivetrain fatigue damage under rated condition.

%difference of one-hour fatigue damage

Variation
INP-A
-10% 8.052
-8% 8.340

-6%

Green value (2<X |value| <5): slight effect. Yellow value (5<<|value| <10):

moderate effect. Red value (|value| >10): severe effect.
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Fig. 10. Comparison of dynamic equivalent load (Eq. (7)) distribution associated with cycles (see Fig. 6.) of bearings INP-B and HS-A among three mean wind speed scenarios: 10%

variation, reference value and 10% variation, under rated condition.

speed increase significantly below the rated condition, while they
are almost constant after the rated condition. Therefore, fatigue
damage in the high-speed bearings under the below-rated condi-
tions is significantly smaller than that under the rated or above-
rated conditions, where differences in the fatigue damage are
very small.

From Table 9, it is observed that more significant effects appear
for the main bearings than for other bearings under the above-
rated condition. This is because fatigue damage of bearings in the
gearbox is determined by load cycles and toque loads, which are
constant under the above-rated condition. In contrast, fatigue
damage in the main bearings is dominated by nontorque loads,
specifically the bending moments My and Mz, which are very
sensitive to the variation of mean wind speed, as shown in Fig. 8. It
is noted that above the 6% variation conditions, if the mean wind
speed exceed the cut-out value of 25 m/s for a certain duration, e.g.,
5 min, the actual turbine should be shut down, but in our simula-
tions, the operational controller keeps working since the focus of
this study is on the variation of mean wind speed.

The reason for the different fatigue damage can also be revealed
by Fig. 11, where dynamic equivalent load distributions associated
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with cycles of bearings INP-A and INP-B among three mean wind
speed scenarios: 10% variation, reference value (24 m/s) and 10%
variation are compared. Very similar numbers of load cycles for the
two bearings are experienced in 1 h under the three conditions, and
they are all about 571 revolutions. The bearing dynamic equivalent
loads in the three conditions are slightly different, which are
induced by the variations of the bending moments My and Mz of
the drivetrain shaft, and this leads to the different fatigue damage
in the main bearings.

In summary, below the rated conditions, the variation of mean
wind speed significantly affect the fatigue damage in bearings in
the gearbox because of the large variations of torque loads. Under
the rated and above-rated conditions, fatigue damage of main
bearings is sensitive to the variation of mean wind speed, which is
due to the variation of rotor bending moments, while there are
small effects on bearings in the gearbox. Additional attention
should be paid to the near and below the rated condition, fatigue
damage of all bearings in the drivetrain is sensitive to the variation
of the mean wind speed in these conditions due to the large vari-
ations of rotor bending moments, torque, and load cycles. In
addition, the absolute 1-h fatigue damage of bearings near the
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Table 9

Effect of variation of mean wind speed on drivetrain fatigue damage under above-rated condition.

%difference of one-hour fatigue damage
Variation
INP-A INP-B PLC-A PLC-B HS-A HS-B
-10% 5.737 | -0.752 | -0.459 | -0.129 | 0.089
-8% 3.375 | -0.580 | -0.335 | -0.112 | 0.063
-6% 1.969 | -0.401 | -0.243 | -0.062 | 0.057
-4% 7.528 | -1.531 | -0.334 | -0.195 | -0.056 | 0.039
-2% 3.776 | -0.777 | -0.176 | -0.119 | -0.020 | 0.009
2% -3.531 | 1.953 | 0.197 | 0.053 | 0.043 | -0.025
4% -6.075 | 5.916 | 0.389 | 0.171 | 0.068 | -0.044
6% 0.584 | 0.268 | 0.094 | -0.069
8% 0.797 | 0.355 | 0.110 | -0.087
10% 1.002 | 0.405 | 0.134 | -0.116

Green value (2<X|value| <5): slight effect. Yellow value (5<|value| <10):
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moderate effect. Red value (|value| >10): severe effect.
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Fig. 11. Comparison of bearing dynamic equivalent load (Eq. (7)) distribution associated with cycles (see Fig. 6.) of bearings INP-A and INP-B among three mean wind speed
scenarios: 10% variation, reference value and 10% variation, under above-rated condition.

rated conditions and probability of occurrence of these conditions
are high, implying high contributions to the long-term fatigue
damage.

Therefore, small wind speed bin sizes in the whole operating
conditions are recommended, especially near and below the rated
conditions, to estimate the long-term fatigue damage of drivetrain
bearings.

4.2. Effect of uncertainty of the turbulence intensity

In this section, the effect of uncertainty of the turbulence in-
tensity on drivetrain fatigue damage in different environmental
conditions are studied. TI is an essential parameter in wind turbine
design. Based on the wind turbine international standard IEC
61400-3 [18] “design requirements for offshore wind turbines”, for
the rotor-nacelle assembly design, wind conditions in terms of
wind speed and turbulent parameters can be defined based on the
IEC 61400-1 [17], where the Tl is defined as the ratio of the standard
deviation ¢ of the turbulence and mean wind speed at hub height
Upyp, as below [17]:
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01
Upub

TI= (12)

The standard deviation ¢4 of the turbulence is calculated by
Ref. [17]:
1= lef (0.75Upyp + b);b=5.6 m/s (13)
where I is the expected value of TI at 15 m/s, for wind turbine
Class C, I;f = 0.12.

According to studies of Larsen et al. [46], Chen et al. [47], Tiirk
and Emeis [48], Myrtvedt et al. [49] and Nybg et al. [50], TI of wind
turbines is typically related to atmospheric stability conditions and
roughness lengths, and offshore conditions in the normal operating
wind speed range of wind turbine are often unstable. The TI
calculated based on the IEC 61400-3 [18] is a direct function of the
mean wind speed for standard wind turbine classes, which is based
on neutral atmospheric conditions and is intended to represent
many different sites. These TI values do not give a precise repre-
sentation of any specific site. Moreover, the TI of wind turbines
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inside a wind farm would increase due to the wakes from many
upwind turbines. For these reasons, T is uncertain.

In the studies of Ernst and Seume [51] and Nybg et al. [52], the
90th percentile of the measured TI form the FINO 1, which is located
in the North Sea, 45 km north of the island Borkum and near the
Alpha Ventus offshore wind farm, is compared with that in the IEC
61400-3 [18]. The results show that there is an obvious deviation; in
general, in low wind speed conditions, the measured results are
higher than the values from the IEC standard, and the observation is
opposite in intermediate and high wind speed conditions. The
Alpha Ventus offshore wind farm consists of 12 5-MW wind tur-
bines, and the study of Kretschmer et al. [53] compared the TI from
two turbines in the wind farm with that from the FINO 1; the re-
sults show that while influenced by control and locations, TI
measured in the wind farm is evidently higher than that in the FINO
1, especially in low wind speed conditions. Based on the compari-
sons from the FINO 1 and the wind farm, the variation range of the
Tl in each operating condition is considered between —10% and 10%
around the reference value from the IEC 61400-3 [18] standard in
this study.

Table 10 — 12 demonstrate the effect of the variation of TI on
drivetrain 1-h fatigue damage under the below-rated, rated and
above-rated operating conditions, respectively. The results are
calculated based on Eq. (11) based on 5 1-h samples (see Table 11).

It is found that the variation of TI has a significant effect on
drivetrain main bearings, INP-A and INP-B, in the three operating
conditions, and severe effects are observed under the above-rated
condition. Under the below-rated condition, significant effects of
variation of TI are observed in the gearbox high-speed bearings, HS-
A and HS-B. As a contrast, negligible effects of variation of TI are
observed in the gearbox low-speed bearings, PLC-A and PLC-B, in
the three operating conditions. It is noted that percentage differ-
ences of the 1-h fatigue damage between —4 and 4 are not signif-
icant, because the statistical uncertainty might up to 2%, as
illustrated in Section 4.6 in the present work.

The reasons for this fact are revealed by the features of drive-
train shaft loads with variation of TI. Figs. 12 and 13 illustrate the
effects of variation of TI on the mean values and standard deviations
of the.

Main shaft bending moments My and Mz, respectively, at the
hub center position in the three operating conditions. The coordi-
nate system is illustrated in Fig. 5. The variation of TI does not lead

Table 10
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to the change in the mean values of the main shaft bending mo-
ments, while this variation relates to the change in their standard
deviations. Standard deviations of the main shaft bending mo-
ments increase with the increases of TI in all operating conditions,
which accounts for the increases in fatigue damage of the main
bearings. Fig. 14 illustrates the effect of variation of TI on mean
values and standard deviations of the shaft torque Mx under the
below-rated condition. It is found both the mean values and stan-
dard deviations increase with TI. Because the high-speed bearings
carry lighter loads compared to the low- and middle-speed bear-
ings, especially in milder environmental conditions, a slight in-
crease in the shaft torque could result in a significant increase in
fatigue damage of the high-speed bearings.

A sensitivity analysis of the main bearing fatigue damage with
regards to variations in the TI is conducted in different operating
conditions. Figs. 15—17 show the relation between the variation of
TI and the percentage difference in the main bearing 1-h fatigue
damage under the below-rated, rated and above-rated conditions,
respectively. Approximately linear relations between the main
bearing fatigue damage and the variation of TI are observed in the
three operating conditions. The feature can be inferred from the
comparison of bearing dynamic equivalent loads and load cycles in
different TI conditions. Fig. 18, exemplified based on one sample,
compares the bearing equivalent load distributions associated with
cycles among the three TI scenarios: 10% variation, reference value
from IEC 61400-3 [18] and 10% variation, under the above-rated
condition. Load cycles in the three TI conditions for the two bear-
ings are very close in 1 h, with approximately 571 revolutions. The
different short-term fatigue damage is mainly caused by the
different load levels in each load bin. From Eq. (10), although there
is an exponential relationship between the 1-h fatigue damage D
and the bearing dynamic equivalent load P due to the power
exponent a, the small difference of P in different TI conditions
makes the fatigue damage almost proportional to the variation of
TI. The fitted linear equation in each figure (in Figs. 15—17 and
Figs. 22—24) provides a basis for fatigue damage estimation of the
main bearings of the 10 MW wind turbine drivetrain when a
reasonable estimates of TI and wind shear are obtained from
measured data in an offshore wind farm.

The sensitivity of the main bearing fatigue damage to the vari-
ation of Tl increases as the environmental conditions become more
severe. This implies that the largest effects produced by the

Effect of variation of turbulence intensity on drivetrain fatigue damage under below-rated condition.

Variation %difference of one-hour fatigue damage
INP-A | INP-B | PLC-A | PLC-B
-10% -2.619 | -5.226 | -0.212 | -0.871
-8% -2.097 | -4.213 | -0.214 | -0.674
-6% -1.561 | -3.168 | 0.004 | -0.479
-4% -1.017 | -2.093 | -0.019 | -0.296 | -8.434 -5.317
-2% -0.468 | -1.003 | -0.037 | -0.143 | -4.487 -2.838
2% 0.537 | 1.064 | 0.062 | 0.179 4.251 2.599
4% 1.067 | 2.139 | 0.019 | 0.381 8.634 5.288
6% 1.623 | 3.262 | 0.062 | 0.526
8% 2.192 | 4.410 | 0.086 | 0.799
10% 2.731 | 5.497 | 0.355 | 1.004

Green value (2<X|value| <5): slight effect. Yellow value (5<<|value| <10):

moderate effect. Red value (|value| >10): severe effect.
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Table 11

Effect of variation of turbulence intensity on drivetrain fatigue damage under rated condition.

Table 12

%difference of one-hour fatigue damage
Variation
INP-A PLC-A | PLC-B HS-A HS-B
-10% -7.798 0.496 | 0.724 | 1.343 | 1.286
-8% 0.394 | 0.651 | 1.067 | 1.013
0.304 | 0.417 | 0.830 | 0.760
0.186 | 0.246 | 0.503 | 0.445
0.068 | 0.122 | 0.230 | 0.170
-0.056 | -0.034 | -0.110 | -0.173
-0.197 | -0.199 | -0.394 | -0.437
-0.246 | -0.262 | -0.600 | -0.603
-0.336 | -0.404 | -0.844 | -0.842
-0.438 | -0.553 | -1.085 | -1.125

Green value (2<t |value| <5): slight effect. Yellow value (5<<|value| <10):

moderate effect. Red value (|value| >10): severe effect.

Effect of variation of turbulence intensity on drivetrain fatigue damage under above-rated condition.

Bending moment My [kKNm]

Fig. 12. Effect of variation of turbulence intensity on mean values and standard deviations

conditions.
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N w »
(=] o o
o o o
o o o

-
o
o
o

(=)

-1000

%difference of one-hour fatigue damage

Variation

PLC-B | HS-A | HS-B
-0.063 | -0.041 | -0.016
-0.007 | -0.013 | -0.020
-0.031 | -0.045 | -0.003
-0.019 | -0.041 | -0.021
-0.021 | 0.026 | 0.006
0.008 | -0.003 | -0.004
0.007 | -0.006 | -0.011
0.023 | 0.013 | 0.008
0.044 | 0.013 | 0.019
0.071 | 0.004 | 0.018

Green value (2<X|value| <5): slight effect. Yellow value (5<|value| <10):

moderate effect. Red value (|value| >10): severe effect.
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variations of TI should be observed under the above-rated condi-
tions. The sensitivity in the certain TI variation range provides a
basis for estimation of the actual fatigue damage effect when actual
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measurements of the TI uncertainty are available.
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Fig. 13. Effect of variation of turbulence intensity on mean values and standard deviations of bending moment Mz at the hub center under below-rated, rated and above-rated

conditions.
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Fig. 14. Effect of variation of turbulence intensity on mean values and standard de-
viations of Torque Mx at hub center under below-rated condition.

4.3. Effect of uncertainty of the wind shear

Wind shear refers to the variation of mean wind speed with
height above the still water level. The wind speed vertical gradient
would lead to inconsistent aerodynamic loads acting on the blades
at different positions, which directly affects the dynamic response
of wind turbine drivetrains. Therefore, investigating the effect of
wind speed vertical gradient on drivetrain performance is impor-
tant. Two formulations are commonly used to model the wind
speed profile: the power law and the logarithm law [54]. In this
study, the power law is used to describe the wind speed profile as
below [18]:

% Data
Fitting

2 y = 0.2665x + 0.0353 (R2=0.9998)

Difference in fatigue damage (%)
o

4 . . . . .
-10 -5 0 5 10

Turbulent intensity variation (%)

(a) INP-A

U(Z) = Upup (Z/Zhup)" (14)

where u(z) represents the mean wind speed at the height z above
the still water level, up,;, denotes the reference value of the mean
wind speed at the hub height, z,,, represents the hub height above
the still water level. « is the power law exponent, which is rec-
ommended in IEC 61400-3 [18] to be 0.14 for offshore locations.

However, the reference value of the power law exponent from
the IEC standard is uncertain. Tuerk et al. [55] investigate the wind
profile above the sea based on four years of FINO1 data from
September 2003 to August 2007; the results show that at the
location of FINO1, the mean value of the power law exponent is
0.10, but it has a large variation and strongly depends on wind
speed and atmospheric stability. The mean value of the power law
exponent generally increases with the wind speed and it varies
approximately from 0.10 to 0.14 in the wind speed range of 8—20 m/
s and remains nearly constant 0.13 when the wind speed increases
further. However, a larger variation is seen due to the different
atmospheric stability classes, and it reaches a maximum of 0.19
under very stable conditions.

In this work, a reference variation range of the power law
exponent between —10% and 10% around the reference value 0.14
from the IEC 61400-3 [18] standard is considered in each operating
condition to carried out sensitivity study. The actual effect on
drivetrain fatigue damage can be estimated with the actual mea-
sure of the uncertainty of the power law exponent based on the
sensitivities.

Fig. 19 compares the mean wind speed profiles for a given mean

% Data
Fitting

-4 y = 0.5360x + 0.0609 (R2=0.9998)

-6

Difference in fatigue damage (%)
=)

;) — . . . .
-10 -5 0 5 10

Turbulent intensity variation (%)

(b) INP-B

Fig. 15. Relations between turbulence intensity variation and percentage difference in 1-h fatigue damage of drivetrain main bearings under below-rated condition.
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Fig. 16. Relations between turbulence intensity variation and percentage difference in 1-h fatigue damage of drivetrain main bearings under rated condition.
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Fig. 17. Relations between turbulence intensity variation and percentage difference in 1-h fatigue damage of drivetrain main bearings under above-rated condition.
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Fig. 18. Comparison of bearing dynamic equivalent load (Eq. (7)) distribution associated with cycles (see Fig. 6.) among three turbulence intensity scenarios: 10% variation, reference

value and 10% variation, under above-rated condition.

wind speed at the hub height and variable exponent o under the
below-rated, rated and above-rated conditions. It is shown that the
mean wind speed varies more with the height if a greater power
law exponent is applied, which would lead to greater rotor load
imbalance. Therefore, the nontorque bending moments at the hub
center are expected to differ when different power law exponents
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are applied (see Table 12).

Figs. 20 and 21 demonstrate the effects of variation of wind
shear on the mean values and standard deviations of the bending
moments My and Mz at hub center in the three operating condi-
tions. It is shown that the mean values of the bending moments
increase along with the power law exponent, while the standard
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Fig. 20. Effect of variation of wind shear on mean values and standard deviations of bending moment My at hub center under below-rated, rated and above-rated conditions.
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Fig. 21. Effect of variation of wind shear on mean values and standard deviations of bending moment Mz at hub center under below-rated, rated and above-rated conditions.

deviations almost remain constant. Table 13 — 15 demonstrate the
effect of variation of wind shear on the 1-h fatigue damage under
the below-rated, rated and above-rated conditions, respectively.
The results are calculated based on Eq. (11) based on 5 1-h samples.
The percentage differences of the 1-h fatigue damage between —4
and 4 are not important due to the effect caused by the statistical
uncertainty. Significant effects are observed on the main bearing
fatigue damage, while there is no obvious effect on fatigue damage
of the bearings in the gearbox. In addition, more appreciable effects
are generally found in more severe environmental conditions (see
Table 14).

The sensitivity analysis of the main bearing fatigue damage to
variation of wind shear exponent is conducted in different envi-
ronmental conditions. Figs. 22—24 illustrate relations between the
variation of the wind shear exponent and the percentage difference
in the 1-h fatigue damage of the main bearings under the below-
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rated, rated and above-rated conditions, respectively. Different
from the trend of the variation of TI, the percentage difference in
the fatigue damage of main bearings decreases when the variation
of the wind shear exponent increases. This is because the rotor
pitch bending moment mitigates the rotor gravity effects on fatigue
damage of the main bearings.

The 1-h fatigue damage of main bearings approximately de-
creases linearly as the variation of wind shear exponent increases.
The reason is same with that analyzed in Section 4.2, i.e., the small
difference of bearing dynamic equivalent loads in different wind
shear conditions renders the fatigue damage vary almost propor-
tionally; the variation is not caused by load cycles, because as
illustrated in Fig. 25, the load cycles in the three wind shear con-
ditions are very similar with about 571 revolutions in 1 h. The
gradients of the lines are larger in more severe environmental
conditions than they are in the milder conditions, implying the
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Fig. 24. Relations between wind shear exponent variation and percentage difference in fatigue damage of drivetrain main bearings under above-rated condition.

increased sensitivity of the fatigue damage to the wind shear
exponent.

4.4. Effect of variability and uncertainty of the significant wave
height and wave spectral peak period

Irregular waves have a random nature, varying in wave height,
wave period, and the main propagation direction. A sea state is
generally characterized by the significant wave height, H; and the

spectral peak period, Tp. The sea state at a given site may consists of
a swell with a relatively long period (>10 s) and a locally generated
wind sea with a relatively short period. In this study, only the local
wind sea is considered which is affected by local site conditions
such as mean wind speed, fetch, water depth and bathymetry [18].
The effect of the fundamental variability of significant wave height
and spectral peak period on the 10-MW drivetrain short-term fa-
tigue damage are studied in this section.

Figs. 26 and 27 show the conditional distributions of significant
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Table 13
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Effect of variation of wind shear on drivetrain fatigue damage under below-rated condition.

%difference of one-hour fatigue damage

Variation

INP-A | INP-B

PLC-A

PLC-B | HS-A HS-B

-10% 2.831 | 3.996

-0.235

-0.137 | 0.348 | 0.425

-8% 2.253 | 3.192

-0.244

-0.103 | 0.256 | 0.325

-6% 1.687 | 2.375

-0.038

-0.092 | 0.193 | 0.252

-4% 1.124 | 1.580

-0.101

-0.070 | 0.124 | 0.141

-2% 0.563 | 0.790

-0.021

-0.045 | 0.063 | 0.073

2% -0.554 | -0.788

-0.036

0.033 | -0.068 | -0.087

4% -1.115 | -1.569

0.010

0.061 | -0.081 | -0.168

6% -1.673 | -2.339

0.044

0.093 | -0.117 | -0.238

8% -2.214 | -3.102

0.057

0.118 | -0.214 | -0.309

10% -2.760 | -3.863

0.090

0.152 | -0.201 | -0.380

Green value (2< |value| <5): slight effect.

Table 14

Effect of variation of wind shear on drivetrain fatigue damage under rated condition.

%difference of one-hour fatigue damage

Variation
INP-A

PLC-A

PLC-B | HS-A | HS-B

-10% 8.689

INP-B

-0.517

-0.218 | 0.149 | 0.162

-8% 6.838 | 8.148

-0.422

-0.192 | 0.076 | 0.126

-6% 5.079 | 5.972

-0.322

-0.140 | 0.080 | 0.084

-4% 3.372 | 4.009

-0.209

-0.107 | 0.081 | 0.043

-2% 1.681 | 1.934

-0.102

-0.049 | 0.050 | 0.067

2% -1.618 | -1.880

0.109

0.026 | 0.001 | -0.044

4% -3.327 | -3.926

0.204

0.094 | 0.015 | -0.069

6% -4.986 | -5.975

0.345

0.231 | 0.029 | -0.068

8% -6.681 | -7.949

0.467

0.282 | 0.047 | -0.076

10% -8.327 | -9.849

0.576

0.324 | 0.059 | -0.058

Green value (2<X |value| <5): slight effect. Yellow value (5<|value| <10):

moderate effect. Red value (|value| >10): severe effect.

wave height for given three mean wind speed conditions and
spectral peak period for given three significant wave heights,
respectively. In each PDF, the 25% quantile, most probable and 75%
quantile values are selected, which are marked in Figs. 26 and 27 to
compare the corresponding drivetrain fatigue damage. Only one
variable is changed when conducting the comparative analysis,
with the other variable fixed as the most probable value.

Figs. 28 and 29 compare the 1-h fatigue damage based on 5 1-h
samples in different significant wave heights and spectral peak
periods, respectively, under the below-rated, rated and above-rated
wind speed conditions. The comparisons are expressed by the ratio
of 1-h fatigue damage between the 25% or the 75% condition and
the most probable condition. As the fatigue damage in the most
probable H; or T, conditions are used as the baseline, the ratio of
fatigue damage has unit value in the figures. A slight increase in the
fatigue damage of main bearings is observed as the Hg increases
under the rated and above-rated wind speed conditions, while no
obvious change is seen in the fatigue damage of main bearings due
to the variation of T, under given wind speed and significant wave
height conditions.
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Fig. 30 compares the mean values and standard deviations of the
main bearing radial forces based on 5 1-h samples, which are the
main cause to the fatigue damage in the three Hs scenarios under
the rated wind speed condition. It is found that the standard de-
viations of the vertical force F, of the two main bearings increase as
the H; increases, while other response statistics remain almost
constant to the variation of the Hs. This means that the slight in-
crease, as shown in Fig. 28, in fatigue damage is caused by the in-
crease of the standard deviations of vertical force F; of the two main
bearings. Fig. 31 compares the power spectra of the vertical force F,
of the main bearings in the three Hs scenarios under the rated wind
speed condition. It is found that even though the low frequency
responses induced by turbulent wind are dominating, the main
variations in the spectra are due to the responses induced by wave
forces which increase as H; increases.

The most likely cause of the change in the vertical force F; of the
main bearings is the change of global vertical force and pitch
bending moment at the hub center. Fig. 32 compares the power
spectra of the two global loads in the three H; scenarios under the
rated wind speed condition. It is seen that even though wave
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Table 15
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Effect of variation of wind shear on drivetrain fatigue damage under above-rated condition.

Variation %difference of one-hour fatigue damage
PLC-A | PLC-B HS-A HS-B
-1.042 | -0.672 | -0.112 | 0.102
-0.809 | -0.528 | -0.078 | 0.095
-0.592 | -0.422 | -0.072 | 0.070
-0.391 | -0.232 | -0.066 | 0.042
-0.185 | -0.111 | -0.032 | 0.011
0.226 | 0.166 | 0.007 | -0.032
0.439 | 0.289 | 0.022 | -0.057
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Fig. 25. Comparison of bearing dynamic equivalent load (Eq. (7)) distribution associated with cycles (see Fig. 6.) among three wind shear scenarios: 10% variation, reference value

and 10% variation, under above-rated condition.
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Fig. 26. Conditional distributions of significant wave height H; for given mean wind speeds of 5 m/s, 12 m/s and 24 m/s at hub height, respectively.

frequency response, in the global vertical force spectra, increases
significantly as the Hs increases, the magnitude of the force is much
smaller than that of the platform pitch-induced bending moment.
In addition, the power spectra of the global pitch bending moment
is demonstrated in the same manner as that of vertical force of
main bearings, as shown in Fig. 31. Thus, it can be inferred that the
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variation of global pitch bending moment leads to the change of
vertical force, and consequently results in the slight increase in
fatigue damage of the main bearings.

The variation of global pitch bending moment is mainly induced
by variation of inertia force in the platform pitch direction. This can
be revealed from the Fig. 33, where comparison of the power



S. Wang, T. Moan and Z. Jiang

Renewable Energy 181 (2022) 870—897

02 0.2 0.25
Conditional PDF of Tp Conditional PDF of Tp Conditional PDF of Tp
5 25% quantile Tp 5 — — —25% quantile Tp 8 — — —25% quantile Tp
S 2 3 02
2015 Most probable Tp S 015 Most probable Tp S Wost probabe Tp
= 75% quantile Tp = 75% quantile Tp =] 75% quantile Tp
E 2z B
‘@ g @ 0.15
S 01 g 0.1 b 3 i
o H o H o H
2 ! £ ! & 01 :
§ 0.05 : .‘;: 0.05 : % :
S i 8 i 5 008 i
[ i [ i o i
0 i i 0 i
5 10 15 20 25 30 5 10 15 20 25 30 10 15 20 25 30
Wave peak period [s] Wave peak period [s] Wave peak period [s]
(a) Hg: 1.6 m (b) H:2.5m (c) H:5.4m

Fig. 27. Conditional distributions of wave peak period T, for given significant wave heights of 1.6 m, 2.5 m and 5.4m, respectively.

Fig. 28. Comparison of drivetrain 1-h fatigue damage in different significant wave heights Hs under below-rated, rated and above-rated wind speed conditions.
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Fig. 29. Comparison of drivetrain 1-h fatigue damage in different spectral peak periods T, under below-rated, rated and above-rated wind speed conditions.

spectra of the nacelle pitch acceleration in the three Hs scenarios
under the rated wind speed condition is illustrated. It is observed
that both the pitch resonant response and the wave frequency
response are dominating in the power spectra and the response
induced by platform pitch resonance does not change with the
increase of the H;. In contrast, the wave frequency response in the
power spectra increases significantly as the Hs increases, since
wave forces acting on the platform increase.

Because the natural frequencies of this wind turbine system, as
shown in Table 3, and the wave excitation frequency, as shown in
Table 5, are quite far apart, the platform motions are not sensitive to
the variation of the Tp in a small range for given u and Hs, and hence
the global loads do not vary much. Fig. 34 compares the power
spectra of the nacelle pitch acceleration and pitch bending moment
at hub center in the three T, scenarios under the rated wind speed
condition. It is seen even though the wave frequency response is
dominating in the power spectra of nacelle pitch acceleration, it is
much less sensitive to the variation of T, compared to the variation
of the Hg, as illustrated in Fig. 33. In addition, in the power spectra
of the global pitch bending moment, no obvious change is observed
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in the wave frequency response as T, increases, which accounts for
the results of the unchanged fatigue damage of main bearing, as
seen in Fig. 29.

4.5. Effect of uncertainty of the wind and wave misalignment

The directions of wind and waves can be significantly mis-
aligned in all atmospheric conditions [56,57]. In general, small
misalignments appear at all wind speeds and large misalignment
occur at lower wind speeds [58]. However, IEC 61400-3 [18] in-
dicates that for calculation of the loads acting on RNA, wind and
waves can generally be assumed to be always colinear and that both
the wind and waves act in a single direction.

In this section, effect of wind-wave misalignment on drivetrain
fatigue damage are studied. Four wind-wave misalignment condi-
tions, a 0-degree wind direction (8,,;,q = 0°) with four wave di-
rections (Byqe = 0°, 30°, 60°, 90°) are considered, as illustrated in
Fig. 35.

Nacelle motion velocities of FWTs have important influences on
the drivetrain dynamic response because these velocities lead to
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Fig. 30. Comparison of mean values and standard deviations of radial forces of main bearings INP-A and INP-B in different significant wave heights Hs under rated wind speed
condition.
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Fig. 31. Comparison of power spectra of vertical force F, of main bearings INP-A and INP-B in different significant wave heights Hs under rated wind speed condition.

changes in the induced velocity of the air flow, thereby resulting in surge and pitch velocities is determined by the decreased wave
the aerodynamic load changes. Fig. 36 compares the time- and frequency response for increasing f,,q,.- The increase in the pitch

frequency-domain results of the nacelle surge, pitch and yaw ve- resonant response with increasing f,,4,. is due to the decrease in
locities under different wind-wave misalignment scenarios for the the aerodynamic damping, which relates to the fore-aft motion of
above-rated condition. It is seen that fluctuations of surge and pitch the nacelle and is less effective when the waves come from
velocities decrease with increasing (,q,.. The main reason is different directions from the wind direction.

revealed in the power spectra, where it is shown an increase in the In the time series of the nacelle yaw velocity, larger fluctuations

pitch resonant response and a decrease in the wave frequency are observed for §,,4,. = 30 deg and (4, = 90 deg than for (4 =
response. The main contribution to the decrease of fluctuations of 0 deg and B,,4, = 60 deg. This observation can be explained by the
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wave frequency responses, as illustrated in the power spectra.
Based on the shape of the axially symmetrical floating substructure,
two columns experience wave forces with the same phase angle
compared to the incoming wave when it comes from 0 deg to 60
deg, while the phase angles are different when the wave comes
from 30 deg or 90 deg. Therefore, the wave forces applied on the
columns are symmetrical for 4. = 0deg and 4. = 60 deg,
while they are asymmetrical for (8,4, = 30 deg and (4, = 90 deg.
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This difference results in the larger response of yaw motions for
Bwave = 30 deg and B4 = 90 deg. The nacelle yaw motion will
affect the induced velocity at different azimuth positions of rotor
plane, which renders the bending moments at the drivetrain shaft
larger, thereby increasing the load effects of the drivetrain.

Fig. 37 compares the drivetrain 1-h fatigue damage based on 5
simulations with random samples for 0 deg, 30 deg, 60 deg and 90
deg wind-wave misalignments under the below-rated, rated and
above-rated operating conditions, respectively. The comparisons
are expressed via ratio of 1-h fatigue damage between the condi-
tion fByae = 30 deg, Biae = 60 deg or (4 = 90 deg and the con-
dition (,4. = 0deg. In general, very close fatigue damage of
drivetrain bearings is observed in different wind-wave misalign-
ment cases in the wind turbine operating conditions.

Nevertheless, in the below-rated environmental condition, the
fatigue damage in the gearbox's high-speed bearings, HS-A and HS-
B, tends to increase slightly with increasing f,,q,e. This is because
the nacelle roll motion increases with increasing f,,q4,e, then the
increased inertia forces of the high-speed shaft lead to increases in
the bearing equivalent dynamic load, resulting in a further increase
in the bearing fatigue damage. In the rated and above-rated envi-
ronmental conditions, the effect of wind-wave misalignment is
shown on the main bearings, while there is almost no effect on
bearings in the gearbox. Greater effects are observed in the above-
rated environmental condition than in the rated condition because
of the more severe sea states associated. The largest fatigue damage
of the main bearings is observed for (.. = 30 deg, while the
smallest value is reported for (4. = 60 deg. This is because the
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Fig. 34. Comparison of power spectra of nacelle pitch acceleration and global bending moment My, at hub center in different spectral peak period T, under rated wind speed

condition.
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Fig. 35. Top view of wind-wave misalignment conditions.

largest variation of aerodynamic loads is produced for (4. =
30 deg, while the smallest one is generated for §,,,,, = 60 deg. The
reason for this is that when f,,4,. = 30 deg, variations of the nacelle
surge, pitch and yaw velocities are all significantly induced by wave
forces, while in the condition £, = 60 deg, variations of nacelle
surge and pitch velocities are slightly induced and yaw velocity is
not induced by wave forces.

4.6. Effect of uncertainty of the number of samples of wind and
waves

In this section, the effect of varying numbers of wind and wave
samples on the drivetrain 1-h fatigue damage is studied, with an
aim to recommend a reasonable sample number for drivetrain
dynamic simulation. The ensemble average of 1-h fatigue damage
over 30 random wind and wave samples is used as the reference
value, and this study is carried out based on the following
expression:

x=Di =D (15)

D30 x 100
where D; and D3q are the ensemble average of 1-h fatigue damage
of bearings over i and 30 random samples, i represents 1, 2, 3,
, 30. x denotes the percentage difference of the ensemble average
of bearing 1-h fatigue damage between the i and 30 random wind
and wave samples.

Fig. 38 illustrates the deviations of the average 1-h fatigue
damage of drivetrain over different numbers of wind and wave
samples from the reference value over 30 samples under the rated
environmental condition. It is observed the largest deviation of the
drivetrain fatigue damage from the reference value is less than 5%,
which suggests that the number of samples used for simulations
does not significantly affect the fatigue damage. In general, the
deviations of the fatigue damage in the main bearings are larger
than that in the gearbox bearings, which implies that the number of
samples used for simulations have a larger effect on drivetrain main
bearings than that on bearings in the gearbox. When five samples
are used, the percentage differences in the fatigue damage of the
main bearings and the gearbox bearings are less than 2% and 1%,
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respectively. This implies that considering 5 wind and wave sam-
ples for drivetrain dynamic analysis can achieve accurate results
and greatly save computational costs. Therefore, 5 random samples
of wind and waves are recommended to be considered for drive-
train dynamic analysis.

5. Concluding remarks

This study investigates the effect of variability and uncertainty
of environmental conditions on short-term fatigue damage in
drivetrains of floating wind turbines. The global aero-hydro-servo-
elastic dynamic analysis, for the DTU 10-MW wind turbine sup-
ported on the OO-Star semi-submersible floating substructure, is
performed based on time-domain simulations that are conducted
using the wind turbine simulation tool FAST. Then, the wind turbine
drivetrain dynamic analysis is conducted with the applied hub and
generator loads as well as nacelle motions that are obtained from
the global simulations. Further, 1-h short-term fatigue damage of
the drivetrain bearings is calculated based on the bearing dynamic
responses. The influence of variations of mean wind speed, turbu-
lence intensity, wind shear exponent, significant wave height and
spectral peak period, wind and wave misalignment angle and the
number of 1-h samples of wind and waves, on the 1-h drivetrain
fatigue damage is studied. The main conclusions are summarized as
follows:

@ Below the rated conditions, the fatigue damage of bearings in
the gearbox is very sensitive to the variation of mean wind
speed because of the change of torque loads. Above the rated
conditions, the variation of the mean wind speed has a great
effect on fatigue damage of main bearings because of the
variation of rotor bending moments, while other bearings are
slightly affected. Because of the large variations of the rotor
nontorque bending moments, torque loads and load cycles,
fatigue damage of all bearings is significantly affected by the
variation of the mean wind speed below and near the rated
conditions.

Fatigue damage in the main bearings increases approxi-
mately linearly with the turbulence intensity within a certain
range in all environmental conditions. The effect of turbu-
lence intensity on fatigue damage of main bearings is larger
in more severe environmental conditions than in milder
ones. In low wind-speed condition, the increases of turbu-
lence intensity result in larger fatigue damage of high-speed
bearings because of the increasing rotor torque. The variation
of turbulence intensity does not affect fatigue damage in
middle-speed bearings of the gearbox.

The variation of the wind shear exponent significantly affects
the fatigue damage of main bearings, while they have
negligible impacts on fatigue damage of gearbox bearings.
Fatigue damage of main bearings decreases approximately
linearly with increasing the wind shear exponent within a
certain range in all investigated environmental conditions.
The effect of the variation of wind shear exponent on fatigue
damage of main bearings increases as the environmental
conditions become more severe.

Fatigue damage in the main bearings increases slightly as the
significant wave height increases because the nacelle pitch
acceleration increases and consequently the global pitch
bending moment of the drivetrain shaft increases. In addi-
tion, the effect of uncertainty of the spectral peak period on
the drivetrain fatigue damage is very small.

Although wind-wave misalignment causes quite small ef-
fects on drivetrain fatigue damage, the maximum and
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Fig. 36. Comparison of time series and power spectra of nacelle surge, pitch and yaw velocities in 0 deg, 30 deg, 60 deg and 90 deg wave directions under above-rated envi-
ronmental condition; refer to Fig. 5 for the coordinate system.
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Fig. 38. Deviations of averaged 1-h fatigue damage of drivetrain over different numbers of wind and wave samples under rated environmental condition.

minimum fatigue damage of main bearings occur at 30 deg
and 90 deg wind-wave misalignment conditions,
respectively.

@ To achieve a high accuracy of the drivetrain short-term fa-
tigue damage, five independent 1-h simulations with
random wind and wave samples are recommended.

Overall, variability and uncertainty of the stochastic wind field
represent the main sources that determine the variation of drive-
train fatigue damage in the floating offshore wind turbines, while
the effect of variabilities and uncertainties of irregular waves on the
drivetrain fatigue damage is much smaller. Realistic wind fields
should be applied based on meteorological data and wake effects in
the wind farm when performing drivetrain design and reliability
assessment for floating offshore wind turbines. Small wind speed
bin sizes are recommended because they significantly affect the
fatigue damage in drivetrain bearings. In addition, in order to
reduce the computational efforts, conservative assumption can be
made in dealing with uncertainties of irregular waves. For example,
a few load conditions, considering the largest significant wave
height under given wind speed, the most probable spectral peak
period and the 30 deg wind and wave misalignment, can be used to
obtain relatively conservative results, instead of using all load cases
obtained by combing different wave parameters.

In the four-point support drivetrain configuration, the main
bearings are generally the most sensitive components to variation
of environmental parameters. Thus, more attention should be paid
to them when the drivetrain is subjected to complex wind and
wave excitation. It is emphasized that this study is only carried out
for an axially symmetrical semi-submersible floating wind turbine.

895

Further studies of the effect of variabilities and uncertainties in
turbulent wind and irregular waves on drivetrain fatigue damage of
wind turbines supported on different floating structures should be
conducted in the future. In particular, the investigation should be
carried out for floaters with different dynamic properties, and swell
or currents can be included in the environmental conditions. In this
study, the collective pitch control is assumed for the blades. Using
an individual pitch control for the FWT might affect the results and
should be studied in the future. In addition, the turbulence in-
tensity is specified deterministically as a function of the mean wind
speed. As a further refinement, its variability can be modeled in the
same way as that of the significant wave height and spectral peak
period.
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