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Abstract. To reduce costs, offshore wind turbines are expected to be designed with significantly increased
rotor diameters. Larger turbines become more flexible and span a larger portion of the atmospheric boundary
layer. With these changes, the validity of traditional modeling assumptions should be investigated. This work
challenges two common assumptions: (1) that the drivetrain can be considered rigid (except in torsion) and does
not couple with the rotor and tower and 2) that wind directional change with height (veer) does not greatly
influence the fatigue damage in the tower, blades and drivetrain.

Two large semi-submersible floating wind turbines are considered: a 15 and a 22 MW reference turbine. Both
use direct-drive generators. Aero-hydro-servo-elastic simulations are performed using OpenFAST, with driv-
etrain bending flexibility and main bearing response implemented in the coupled analysis. The turbines are
subjected to a set of load cases at below-, near- and above-rated mean wind speeds, assembled based on the 3 km
Norwegian reanalysis (NORA3) hourly wind and wave hindcast data for Utsira Nord, off the coast of Norway.
In each load case, conditions with and without veer are simulated to evaluate the influence of veer on damage
equivalent loads (DELs) of the turbine tower, blades and main bearings. Further, these load cases are applied to
evaluate the influence of drivetrain flexibility on aero-elastic turbine response.

The results indicate that, depending on the veer gradient, mean wind speed, operating regime and turbine
size, veer can be very important for tower-top DELs and the fluctuations of main bearing radial loads, while
main bearing and blade-root flapwise DELs are less affected. Considering these specific load cases and turbine
models, drivetrain flexibility is found to significantly influence tower-top DELs of the largest turbine: the tower-
top fore-aft and torsional damage equivalent moments of the 22 MW turbine are reduced by more than 20 % at
near-rated wind speeds when the drivetrain is modeled as flexible.
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lisher, by accepting the article for publication, acknowledges that
the U.S. Government retains a nonexclusive, paid-up, irrevocable,
worldwide license to publish or reproduce the published form of
this work, or allow others to do so, for U.S. Government purposes.

1 Introduction

Offshore wind turbines are expected to reach the rated capac-
ities of 15 MW and beyond (IRENA, 2019). With increasing
turbine size, the assumptions behind current modeling ap-

proaches may no longer be valid, and mechanisms that are
neglected for smaller turbines may become important. In-
creased structural flexibility is one feature that introduces
new demands on state-of-the-art analysis tools (Veers et al.,
2023; Torsvik, 2020). Another challenge emerges from the
rotor spanning a larger portion of the atmospheric bound-
ary layer (ABL). The ABL ranges from 100 to 3000 m in
height, with the smallest heights occurring in stable condi-
tions (Stull, 1988). As the rotor spans more of (or beyond)
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the ABL, prior assumptions related to the wind profile and
wind field are called into question (Veers et al., 2023).

Previous studies by the authors have examined the influ-
ence of turbulence modeling and wake effects on main bear-
ing loads and rating lives, utilizing a novel flexible drivetrain
model implemented in aero-elastic code and verified against
coupled multibody simulations (Krathe et al., 2025a, b). The
model enables the analysis of how drivetrain flexibility influ-
ences overall turbine response. It also allows for the inclusion
of main bearing off-diagonal stiffness terms and the direct
extraction of main bearing response from aero-elastic sim-
ulations. The aforementioned studies focused on a 10 MW
bottom-fixed turbine and a 15 MW floating turbine, respec-
tively. The first study (Krathe et al., 2025a) identified de-
ficiencies in standardized turbulence models compared to
large eddy simulations (LES) and demonstrated that the cou-
pled aero-elastic-drivetrain model could predict main bearing
loads. The second (Krathe et al., 2025b) highlighted signifi-
cant wake-induced effects on main bearing loads and rating
lives, focusing on below-rated conditions, and showed that
drivetrain flexibility had limited influence on bearing rating
lives for this specific case.

The present work extends these investigations to 15 and
22 MW semi-submersible-type floating turbines applying the
flexible drivetrain implemented in aero-elastic code. The ef-
fects of wind veer (variation of mean wind direction with
height) are investigated by examining tower, blade-root and
main bearing (all prone to failure (Chou and Tu, 2011;
Boopathi et al., 2022; Hart et al., 2023; Pulikollu and Fitch-
ett, 2024)) damage equivalent loads (DELs) along with load
response. Additionally, the study examines how incorporat-
ing drivetrain flexibility in aero-elastic analyses affects these
loads. Realistic environmental conditions (veer gradients,
turbulence intensities, shear profiles and wave states) were
derived from NORA3 (the 3 km Norwegian reanalysis) data
for the Utsira Nord floating wind site (Haakenstad et al.,
2021; Cheynet et al., 2024, 2023).

While veer and drivetrain flexibility are not directly cou-
pled phenomena, both may influence turbine and main bear-
ing loads. The load cases established for assessing veer ef-
fects also serve as a basis for evaluating the influence of driv-
etrain flexibility. Therefore, this study addresses both top-
ics, both linked to the challenges posed by increasing turbine
size. The corresponding research questions are:

1. How does drivetrain flexibility influence the tower,
blade and main bearing structural response, and DELs
of large floating wind turbines?

2. How are tower, blade and main bearing loads, and DELs
of large floating wind turbines influenced by wind veer?

Section 2 provides a discussion on relevant background
information and motivation for performing this study. Sec-
tion 3.1 describes the reference wind turbines and the flexi-
ble drivetrain model. Section 3.2 presents the load cases and

the derivation of the environmental conditions. Section 3.3
explains the calculation of DELs. Section 4 presents and dis-
cusses the results, including the influence of drivetrain flex-
ibility on turbine response (Sect. 4.1) and the DELs of the
tower, blades and main bearings subjected to various wind
fields (Sect. 4.2). The conclusions are summarized in Sect. 5.

2 Background

2.1 Main bearings

The main bearings transfer non-torque loads from the shaft
to the wind turbine bedplate and tower. The main bearings
in modern wind turbines are predominantly rolling element
bearings. Spherical roller bearings (SRBs), cylindrical roller
bearings (CRBs) and tapered roller bearings (TRBs) are most
common, with TRBs gaining increased interest, especially
for direct-drives and large turbines (Hart et al., 2020; Torsvik,
2020; Broadbent, 2023). Double-row tapered roller bear-
ings (DTRBs) are also an option (Broadbent, 2023; Stirling,
2023).

Research indicates that wind turbine main bearings fail
prematurely (Hart et al., 2023; Pulikollu and Fitchett, 2024).
Recent studies investigate potential sources for failure prior
to design life, such as shortcomings in standardized dam-
age calculations (Kenworthy et al., 2024) and inaccuracies in
main bearing load estimates (Stirling et al., 2021; Hart et al.,
2022; Krathe et al., 2025a, b; Wang et al., 2021). In this work,
the second objective is considered, investigating deficiencies
in the modeling of the incoming wind field and inaccuracies
in aero-elastic analyses.

2.2 Drivetrain modeling in aero-elastic codes

Based on the assumption of a relatively rigid drivetrain and
motivated by the need for computationally efficient simula-
tion tools (Torsvik, 2020), the drivetrain is by default only
represented by a torsional spring and damper in most aero-
hydro-servo-elastic codes (also referred to in this text as aero-
elastic codes for brevity), such as Orcaflex (Orcina, 2025),
SIMA (SINTEF, 2025), HAWC2 (DTU, 2025), OpenFAST
(Jonkman et al., 2024) and 3DFloat (Nygaard et al., 2016).
An exception is Det Norske Veritas Bladed (DNV, 2025b),
which, in addition to the simple torsional degree-of-freedom
(DOF) drivetrain, offers the option to include shaft flexibility
or model the drivetrain by means of an external dynamic-link
library (DNV, 2025a).

In line with the assumptions of aero-elastic codes, main
bearing and drivetrain loads have traditionally been obtained
through decoupled (one-way coupled) analyses (Torsvik
et al., 2018; Torsvik, 2020). First, an aero-elastic analysis
is conducted, including the simplified drivetrain torsional
spring and damper. This analysis outputs shaft loads and
possibly nacelle kinematics (important for floating turbines
(Wang et al., 2021; Krathe et al., 2025b)). Then, aero-elastic
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outputs are applied in analytical equations to estimate, for
example, main bearing loads (see for instance Guo et al.
(2015); Hart et al. (2019, 2022); Stirling (2023)) or in local
finite-element or multibody models (Torsvik, 2020). Analyt-
ical approaches are fast but complex to derive for bearings
that have off-diagonal or moment-carrying stiffness terms.
Stirling et al. (2021) derived such analytical equations for
moment-carrying DTRBs. Furthermore, main bearing stiff-
ness may be load dependent (Stirling, 2023). Local mod-
els are accurate but computationally expensive and time-
consuming to develop (Torsvik, 2020).

For larger, more flexible turbines, drivetrain flexibility may
influence aero-elastic response, altering turbine natural fre-
quencies (Krathe et al., 2025a, b) and reducing the accuracy
of decoupled approaches (Torsvik, 2020). For instance, Wang
et al. (2021) found non-torsional drivetrain modes with lower
natural frequencies than the torsional mode in a fully coupled
drivetrain-turbine model. It is therefore beneficial to incor-
porate a more detailed drivetrain model in aero-elastic code,
both to evaluate effects on turbine response and to ease the
extraction of main bearing loads.

2.3 Veer

Design standards typically assume sheared wind profiles
(mean speed varying with height) but ignore variation
in mean wind direction (IEC, 2019). “Veering” wind
is commonly defined as clockwise rotation with height,
while “backing” refers to winds rotating counterclockwise
(Lundquist, 2022). Veer is commonly associated with stable
boundary layers (Stull, 1988). Offshore measurements near
Martha’s Vineyard showed frequent occurrences of strong
veer, especially in spring and summer and with low wind
speeds (average values of up to 0.1° m−1 and extreme values
above 0.3° m−1) (Bodini et al., 2019, 2020). Veer and back-
ing occurred 70 % and 30 % of the time, respectively. Off the
coast of Hong Kong, Shu et al. (2020) found the largest veer
angles for neutrally stratified boundary layers, and the veer
gradient decreased with increasing wind speed.

Two studies investigated the sensitivity of a 5 MW wind
turbine to various modeling parameters, including veer;
Robertson et al. (2019) considered an onshore variant, while
Wiley et al. (2023) considered the same turbine atop a semi-
submersible. Robertson et al. (2019) observed that turbine
fatigue loads (tower, blade-root and main shaft bending mo-
ments) were less influenced by veer than by turbulence and
shear. Similarly, Wiley et al. (2023) found low sensitivity of
fatigue-proxy loads to veer compared to wind velocity stan-
dard deviation, turbulence coherence and wave conditions.
On the other hand, Hart et al. (2022) found that veer signif-
icantly influenced the main bearing radial load fluctuations,
more so than the other deterministic effects they evaluated
(shear, yaw offset, mean wind speed) for a 5 MW onshore
turbine. They used a simplified load response model and de-
terministic wind fields. Larger veer led to larger fluctuations,

while negative veer (backing) of the same magnitude led to
a smaller increase in radial load fluctuations. Applying sim-
ilarity scaling to 7.5 and 10 MW turbines, veer-induced in-
creases in main bearing radial loads were seen to scale more
than cubically with rotor radius.

Wagner et al. (2010) illustrated how the angle of attack and
relative wind speed seen by the airfoil changes with the az-
imuth position of a rotor blade. For a simple rotor at 8 m s−1

without blade pitch, for veering wind, they found that the an-
gle of attack was larger than for uniform wind, while the rel-
ative wind speed was lower. The opposite was true for back-
ing. These combinations of angle of attack and relative wind
speed led to larger amplitudes in the oscillations of the lift
force for veer compared to backing.

To the authors’ knowledge, there are no studies on the
influence of veer on turbine loads for turbines larger than
10 MW, and the IEC 61400-1 wind turbine design standard
(IEC, 2019) does not mention veer, even though it is an in-
herent characteristic of the wind field. A rotor spanning 200
to 300 m can potentially sample a large variation of wind di-
rections, and it is important to understand the effects of veer
on turbine loads.

2.4 Damage equivalent loads

The DEL is a simple but somewhat crude indicator of the
fatigue damage of turbine components (Burton et al., 2021).
It is based on the S–N curve approach described in design
guidelines (DNV, 2019) but with a single slope. The DEL
facilitates the investigation of fatigue damage caused by indi-
vidual load components. The DEL is analogous to the dam-
age equivalent stress (Sutherland, 1999), but the DEL does
not account for load combinations (for example, the com-
bined axial stress resulting from the axial loads and bending
moments in 2 degrees of freedom). Instead, the DEL rather
assumes the stress range to be proportional to the load range.
Thus, the DEL is useful for comparing separate load compo-
nents, but it cannot be directly translated to fatigue life.

For the main bearings, rolling contact fatigue (RCF) is
considered, applying the basic rating life (L10) defined in
ISO 281 (International Organization for Standardization,
2007). The RCF mechanism differs from fatigue consid-
ered for structural components (Sadeghi et al., 2009). The
L10 life represents the life that 90 % of a group of bearings
will achieve before failure (Budynas and Nisbett, 2011) and
is highly driven by mean loads (Kenworthy et al., 2024).
Research indicates that the L10 methodology, in combina-
tion with standardized turbulence and aero-elastic simulation
models, fails to predict main bearing failure rates observed
in the field (Kenworthy et al., 2024). Further, ISO 281 does
not account for local deformations and pressures that may
be important for large bearings. Hence, the ISO 281 method
contains limitations and uncertainties with regard to accu-
rately predicting main bearing fatigue. However, more ad-
vanced fatigue analyses require detailed information about
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the bearings in question. Therefore, despite its limitations,
the ISO 281 method is applied in this work but only for com-
parative analysis and without considering detailed fatigue as-
sessment. Additionally, main bearing load standard devia-
tions are evaluated to better understand the effects of veer
and drivetrain flexibility on load variations.

3 Methodology

3.1 Wind turbine model

3.1.1 Base cases and numerical setup

Two floating reference turbines, the International Energy
Agency (IEA) 15 MW (Gaertner et al., 2020; Allen et al.,
2020) and the IEA 22 MW turbine (Zahle et al., 2024a) were
considered in this work. Both have direct-drive generators
and are supported by semi-submersible floating platforms
with one centered column, three radially spaced columns and
three catenary mooring lines. The main properties of the tur-
bines are listed in Table 1, and the drivetrain and floater of
the IEA 15 MW turbine are shown in Fig. 1.

The turbines were modeled in the aero-hydro-servo-elastic
code OpenFAST (Jonkman et al., 2024). A ROSCO con-
troller (Abbas et al., 2024) was applied for each turbine.
Tower influence on wind speed was included using potential
flow theory with the Bak correction (Bak et al., 2001). For
such large rotors, it is generally recommended to account for
large deflections in OpenFAST by modeling the blades using
the geometrically exact beam theory in the module Beam-
Dyn. Unfortunately, it was not computationally feasible to
combine BeamDyn and the drivetrain model described in
Sect. 3.1.2 for the floating turbines. Instead, ElastoDyn was
applied, using a modal representation of the blades. A com-
parison between BeamDyn and ElastoDyn blades, using a
traditional ElastoDyn tower and shaft (with combined modal
and multibody representation), shows that while the specific
values differ, the trends and magnitudes of veer effects with
BeamDyn blades remain consistent with those presented in
this paper.

3.1.2 Drivetrain model

In this work, the two reference OpenFAST models (Barter
et al., 2024; Zahle et al., 2024b) were modified to include a
flexible drivetrain, modeled together with the tower in the
OpenFAST linear finite-element module SubDyn (NREL,
2024). This methodology allows for coupling of the struc-
tural dynamics of the rotor, tower and drivetrain. It was previ-
ously verified against a coupled multibody model and applied
for a 10 MW geared drivetrain (Krathe et al., 2025a) and for
the IEA 15 MW direct-drive turbine (Krathe et al., 2025b).
In short, a flexible drivetrain was included in the aero-elastic
analyses. Flexible beams were applied to represent the bed-
plate and shaft. Additional drivetrain mass and inertia were
modeled using point masses. Main bearings were represented

by constant stiffness springs. Bearing housing flexibility was
not included. More details of this modeling approach can
be found in the two aforementioned papers and on GitHub
(Krathe, 2024). For comparison, OpenFAST models with
rigid drivetrains and flexible towers were also built in Sub-
Dyn. Figure 2 presents the two versions of the aero-elastic
model with flexible and rigid drivetrains. The bedplate and
shaft’s geometry and material properties of the flexible driv-
etrain were obtained directly from the WISDEM framework
for each turbine (Barter et al., 2024; Zahle et al., 2024b).

3.1.3 Main bearing representation in the drivetrain
model

The main bearings were represented by 6 DOF constant
springs, as follows. The force–displacement relationship
(represented by F and u, respectively) in each spring was
modeled by 6× 6 stiffness matrices (K) as F =Ku. In K,
for these specific bearings, any rotational stiffness was set
to zero, and off-diagonal terms (discussed below) were in-
cluded to represent coupling between axial loads and trans-
verse loads. This is illustrated in Eq. (1), where x is in the
axial direction (see for instance Chopra, 2020 and Nielsen
(2024)).
Fx
Fy
Fz
Mx

My

Mz

=

kxx kxy kxz 0 0 0
kyx kyy 0 0 0 0
kzx 0 kzz 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0




ux
uy
uz
φx
φy
φz

 (1)

Based on discussions with industry and because TRBs re-
quire accounting for preload and undertaking advanced fa-
tigue analyses beyond the scope of this work (Torsvik, 2020),
two double-row spherical roller bearings (DSRBs) were con-
sidered: a downwind locating DSRB and an upwind non-
locating DSRB (SKF, 2025). The upwind and downwind
main bearings are referred to as MB1 and MB2, respectively.
To the authors’ knowledge, design details of main bearings
suitable for turbines the size of 15 and 22 MW are not pub-
licly available. In this work, the diagonals of the main bear-
ing stiffness matrices were estimated using Schaeffler’s tool
(Schaeffler, 2025), which evaluates the load–deflection rela-
tionships of several smaller bearings for a number of differ-
ent combinations of constant loads, extrapolating to the size
of the 15 and 22 MW shaft.

DSRBs subjected to combined radial and axial loads have
cross-coupling stiffness terms that are not easily estimated
based on the aforementioned method. Royston and Basdogan
(1998) found that these off-diagonal terms, kxy = kyx and
kxz = kzx , were typically an order of magnitude smaller than
the values of kxx and kyy , respectively. Therefore, the cross-

coupling terms were crudely estimated as kxy =
0.1(kxx+kyy)

2 .
The estimated spring stiffnesses are summarized in Ta-

ble 2. Note that there are large uncertainties in the main
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Table 1. Main parameters of the floating turbines.

Turbine Hub Rotor Rated wind Rated Rated rotor Shaft tilt Water
height diameter speed power speed angle depth

[m] [m] [m s−1] [MW] [rpm] [°] [m]

IEA 15 MW 150 240 10.59 15 7.56 6.0 200
IEA 22 MW 170 284 11 22 7.06 6.0 200

Figure 1. The IEA 15 MW reference turbine (Krathe et al., 2025b) and its direct-drive generator (Gaertner et al., 2020). The IEA 22 MW
turbine has a similar design.

bearing stiffness estimates and that applying constant stiff-
nesses is in itself an approximation because main bearing
stiffnesses are generally a function of load. Therefore, to
understand how different main bearing stiffnesses influence
the loads, upper, medium and lower stiffness estimates are
presented (“high”, “medium” and “low”). The majority of
the simulations were run with the “medium” stiffness, but in
Sect. 4.1.3, the sensitivity of results to main bearing stiffness
is discussed. This sensitivity test does not give conclusive
answers regarding the effects of load-dependent stiffnesses,
but it provides information regarding the uncertainty due to
the applied constant stiffness, and (as will be discussed in
Sect. 4.1.3) it indicates how much the main bearings con-
tribute to drivetrain flexibility.

Table 3 documents the numerical setup in SubDyn for the
different versions of the two turbine models. The IEA 22 MW
turbine and IEA 15 MW turbine were run with a glue-code
(OpenFAST) time step of 0.0015 and 0.0025 s, respectively.
These were chosen to ensure numerical stability of the sim-
ulations and convergence of the Craig–Bampton model in
SubDyn.

3.2 Environmental load cases

3.2.1 Environmental data

NORA3 (Haakenstad et al., 2021; Haakenstad and Breivik,
2022) is a wind and wave hindcast dataset for northern Eu-
rope (Cheynet et al., 2024). It spans from 1982 to 2022, has
a horizontal resolution of 3 km, a temporal resolution of 1 h
and is a downscale of the ERA5 reanalysis (Hersbach et al.,
2020). Based on NORA3, Cheynet et al. (2023, 2024) gen-
erated spatially averaged data for two Norwegian offshore
wind turbine locations. In this work, 1 h median data for the
deep-sea location Utsira Nord, designated for floating off-
shore wind farms, are applied to estimate environmental load
conditions. Data are available at heights of 10, 20, 50, 100,
150, 250, 500 and 750 m.

The veer gradient was calculated using an expression for
bulk veer (Murphy et al., 2020):

β =
θtop− θbottom

ztop− zbottom
, (2)

where θtop and θbottom are the mean wind direction at heights
ztop = 250 m and zbottom = 10 m, respectively, to obtain wind
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Figure 2. Flexible and rigid drivetrain models in an aero-hydro-servo-elastic simulation framework. For simplicity, only main bearing springs
in the local z-direction are illustrated. Local and global coordinate systems, applied for the main bearings and tower response, respectively,
are also presented. From Krathe et al. (2025b) with modifications.

Table 2. Main bearing spring stiffness in local coordinates. Low (L), medium (M) and high (H ) values are shown as L/M/H. The “medium”
values were applied in all simulations, except for the sensitivity study presented in Sect. 4.1.3.

Bearing kxx kyy = kzz kxy = kxz
[N m−1] [N m−1] [N m−1]

15 MW, MB1 0 1.04× 1010/ 2.09× 1010 / 2.75× 1010 0
15 MW, MB2 1.32× 108/ 1.85× 108/ 2.13× 108 7.35× 1010/ 8.41× 1010/ 8.96× 1010 5.27× 108/ 1.05× 109/ 1.38× 109

22 MW, MB1 0 2.39× 1010/ 3.50× 1010/ 3.99× 1010 0
22 MW, MB2 2.12× 108/ 6.67× 108/ 1.27× 109 3.85× 1010/ 6.53× 1010/ 9.16× 1010 1.21× 109/ 1.78× 109/ 2.06× 109

directions representative of the rotor span. While the datasets
yield different gradients for veer and backing, for compara-
bility, the estimates for veer gradients were applied for the
load cases with backing. Moreover, a constant gradient was
assumed. Although several researchers have shown that the
power law profile is not able to represent realistic wind pro-
files (Sathe et al., 2013; Lundquist, 2022; Murphy et al.,
2020; Cheynet et al., 2024), in this work, the power law is
applied for simplicity. It yields the mean wind speed as a
function of height, u(z), as follows:

u(z)= uhub

(
z

zhub

)α
. (3)

The power law exponent, α, was found by fitting the power
law using Scipy’s non-linear least-squares fit (Virtanen et al.,
2020), with data points up to 500 m. Although the two tur-
bines in question have different hub heights, for simplicity,
the reference mean wind speed is taken at the hub height

of the IEA 15 MW turbine, that is, zhub = 150 m and uhub =

u|z=150 m.

3.2.2 Load cases

Four mean wind speeds at 150 m were selected: two below
rated wind speed (5.5, 8.5 m s−1), one near rated (12.5 m s−1)
and one above rated (16.5 m s−1). For each of the four mean
wind speeds, the 99th percentile of β, given uhub, was cho-
sen. The power law exponent, α, was found as the mean value
conditional on uhub (±0.5 m s−1) and β (±0.3° m−1). Turbu-
lence intensity at zhub was estimated based on the model by
Andersen and Løvseth (2006) and described by Cheynet et al.
(2024):

Iu = 0.087
[

1+ 0.302
(
uhub

10
− 1

)](zhub

10

)−0.2
. (4)

Although this formulation of turbulence intensity was de-
veloped for neutral conditions and moderate to strong wind
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Table 3. SubDyn numerical setup. The glue-code (OpenFAST) time steps were set similar to the SubDyn time steps.

Parameter IEA 15 MW IEA 15 MW IEA 22 MW IEA 22 MW
flexible drivetrain rigid drivetrain flexible drivetrain rigid drivetrain

SubDyn time step [s] 0.0025 0.0025 0.0015 0.0015

No. of Craig–Bampton modes [–] 16 14 25 20

Craig–Bampton mode damping 0.5 0.5 0.5 0.5
(percentage of critical) [%]

Frequency of upper retained 18.0 18.7 27.4 32.4
Craig–Bampton mode [Hz]

speeds, it is assumed to be sufficient for the comparative
nature of this study. Coherence was set in accordance with
IEC standard 61400-1 Ed. 3 (IEC, 2005) (au = 12.0 and
bu = 0.353× 10−3; av, aw→∞; bv, bw = 0). The signifi-
cant wave height, Hs, and peak period, Tp, were also esti-
mated from the NORA3 dataset at Utsira Nord.Hs was taken
as the 90th percentile conditional on uhub and Tp as the mean
value conditional on Hs. The Pierson–Moskowitz spectrum
(Pierson and Moskowitz, 1964) was applied for the genera-
tion of long-crested irregular waves aligned with the mean
wind direction.

The environmental load cases are summarized in Table 4,
and the estimated wind directions are plotted in Fig. 3. Note
that the turbulence intensity increases with wind speed, while
the veer gradient decreases with wind speed. For each load
case, a number of different wind fields were simulated to
evaluate the influence of the different wind properties. These
wind fields are summarized in Table 5.

The turbulent inflows were based on the Kaimal spectrum
with the exponential coherence model (Kaimal et al., 1972)
and generated using TurbSim (Jonkman, 2016). The TurbSim
temporal and spatial resolution is presented in Table 6.

Simulations of 1 h were considered for each load case. To
avoid transients, a total simulation length of 4600 s was ap-
plied, but only the final 3600 s were used in post-processing.

3.3 Damage equivalent loads

3.3.1 Tower and blade damage equivalent load

Short-term DELs were calculated for each time series ac-
cording to Eq. (5) (Hayman, 2012) using Python scripts from
the Wind Energy Library (Branlard, 2024, 2017). The load
ranges, assuming zero mean and without the Goodman cor-
rection, LR

i , were found from rainflow counting. ni is the
number of load cycles for each load range, neq is the total
number of cycles in the time series and m is the Wöhler ex-
ponent.

DEL=

(∑
i

(
ni
(
LR
i

)m)
neq

) 1
m

(5)

The DEL has a constant amplitude and frequency, f eq, in
hertz, and produces the same short-term fatigue damage, D,
as the variable loads (Hayman, 2012):

D =
∑
i

ni

Ni
=
neq

Neq , neq
= f eqT , (6)

where T is the length of the time series in seconds,Neq is the
equivalent number of load cycles until failure under the cal-
culated DEL, and Ni and ni are the ith cycles to failure and
number of load cycles for a time series, respectively. Here,
an equivalent frequency, f eq, of 1 Hz was applied. The load
ranges were divided into 100 bins. The Wöhler exponent was
taken as 10 for the blades (Jonkman and Matha, 2011) and
4 for the tower. The latter choice was a compromise based
on an investigation of tower stress cycles from the analyses,
showing stress cycles distributed on both sides of the transi-
tion point of the bi-linear S–N curve (m= 3 and m= 5, in
accordance with DNV-RP-C203 (DNV, 2019)).

3.3.2 Main bearing damage equivalent loads

The bearing DEL formulation is different from that of the
tower and blades. First, the dynamic equivalent radial load,
P , is calculated:

P =XFr+YFa. (7)

Here, Fr =
√
F 2
y +F

2
z and Fa = Fx are the time series of

the radial and axial bearing loads. The upwind, non-locating
bearing was assumed to experience zero axial loads. Hence,
for the upwind bearing, Fa = 0 and P = Fr.
X and Y are radial and axial load factors, depending on

the ratio between axial and radial loads, Fa
Fr

. X and Y were
estimated based on product catalogs from two bearing man-
ufacturers (Koyo, 2022; NSK, 2025), as described by Krathe
et al. (2025b), and are listed in Table 7.

For each time step, i, the equivalent radial load, Pi , is cal-
culated and combined with the shaft speed, ni , and the du-
ration of each time step, ti , to form the short-term DELs of
the roller bearings. Similarly as for the DELs of the blade
and tower, this is a constant equivalent load that results in the
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Table 4. Load cases.

Load cases Mean wind speed Turbulence Shear Veer/backing Hs Tp Number of
at 150 m intensity exponent gradient seeds
[m s−1] [–] [–] [° m−1] [m] [s]

LC1 5.5 0.044 0.14 0.23/−0.23 2.15 8.72 6
LC2 8.5 0.048 0.11 0.17/−0.17 2.58 9.00 6
LC3 12.5 0.054 0.12 0.11/−0.11 3.35 9.51 6
LC4 16.5 0.061 0.14 0.08/−0.08 4.47 10.37 6

Figure 3. Mean wind vector at different heights for each load case and turbine showing changes in wind direction (veer) and mean velocity
(shear) with height. The color strength increases with height.

same damage as a time-varying load (Budynas and Nisbett,
2011).

DELMB =


Nt∑
i

ni tiP
10/3
i

Nt∑
i

ni ti


3/10

(8)

3.4 Modal analysis

Accurate estimation of full system natural frequencies is im-
portant to achieve a viable wind turbine design (Nielsen,
2024). Tower and rotor natural frequencies were found
through modal analysis by linearizing the standstill turbine
(generator locked) in OpenFAST (Jonkman et al., 2018) us-
ing the automated Campbell diagram code (ACDC) (Slaugh-
ter, 2024). The mooring lines were replaced by linear springs
to facilitate the detection of modes in the modal analysis.
Rigid-body-mode natural frequencies were found through
decay tests. Aerodynamics were omitted and still water was
considered for both methods. Such procedures are commonly
applied to identify modes and natural frequencies of float-
ing wind turbines (Browning et al., 2014; Robertson et al.,
2014, 2017).

3.5 Load analysis

3.5.1 Main bearing loads

It is difficult to compare main bearing loads directly between
the rigid and flexible drivetrain models, as the rigid drivetrain
model does not output bearing loads. Analytical calculations
could be applied, but they are complex to derive when bear-
ings have coupling terms in their stiffness matrices. To ad-
dress this limitation, shaft axial loads and shaft pitch and yaw
moments are used as proxies for main bearing loads.

Because main bearing DELs are primarily driven by mean
loads, shaft mean loads will be most important for this met-
ric. However, given the uncertainty in using L10 lives to pre-
dict main bearing failure, load standard deviations are also
reported to provide additional insight. The aim is to give a
broader understanding of drivetrain flexibility and veer ef-
fects on main bearing loads.

Main bearing load statistics (mean and standard devia-
tion) and their sensitivity to bearing stiffness are discussed in
Sect. 4.1.3. The influence of veer on load standard deviations
is presented in Sect. 4.2.3. Shaft loads as proxies for main
bearing loads are applied when comparing response with
rigid and flexible drivetrain models, detailed in Sect. 4.1.2.

Wind Energ. Sci., 10, 2903–2923, 2025 https://doi.org/10.5194/wes-10-2903-2025



V. L. Krathe et al.: Effects of veer and drivetrain flexibility on floating turbines 2911

Table 5. Wind fields including different properties. All conditions include waves.

Label U V B ST SVT SBT

Description Uniform wind Veer Backing Shear and Shear, veer and Shear, backing and
turbulence turbulence turbulence

Table 6. TurbSim numerical setup.

Turbine 1t 1y 1z 1x Grid width Grid height
[s] [m] [m] [m] (LC1, LC2, LC3, LC4) [m] [m]

IEA 15 MW 0.05 4 4.24 0.275, 0.425, 0.625, 0.825 264 280
IEA 22 MW 0.05 4 4.10 0.275, 0.425, 0.625, 0.825 316 324

3.5.2 Spectral analysis

The spectral analysis (Ochi, 1990; Naess and Moan, 2012) of
loads enables the investigation of energy distribution across
frequencies and facilitates the identification of the sources of
response differences (Nybø et al., 2021). Response spectra
were calculated by means of Welch’s method with a Ham-
ming window using six segments and 50 % overlap, averaged
across seeds.

3.5.3 Isolated veer and backing effects

To understand the variations in loads with and without veer
and backing, a simplified study similar to that of Wagner
et al. (2010) was conducted for the 15 MW turbine. These
simulations were run without waves and controller, with con-
stant blade pitch and rotor speed, and with rigid blades.
Tower shadow was included. The load cases with 8.5 and
16.5 m s−1 mean wind speed at hub height were considered
(LC2 and LC4, respectively). In LC2, the average blade pitch
was zero, and in LC4, the blade pitch was 13.5°. Wind fields
without turbulence and shear were evaluated: “U” (uniform
wind), “B” (backing, no shear or turbulence) and “V” (veer,
no shear or turbulence). The results of this study are pre-
sented in Sect. 4.2.5.

4 Results and discussion

4.1 Sensitivity to drivetrain flexibility

4.1.1 Modal analysis

The results of the modal analyses are summarized in Ta-
ble 8 for the two turbines with rigid and flexible drivetrains.
For the IEA 15 MW turbine, the tower natural frequencies
are reduced by 2.2 % and 3.5 % when including the flexi-
ble drivetrain. Similarly, the natural frequencies of the asym-
metric blade flap mode with pitch and blade flap with yaw
are reduced by 2.2 % and 3.5 %, respectively. Considering
the IEA 22 MW turbine, the tower mode natural frequencies
are reduced by 7 %–9 % with the flexible drivetrain, and the

natural frequencies of the first asymmetric blade flap with
pitch and yaw are reduced by 9 % and 12.5 %, respectively.
Notably, for the 22 MW, the blade flap with yaw natural
frequency (0.32 Hz) falls within the 3P (blade-passing fre-
quency) regime (0.35 Hz at rated wind speed). It is, however,
important to recognize that the rotational speed will influence
the natural frequencies of the asymmetric rotor modes (typi-
cally, one will increase and one will decrease with rotational
speed) (Holierhoek, 2022).

4.1.2 Comparison of loads and DELs of rigid and
flexible drivetrains

A comparison of DELs extracted from simulations of the
flexible and rigid drivetrain models is presented in Fig. 4 for
each turbine. Only the SVT (shear, veer and turbulence) wind
fields are considered. Six seeds were simulated for all cases.
The differences are evaluated as follows:

Diff=
DELFlexible−DELRigid

DELRigid
× 100%. (9)

Based on these simulations, it is clear that the flexibility
of the drivetrain influences aero-elastic response, and the ef-
fect is significant for the 22 MW turbine tower-top moments.
For the tower-top fore-aft bending moment (My) and the tor-
sional moment (Mz), the flexible drivetrain reduces the DELs
by up to 6.8 % for the 15 MW turbine. The same responses
are reduced by up to 21.5 % for the 22 MW with a flexible
drivetrain. The differences are greatest at near- and above-
rated wind speed. Note that the tower-base and tower-top tor-
sional moments are equal. The blade-root flapwise damage
equivalent moments are less influenced when considering re-
sults averaged across seeds. They are reduced by a maximum
of 1.6 % for the 15 MW turbine and by a maximum of 4.1 %
for the 22 MW turbine. However, at 5.5 m s−1, the 22 MW
turbine shows a large scatter in blade-root flapwise DELs.

For the tower-base fore-aft bending moment, the effect is
generally small (below 3 % difference), except at 8.5 m s−1

for the 22 MW turbine, where the flexible drivetrain increases
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Table 7. Main bearing dynamic load factors.

Fa
Fr
≤ e

Fa
Fr
> e

X Y X Y e

MB1 (DSRB, non-locating) 1 n/a n/a n/a n/a
MB2 (DSRB, locating) 1 4.3 0.67 6.4 0.16

n/a: not applicable

Table 8. Damped natural frequencies (Hz) of the standstill floating IEA 15 and 22 MW turbines. The rigid body modes are the same across
drivetrain models.

Mode Description IEA 15 MW natural IEA 22 MW natural
frequencies [Hz] frequencies [Hz]

Rigid Flexible Rigid Flexible
drivetrain drivetrain drivetrain drivetrain

model model model model

1 Platform surge 0.007 0.009
2 Platform sway 0.007 0.009
3 Platform yaw 0.011 0.011
4 Platform pitch 0.036 0.038
5 Platform roll 0.036 0.038
6 Platform heave 0.049 0.055
7 1st tower fore-aft 0.461 0.445 0.289 0.269
8 1st tower side-side 0.464 0.454 0.296 0.270
9 1st asymmetric blade flap with pitch 0.545 0.533 0.399 0.364
10 1st asymmetric blade flap with yaw 0.514 0.496 0.366 0.320
11 1st collective blade flap 0.603 0.597 0.421 0.416
12 1st collective blade edge 0.696 0.688 0.512 0.503

seed-averaged DELs by 7 %. The first tower natural frequen-
cies of the IEA 22 MW turbine fall within the 3P region. At
8.5 m s−1, the tower natural frequency is close to the 3P fre-
quency (0.26 Hz) and is shifted even closer when the flexible
drivetrain is included. This could explain the increase in the
tower-base fore-aft bending moment DEL with flexible driv-
etrain in LC2. Ideally, the tower should be designed so that
its natural frequencies are outside of the 3P region, or the
controller should be adjusted.

As discussed in Sect. 3.5.1, shaft axial loads and bending
moments are considered as proxies for main bearing loads for
comparison between the rigid and flexible drivetrain model.
Mean loads and standard deviations are compared in the
same manner as the differences in DELs and presented in
Fig. 5. Differences in shaft mean loads are negligible. Since
main bearing DELs are primarily influenced by mean loads,
this result suggests that drivetrain flexibility would have a
low impact on them. Shaft axial load standard deviations in-
crease, while the shaft bending moment standard deviations
are reduced with the flexible drivetrain model. Again, the
most significant impact of drivetrain flexibility is seen for the
22 MW turbine, whereas the 15 MW turbine is less affected.
The greatest difference in axial load standard deviations is
seen for the largest wind speed and for LC2 when consider-
ing the bending moment standard deviations.

While drivetrain flexibility significantly influences the
structural response, especially for the 22 MW turbine, it does

not change the mean power output of the turbines. However,
the standard deviations of the power outputs are increased by
1.7 %, averaged across seeds.

4.1.3 Load and DEL sensitivity to bearing stiffness

There are large uncertainties in the main bearing stiffness es-
timates. A test using six seeds of the SVT wind fields was
conducted to evaluate effects of variations in bearing stiff-
ness: in addition to the medium bearing stiffness, simulations
were run with the low and high spring stiffness coefficients,
presented in Table 2. The differences in the tower and blade-
root DELs are presented in Fig. 6. The DEL differences are
calculated as

DiffLow =
DELLow stiffness−DELMedium stiffness

DELMedium stiffness
× 100% (10)

for the drivetrain model with low main bearing stiffness and
similarly for the model with high main bearing stiffness (re-
placing “Low” with “High”).

This span of variation in main bearing stiffness leads to
less than 2 % difference in blade-root and less than 1 % dif-
ference in tower-base DELs.

With tower-top moments, larger differences are seen, es-
pecially with reduced bearing stiffness. Low main bearing
stiffness reduces the damage equivalent fore-aft bending mo-
ment of the 15 MW turbine by up to 2 % and by up to 2.8 %
for the 22 MW turbine. For the torsional moment DEL of
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Figure 4. Tower and blade damage equivalent moments of the flexible drivetrain model compared to the rigid drivetrain model for the
IEA 15 MW and IEA 22 MW reference turbines. My and Mz are the fore-aft bending moment and the torsional moment, respectively. The
plot presents individual results for each seed using transparent markers, while the average across six seeds is shown with full opacity.

Figure 5. Differences in shaft load means and standard deviations among the rigid and flexible drivetrain models. Fx ,My andMz denote the
shaft axial force, pitch moment and yaw moment, respectively. The plot presents individual results for each seed using transparent markers,
while the average across six seeds is shown with full opacity.

the 15 MW turbine, less than 2 % reduction is seen with low
bearing stiffness, whereas for the 22 MW turbine, the same
DEL is reduced by 4 % for LC3. Higher main bearing stiff-
ness leads to small increases in DELs of less than 1.2 %.

Main bearing DELs and mean loads (not plotted) are min-
imally affected, with a maximum difference of 0.3 %. Differ-
ences in downwind main bearing radial and axial load stan-
dard deviations (also not plotted) were calculated in the same
manner as the differences in DELs. Reducing the bearing
stiffnesses leads to a reduction in radial load standard de-
viations of 2 % and 1.8 % (averaged across seeds) for the 15
and the 22 MW turbine, respectively. Increasing the bearing
stiffness is again less impactful, with a maximum increase
in radial load standard deviations of about 0.5 %. Axial load
standard deviations generally show low sensitivity to main
bearing stiffness, with a maximum 1.2 % increase with re-
duced bearing stiffness for the 22 MW turbine at the highest
mean wind speed. Similar results were seen for the upwind
main bearing radial loads.

These results indicate that the responses evaluated do not
change much with increased main bearing stiffness. As pre-
viously seen, the responses change more going from a rigid
drivetrain to a flexible drivetrain. This may indicate that
structural flexibility of the bedplate and shaft are more im-
portant when considering the effect of drivetrain flexibility

than main bearing stiffnesses. Note again that main bearing
stiffnesses are generally load dependent and that the assump-
tion of constant spring stiffness is a simplification.

4.2 Response to different wind fields

Because veer and backing are not mentioned in design stan-
dards, it is interesting to evaluate the importance of veer com-
pared to the typical design case with shear and turbulence. In
this section, the influence of veer and backing on different
load responses is investigated. Here, the results of the wind
field SVT (shear, veer and turbulence) and SBT (shear, back-
ing and turbulence) are compared to the ST (shear and turbu-
lence) wind field. All conditions include waves.

4.2.1 Tower and blade DELs

DELs for the tower-top fore-aft bending moment and tor-
sional moment, and the tower-base fore-aft bending mo-
ment are presented in Fig. 7 for wind fields ST, SVT and
SBT. Compared to variations between wind fields, variations
among seeds were generally small.

Considering tower-top DELs of the 22 MW turbine in
below-rated wind speeds, veer leads to a doubling of the
tower-top fore-aft DEL and an increase of more than three
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Figure 6. Tower and blade damage equivalent moments for the IEA 15 MW and IEA 22 MW reference turbines with varying main bearing
stiffness. My and Mz are the fore-aft bending moment and the torsional moment, respectively. The plot presents individual results for each
seed using transparent markers, while the average across six seeds is shown with full opacity.

times the tower-top torsional DEL than without veer. In near-
rated conditions (12.5 m s−1), SVT also leads to larger DELs
than ST, but this changes in above-rated wind speed, where
the ST wind fields lead to slightly higher DELs than the SVT
wind fields.

The wind fields with backing generate significantly lower
tower-top DELs compared to those with veer in below-rated
wind speeds. This is seen for both turbines, and the differ-
ences are again especially significant for tower-top torsional
moment. However, in LC1, adding backing leads to larger
DELs for the 15 MW turbine but not for the 22 MW turbine.
In LC4, SBT leads to larger tower-top moment DELs than
ST (up to 10 % increase for torsional moment DELs).

The differences among the wind field conditions are small
for the tower-base fore-aft bending moment DEL of the
15 MW turbine, while the tower base of the 22 MW experi-
ences a 20 % increase in fore-aft damage equivalent bending
moment in LC2 (8.5 m s−1) when veer is added.

Blade-root flapwise damage equivalent moments are plot-
ted in Fig. 8. Here, veer and backing have less influence on
the DELs (less than 6 % difference), except at 5.5 m s−1 for
the 22 MW turbine, in which the inclusion of veer leads to a
15 % increase in flapwise DELs.

4.2.2 Main bearing DELs

For main bearing DELs (not plotted), the differences between
the turbulent wind fields are small for the 15 MW turbine –
less than 2.5 %. With the inclusion of veer, an increase of up
to 6 % is seen for the upwind main bearing of the 22 MW
turbine at 8.5 m s−1 mean wind speed.

4.2.3 Main bearing radial load standard deviations

Main bearing radial load standard deviations are presented
in Fig. 9. Main bearing radial loads are mainly governed by
shaft pitch and yaw moment, and the results are similar to
those presented for the tower-top DELs. Below rated wind
speed, veer seems to be very important. This effect is reduced
with higher wind speed (and reduced veer gradient) where
turbulence prevails. Hart et al. (2022) found that the influ-

ence of veer on main bearing radial load fluctuations signifi-
cantly increased with turbine size. Here, the same is evident
in below-rated wind speeds, where veer generates a doubling
of radial load standard deviations for the 22 MW turbine and
a 40 % increase for the 15 MW turbine. Comparing backing
and veer in below-rated conditions, they also align with those
of Hart et al. (2022), who looked at veer at 10 m s−1 wind
speed (for a wind turbine with 11.4 m s−1-rated wind speed)
and found that veering wind led to higher main bearing radial
load fluctuations than backing.

4.2.4 Response spectra

Power spectral densities of the tower-top fore-aft bending
moment and blade-root flapwise moment are presented in
Figs. 10–13 for wind fields ST, SBT and SVT. For both
turbines, LC2 (8.5 m s−1) covers an operational area with a
varying rotor speed. Hence, for this load case, the 3P peak is
wider than for the other load cases.

For the tower-top fore-aft bending moment in below-rated
conditions, the 3P peak is generally lower than the turbu-
lence and wave excitation (far left and left of 3P, respectively)
when veer is not present. However, the 3P response is sig-
nificantly amplified by the addition of veer, leaving 3P the
dominant source of excitation. For the wind field with back-
ing, the peak is generally comparable to the wind field with-
out directional shear (ST), except for LC1 and LC3 for the
15 MW turbine, where backing leads to a higher peak (but
lower than SVT). The effect of veer is less significant for
near-rated wind speed (LC3), and above rated the 3P peak is
lower for SVT than for ST, and the SBT peak dominates. In
above-rated conditions, the 3P peak is more significant (rela-
tive to turbulence and waves) for the 15 MW turbine than for
the 22 MW turbine. Similar trends were found for the tower-
top torsional moment and the main bearing radial loads.

With the blade-root flapwise moments, 1P dominates in
above-rated conditions, with little difference between wind
fields and turbines, although the peaks are slightly higher for
SBT and ST than for SVT. Below-rated veer – along with
backing in LC1 for the 15 MW turbine – introduces a pro-
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Figure 7. Tower moment DELs for the wind fields ST, SVT and SBT from the flexible drivetrain model of the IEA 15 MW and IEA 22 MW
reference turbines. The colored bars and the black error bars represent the mean values and standard deviations across the seeds of the
turbulent wind fields, respectively. My and Mz are the fore-aft bending moment and the torsional moment, respectively.

Figure 8. Blade-root flapwise DELs for the wind fields ST, SVT and SBT for the flexible drivetrain model of the IEA 15 MW and IEA 22 MW
turbines. The colored bars and the black error bars represent the mean values and standard deviations across the seeds of the turbulent wind
fields, respectively.

nounced 2P peak that is nearly negligible in the ST case.
LC2 shows quite similar results for the two turbines: 2P is ex-
cited by the SVT wind field but not much by the ST and SBT
wind fields, while 1P is more excited by ST and SBT than
by SVT. This is also consistent with LC1. However, for LC1,
the 22 MW turbine is governed by 2P (and the low-frequency
turbulence), while the 15 MW turbine is dominated by 1P.
The 1P excitation of the blade is well understood and driven
by several characteristics of the turbulent wind field, includ-
ing vertical shear, coherent eddies, tower shadow, and seem-
ingly also wind directional shear. In contrast, the 2P exci-
tation seems to be predominantly governed by directional
shear, particularly veer. The increased significance of 2P for
the 22 MW compared to the 15 MW may be attributed to its
larger rotor diameter, which samples a broader range of wind
directions. As a result, the 22 MW is more affected by veer –
especially in LC1, which exhibits the strongest veer gradient
among the load cases.

It is seen that veer introduces a significant 2P response
in the blade-root bending moment in below-rated conditions.
It is further seen that veer becomes the dominant source
of excitation for the tower-top bending moment in below-
rated conditions, while backing generates more energy in the
above-rated conditions, with the contributions evident at 3P.

4.2.5 Azimuthal variation of load components

The results of the simplified study described in Sect. 3.5.3
are presented in Fig. 14. Generally, the main bearing radial
load was governed by the main bearing vertical load, and the
tower-top pitch moment followed the same trend as these two
load components. The main bearing lateral load followed the
same pattern as the tower-top yaw moment. Moreover, the
two main bearings showed similar behavior. Therefore, only
the radial load of the upwind main bearing and the tower-top
yaw moment are plotted here.
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Figure 9. Main bearing radial load standard deviations for the wind field ST, SVT and SBT for the flexible drivetrain model of the
IEA 15 MW and IEA 22 MW turbines. The colored bars and the black error bars represent the mean values and standard deviations (of
the standard deviations) across the seeds of the turbulent wind fields, respectively.

Figure 10. Power spectral densities of the IEA 15 MW turbine tower-top fore-aft bending moment for the wind fields SBT, SVT and ST.
The insets show the 3P frequency. Note the variations in the x axes of the insets. Note also the variations in the y axes among load cases.

For LC2, the same effect that Wagner et al. (2010) de-
scribed is seen: for backing, the angle of attack is smaller
and the relative wind velocity is larger, while the opposite
is true for veering wind. Angle of attack and relative wind
speed seem to cancel each other in the backing case and am-
plify each other in the veering case, leading to smaller and
larger amplitudes in the oscillations of the lift force, respec-
tively. This further increases variations in the blade out-of-
plane (OOP) bending moment in veer compared to backing.
It is seen that veering wind leads to larger load variations than
backing for both the main bearing radial loads and tower-
top yaw moment. The 3P excitation is clearly seen for both
cases, while there is a phase shift between backing and veer-
ing of 40 and 50° for the bearing radial loads and tower-top
yaw moment, respectively. These observations can explain
the difference in the 3P peak in the response spectra of the
main bearing radial loads and tower-top bending moments
when comparing backing and veer, and they can further ex-
plain the differences in tower DELs. The importance of 2P
with veer can be explained by the two peaks in the OOP
bending moment throughout one shaft rotation, at azimuth
angles of about 80 and 250° in the yellow curve (“V”) in
Fig. 14.

In LC4, differences in angle of attack between cases are
not as pronounced, whereas differences in relative wind

speed are quite similar to LC2. The large blade pitch angle
of LC4 may reduce the importance of aerodynamic loads on
the OOP bending moment relative to gravitational and iner-
tia loads. The OOP bending moment is mostly lower for the
backing case than the veering case, with a few exceptions
around 127 and 313°. For the main bearing radial loads, the
backing case exhibits larger load peaks and lower troughs
compared to the veering condition, again with a 3P pattern.
The tower-top yaw moment, on the other hand, experiences
larger peak loads in veering conditions, but the duration of
high loading is longer in the case of backing.

From this simplified study, it is seen that the effects of
backing and veer depend on the blade pitch and mean wind
speed, and that there is a phase shift and amplitude variation
in 3P loading between the two conditions. The mechanism
of the 2P loading in the blade-root OOP bending moment is
also discussed.

5 Conclusions

In this work, two large floating reference wind turbines were
considered. Each turbine was modeled in the coupled aero-
hydro-servo-elastic simulation tool OpenFAST, including a
flexible drivetrain model that incorporates drivetrain bend-
ing DOFs. These models were applied for two research pur-
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Figure 11. Power spectral densities of the IEA 22 MW turbine tower-top fore-aft bending moment for the wind fields SBT, SVT and ST.
The insets show the 3P frequency. Note the variations in the x axes of the insets. Note also the variations in the y axes among load cases.

Figure 12. Power spectral densities of the IEA 15 MW turbine blade-root flapwise moment for the wind fields. Note the variations in the
y axes among load cases.

Figure 13. Power spectral densities of the IEA 22 MW turbine
blade-root flapwise moment for the wind fields SBT, SVT and ST
for LC1. LC2–LC4 showed similar trends as the IEA 15 MW tur-
bine.

poses: first, the impact of drivetrain flexibility on aero-elastic
response was assessed; second, the influence of wind direc-
tional change with height (veer and backing) on the turbine
and main bearing DELs was investigated.

The results presented here are obtained within a set of lim-
itations and premises. First, with rotor spans of 240 m and
more, blade-bending and torsional flexibility become impor-
tant. This could be more appropriately represented by the
OpenFAST BeamDyn module compared to ElastoDyn. Is-
sues related to computational efficiency prevented these sim-
ulations from being performed with BeamDyn. However, fu-

ture work – aided by the upcoming upgrade to OpenFAST
with tight coupling that will greatly speed up simulations
with BeamDyn – should further investigate the interplay be-
tween blade flexibility and veer loading, and between blade
flexibility and drivetrain flexibility. Second, there are large
uncertainties with estimating main bearing stiffness coeffi-
cients of large main bearings, as these are not readily avail-
able from manufacturers. An attempt to account for this un-
certainty was made by considering a span of main bearing
stiffnesses. Load-dependent stiffness is not considered, and
neither is the flexibility of the main bearing housing. DELs
are applied to evaluate fatigue loading, but they do not cap-
ture all interactions between load components or multi-slope
S-N curves and do not accurately predict fatigue life. Finally,
regarding environmental conditions, a constant veer gradi-
ent throughout the rotor plane was considered, while non-
linear variations of wind direction with height were also ob-
served in the dataset. Similarly, a power law shear profile
was assumed, although the dataset showed that some wind
profiles associated with high veer were not well represented
by the power law. Moreover, TurbSim was applied for gener-
ating synthetic turbulence. The choice of turbulence models
and coherence is known to significantly influence the main
bearing fatigue estimates (Krathe et al., 2025a), floater mo-
tions (Nybø et al., 2022) and tower-top loads (Nybø et al.,
2021). Future studies should also combine veer and back-
ing with other turbulence and coherence models. Finally, a
similar analysis should be carried out for large floating wind
turbines supported by other types of platforms. For example,
spar-type wind turbines have less inertia and restoring in the
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Figure 14. The blade-root out-of-plane bending moment (OOP BM), main bearing radial load and tower-top yaw moment of the IEA 15 MW
turbine plotted against rotor azimuth angle, together with the angle of attack (α) and relative wind velocity (vrel) that the blade sees at 75 %
of its span. The blade is at its top position when the azimuth angle is 0/360° and passes the tower at 180°. Note that the blade pitch angle is
13.5° (toward feathered) for LC4 and 0° for LC2.

yaw degree of freedom and may be more susceptible to wind
veer.

The turbines with flexible drivetrains exhibit lower tower
and rotor natural frequencies. The first tower natural frequen-
cies are reduced by 2 %–3.5 % for the 15 MW turbine and by
7 %–9 % for the 22 MW turbine compared to models with
rigid drivetrains. Similarly, natural frequencies of the asym-
metric blade flap with pitch and blade flap with yaw modes
(for a standstill turbine without aerodynamics) are reduced
by 2 % and 3.5 % for the 15 MW turbine and by 9 % and
12.5 % for the 22 MW turbine. The asymmetric blade flap
with yaw mode falls within the 3P regime of the 22 MW
turbine, but this finding is for a standstill turbine, and fre-
quencies may change with wind and rotor speeds and aero-
dynamic loads.

Including the flexible drivetrain in the aero-hydro-servo-
elastic analysis leads to significant reductions in a tower-top
torsional and fore-aft damage equivalent bending moment for
the 22 MW turbine (21.5 %). Reductions are also seen for the
15 MW turbine (6.8 %). Blade-root flapwise damage equiva-
lent moments are less influenced but show seed-averaged re-
ductions of up to 4.1 % for the 22 MW turbine and 1.6 % for
the 15 MW turbine. The tower-base fore-aft damage equiva-

lent bending moment is generally little affected by the flex-
ible drivetrain, except at 8.5 m s−1 where it leads to a 7 %
increase in DEL for the 22 MW. This is likely because the
floating tower natural frequency of the IEA 22 MW turbine
falls within the 3P region (and more so with a flexible drive-
train), which is not an optimal design. Shaft mean loads see a
negligible impact of drivetrain flexibility, indicating that the
effect on main bearing DELs are small. However, shaft load
standard deviations are affected (mainly for the 22 MW tur-
bine), suggesting that incorporating drivetrain flexibility in
the model may predict lower variation in main bearing radial
loads, while main bearing axial load standard deviations will
increase.

For the second objective, four sets of load cases were de-
fined, two with mean wind speeds below-rated, one near-
rated (slightly above) and one above-rated wind speed. En-
vironmental data were estimated from NORA3 (Haakenstad
et al., 2021; Cheynet et al., 2023, 2024) at Utsira Nord, a lo-
cation intended for floating wind farms off the coast of Nor-
way. For each load case, a set of six wind fields were defined:
(1) uniform constant wind, (2) wind with a veer profile, (3)
wind with a backing profile, (4) wind with shear and turbu-
lence, (5) wind with shear, veer and turbulence, and (6) wind
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with shear, backing and turbulence. The last three wind fields
were combined with waves. Coupled aero-elastic simulations
were run for each turbine and each wind field in each load
case. DELs of the tower fore-aft bending moment and tor-
sional moment, blade-root flapwise moment and main bear-
ings were investigated.

When comparing turbulent wind fields with and without
veer and backing, it is clear that veer becomes very impor-
tant in some load cases. For the lowest wind speed (and
highest veer gradient), the tower-top DELs are underesti-
mated by 50 % (fore-aft bending moment) and 72 % (tor-
sional moment) for the 22 MW turbine when omitting veer.
For the 15 MW turbine, the corresponding underestimations
are 25 % and 47 %. Backing also leads to increased tower-top
DELs for the 15 MW at the lowest wind speed (5.5 m s−1,
16 % for the fore-aft bending moment, 32 % for the torsional
moment) but has a low effect on the DELs of the 22 MW tur-
bine in the same load case. With increasing wind speed (and
lower veer gradient and increasing turbulence intensity), veer
becomes less important. Similar trends are found for the main
bearing radial load standard deviations, while main bearing
DELs exhibit little impact of veer and backing. Blade-root
damage equivalent moments are also less affected, with an
exception of a 15 % increase in DELs at 5.5 m s−1 mean wind
speed for the 22 MW turbine when including veer.

Looking at the response spectra, 3P (not surprisingly) is
identified as the major driver of the differences in tower
DELs, while 1P and 2P frequencies govern the blade-root
flapwise DELs. A significant 2P peak occurs for the wind
fields including veer compared to those with backing in
below-rated wind speeds. The combination of changes in rel-
ative velocity and angle of attack are thought to cause these
differences between backing and veer.

To summarize, veer can be of very high importance to
tower-top DELs, depending on turbine size, veer gradient and
operating regime. Moreover, including drivetrain flexibility
in aero-elastic analyses significantly reduces the tower-top
DELs, especially for the largest turbine. Main bearing DELs
saw little effect from both veer and drivetrain flexibility. As-
suming fatigue according to ISO 281 is able to predict main
bearing failure rates, veer does not seem to be the source of
premature wind turbine main bearing failure. Recommenda-
tions for future work include investigating the influence of
low-level jets and other shear profiles on the main bearing
and tower-top response, preferably together with wind direc-
tional shear (veer and backing), and investigating the effects
of combining higher fidelity blade models with flexible driv-
etrains in aero-elastic analyses.
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