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Abstract. To reduce cost, 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.5

Two large floating wind turbines are considered: the International Energy Agency (IEA) 15 MW (Gaertner et al., 2020)

reference turbine with the University of Maine VolturnUS-S platform (Allen et al., 2020) and the IEA Wind 22 MW reference

turbine (Zahle et al., 2024a). Both are direct-drive generator turbines supported by semisubmersible platforms. Aero-hydro-

servo-elastic simulations are performed using OpenFAST, with drivetrain bending flexibility and main bearing response imple-

mented in the coupled analysis. The turbines are subjected to a set of load cases at below-, near- and above-rated mean wind10

speeds, assembled based on NORA3 hourly wind and wave hindcast data (Haakenstad et al., 2021) for Utsira Nord off the coast

of Norway (Cheynet et al., 2023, 2024). Within 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 global turbine response.

The results indicate that, depending on the veer gradient, operating regime and turbine size, veer can be very important for15

DELs of the tower top and blade root and for the fluctuations of the main bearing radial loads. Moreover, drivetrain flexibility

is found to influence global DELs, especially for the largest turbine. Comparing flexible and rigid drivetrains, 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. For the same turbine in below-rated wind speeds, the blade root flapwise DELs are reduced by up to 6 %.

1 Introduction20

Offshore wind turbines are expected to reach rated capacities of 15 MW and beyond (IRENA, 2019). With increasing turbine

size, the applicability of current modeling approaches becomes more uncertain. Mechanisms that have been neglected in the

design of smaller turbines may play an important role for larger wind turbines. Increased structural flexibility is one feature that

introduces new demands on state-of-the-art analysis tools. Another challenge emerges from the rotor extending deeper into, or
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even beyond, the atmospheric boundary layer (ABL), so that previous assumptions related to the wind profile and wind field25

can be questioned. In this work, both of these topics are investigated.

Based on the assumption of a relatively rigid drivetrain, main bearing response has traditionally been obtained by two

separate analyses. First, a global analysis, with the drivetrain represented by a torsional spring and damper, outputs shaft loads.

These shaft loads are then combined with either analytical calculations or a detailed local model of the drivetrain to obtain main

bearing loads. Analytical calculations are fast but complex to derive for bearings that have off-diagonal or moment-carrying30

stiffness terms. Local models are accurate but computationally expensive and time-consuming to develop. Additionally, the

decoupling of drivetrain flexibility from global turbine response becomes questionable as turbines become larger and more

flexible (Torsvik, 2020). For instance, Wang et al. (2021) found non-torsional modes of the drivetrain with lower natural

frequencies than the torsional mode when considering a fully coupled drivetrain-turbine model.

In design, the wind profile has typically been assumed as sheared (mean speed varying with height) but without variation35

of mean wind direction with height. A common definition of wind "veer" is the clockwise rotation of the mean wind direction

with height, while "backing" refers to winds rotating counterclockwise with height (Lundquist, 2022). Veer is a phenomenon

often associated with stable boundary layers (Stull, 1988). Shu et al. (2020) found the largest veer angles for neutrally strat-

ified boundary layers using lidar measurements off the coast of Hong Kong. Wind veer often stems from the influence of

frictional forces on the force balance. The frictional forces are present in the ABL, diminish with height, and are not present40

in the troposphere. Veer can also be a result of inertial oscillation in the ABL or horizontal temperature gradients (Lundquist,

2022). Offshore measurements near Martha’s Vineyard collected over 13 months showed that strong wind veer often occurred,

especially in the 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 backing occurred 70 % and 30 % of the time, respectively. A similar ratio of

backing to veer was found by Marini et al. (2025) based on 12 months of lidar measurements in Belgian waters (excluding45

June and August) and with occurrences of high veer gradients above 0.3° m−1. Shu et al. (2020) also found decreasing veer

gradient with increasing wind speed.

Two studies investigated the sensitivity of a 5 MW wind turbine to various modeling parameters; Robertson et al. (2019)

considered an onshore variant while Wiley et al. (2023) considered the same turbine atop a semisubmersible. Robertson et al.

(2019) observed that turbine fatigue loads (tower, blade-root and main shaft bending moments) were less influenced by veer50

than by turbulence and shear. Similarly, Wiley et al. (2023) found low sensitivity of fatigue-proxy loads to veer compared to

wind velocity standard deviation, turbulence coherence and the wave conditions. On the other hand, Hart et al. (2022) found

that veer significantly 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

deterministic wind fields. Larger veer led to larger fluctuations, while negative veer (backing) of the same magnitude led to a55

smaller increase in radial load fluctuations. Applying similarity scaling to 7.5 MW and 10 MW turbines, veer was seen to scale

more than cubically with rotor radius. 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
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though it is an inherent characteristic of the wind field. A rotor spanning 200 to 300 m can potentially sample a large variation

of wind directions, and it is important to understand the effects of veer on turbine loads.60

This paper addresses the influence of increased drivetrain flexibility and wind veer on damage-equivalent loads (DELs) in

the tower, blade root and main bearings for two floating turbines. A coupled drivetrain-turbine model was built in OpenFAST.

This modeling approach was previously verified against a multibody model (Krathe et al., 2025a) and applied in investigations

of wake effects on main bearings (Krathe et al., 2025b). The model includes a flexible bedplate and shaft, both represented by

linear beams, and flexible main bearings are included by means of constant stiffness matrices. The model enables investigation65

of the influence of drivetrain flexibility on the turbine response. It also allows for inclusion of main bearing off-diagonal

stiffness terms and direct extraction of main bearing response from global analyses. With regards to veer, reanalysis data

from NORA3 (Haakenstad et al., 2021; Cheynet et al., 2024, 2023) were applied to estimate appropriate veer gradients and

accompanying turbulence intensities, shear profiles and wave conditions for four different mean wind speeds for the Utsira

Nord site, designated for floating wind farms.70

Section 2.1 describes the reference wind turbines and the flexible drivetrain model. Section 2.2 presents the load cases and

the derivation of the environmental conditions. Section 2.3 explains the calculation of DELs. Section 3 presents and discusses

the results, including modal analysis of the turbines with and without flexible drivetrains (Sect. 3.1), influence of drivetrain

flexibility on turbine response (Sect. 3.2), and the DELs of the tower, blades and main bearings subjected to various wind fields

(Sect. 3.3). Conclusions are summarized in Section 4.75

2 Methodology

2.1 Wind turbine model

2.1.1 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 supported80

by semisubmersible floating platforms with one centered column, three radially spaced columns and three catenary mooring

lines. The main properties of the turbines 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 controller (Ab-

bas et al., 2024) was applied for each turbine. For such large rotors, it is generally recommended to account for large deflections85

in OpenFAST by modeling the blades using the geometrically exact beam theory in the module BeamDyn. Unfortunately, it

was not computationally feasible to combine BeamDyn and the drivetrain model described in Sect. 2.1.2 for the floating tur-

bines. Instead, ElastoDyn was applied, using a modal representation of the blades. Tower influence on wind speed was included

using potential flow theory with the Bak correction (Bak et al., 2001).
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Table 1. Main parameters of the floating turbines

Turbine Hub height

[m]

Rotor diame-

ter [m]

Rated wind

speed [m s−1]

Rated power

[MW]

Rated rotor

speed [rpm]

Shaft

tilt angle [°]

Water

depth [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.

2.1.2 Drivetrain model90

In this work, the two reference OpenFAST models (Barter et al., 2024; Zahle et al., 2024b) were modified to include a flex-

ible drivetrain, modeled together with the tower in the OpenFAST linear finite element module SubDyn (NREL, 2024). This

methodology was previously 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 coupled, global analyses. Flexible beams were applied to represent the bedplate and shaft, and constant springs represented95

the main bearings. Additional drivetrain mass and inertia were modeled using point masses. 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 SubDyn. Figure 2 presents the two versions of the global model

with flexible and rigid drivetrains.

For the flexible drivetrain, the bedplate and shaft geometry and material properties were obtained directly from the WISDEM100

framework for each turbine (Barter et al., 2024; Zahle et al., 2024b). The bearings are taken as two spherical roller bearings
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Figure 2. Flexible and rigid drivetrain models in an aero-hydro-servo-elastic simulation framework. Local and global coordinate systems,

applied for the main bearings and tower response, respectively, are also presented. From Krathe et al. (2025b) with modifications.

(SRBs): an upwind non-locating SRB and a downwind locating SRB. The upwind and downwind main bearings are referred

to as MB1 and MB2, respectively. The diagonals of the main bearing stiffness matrices were estimated using Schaeffler’s

tool (Schaeffler, 2025) considering the force and deflection of the bearings for a number of different combinations of mean

loads.105

SRBs 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 Table 2. Note that the main

bearing stiffness estimates differ from those presented by Krathe et al. (2025b) due to updates in estimation methodology. Note110

also that there are large uncertainties in the main bearing stiffness estimates, and that applying constant stiffnesses is in itself

an approximation. Therefore, 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. 3.2.2, the sensitivity of results to main bearing

stiffness is discussed.

Table 3 documents the numerical setup in SubDyn for the different versions of the two turbine models. The IEA 22 MW115

turbine and IEA 15 MW turbine were run with a glue-code (OpenFAST) time step of 0.0015 s and 0.0025 s, respectively.
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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. 3.2.2.

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

15 MW, MB1 0 1.04E10/ 2.09E10 / 2.75E10 0

15 MW, MB2 1.32E8/ 1.85E8/ 2.13E8 7.35E10/ 8.41E10/ 8.96E10 5.27E8/ 1.05E9/ 1.38E9

22 MW, MB1 0 2.39E10/ 3.50E10/ 3.99E10 0

22 MW, MB2 2.12E8/ 6.67E8/ 1.27E9 3.85E10/ 6.53E10/ 9.16E10 1.21E9/ 1.78E9/ 2.06E9

Table 3. SubDyn numerical setup. The glue-code (OpenFAST) time steps were set similar to the SubDyn time steps.

Parameter IEA 15 MW

flexible drivetrain

IEA 15 MW

rigid drivetrain

IEA 22 MW

flexible drivetrain

IEA 22 MW

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 modes damping

(percentage of critical) [%]

0.5 0.5 0.5 0.5

Frequency of upper retained Craig–Bampton mode

[Hz]

18.0 18.7 27.4 32.4

2.2 Environmental load cases

2.2.1 Environmental data

NORA3 (Norwegian Reanalysis) (Haakenstad et al., 2021; Haakenstad and Breivik, 2022) is a wind and wave hindcast dataset

for Northern Europe (Cheynet et al., 2024). It spans 1982 to 2022, has a horizontal resolution of 3 km, a temporal resolution120

of 1 hour, and is a downscale of the ERA5 reanalysis (Hersbach et al., 2020). Based on NORA3, Cheynet et al. (2023, 2024)

generated spatially averaged data for two Norwegian offshore wind turbine locations. In this work, 1-hour median data for

the deep-sea location Utsira Nord, designated for floating offshore 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):125

β =
θtop− θbottom

ztop− zbottom
(1)

where θtop and θbottom are the mean wind direction at heights ztop = 250 m and zbottom = 10 m, respectively, to obtain wind

directions representative of the rotor span. While the datasets yield different gradients for veer and backing, for comparability,

the estimates for veer gradients were applied for the load cases with backing. Moreover, a constant gradient was assumed.
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Although several researchers have shown that the power law profile is not able to represent realistic wind profiles (Sathe et al.,130

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, ū(z), as follows:

ū(z) = ūhub

(
z

zhub

)α

(2)

The power law exponent, α, was found by fitting the power law using Scipy’s nonlinear least squares fit (Virtanen et al., 2020)

with data points up to 500 m. Although the two turbines in question have different hub heights, for simplicity, the reference135

mean wind speed is taken at the hub height of the IEA 15 MW turbine. That is, zhub = 150 m and ūhub = ū|z=150 m.

2.2.2 Load cases

Four mean wind speeds at 150 m were selected: two below-rated wind speed (5.5 m s−1, 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 ūhub was chosen.

The power law exponent, α, was found as the mean value conditional on ūhub (± 0.5 m s−1) and β (± 0.3° m−1). Turbulence140

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

( ūhub

10
− 1
)](zhub

10

)−0.2

(3)

Although this formulation of turbulence intensity was developed for neutral conditions and moderate to strong wind 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 = 0.353E-03; av , aw →∞; bv , bw = 0). The significant wave height, Hs, and145

peak period, Tp, were also estimated from the NORA3 dataset at Utsira Nord. Hs was taken as the 90th percentile conditional

on ūhub, and Tp as the mean value conditional on Hs. The Pierson–Moskowitz spectrum (Pierson and Moskowitz, 1964) was

applied for the generation of irregular waves.

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, a150

number of different wind fields were simulated to evaluate the influence of the different wind properties. These wind fields are

summarized in Table 5.

One-hour simulations were considered for each load case. To avoid transients, a total simulation length of 4600 s was applied,

but only the final 3600 s were used in post-processing.

2.2.3 Turbulence model155

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. The choice of

turbulence models and coherence is known to significantly influence the main bearing fatigue estimates (Krathe et al., 2024),

floater motions (Nybø et al., 2022) and tower-top loads (Nybø et al., 2021). Future studies should also combine veer and

backing with other turbulence and coherence models.160
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Table 4. Load cases.

Load

cases

Mean wind speed at

150 m [m s−1]

Turbulence

intensity [-]

Shear

exponent [-]

Veer/backing

gradient [° m−1]

Hs [m] Tp [s] Number

of seeds

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.

2.3 Damage equivalent loads

2.3.1 Tower and blade damage equivalent load

Short-term DELs are calculated for each time series according to Equation 4 (Hayman, 2012) using Python scripts from the

Wind energy library (Branlard, 2024, 2017). The load ranges, assuming zero mean and without the Goodman correction, LR
i ,

are found from rainflow-counting. ni is the number of load cycles for each load range, neq is the total number of cycles in the165

time series, and m is the Wöhler exponent.
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Table 5. Wind fields including different properties. All conditions include waves.

Label U V B SV ST SVT SBT

Description Uniform

wind

Veer Backing Shear and

veer

Shear and

turbulence

Shear, veer and

turbulence

Shear, backing

and turbulence

Table 6. TurbSim numerical setup.

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

DEL =

(∑
i

(
ni

(
LR

i

)m)

neq

) 1
m

(4)

The DEL has a constant amplitude and frequency, feq , in hertz, and produces the same short-term fatigue damage, D, as the

variable loads (Hayman, 2012):

D =
∑

i

ni

Ni
=

neq

Neq
, neq = feqT (5)170

where T is the length of the time series in seconds, Neq is the equivalent number of load cycles until failure, and Ni and ni are

the ith cycles to failure and number of load cycles for a time series, respectively. Here, an equivalent frequency, feq , of 1 Hz

is applied. The load ranges are divided into 100 bins. The Wöhler exponent is taken as 10 for the blades 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 transition point of the bilinear SN-curve (m = 3 and m = 5).175

2.3.2 Main bearing damage-equivalent loads

For the main bearings, the DEL formulation differs from that of the tower and blades. First, the dynamic equivalent radial load,

P , is calculated:

P = XFr + Y Fa (6)

Here, Fr =
√

F 2
y + F 2

z and Fa = Fx are the time series of the radial and axial bearing loads. Only the downwind locating180

bearing experiences axial loads; hence, for the upwind bearing, P = Fr. X and Y are radial and axial load factors, depending

on the ratio between axial and radial loads, Fa

Fr
. These factors were estimated based on product catalogs from two bearing

manufacturers (Koyo; NSK), as described by Krathe et al. (2025b), and are listed in Table 7.
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Table 7. Main bearing dynamic load factors.

Fa
Fr
≤ e Fa

Fr
> e

X Y X Y e

MB1 (SRB, non-locating) 1 NA NA NA NA

MB2 (SRB, locating) 1 4.3 0.67 6.4 0.16

For each time step, i, the equivalent radial load, Pi, is calculated and combined with the shaft speed, ni, and the duration of

each time step, ti, to form the short-term DELs of the roller bearings (Budynas et al., 2011):185

DELMB =




Nt∑

i

nitiP
10/3
i

Nt∑

i

niti




3/10

(7)

3 Results and discussion

3.1 Modal analysis

Tower and rotor modes were found through modal analysis by linearizing the standstill turbine in OpenFAST using the Au-

tomated Campbell Diagram Code (ACDC) (Slaughter, 2024). Aerodynamics were omitted and mooring lines were replaced190

by linear springs to facilitate detection of modes. Rigid-body mode natural frequencies were found through decay tests. The

results are summarized in Table 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 flexible drivetrain. Similarly, the natural frequencies of

the asymmetric blade flap mode with pitch and blade flap with yaw are reduced by 2.2 % and 3.5 %. Considering the IEA 22

MW turbine, the tower mode natural frequencies are reduced by 7–9 % with the flexible drivetrain, and the natural frequencies195

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 frequency) 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 rotor

asymmetric rotor modes (typically one will increase and one will decrease with rotational speed) (Holierhoek, 2022).
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Table 8. Damped natural frequencies (Hz) of the standstill floating IEA 15 MW and 22 MW turbines. The rigid body modes are the same

across drivetrain models.

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

Rigid drivetrain

model

Flexible drivetrain

model

Rigid drivetrain

model

Flexible drivetrain

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

3.2 Sensitivity to drivetrain flexibility200

3.2.1 Rigid and flexible drivetrain

A comparison of DELs extracted from simulations of the flexible and rigid drivetrain models are presented in Fig. 4 for each

turbine. Only the SVT (shear, veer and turbulence) wind fields are considered, with one seed. The differences are compared as

follows:

Diff =
DELFlexible−DELRigid

DELRigid
× 100 % (8)205

Based on these simulations, it is clear that the flexibility of the drivetrain influences global response, and the effect is much

more significant for the 22 MW turbine. For the tower-top fore-aft bending moment (My) and the torsional moment (Mz), the

flexible drivetrain reduces the DELs by up to 6.5 % for the 15 MW turbine. The same responses are reduced by up to 22 % for

the 22 MW with a flexible drivetrain. The differences are most significant at near- and above-rated wind speed. Note that the

tower-base and tower-top torsional moments are equal. The blade-root flapwise damage-equivalent moments are reduced by a210

maximum of 1.5 % for the 15 MW turbine, and by a maximum of 6 % for the 22 MW turbine, but increase by 1.3 % near rated

wind speed for the latter.
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For the tower-base fore-aft bending moment, the effect is generally small, except at 8.5 m s−1 for the 22 MW turbine, where

the flexible drivetrain increases DELs by 9 %. The first tower natural frequencies 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 frequency (0.26 Hz) and is shifted even closer when215

the flexible drivetrain is included. This could explain the increase in tower-base fore-aft bending moment DEL with flexible

drivetrain in LC2. Ideally, the tower should be designed so that its natural frequencies are outside of the 3P region.
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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 torsional moment, respectively.

It is difficult to compare main bearing loads between the rigid and flexible drivetrain model because the rigid drivetrain model

cannot output bearing loads directly. Analytical calculations could be applied, but they are complex to derive for bearings with

coupling terms in their stiffness matrices. As a proxy for main bearing loads, the standard deviations of the shaft axial load and220

the pitch and bending moments are compared among the two models and presented in Fig. 5, calculated in similar manners

as the differences in DELs. Shaft axial load standard deviations increase while 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 considering bending moments.225

5.5 8.5 12
.5

16
.5

Mean wind  peed [m  −1]

0
1
2
3
4
5

St
d 
di
ffe

re
nc

e 
 [%

] Shaft Fx
IEA 15 MW
IEA 22 MW

5.5 8.5 12
.5

16
.5

Mean wind  peed [m  −1]

−20
−16
−12
−8
−4
0

St
d 
di
ffe

re
nc

e 
 [%

] Shaft My

5.5 8.5 12
.5

16
.5

Mean wind  peed [m  −1]

−12.5
−10.0
−7.5
−5.0
−2.5
0.0

St
d 
di
ffe

re
nc

e 
 [%

] Shaft Mz

Figure 5. Differences in shaft load standard deviations among the rigid and flexible drivetrain models. Fx, My and Mz denote the shaft axial

force, pitch moment and yaw moment, respectively.
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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 up to

2.5 %.

3.2.2 Sensitivity to bearing stiffness

There are large uncertainties in the main bearing stiffness estimates. A test with one seed of the SVT wind fields was performed230

to evaluate effects of variations in bearing stiffness: 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 =
DELLowstiffness−DELMediumstiffness

DELMediumstiffness
× 100 % (9)

for the drivetrain model with low main bearing stiffness, and similarly for the model with high main bearing stiffness (replacing235

"Low" with "High").
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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 torsional moment, respectively.

This span of variation in main bearing stiffness leads to a maximum of 1.5 % difference in blade-root DELs and 0.6 %

difference in tower-base DELs. Main bearing DELs (not plotted) are even less affected, with a maximum difference of 0.3 %.

With regard to tower-top moments, larger differences are seen, especially with reduced bearing stiffness. Low main bearing

stiffness reduces the damage-equivalent fore-aft bending moment of the 15 MW turbine by up to 2.2 % and by up to 2.8 % for240

the 22 MW turbine. For the torsional moment DEL of 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 stiffness leads to

small increases in DELs of up to 1 %.

Differences in downwind main bearing radial and axial load standard deviations are plotted in Fig. 7, calculated in the same

manner as the differences in DELs. Reducing the bearing stiffnesses leads to a reduction in radial load standard deviations of245

about 2 % for both turbines. Increasing the bearing stiffness is again less impactful, with a maximum increase in radial load
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standard deviations of about 0.9 %. Axial load standard deviations generally show low sensitivity to main bearing stiffness,

with maximum 1.2 % increase with reduced bearing stiffness for the 22 MW turbine. Similar results were seen for the upwind

main bearing radial loads.
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Figure 7. Downwind main bearing axial (Fa) and radial (Fr) load standard deviations of the IEA 15 MW and IEA 22 MW reference turbines

with varying main bearing stiffness. The upwind main bearing radial loads showed similar trends.

3.3 Response to different wind fields250

Because veer and backing are not mentioned in design standards, it is interesting to evaluate the importance of veer compared

to the typical design case with shear and turbulence. In this section, the influence of veer and backing – relative to shear and

turbulence – on different load responses is investigated. Here, the results of the wind fields SVT (shear, veer and turbulence),

SBT (shear, backing and turbulence), SV (shear and veer), and ST (shear and turbulence) are compared. All conditions include

waves.255

3.3.1 Tower and blade DELs

DELs for the tower-top fore-aft bending moment and torsional moment, and the tower-base fore-aft bending moment are

presented in Fig. 8 for wind fields SV, ST, SVT and SBT. Compared to variations between wind fields, variations among seeds

were generally small.

Considering tower-top DELs, veer is more important than turbulence for both turbines in below-rated wind speeds, evident260

from the fact that both SV and SVT DELs are larger than ST DELs. For the 22 MW turbine in these conditions, veer leads to a

doubling of the tower-top fore-aft DEL and an increase of more than 3 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 wind265

speeds. This is seen for both turbines, and the differences 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).
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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 experiences a 20 % increase in fore-aft damage-equivalent bending moment in270

LC2 (8.5 m s−1) when veer is added.
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Figure 8. Tower moment DELs for the wind fields SV, 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 torsional moment, respectively.

Blade-root flapwise damage-equivalent moments are plotted in Fig. 9. 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 15 %

increase in flapwise DELs.

3.3.2 Main bearing DELs275

Main bearing DELs are presented in Fig. 10. 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. For the below-rated conditions, turbulence is of secondary importance, as SV and SVT give

similar DELs.

3.3.3 Main bearing radial load standard deviations280

Main bearing radial load standard deviations are also presented, see Fig. 11. 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,
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Figure 9. Blade-root flapwise DELs for the wind fields SV, 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.
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Figure 10. Main bearing DELs for the wind fields SV, 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.

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 influence of veer on main bearing radial load fluctuations significantly increased with

turbine size. Here, the same is evident in below-rated wind speeds, where veer is generating a doubling of DELs for the 22285

MW turbine and 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.

3.3.4 Response spectra

Power spectral densities of the tower-top fore-aft bending moment and blade-root flapwise moment are presented in Figs. 12–15290

for wind fields ST, SBT and SVT. Similar plots for other responses can be found in Appendix A1. The spectra were calculated
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Figure 11. Main bearing radial load standard deviations for the wind fields SV, 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.

by means of Welch’s method with Hamming window using six segments and 50 % overlap, and averaged across seeds. 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, the peak at 3P is significantly amplified by the addition of veer in below-rated295

conditions. For the wind field with backing, the peak is generally comparable to the wind field without directional shear (ST),

except for LC1 for the 15 MW turbine, where backing leads to a higher peak (but lower than SVT). The effect of veer is

less significant 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 (relative to wind 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.300

With regard to 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, LC2 shows quite similar

results for the two turbines: 2P is excited 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 is well understood305

and driven by several characteristics of the turbulent wind field, including vertical shear, coherent eddies, tower shadow, and

seemingly also wind directional shear. In contrast, the 2P excitation 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.310
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Figure 12. 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.
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insets show the 3P frequency. Note the variations in the x-axes of the insets.
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Figure 14. Power spectral densities of the IEA 15 MW turbine blade-root flapwise moment for the wind fields SBT, SVT and ST.
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Figure 15. Power spectral densities of the IEA 22 MW turbine blade-root flapwise moment for the wind fields ST, SBT and SVT.
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3.3.5 Blade-root out-of-plane bending moment in backing and veering wind

Wagner et al. (2010) illustrated how the angle of attack and relative wind speed seen by the airfoil changes with the azimuth

position of a rotor blade. For a simple rotor at 8 m s−1 without blade pitch, for veering wind, they found that the angle of

attack was larger than for uniform wind while the relative wind speed was lower. The opposite was true for backing. These

combinations of angle of attack and relative wind speed led to larger amplitudes in the oscillations of the lift force for veer315

compared to backing. A similar study is presented in Fig. 16 for wind fields without turbulence for the 15 MW turbine: "U"

(uniform wind), "B" (backing, no shear or turbulence) and "V" (veer, no shear or turbulence). These simulations were run

without waves and controller, with constant blade pitch and rotor speed, and with rigid blades. The load cases with 8.5 m s−1

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°.320

For LC2, the same effect that Wagner et al. (2010) described 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 amplify each other in the veering case. This leads to larger variations in the blade

out-of-plane (OOP) bending moment in veer compared to backing. Moreover, the curves of the aerodynamic blade load (Fx)

and the OOP bending moment look similar. This indicates that differences in aerodynamic loads are the primary source of325

differences between the wind fields, while adding gravitation and inertia loads (as in the OOP bending moment) does not

change the curves much. This observation can explain the difference in the 3P peak in the response spectra of main bearing

radial loads and tower-top bending moments when comparing backing and veer, and it can further explain the differences

in DEL. The importance of 2P with veer can be explained by the two peaks in OOP bending moment throughout one shaft

rotation, at azimuth angles of about 80° and 250° in the yellow curve ("V") in Figure 16.330

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

quite similar to LC2. At the same time, the large blade pitch angle of LC4 may reduce the importance of aerodynamic loads

on OOP bending moment relative to gravitational and inertia loads. However, as the blade has a 13° pitch angle, it is not

straightforward to compare the aerodynamic load (Fx) and the OOP bending moment for this load case.

4 Conclusions335

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, incorporating drivetrain-bending degrees of

freedom. These models were applied for two research purposes: First, the impact of drivetrain flexibility on global response

was assessed. Second, the influence of wind directional change with height (veer and backing) on the global and main bearing

DELs was investigated.340

The results presented here are obtained within a set of limitations and premises. First, with rotor spans of 240 m and more,

blade-bending and torsional flexibility become important. This could be more appropriately represented by the OpenFAST

BeamDyn module compared to ElastoDyn. Issues related to computational efficiency prevented these simulations from being
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Figure 16. Blade-root out-of-plane bending moment (OOP BM) and total aerodynamic load on the blade in the flapwise direction (Fx) of

the IEA 15 MW turbine plotted against rotor azimuth angle together with angle of attack (α) and the 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. Note also that the aerodynamic load (Fx) is in a coordinate system that

pitches with the blade (Fx points into the rotor plane when the blade pitch is 0°).

performed with BeamDyn. However, future work – aided by the upcoming upgrade to OpenFAST with tight coupling that will

greatly speed up simulations with BeamDyn enabled – should investigate the interplay between blade flexibility and veer load-345

ing, and between blade flexibility and drivetrain flexibility. Second, there are large uncertainties with estimating main bearing

stiffness coefficients of large main bearings, as these are not readily available from manufacturers. An attempt to account for

this uncertainty was made by considering a span of main bearing stiffnesses. Finally, with regard to environmental conditions,

a constant veer gradient throughout the rotor plane was considered while other nonlinear variations of wind direction with

height were also observed in the dataset. Similarly, a power law shear profile was assumed, although the dataset showed that350

some wind profiles associated with high veer are not well represented by the power law. Moreover, TurbSim was applied for

generating synthetic turbulence; research has shown that different turbulence generators yield different fatigue loads.

The turbines with flexible drivetrains exhibit lower tower and rotor natural frequencies. The first tower natural frequencies

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 asymmetric blade flap with pitch and blade flap with yaw modes (for a standstill turbine355

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 frequencies may change with wind and rotor speeds and aerodynamic loads.
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Including the flexible drivetrain in the global analysis leads to significant reductions in tower-top torsional and fore-aft

damage-equivalent bending moment, especially for the 22 MW turbine (22 %), but also for the 15 MW turbine (6.5 %). Blade-360

root flapwise damage-equivalent moments are less influenced, but show reductions of up to 6 % for the 22 MW turbine and

1.5 % for the 15 MW turbine. The tower-base fore-aft damage equivalent bending moment is generally little affected by the

flexible drivetrain, except at 8.5 m s−1, where it leads to 9 % 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 drivetrain), which is

not an optimal design.365

For the second objective, four sets of load cases were defined, two with mean wind speeds below rated, one near (slightly

above) rated and one above rated wind speed. Environmental data were estimated from NORA3 data (Haakenstad et al., 2021;

Cheynet et al., 2023, 2024) at Utsira Nord, a location intended for floating wind farms off the coast of Norway. For each load

case, a set of seven wind fields were defined: 1) uniform constant wind, 2) wind with a veer profile, 3) wind with a backing

profile, 4) wind with a shear and veer profile, 5) wind with shear and turbulence, 6) wind with shear, veer and turbulence, and370

7) wind with shear, backing and turbulence. All conditions included waves. Coupled simulations were run for each turbine and

each wind field within each load case. DELs of the tower fore-aft bending moment and torsional moment, blade-root flapwise

moment and main bearings were investigated.

When comparing turbulent wind fields with and without veer and backing, it is clear that veer becomes very important in

some load cases. For the lowest wind speed (and highest veer gradient), the tower-top DELs are underestimated by 50 %375

(fore-aft bending moment) and 72 % (torsional 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 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 low effect on the DELs

of the 22 MW turbine 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, while380

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. The 2P peak is significantly larger for the wind fields including

veer than those with backing in below-rated wind speeds. The combination of changes in relative velocity and angle of attack385

are thought to cause these differences between backing and veer.

To summarize, veer can be of very high importance to DELs, depending on turbine size, veer gradient and operating regime.

Moreover, including drivetrain flexibility in global analyses significantly reduces the tower-top DELs, especially for the largest

turbine. Recommendations 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 directional shear (veer and backing), and investigating the390

effects of combining higher fidelity blade models with flexible drivetrains in global analyses.
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Code availability. Code applied to build OpenFAST drivetrain models is open access (Krathe, 2024).

Appendix A: Response spectra

A1 Turbulent, sheared wind with and without veer

A1.1 IEA 15 MW turbine395

Figures A1–A3 present power spectral densities of the tower-top torsional moment, tower-base fore-aft bending moment and

upwind main bearing radial loads of the IEA 15 MW turbine subjected to turbulent, sheared wind with and without veer.
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Figure A1. Power spectral densities of the IEA 15 MW turbine tower-top torsional moment for the wind fields ST, STB and SVT. The insets

show the 3P frequency. Note the variations in the x-axes of the insets.
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Figure A2. Power spectral densities of the IEA 15 MW turbine tower-base fore-aft bending moment for the wind fields ST, STB and SVT.

The insets show the 3P frequency. Note the variations in the x-axes of the insets.

A1.2 IEA 22 MW turbine

Figure A4 and Fig. A6 present power spectral densities of the tower-top torsional moment, tower-base fore-aft bending moment

and upwind main bearing radial loads of the IEA 22 MW turbine subjected to turbulent, sheared wind with and without veer.400
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Figure A3. Power spectral densities of the IEA 15 MW turbine upwind main bearing radial load for the wind fields ST, SBT and SVT. The

downwind main bearing showed similar trends. The insets show the 3P frequency. Note the variations in the x-axes of the insets.
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Figure A4. Power spectral densities of the IEA 22 MW turbine tower-top torsional moment for the wind fields ST, SBT and SVT. The insets

show the 3P frequency. Note the variations in the x-axes of the insets.
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Figure A5. Power spectral densities of the IEA 22 MW turbine tower-base 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.
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Figure A6. Power spectral densities of the IEA 22 MW turbine upwind main bearing radial load for the wind fields ST, SBT and SVT. The

downwind main bearing showed similar trends. The insets show the 3P frequency. Note the variations in the x-axes of the insets.
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