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Abstract
Increased wind turbine size raises unknowns related to structural flexibility. Moreover, moving to deeper waters, component
reliability becomes more critical. This work investigates main bearing response dependence on drivetrain flexibility and
wake impingement in a two-turbine wind farm. A 15-MW floating direct-drive turbine is considered. Large eddy simulations
(LES) are employed to model neutral, stable and unstable atmospheric conditions at below-rated mean wind speed, while the
engineering codes OpenFAST and FAST.Farm simulate turbine and wake behavior. Results indicate significant sensitivities
in fatigue estimates to lateral distance between the upstream and downstream turbine. The trends are most substantial in
stable conditions, where the waked downwind main bearing sees twice the fatigue damage estimates of the upstream turbine
for one position and 50% for another. Main bearing fatigue sensitivity to drivetrain flexibility is minor, while properly
including generator rotor inertia loads is important for the axial forces of the locating (axially fixed) bearing, especially in
stable conditions.

Keywords Main bearing · Floating wind turbine · Wake · Coupled analysis

1 Introduction

With rising energy demand and vast offshore areas, float-
ing wind turbines are considered a key part of future re-
newable energy sources. To limit installation and mainte-
nance costs, turbine rated capacities continue to grow, and
so do the structures. Larger turbines are generally more
flexible. Traditionally, drivetrain analyses are one-way cou-
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pled, modeled simply as a torsional spring-damper in global
analyses [1]. However, for large turbines, the eigenfrequen-
cies of drivetrain bending modes can be lower than those of
the torsional mode [2], bedplate flexibility can affect driv-
etrain loads [3] and bearing flexibility may be necessary to
include in aero-elastic (global) analysis [4].

Further from shore, reliability is key. Main bearings are
receiving increased attention, with research revealing pre-
mature failure [5, 6]. Asymmetric distribution of the wind
velocity across the rotor may result in larger main bearing
radial forces, while axial forces are governed by the rotor-
averaged wind velocity [7–10]. Asymmetric rotor loading
can be caused by shear [9, 10], large coherent structures
inherent in the turbulent atmospheric boundary layer [7, 8,
10] or by partial wake impingement [11].

A global model including drivetrain bending flexibil-
ity and main bearing stiffness was previously implemented
in the aero-hydro-servo-elastic code OpenFAST [12] for
a geared 10-MW wind turbine [10] and verified against
a coupled multibody model. Here, the same method was
employed for a 15-MW direct-drive floating turbine, com-
paring main bearing fatigue and load response to a one-
way coupled model with analytical bearing load calcula-
tions. The model was further applied to evaluate the main
bearing fatigue and load statistics for a waked turbine us-
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ing the wind farm engineering tool FAST.Farm [13]. Main
bearing response depends highly on wind field character-
istics [9, 10, 14], and so do the wake behavior [15, 16].
Therefore, large-eddy simulations (LES) were applied for
simulating three canonical boundary layers: stable, neutral
and unstable.

2 Methodology

2.1 Wind turbinemodel

2.1.1 Base case and software

The IEA 15-MW [17, 18] reference wind turbine (RWT)
supported by the UMaine VolturnUS-S floating plat-
form [19] was used as a base case. Main properties are
listed in Table 1. The steel semisubmersible has three ra-
dially spaced columns connected to a center column by
pontoons. The center column carries the tower and rotor-
nacelle-assembly, including a direct-drive generator, see
Fig. 1.

The turbine was modeled in the aero-hydro-servo-elastic
tool OpenFAST v3.5.3 [20]. Two models were considered:
One applying only a torsional degree of freedom of the
drivetrain, and one that additionally includes flexible main
bearings, shaft and bedplate. These models will be referred
to as the rigid and flexible drivetrain models, respectively.

Table 1 Main parameters of the IEA 15-MW floating RWT

Hub height
[m]

Rotor diameter
[m]

Rated wind speed
[m/s]

Rated power
[MW]

Rated rotor speed
[rpm]

Shaft tilt angle [°] Water depth
[m]

150 240 10.59 15 7.56 6.0 200

Fig. 1 The IEA 15-MW RWT.
a Direct-drive layout of the IEA
15-MW RWT [17], b UMaine
VolturnUS-S floating platform

OpenFAST integrates various modules to model differ-
ent aspects of wind turbine dynamics, such as aerodynamics
(AeroDyn) and hydrodynamics (HydroDyn). For structural
modeling, two modules are applied in this work: Elasto-
Dyn uses a combination of modal analysis and multibody
formulation, while SubDyn is a linear finite element frame-
work. Table 2 outlines the responsibilities of ElastoDyn
and SubDyn for the two models considered in this work.
In short, ElastoDyn takes care of the rotating components,
while SubDyn handles the parts not rotating with the rotor.

The approach for modeling the flexible drivetrain was
previously verified for a 10-MW bottom-fixed turbine by
comparing global and main bearing response to a multi-
body coupled model [10]. A visualization of the flexible
drivetrain can be found in Fig. 2. The main bearings are
represented by linear springs of stiffness KMB1 and KMB2

(upwind and downwind main bearing, respectively). The
shaft and the bedplate are modeled using linear, flexible
beams. The generator rotor and stator mass and inertia are
represented by point masses (Mgr and Mgs). Some details
are omitted for simplicity in this figure: The springs have
no length and the shaft and nose coincide (but have no con-
tact). The generator rotor mass and inertia Mgr and stator
mass Mgs have the same center of mass, but are attached
by rigid links to a point on the shaft upstream of MB1 and
in the nose, respectively. As the main bearings are mod-
eled explicitly in this setup, their forces can be obtained
directly from OpenFAST simulations. The WISDEM on-
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Table 2 Responsibilities of SubDyn (S) and ElastoDyn (E) modules for rigid and flexible drivetrain models

Component Module Rigid drivetrain Flexible drivetrain

Floating platform S Rigid

Tower S Flexible

Bedplate S – Flexible beam, stiff in torsion

Generator torque E X
Nacelle mass and inertia S Point mass

Generator stator mass and inertia S In nacelle mass Point mass

Generator rotor mass S In nacelle mass Point mass

Generator rotor inertia about local x E X
Generator rotor inertia about local y S In nacelle mass Point mass

Main bearings S – Linear springs

Stationary shaft S – Non-rotating, flexible beam, stiff in torsion

Drivetrain torsional degree of freedom E Spring and damper

Rotating shaft E Stiff

Rotor E Modal representation

Fig. 2 Flexible and rigid drivetrain models

tology framework [18] provided the drivetrain geometric
and material properties. To avoid duplicating drivetrain tor-
sional flexibility, which is already modeled in ElastoDyn,
the shaft, nose and bedplate were stiff in torsion. More de-
tails on this method are provided by Krathe et al. [10, 21].

The rigid drivetrain utilizes the traditional manner of
modeling the drivetrain in OpenFAST, namely with a tor-
sional spring and damper representing the drivetrain tor-
sion. To obtain main bearing forces from the rigid drive-
train model, analytical equations are applied, as presented
in Sect. 2.1.3.

The rest of the model follows the baseline floating 15-
MW RWT [18] with a ROSCO [22] collective blade pitch
and generator torque control. Potential flow tower influence

(shadow) on the inflow wind was included using a rigid
tower based on tower top motions via a small customiza-
tion of the OpenFAST source code. OpenFAST parameters
specific for the simulations in this work are provided in
Table 3.

2.1.2 Main bearings

For the flexible drivetrain model, stiffnesses of the main
bearings were needed. There is limited information about
the main bearings of the IEA 15-MW RWT. The speci-
fied bearings are an upwind locating double-row spherical
roller bearing (SRB) and a downwind non-locating compact
aligning roller bearing (CARB) [18].
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Table 3 OpenFAST settings

Parameter Flexible drivetrain Rigid drivetrain

SubDyn time step [s] 0.002

Glue-code time step [s] 0.002

Number of correction iterations [–] 1

Rayleigh damping constants, ˛, ˇ [–] 0, 0

Critical damping of first 6 Craig-Bampton modes [%] 0.50, 0.50, 0.50, 0.90, 0.90, 0.1

Number of retained Craig-Bampton modes [–] 17 12

Frequency of upper retained Craig-Bampton mode [Hz] 21.7 18.6

Main bearing spring stiffnesses were estimated using
Schaeffler’s online tool [23] which calculates bearing forces
and displacements based on shaft loads. No bearings with
inner diameters close to the nose of the IEA 15-MW RWT
(diameter of 2200mm) were available, so spring stiffness of
spherical roller bearings with diameters of 1000–1800mm
were estimated. The spring stiffness estimates were based
on curve-fitting of displacements and loads at 40–120% of
shaft mean loads at rated wind speed, and two load cases
with turbulent wind at 12m/s and 20m/s where the sum
of shaft mean loads and standard deviations were consid-
ered. A linear curve was then fitted to estimate the stiffness
for a 2200mm bearing. The spring stiffnesses are shown
in Table 4. Although spherical roller bearings subjected to
combined axial and radial loads may have cross-coupling
stiffness coefficients [24], a sensitivity study (not presented
here) showed that these off-diagonal terms had a negligi-
ble impact on the results of this work and were therefore
omitted.

2.1.3 Analytical calculations

In the rigid drivetrain model, analytical equations were used
to estimate main bearing forces. In these force and moment
balance considerations, the shaft was treated as a simply
supported beam with the main bearings as supports (Fig. 3).

Table 4 Main bearing spring stiffness in local coordinates

Bearing kxx [N/m] kyy [N/m] k´´ [N/m]

MB1 2.5E9 3.6E10 3.6E10

MB2 0 2.9E10 2.9E10

Fig. 3 Analytical load diagram of the shaft loads in local coordinate system. a Forces in local x, b Loads in local yx-plane, c Loads in local zx-
plane

Fis and Mis represent the forces and moments acting on the
shaft, including aerodynamic loads and loads due to rotor
mass and inertia, with i=x, y, z being in the local coordinate
system, but not rotating with the rotor. The shaft has a tilt
and the platform can pitch, so that local x and z do not
completely align with global X and Z. In this work, axial,
lateral/transverse and vertical bearing and shaft loads refer
to forces in local x, y and z, respectively. For load calcula-
tions in x and z, the generator rotor mass (mgr ) and inertia
(Jgry

) are included, accounting for the combined shaft tilt
and instantaneous platform pitch, �. The parameters used in
the analytical equations are listed in Table 5. Shaft mass is
included similarly as generator rotor mass, with parameters
msh and L1shm, but omitted from Fig. 3 and the analytical
equations presented here for simplicity.

The vertical forces applied from the bearings to the shaft
can be calculated as presented in Eq. 1 (forces on the bear-
ings are equal and with opposite sign).

F´MB1
=

−Mys −F´s .Lh1+L12/+mgr.at´+g cos �/.L12−L1grm/+Jgry ary

L12
;

F´MB2
=

Mys +F´s Lh1+mgr.at´+g cos �/L1grm−Jgry ary

L12
: (2)

Similarly, the bearing lateral forces on the shaft are found
as:

FyMB1
=

M´s
− Fys

.Lh1 + L12/

L12

; (3)

FyMB2
=
−M´s

+ Fys
Lh1

L12

: (4)

K



Forschung im Ingenieurwesen           (2025) 89:37    37 Page 5 of 18 0123456789

Table 5 Drivetrain geometric parameters

Parameter Description

Lh1 Distance between hub center and MB1 along shaft 4.97m

L12 Distance between MB1 and MB2 along shaft 1.20m

L1grm Distance between MB1 and generator rotor center of mass 0.58m

L1shm Distance between MB1 and shaft center of mass 0.1m

� Sum of shaft tilt and time-varying platform pitch 6° + �P tf m.t/

msh Shaft mass 15733kg

mgr Generator rotor mass 130349kg

Jgry Generator rotor mass moment of inertia about local y 972877kgm2

at´ Translational acceleration of the generator rotor mass in local z at´ .t /

atx Translational acceleration of the generator rotor mass in local x at´ .t /

ary Rotational acceleration of the generator rotor mass about local y ary .t /

g Gravitational acceleration 9.81m/s2

Only MB1 transfers axial loads and shaft axial loads are
calculated as:

FxMB1
= −Fxs

+ mgr .atx − g sin�/ : (5)

2.2 Fatigue calculations

This study aims to perform a comparative analysis of main
bearing fatigue under various conditions. Although the fa-
tigue damage calculation according to ISO 281 [25] may not
be appropriate for detailed fatigue assessments of bearings
of this size, it provides a suitable framework for compara-
tive analysis. The basic rating life provides an indication of
roller bearing fatigue damage (ISO 281 [25]):

L10 =

�
CD

P

�10=3

: (6)

Here, L10 is the basic rating life at 90% reliability in 106

revolutions and CD is the basic dynamic load rating. P is
the dynamic equivalent radial load,

P = XFr + YFa; (7)

where Fr =
q

F 2
y + F 2

´ and Fa = Fx . MB2 does not carry

axial loads and hence P = Fr . The radial and axial load
factors, X and Y, depend on the bearing nominal contact
angle and the load ratio of e = Fa

Fr
[25]. Detailed bearing

design is not the scope of this work, so these quantities were
estimated based on bearing catalogues from two manufac-

Table 6 Main bearing dynamic load factors
Fa

Fr
� e

Fa

Fr
> e

X Y X Y e

MB1 (SRB) 1 4.3 0.67 6.4 0.16

MB2 (CARB) 1 NA NA NA NA

turers [26, 27]. Each manufacturer’s three largest spherical
roller bearings were considered, all with similar fatigue pa-
rameters which were also applied here, see Table 6. The ref-
erence bearings have an inner diameter of 1200–1700mm,
while the IEA 15-MW shaft diameter is 2200mm.

As first suggested by Palmgren [28], main bearing fa-
tigue damage under time-varying loads can be estimated
assuming linear damage, see Eq. 8. Pi is the load level at a
given time step and li the number of low-speed shaft revo-
lutions for which the load level occurs.

D =
1

106C
10=3
D

NtX
i

li P
10=3
i (8)

li is calculated as li =
ni ti
60

, where ni is the shaft speed in rev-
olutions per minute and ti is the time increment in seconds,
here equal to the OpenFAST time step. The basic dynamic
load rating was not known for the bearings in question, and
therefore only normalized damage is presented in this work.

2.3 Load cases

Five configurations of two turbines separated by a stream-
wise distance of 7 rotor diameters (D) were considered.
The upstream turbine is denoted T1 and the downstream
turbine T2. The T2 lateral position varied across five loca-
tions (Fig. 4).

One-hour simulations of three different atmospheric con-
ditions with mean hub-height wind speed 8m/s were eval-
uated: stable, neutral and unstable. Table 7 summarizes the
load cases. For each load case, two simulations were run:
with a flexible drivetrain and with a rigid drivetrain. To re-
duce transients, the turbines see 600s of constant wind at
8m/s before 1 hour of turbulent wind fields are applied.

The significant wave height,Hs, and wave peak period, Tp

were taken as the most probable values based on a long-term
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Fig. 4 Load case setup. Mean wind direction denoted by U

Table 7 Load cases

Load
case

T2 lat-
eral
offsets
[m]

Stability
condition

Uhub

[m/s]
Simula-
tion time
[s]

Longitudinal
distance be-
tween T1 and
T2 [m]

LC1 –1D

LC2 –0.5D

LC3 0D

LC4 0.5D

LC5 1D

Stable,
neutral,
unstable

8 3600 7D

Table 8 Wave conditions

Uhub [m/s] Hs [m] Tp [s]

8 2.3 10.2

joint distribution of Uhub, Hs and Tp. Incident waves aligned
with the wind propagation direction were generated using
the Pierson-Moskowitz wave spectrum [29], see Table 8.
The distribution was computed for a site in the North Sea
with a water depth of 200m [30].

2.4 Large eddy simulations

Turbine response depends on the incoming inflow turbu-
lence. While simpler inflow models like the Kaimal spec-
trum with Davenport’s coherence model are appropriate
for conventionally neutral conditions, they have shortcom-

Table 9 Input parameters for the ABL LES cases, used to generate inflow to FAST.Farm. z0 is the aerodynamic surface roughness and zi is the
capping inversion height

Mean wind speed [m/s] Ref. height [m] z0 [m] zi [m] Surface heat BC Grid res. [m] Domain size [km]

x y z

Stable 8 150 0.05 450 –0.25K/h 2.5 3.84 1.28 6.4

Neutral 8 150 0.75 750 – 2.5 3.84 1.28 9.6

Unstable 8 150 0.75 850 0.05K-m/s 5 10.24 5.12 9.6

ings in representing turbulence statistics of non-neutral sta-
bility scenarios. Flow fields were therefore generated us-
ing high-fidelity LES of the atmospheric boundary layer
(ABL). Three canonical boundary layers were targeted: sta-
ble, moderately convective (unstable), and neutral. Elabo-
rate descriptions of the different stability regimes are given
by e.g. Holtslag [31]. In short, going from stable through
neutral to unstable conditions, wind shear is reduced while
turbulence intensity increases. The simulations were exe-
cuted using ExaWind’s AMR-Wind [32]. AMR-Wind is a
massively parallel, incompressible flow solver designed to
enhance the modeling and simulation capabilities of wind
farm aerodynamics and turbine performance.

The simulations were set up following best practices
from the wind energy community. The input parameters
for each boundary layer are given in Table 9. Domain ex-
tents were set appropriate for the expected integral scales
for each ABL, meaning that the unstable case had a much
larger extent.

The simulations were executed until the turbulence
reached a quasi-stationary state, identified by the conver-
gence of vertical profiles and turbulence statistics. For non-
neutral cases, energy is constantly being added or removed
from the system (by means of a heat flux in the case of
an unstable atmosphere and a cooling rate for stable), so
a start time was selected where quantities fell within de-
sired values. Further, LES was executed for 60 minutes
of simulated time saving the turbulence boxes needed for
FAST.Farm. Vertical profiles are shown in Fig. 5.

2.5 Wakemodeling

FAST.Farm is a time-domain engineering code for simu-
lating structural response and power production of multiple
wind turbines in a wind farm, with each turbine modeled by
OpenFAST. FAST.Farm accounts for wake effects based on
the dynamic wake meandering (DWM) model introduced
by Larsen et al. [13, 33], capturing wake velocity deficit,
meandering, and wake-added turbulence (WAT).

FAST.Farm uses either a polar or curled wake for-
mulation to solve velocity deficit evolution. The curled
wake, which includes cross-flow effects on wake vortic-
ities [34], forms a “kidney”-shaped wake and performs
better at estimating vertical wake deflection, as shown by
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Fig. 5 Horizontally averaged vertical profiles for the 3 cases of interest at the bottom 380m of the surface layer. Rotor extents are indicated by the
shaded region, centered around the dashed horizontal line at hub height. The profiles did not change in any appreciable amount during the interval
of interest

Table 10 Selected FAST.Farm input parameters

Mod_Wake [–] dr [m] NumRadii [–] NumPlanes [–] f_c [Hz] C_Meander [–] k_VortexDecay [–] k_vCurl [–]

2 16 24 400 0.007 2.1 0.0 5.0

Table 11 FAST.Farm inflow discretization

DT_Low-VTK [s] DT_High-VTK
[s]

DS_Low [m] DS_High [m] Low resolution box size [m] High resolution box size [m]

0.9 0.3 20 5 3720×1200×760 340×340×320

Carmo et al. [35]. Hence, the curled wake model was ap-
plied, together with wake swirl due to rotor torque. WAT,
additional small-scale turbulence behind turbines, was not
considered as it is not included in the current FAST.Farm
release [36].

Non-default FAST.Farm parameters are listed in Table 10,
and based on recommendations by Carmo et al. [35] and
Thedin et al. [37], along with guidelines for the curled
wake model [13]. A cut-off frequency, fc, close to the
surge natural frequency was applied to avoid nonphysical
wake planes due to T1 floater motions, as discussed by
Carmo et al. [35], and to reduce steps in the wake velocity
deficit [38].

FAST.Farm inflow discretization is shown in Table 11.
The curled wake model requires high temporal resolution
of the low speed turbulence box (less than 1s) to prevent
numerical instability. As this requirement is not physics-
related, the LES data (sampled at 3 s for the low resolution
box) were interpolated to achieve DT_Low-VTK = 0:9 s.

3 Results and discussion

3.1 Modal analysis

Damped natural frequencies of the flexible and rigid driv-
etrain models are presented in Table 12. The rigid body

modes were obtained through decay tests, whereas the
tower and blade modes were found by means of lineariza-
tion using ACDC [39]. To ease modal identification, the
mooring lines were replaced by linear springs and aerody-
namics were excluded.

The added flexibility of the drivetrain can explain the
2-7% differences in the asymmetric flap with pitch modes
and the 4-5% differences in asymmetric flap with yaw
modes, consistent with findings in previous work [10].
Closer investigation shows that bearing and bedplate flex-
ibility both contribute to lowering tower and asymmetric
rotor flap mode frequencies, while shaft flexibility is of less
importance.

3.2 Wake behavior

A wake-tracking python toolbox, SAMWICH [40], was
used to estimate the instantaneous wake-center, applying
the constant area method [41]. Wake center time series (yc,
zc) at 6.5D downstream of T1 are shown in Fig. 6, and time-
averaged velocity deficits at the same position in Fig. 7. The
wake deficit is lower for unstable conditions, because of
high turbulence intensity (leading to faster recovery), while
mean vertical deflection is larger. The increased mean de-
flection despite lower wake deficit could be explained by
the low shear in unstable conditions compared to stable
conditions. Above hub height, higher wind speed leads to
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Table 12 Damped natural frequencies of standstill floating turbine

Damped natural frequency [Hz]Mode Description

Rigid drivetrain model Flexible drivetrain model

1 Platform surge 0.007 0.007

2 Platform sway 0.007 0.007

3 Platform yaw 0.011 0.011

4 Platform pitch 0.036 0.036

5 Platform roll 0.036 0.036

6 Platform heave 0.049 0.049

7 1st tower fore-aft 0.461 0.444

8 1st tower side-side 0.468 0.453

9 1st asymmetric blade flap with pitch 0.546 0.534

10 1st asymmetric blade flap with yaw 0.515 0.495

11 1st collective blade flap 0.602 0.597

12 1st collective blade edge 0.698 0.691

13 1st asymmetric blade edge 1 0.747 0.744

14 1st asymmetric blade edge 2 0.766 0.763

Fig. 6 Time series of wake
centers. Mean positions are
shown in dashed lines. HH
denotes hub height

a smaller slope of vertical deflection to horizontal velocity,
while the opposite occurs below hub height. As the wake
is deflected upwards by the combined platform pitch and
shaft tilt, the ratio of vertical to horizontal deflection above
hub height becomes more important further downstream,
and the slope will be larger for low shear than high shear.
The higher mean vertical deflection in unstable conditions
could also be explained by the surface heat flux, creating a
positive, albeit small, mean vertical component in the wind.
Swirl of the curled wake, and upstream turbine yaw could
both contribute to the bias towards positive Y of the mean
wake position in the unstable condition. However, closer
investigation indicated that this offset is likely because the
large, slow meandering of the wake has not statistically con-
verged. The unstable conditions exhibit significantly more
wake meandering than neutral and stable conditions.

3.3 Fatigue estimates

This section presents results on fatigue damage estimates
of the main bearings.

3.3.1 Influence of drivetrain model fidelity

Figure 8 shows the fatigue of the flexible drivetrain model
normalized against the rigid model. While Guo et al. [42]
recommend modeling main bearing and main shaft flexibil-
ity when studying gearbox response, Wang et al. [2] found
that differences in main bearing fatigue damage were less
than 6.5% when comparing a coupled and a decoupled driv-
etrain model. For the specific drivetrain and load cases ex-
amined here, the modeling of the coupled flexible drivetrain
has little influence on main bearing fatigue, with the largest
difference at MB2 for T1 (1.5% difference in unstable con-
ditions). For MB1, the variations are below 0.5%.
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Fig. 7 Time-averaged wake ve-
locity deficits 6.5D downstream
of T1 for each load case

Fig. 8 Main bearing fatigue of
the flexible drivetrain model
normalized against the rigid
drivetrain model

Fig. 9 Differences in standard
deviations of main bearing axial
loads from analytical calcu-
lations with and without ac-
celeration terms (F xRig and
F xRigNoAcc , respectively)

While no significant effects of drivetrain flexibility on
main bearing fatigue estimates were found, before conclud-
ing, bearing loads were investigated. The trends were sim-
ilar for both bearings. Transverse load standard deviations
were up to 3% lower for the flexible drivetrain model in
stable conditions, while less than 1.2% lower for the neu-
tral and unstable cases. Vertical load standard deviations
differed most in unstable conditions, up to 2.4% lower for
the flexible model, while differences were less than 2.1%
for the other conditions. Upwind main bearing axial load
standard deviations differed by less than 1.8%, but were

higher for the flexible drivetrain model compared to the
rigid drivetrain model.

The importance of including inertia loads due to accel-
eration of shaft and rotor generator mass was also exam-
ined. Omitting the terms related to acceleration in Eqs. 1–5
was of minor importance for vertical load standard devia-
tions (less than 0.3% difference), but lead to a significant
reduction of axial load standard deviations of up to 25%
in stable conditions, 9% in neutral conditions and 3.3% in
unstable conditions, see Fig. 9. While these terms are eas-
ily implemented in analytical calculations, it is important to
recognize that they are not included in the direct-drive shaft
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Fig. 10 Main bearing fatigue of
T2 normalized against T1 main
bearing fatigue

Fig. 11 Main bearing fatigue
damage from mean loads nor-
malized against total damage

loads extracted from typical global analysis tools. The ef-
fect might be more important for floating turbines because
of larger tower top motions and accelerations, and in low
turbulence conditions where waves dominate platform mo-
tions. The flexible drivetrain was used for the rest of the
analyses.

3.3.2 Influence of wakes

In Fig. 10 bearing fatigue estimates of the downwind tur-
bines are normalized by T1 to understand the impacts of
wake. The waked upwind bearings always see less damage
than T1, likely due to reduced thrust. However, turbines
positioned along positive Y relative to T1 experience less
damage than those along negative Y, showing an asymmet-
ric distribution.

For MB2, the damage is clearly asymmetric under stable
and neutral conditions. Asymmetry of bearing lifetime was
also found by Quick et al. [11] when considering a down-
stream distance of 3D between the turbines. Under stable
conditions, the downstream turbines positioned along nega-
tive Y exhibit twice the fatigue damage of T1. The turbines
along positive Y see a damage reduction of 50% compared
to T1. This trend is also found for neutral conditions, and
can be attributed to mean wake position and velocity deficit,
further related to partial horizontal wake impingement, an-
gle of attack and shaft tilt, discussed in Sect. 3.4. In unstable
conditions, on the other hand, the waked bearings experi-
ence more fatigue when positioned directly behind T1. In-
creased vertical wake deflection combined with low shear
in these conditions may create an unfavorable aerodynamic
pitch moment, also further discussed in Sect. 3.4.

For the main bearings the quantity of the equivalent load,
and therefore the mean value, is important for fatigue dam-
age (see Eq. 8). To evaluate the importance of loads due to
mean wake position relative to loads from wake dynamics,
Fig. 11 presents fatigue damage calculated based on mean
loads, normalized by total fatigue damage. The mean loads
are considered this way: At each “time step”, the mean
loads averaged over the total time series are applied, while
the axial and radial load factors and shaft rotational speed
vary as for the original time series. From Fig. 11, it is seen
that time-varying load components are more important for
MB2 and in unstable conditions. In stable and neutral con-
ditions, the mean loads are generally more important for the
turbines shifted towards negative Y. In unstable conditions,
the mean loads are least important for LC3. The dynamic
loads have a greater impact in unstable conditions likely
because the loads are larger, and peak loads are amplified
by the 10/3 exponent. When considering fatigue from mean
loads normalized against T1 (not shown here), the pattern
is exactly the same as in Fig. 10, indicating that this asym-
metric distribution can largely be attributed to mean wake
position and wind shear.

3.4 Main bearing loads

Main bearing loads are presented here. Tower and blade
loads are included in Appendix (Sect. 5) for information.

3.4.1 Mean loads

To better understand the drivers of the wake’s influence on
main bearing fatigue, main bearing load statistics are pre-
sented in Fig. 12. As expected, the mean axial loads of MB1

K



Forschung im Ingenieurwesen           (2025) 89:37    37 Page 11 of 18 0123456789

Fig. 12 Load statistics for MB1
and MB2. Mean values are
represented by colored bars, and
standard deviations by black
error bars

follow the mean position of the wake. Larger wake deficit
leads to lower mean axial loads. Mean axial loads are some-
what greater in the unstable condition because of smaller
velocity deficit. While axial loads are generally smaller than
radial loads, their contribution to bearing fatigue is signif-
icantly amplified by the dynamic load factors, as shown in
Sect. 3.3.

The mean lateral loads (Fy) are asymmetrically dis-
tributed around T1’s lateral position. Vertical mean loads
(Fz) also show asymmetry in stable and neutral conditions,
with the highest loads in LC1, 2, and 3. In unstable condi-
tions, vertical mean loads increase with lateral proximity to
T1, while transverse mean loads decrease with increasing
Y relative to T1. The increase in mean vertical loads with
proximity to T1 in unstable conditions may result from
greater vertical deflection of the wake, creating a vertical
shear profile that opposes the typical atmospheric boundary
layer shear. High shear has been shown to reduce main
bearing fatigue of overhung rotors [9, 10] by counteract-
ing the overturning moment from rotor weight [14]. In
contrast, low shear in unstable conditions combined with
inverse shear from wake velocity deficit can lead to a rotor
pitch moment that adds to the already existing gravity-in-
duced shaft moment, increasing vertical bearing loads. The
shift of peak vertical loads towards positive Y in unstable
conditions may be due to the mean lateral wake deflection.

The wake imposes a horizontal shear on the downstream
turbines. To examine its effect on bearing loads, a sim-
ple test was conducted using a bottom-fixed turbine, with-
out hydrodynamics, gravity, or turbulence, and with a con-
stant wind field. One rotor side saw a wind speed of 7m/s,
the other 9m/s. For a turbine with a 6° shaft tilt, lower
wind speed on the falling blade side reduced mean absolute
shaft yaw moment by 10% and the pitch moment by 50%
compared to lower wind speed on the rising blade side.
With 0° shaft tilt angle, the differences in shaft moments
nearly disappeared. Increasing the tilt with 2.4° platform
pitch (representative of the present load cases) magnified
the differences to 15% for yaw and 65% for pitch. These
dependencies of shaft moments on wake-induced horizon-
tal shear, shaft tilt and direction of shaft rotation are caused
by changes in the blade’s angle of attack and relative wind
velocity magnitude [43]. Floating turbines, with mean plat-
form pitch, may amplify these effects. Shaft moments will
directly impact the bearing loads, and these mechanisms
contribute to explaining the asymmetric distribution of bear-
ing loads and fatigue based on T2’s lateral position.

3.4.2 Load variations

As discussed in Sect. 3.3.2, mean loads are important for
main bearing fatigue damage, as calculated according to
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Fig. 13 Load standard devia-
tions of T2 normalized against
T1 for MB1 and MB2

ISO 281 assuming linear damage accumulation. However,
the ability of traditional fatigue calculation methodology
to predict main bearing failure has been questioned [5, 8,
9]. One hypothesis suggests that time-varying aerodynamic
rotor moments may cause premature failure [7, 8, 44]. To
explore these loads, bearing load standard deviations and
power spectral densities (PSD) are examined.

Figure 12 shows that standard deviations increase as con-
ditions go from stable to neutral to unstable, likely driven
by wake meandering, ambient turbulence intensity and co-
herence. To highlight wake effects, T2 standard deviations
normalized against T1 are shown in Fig. 13.

In unstable conditions, axial load standard deviations
are highest for turbines farthest from the time-averaged
wake center, likely due to lateral wake meandering influ-
encing averaged wind speed across the rotor. LC3 and LC4

exhibit the largest transverse and vertical load variations,
while LC1 has the lowest (and lower than T1 for trans-
verse loads). Vertical and horizontal wake meandering lead
to partial waking of T2, causing fluctuating aerodynamic
rotor moments, with turbines near the mean wake center
experiencing moments of both signs.

In stable conditions, axial load variations are low, while
neutral conditions see a similar trend as unstable. For lat-
eral and vertical loads, both bearings exhibit similar trends
in neutral and stable conditions, with lower standard devia-
tions than T1, except for LC1 and LC5 in neutral conditions,
which show slightly higher variations.

Figure 14 presents the axial and radial load spectra of
MB1. MB2 had similar behavior. In neutral and unstable
conditions, the low-frequent turbulence governs axial load
dynamics, but in stable conditions wave frequencies become
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Fig. 14 MB1 load spectra. Note
the differences in scale along y

more important due to low turbulence. Radial load spectra
in stable conditions are dominated by blade-passing fre-
quencies (3P), with shifts with mean wind speed changes
from wake velocity deficits. In unstable and neutral con-
ditions, blade-passing frequency peaks are wider in some
load cases due to variable rotor speed based on the spe-
cific controller behavior (which includes a minimum rotor
speed).

4 Conclusion

Main bearing response to wakes was studied for a 15-MW
floating direct-drive wind turbine under three atmospheric
turbulence conditions with mean wind speed of 8m/s and
five lateral T2 positions. Two global models were applied: A
coupled model with a flexible drivetrain, from which main
bearing loads were extracted directly, and one with only the
torsional degree of freedom of the drivetrain, where bearing
loads were calculated analytically. While drivetrain bending
flexibility was of little importance for main bearing fatigue
estimates, inertia loads due to accelerations of the direct-
drive rotor generator significantly affected the bearing axial
load standard deviations, especially in stable conditions.
Care should be taken to properly include this mass in global
analyses and analytical equations.

With regards to bearing fatigue, MB1 experiences less
fatigue in waked conditions than without wake. This is due
to the high weighting of axial loads in fatigue calculations
combined with the reduction in thrust from wake velocity
deficits. Regarding partial wake impingement, not only the
degree of partial waking, but also the rotational direction of
the turbine mattered, leading to an asymmetric distribution
in terms of favorable locations for T2. This asymmetry was
pronounced for the the downwind non-locating bearing, es-

pecially in stable conditions. Turbines partially waked on
the blade rising side saw twice the fatigue damage of T1,
while those partially waked on the blade falling side ex-
perience half the damage of T1. This effect is attributed
to wake-induced horizontal shear, shaft tilt and variations
in angle of attack. The asymmetry was also significant in
neutral conditions. Unstable conditions, with low shear and
large vertical wake deflection, resulted in more damage for
turbines directly behind T1.

Mean loads are the main contributor to fatigue dam-
age estimates under ISO 281 and linear cumulative dam-
age assumptions, but time-varying loads may also play a
role in bearing failure. Standard deviations and load spec-
tra showed greater variations in unstable conditions. The
dependence of load standard deviations on T2 position var-
ied for the different load components. Axial load variations
were larger for turbines farther from T1. Radial load varia-
tions were higher for the turbine just behind T1, except in
neutral conditions where the turbines farthest from T1 had
higher bearing load variations. In stable conditions, low
turbulence meant wave loads dominated the bearing axial
loads, while 3P loads impacted radial load variations. In
neutral and unstable conditions, low-frequency turbulence,
including wake meandering, was the main driver of load
variance, accompanied by 3P loads.

The limitations of this study include the assumption of
linear bearing stiffness and the extrapolation of bearing
stiffness and dynamic load factors from smaller bearings.
Additionally, using the OpenFAST BeamDyn module for
blade modeling could provide more accurate results for
such a large, flexible rotor, but was not practically pos-
sible to combine with the SubDyn drivetrain model. While
multiple realizations are typically needed to account for
the stochastic nature of turbulence and waves, this was not
computationally feasible for the LES. Moreover, the influ-

K



   37 Page 14 of 18 Forschung im Ingenieurwesen           (2025) 89:37 0123456789

ence of time-varying platform motions on wake meandering
was not accounted for due to software limitations. Finally,
the impact of WAT was not considered, possible important
mainly for time-varying bearing loads, especially for sta-
ble conditions. Recommendations for future work include
using more sophisticated blade models (such as BeamDyn
in OpenFAST), considering larger wind speeds, evaluat-
ing sensitivity of results to bearing stiffness, and including
wake-added turbulence.

5 Appendix—Turbine load statistics

5.1 Blade loads

Fig. 15 Load statistics for blade
root moments. Mean values are
represented by colored bars, and
standard deviations by black
error bars

Fig. 16 Blade root moment
standard deviations of T2 nor-
malized by T1. MFlp and MEdg
are the flapwise and edgewise
bending moments, respectively
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5.2 Tower loads

Fig. 17 Tower top moments.
Mean values are represented
by colored bars, and standard
deviations by black error bars

Fig. 18 Tower base moments.
Mean values are represented
by colored bars, and standard
deviations by black error bars

Fig. 19 Tower top moment stan-
dard deviations of T2 normal-
ized by T1. MX,MY and MZ are
the side-side, fore-aft and yaw
bending moments, respectively
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Fig. 20 Tower base moment
standard deviations of T2 nor-
malized by T1. MX, MY and
MZ are the side-side, fore-aft
and yaw bending moments,
respectively
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