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Abstract. This paper investigates the impact of rotor size on the structural displacements and
loads of large wind turbines during power production. The actuator line method is used in Large
Eddy Simulations and is coupled to a structural solver for the blades. The latter consists either
of a linear solver based on the Euler-Bernoulli beam theory, or uses BeamDyn to account for
the non-linearities. The effects of upscaling are investigated for three reference wind turbines of
various sizes: the NREL-5 MW, the DTU-10 MW and the IEA-15 MW. The study reveals that
the larger turbines exhibit higher bending relative to the radius and a significant torsion angle.
The torsion angle is primarily linked to the structural non-linearities and substantially affects
the mean blade loads of the largest turbines. Consequently, the power and thrust coefficients
predicted using the linear structural model differ from those obtained using BeamDyn. However,
the variations of the root bending moments are predicted similarly using both structural solvers;
also suggesting that a linear structural solver is still sufficient for the fatigue analysis. Finally,
the fatigue analysis is extended to the shaft loads due to the entire rotor, and empirical scaling
trends are derived.

1. Introduction

The upscaling of wind turbines has been an important trend over the years and is one of the major
contributors to the decrease of the levelized cost of wind energy. However, this cost reduction
is only achieved if the turbines remain reliable, thereby keeping the operational expenditures
to a moderate level. Therefore, a detailed understanding of the effects of upscaling is essential,
particularly concerning the fatigue loads that are a key factor for the lifetime.

Several factors influence the aeroelastic behavior of a wind turbine when the rotor size is
increased. First, the characteristics of the wind, such as the wind shear or turbulence, impact
the rotor differently. In particular, the ratio between the integral length scale L of the turbulent
fluctuations and the rotor diameter D decreases, potentially leading to an increase of the fatigue
loads [1, 2]. Second, the larger deformations of the rotors modify the aerodynamics of the
blades by adding curvature and sweep [3]. Finally, the rotor structural parameters are modified
to limit the mass of the blades, resulting in slender and more flexible blades that exhibit large
displacements. These modifications lead to changes in the blade and shaft loads characteristics,
that can be challenging to model using traditional approaches, such as the Blade Element
Momentum (BEM) theory [1] or linear structural solvers [4, 5].
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The objectives of this study are first to quantify the evolution of the dynamic response of the
rotor with respect to its size. The approach used here is similar to that presented in Pagamonci et
al. [6]: the structural displacements and their effects on the loads are evaluated for reference
wind turbines of different sizes. The originality of this study is the particular attention given
to the fatigue loads acting on the blade root and on the rotor shaft. The latter are obtained by
leveraging the ability of the LES to accurately capture the turbulence in the flow. Additionally,
Pagamonci et al. [6] uses a linear structural solver, which does not take the torsion angle into
account. In this work, the importance of the structural non-linearities and its evolution with
the rotor size is assessed. This is achieved by comparing the results obtained with a linear
structural solver to those obtained using the geometrically exact beam theory, especially for the
fatigue loads. This analysis focuses on loads encountered during the power production phase,
especially near the rated operating conditions, as these usually exhibit the largest structural
displacements. The next section presents the methodology, and some results are shown in the
second part.

2. Methodology

We perform aeroelastic simulations of three reference wind turbines of different sizes: The
NREL-5 MW [7], DTU-10 MW [8] and IEA-15 MW [9] turbines. Some key parameters for these
turbines are shown in Table 1. The simulation tool consists in a flexible actuator line method
(ALM) implemented in a Large Eddy Simulation (LES) solver, and coupled to a structural
solver, as described below.

2.1. Flow solver and actuator line method

The LES of turbulent flow is performed using a 4th order finite difference code [10, 11] on a
cartesian staggered grid. The sub-grid scale (SGS) model is a regularized variational multiscale
model [12]. The time-integration is performed using a second order Adams-Bashforth scheme.
The ALM is used to compute the aerodynamic loads and to model the effect of the blades on the
flow [13]. An advanced version of the ALM is used, as described in [14, 15]: its particularity is
to use a 2D Gaussian kernel for the velocity sampling and the forces distribution, which provides
a better estimation of the aerodynamic forces near the blade tip, compared to using classical
3D Gaussian kernels [16, 17]. No additional near tip correction method is used in the presented
simulations.

2.2. Structural solvers

The ALM is also coupled to a structural solver that provides the position, deformations, velocities
and internal moment of the blades. Two different structural solvers are compared in this study.
The first one is an in-house linear structural solver based on the Euler-Bernoulli beam theory
(EB): it uses finite element with linear shape functions for the traction and torsion, and cubic
shape functions for the bending (e.g., [18]). It does not account for the blade initial curvature
(i.e., the blade pre-bend) in the structural dynamics. In this case, the traction, torsion and
bending are decoupled. To include the geometric non-linearities related to large displacements
and fully populated 6 x 6 cross-section matrices, a second structural solver, BeamDyn (BD) [19]
is used. The latter solves the equations resulting from the geometrically exact beam theory
using high order spectral elements. A comparison of the two structural solvers is provided in
section 3.2.

The coupling between the ALM and the structural solver is achieved using a second order
improved staggered scheme [20]. The latter evaluates the aerodynamic forces on the ALM at
a different time-level than the structural states to improve the accuracy and stability of the
coupling. A detailed explanation of the coupling procedure is provided in [15], and a verification
in uniform and turbulent flow is provided in [21].
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Table 1. Summary of the wind turbines characteristics

NREL-5 MW DTU-10 MW IEA-15 MW

Diameter D [m)] 126 178.3 240
Hub height H [m] 90 119 150
Rated wind speed [m/s] 11.4 11.4 10.6
Optimal TSR 7.55 7.5 9

Blade mass [t] 17.5 41.7 65.0

2.8. Numerical set-up and inflow

The turbines are simulated in a domain of size 12D in the streamwise direction and 6D in the
lateral directions, where D is the turbine diameter. Slip conditions are prescribed at the top
and bottom of the domain, whereas periodic conditions are used in the transverse direction.
The turbine is placed at a distance 3D from the inlet and from the lateral boundaries, and the
center of the rotor is placed at the prescribed hub height H. The spatial resolution of the flow
solver in the vicinity of the wind turbines is 64 grid points per D. The mesh is slightly stretched
near the lateral and upper boundaries to reduce the computational cost. As a result, the total
number of grid points is 768 x 256 x 256.

The inflow consists of a power law velocity u/Unyp, = (y/H)®, where y is the vertical
coordinate, Uy, the velocity at the hub height H and o = 0.14 the shear parameter. The
inflow hub velocity is set to Upy, = 9 m/s, so that the three turbines operate in similar close-to-
rated conditions, which corresponds to 79% of the rated velocity for the 5 and 10 MW turbines,
and 85% for the 15 MW turbine. Turbulent fluctuations, generated using the Mann algorithm,
are also superposed to the inflow [22]. The turbulent length scale is set to L = 53.1 m, the
anisotropy parameter to I' = 3.9, and the ae?/3 parameter is scaled to achieve a turbulence
intensity (TI) of 6%. The size of the 3D periodic domain in which the turbulent fluctuations
are created is 3000 m in the streamwise direction (1024 grid points) and 504 m in the lateral
directions (256 grid points). This resolution corresponds to 64 points per diameter for the
smallest turbine, which is sufficient to reach convergence of the fatigue loads, according to [23].
To ease the comparison between the turbines, the same turbulence field is used for all turbines,
without spatial rescaling. This means that the integral length scale of the turbulence is the
same for all the turbines, which is consistent with the IEC standards [24]. The center of the
turbulence domain is aligned with the hub of each turbine.

It should be noted that the use of a single hub velocity Uyyp, for all three turbines results in
slightly different operating conditions compared to the rated speed. However, it allows for an
easier comparison since the turbulent fluctuations are then convected at the same speed for all
turbines. Also, the use of a power law velocity profile is more realistic than a linearly sheared
profile, but results in slightly different top and bottom inflow speeds for each turbine. Finally,
this analysis is limited to one operating point, which corresponds to a close-to-rated condition.

3. Results

3.1. Effect of the upscaling on the displacements and loads

The effect of upscaling is first assessed by simulating the three turbines at a constant rotation
speed. The latter corresponds to the turbine optimal TSR, based on the 9 m/s hub velocity.
A total of 125 rotations are simulated for each turbine, and the first 25 are removed from the
analysis to ensure convergence of the loads. The time-step size of the flow simulation is set to
obtain 360 time-steps per rotation. BeamDyn is first used as structural solver and it performs
four sub-steps per flow time-steps to ensure a sufficient time discretisation.
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Figure 1. Blade tip displacement as a function of the azimuthal angle for the NREL-5 MW
(light blue), DTU-10 MW (dark blue) and IEA-15 MW (gray) turbines, averaged over 100
rotations. The envelope depicts the standard deviation at each angle (0° denotes the blade
upward position, which then rotates clockwise).

The blade tip displacements in the flapwise and edgewise directions, along with the torsion
angle, are shown in Figure 1 for each turbine. The larger turbines present a higher flapwise
deflection relative to their radius: 6.1% for the NREL-5 MW, 7.2% for the DTU-10 MW and 10%
for the IEA-15 MW. This is a direct consequence of the lower bending stiffness of the blades. All
turbines reach their maximal displacement between 0° and 45° (0° being the upwards position),
due to the mean shear of the flow. The maximal standard deviation occurs when the blade is
near its downward position. The flapwise displacements have the same phase, but the amplitude
of the variation, measured as (Zfap,max — TAap,min)/Zaap decreases with the turbine size: 17% for
the 5 MW, 12% for the 10 MW and 11% for the 15 MW turbines. The edgewise deformation is
mostly sinusoidal, and the standard deviation is very low, due to the dominance of the gravity
loads over the aerodynamic loads. The mean relative edgewise deformation Z.q4e/R slightly
increases with the turbine size: 0.68% for the 5 MW, 0.78% for the 10 MW and 0.88% for the
15 MW turbines. Finally, the mean torsion angle significantly increases with the rotor size. The
5 MW turbine has no mean torsion angle, whereas the 10 MW turbine has a tip torsion angle
of -0.8° and the 15 MW has -2.8°. The 5 and 15 MW turbines also present a clear periodic
variation of the torsion along the rotation; it is also present for the 10 MW turbine, yet to a
lesser extent.

The power spectral density (PSD) of the blade root moments is depicted in Figure 2. To
facilitate the comparison, the root moments are normalized by their mean value before computing
the PSD. These mean moments importantly increase in both directions with the rotor size, and
the flapwise moment is one order of magnitude larger than that in the edgewise direction. For all
turbines, the dominant frequency of the PSD is the rotation frequency (1P). At this frequency,
the PSD reaches a much higher value in the edgewise direction, indicating the importance of the
variation of the loads in this direction. This variation is due to the gravity loads that change
direction during the rotation of the blade. The peak of the PSD is also slightly higher for the
5 MW turbine in the flapwise direction and slightly lower in the edgewise direction, whereas
the 10 and 15 MW turbines essentially present the same value. The first harmonics of the
rotation frequency are excited similarly for all turbines. In the flapwise direction, the blade
natural frequencies correspond to 4P for the 5 MW turbine, and 5P for the 10 and 15 MW
turbines. No particular peak of the PSD is observed at these frequencies, which confirms the
high aerodynamic damping of the flapwise modes. On the contrary, clear peaks are noticeable
at the edgewise natural frequencies, which correpond to 6P for the 5 and 15 MW turbines, and
8P for the 10 MW turbine. However, the amplitude of these peaks remains small compared to
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Figure 2. PSD of the flapwise and edgewise root bending moments for the NREL-5 MW (light
blue), DTU-10 MW (dark blue) and IEA-15 MW (gray) turbines. The moments are normalized

by their time-averaged value M. For each turbine, the vertical line corresponds to the blade
first natural frequency in the considered direction.

that observed at the 1P frequency. Finally, the spectrum tends to be more concentrated around
the harmonics of the rotation frequencies for the larger turbines. This is a consequence of both
the increased shear of the inflow and the fixed integral length scale of the turbulent inflow [1].
In fact, when the scale of the turbulent fluctuations is smaller than the rotor radius, it leads
to a variation of the loads during the rotation, which appears at the 1P frequency and its first
harmonics. On the contrary, larger scales impact the entire rotor, leading to load variations that
mostly appear in the lower frequencies and that are less detrimental for the fatigue [2].

3.2. Impact of the structural non-linearities

Having quantified the main effects of the rotor upscaling over the displacement and the blade
loads, the importance of the non-linearities is now assessed by comparing the simulations of
Section 3.1 to same simulations using the linear structural solver based on the Euler-Bernoulli
beam theory (EB).

The time-averaged load distribution is depicted in Figure 3. For the 5 MW turbine, the
load distribution predicted by the linear solver is in good agreement with that predicted using
BeamDyn. For the 10 and 15 MW turbines, the linear solver predicts higher loads in both
the flapwise and edgewise directions on the outer part of the blade. These differences originate
from the absence of bend-twist coupling in the linear solver. As a result, the mean torsion
predicted by the linear solver is much smaller than that obtained by BeamDyn, which results
in an increased angle of attack, and consequently a higher lift.

Due to the forces increase, the aerodynamic properties of the rotor obtained using the EB
solver are higher than those obtained using BeamDyn, as denoted in Table 2. While both solvers
predict virtually identical thrust and power coefficients for the 5 MW turbine, the predictions
for the 10 MW turbine turbines differ by a few percent, and by more than 5% for the 15 MW
turbine. Consequently, the linear solver predicts higher flapwise displacement. It also tends
to underestimate the mean edgewise displacement, although the aerodynamic forces are higher
in that direction. The largest differences are related to the mean torsion angle at the tip, for
which the EB solver typically predicts small values, in contrast to the large negative values
predicted by BeamDyn. It should also be noted that the reported power coefficients are higher
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Figure 3. Time-averaged aerodynamic force distribution over the blade in the normal (left)
and tangential (right) directions, expressed in the blade root frame. Comparison between the
BeamDyn (solid) and EB (dash) solvers.

Table 2. Comparison of the thrust (Cr) and power (Cp) coefficients of the aerodynamic forces,
and tip deformation obtained using the BeamDyn and EB solvers.

Turbine Struct. Cr Cp Tflap (M]  Tedge (m] ¢ [deg]
NREL-5 MW BD 0.82 0.55 3.75 -0.41 -0.08
EB 0.82 (+0.1 %) 0.55 (+0.4 %) 3.77 -0.42 -0.06
DTU-10 MW BD 0.83 0.54 6.26 -0.67 -0.78
EB 0.86 (+3.0%) 055 (+1.5%) 6.25 -0.48 0.18
IEA-15 MW  BD 0.75 0.51 11.79 -1.01 -2.83
EB 0.80 (+6.5%) 0.53 (+4.6 %) 12.37 -0.91 -0.72
NREL5SMW DTUI0MW IEAI5MW
0.2 0.025 1 0.11
&
=, i i
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Figure 4. Blade tip torsion angle as a function of the azimuthal angle. Comparison between
the BeamDyn (black) and EB (blue) solvers.

than the reported design coefficient of the considered turbines. This is due to the fact that
they were designed using a BEM method, whereas the presented simulations use the ALM
in a LES framework. In near-rated conditions, the ALM tends to predict higher edgewise
forces and therefore a higher power coefficient than that obtained using the BEM (see, e.g.,
[25, 26, 27, 28, 21]).

Not only is the mean value of the torsion predicted differently, but its variation along the
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Table 3. Damage equivalent loads of the blade root moments at 1Hz frequency.

NREL-5 MW DTU-10 MW IEA-15 MW  Scaling

DEL My [MNm] BD  1.90 3.95 7.23 1.01 R>06
EB 1.85 (-2.1%)  3.99 (+0.9%) 7.14 (-1.3%)  1.04 R>04
DEL M.45c [MNm] BD 5.82 17.51 29.13 1.29 R*12

EB  5.67 (-2.6%) 16.91 (-3.4%) 27.70 (-4.9%) 1.29 R209

rotation also differs in phase. In fact, the period-average of the torsion at the tip, depicted
in Figure 4, reveals that the torsion reaches its maximal value when the blade points upwards
for the EB solver, whereas it is maximal when the blade is horizontal with BeamDyn. This
is due to the absence of coupling between the torsion and the other degrees of freedom in the
EB solver. Consequently, the only effect impacting the torsion is the aerodynamic moment.
This moment oscillates with the blade height due to the mean shear of the flow, leading to
an up-down variation. On the contrary, the BeamDyn model accounts for additional aspects.
First, the coupling between the flapwise bending and the torsion in the cross-section stiffness
matrices results in a mean torsion value. Second, due to the flapwise bending, the edgewise
forces applied on the deformed axis create a torsional moment on the reference axis. The latter
alternates with the phase of the edgewise forces, which mostly consist of the gravity loads. The
aerodynamic moment plays a much smaller role compared to these effects, resulting in a different
phase between the two solvers.

3.3. Fatigue analysis

The fatigue loads resulting from the blade root moments are evaluated in this section. To
quantify the total fatigue undergone by a turbine, the damage equivalent loads (DELs) are
computed at a frequency of 1 Hz and using m = 10 as coefficient for the S-N curve. Note that
the DEL only includes the effect of the alternating moment, and not that of the mean moment.
The flapwise and edgewise root moments are here measured on 100 turbine rotations, which
corresponds to 582, 830 and 931 seconds for the 5, 10 and 15 MW turbines, respectively. The
cycle count is performed by applying the rainflow counting algorithm on the three blades and
is averaged to represent the damage undergone by one blade.

The DELs computed using the blade root moments provided by the various structral solvers
are reported in Table 3. The results obtained by the EB solver and by BeamDyn are presented
for comparison. The DELs predicted by the two solvers are very close for each turbine in the
flapwise direction. This results from the similar response of the structural solver to the variation
of the aerodynamic loads. Although the mean load distribution of the blade differs between the
two solvers, the fatigue loads that only account for the alternating moment are therefore virtually
identical. In the edgewise direction, the difference between the DEL predicted by the two solvers
tends to grow slightly with the rotor size. In general, both solvers predict quite similar DELs,
which validates the use of a linear structural solver for fatigue analysis in this case.

The scaling tendency, obtained by fitting a function f = a R® to the DELs of the various
turbines, are also predicted similarly by the two structural solvers. The DEL of the flapwise
moment increases slightly more slowly with R than that of the edgewise moment. The increase in
flapwise moment is dependent on the inflow and particularly on the shear parameter (see [29, 30]),
whereas the equivalent edgewise moment depends on the increase in mass of the blades. The
DEL in the edgewise direction is initially higher than that in the flapwise direction, and will
thus be a dominant factor in the blades design. This is consistent with the current effort to
reduce the blade mass.
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Table 4. Comparison of the time-averaged rotation speed, thrust and power coefficients, and of
the tip deflection, obtained enforcing a constant rotation speed or using the ROSCO controller.

Turbine Control ~ Q [rpm] Cr Cp Tflap Tedge @
NREL-5 MW None 10.30 0.82 0.55 3.75 -0.41 -0.08
ROSCO 10.82 (+5.1%) 0.85 (+3.2%) 0.57 (+1.8%) 3.82 -0.41 -0.18
DTU-10 MW  None 7.23 0.83 0.54 6.26 -0.67 -0.78
ROSCO  7.38 (+2.1%)  0.85 (+1.9%) 0.54 (+0.7%) 6.37 -0.67 -0.81
IEA-15 MW None 6.45 0.75 0.51 11.79 -1.01 -2.83

ROSCO  6.51 (+1.0%)  0.76 (+0.9%) 0.51 (+0.4%) 11.84 -1.01 -2.90

3.4. Controller and shaft loads

To complete the fatigue analysis, it is recommended to also consider the loads acting on the
shaft tip and due to the entire rotor. These include the rotor yaw and tilt moments, the axial
thrust and torsion on the shaft [31]. However, the shaft loads cannot be evaluated correctly
from a simulation that enforces a constant rotation speed. Indeed, in that case, the rotation of
the blade is applied as a kinematic boundary condition at the blade root. This decouples the
dynamics of the different blades and of the drivetrain. The simulations presented in this section
have therefore been run using the ROSCO controller [32], together with the non-linear structural
solver BeamDyn. The coupling between the blades root bending moments and the drivetrain
dynamics also requires smaller time-steps to converge, so that the number of structural sub-steps
is increased to 10 sub-steps per flow time-steps in the cases that includes the controller.

Table 4 presents the rotor speed, thrust and power coefficients and the displacements obtained
with the controller enabled. The time-averaged rotation speed of the rotor is slightly higher than
that obtained from the optimal TSR and the hub speed. This results from the combination of
two effects. First, the controller uses the Cr and Cp values obtained using the Blade Element
Momentum theory (BEM) to estimate the upstream velocity. These are smaller than those
obtained using the ALM in similar operating conditions, resulting in an over-estimation of the
upstream velocity. On the other hand, the mean wind velocity on the rotor area is slightly
slower than the hub speed due to the exponent profile at the inflow. Nevertheless, the rotor
thrust and power coefficients obtained with the controller enabled are only marginally higher
than those obtained at constant rotation speed. Consequently, the mean flapwise deflection and
torsion angle at the tip are also slightly increased, but remain globally consistent with those of
the simulation at constant rotation speed.

The changes in blade and shaft loads induced by the addition of the controller are also
investigated by comparing their PSD in Figure 5. The PSD of the blade root flapwise moment
is not much impacted by the controller. Only the lowest frequencies are affected by its action,
due to the variations of the rotation speed that adapts to the inflow variations. The edgewise
root moment is more impacted. The lowest frequencies present smaller variations than the case
with constant rotation speed, as the controller aims at maintaining the rotor torque constant.
The spread around the 1P frequency is larger due to the changes in rotation speed, that affect
the frequency at which the gravity loads are applied. Finally, a significant decrease of the PSD at
the 3P frequency results from the controller effort to smooth the rotor torque. The most affected
load is the torque on the shaft: whereas it is mostly dominated by the 3P and edgewise frequency
when the blades have a fixed rotation speed, the coupling to the drivetrain significantly decreases
these variations. As a result, the rotor shaft mostly consists of low frequency variations that are
imposed by the generator to adapt to the changes in wind speed. The controller has a minimal
impact on the axial thrust, the yawing and the tilting moments.
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Figure 5. PSD of the blade root flapwise moment (top), blade root edgewise moment (middle)
and shaft torque (bottom). Comparison between the results obtained at constant rotation speed
(black) and using the ROSCO controller (blue or gray).

Table 5. Damage equivalent loads obtained using the ROSCO controller.

DEL [MNm] NREL-5 MW DTU-10 MW IEA-15 MW Scaling

Blade flapwise moment  2.215 4.673 7.907 1.06 R190
Blade edgewise moment 5.826 17.499 29.119 1.29 R?13
Shaft torque 0.199 0.353 0.431 1.11 RM09
Yawing moment 1.082 2.470 4.234 1.09 R%99
Tilting Moment 1.132 2.518 4.269 1.08 R'9°

Finally, the evolution of the DELs is presented in Table 5. The DELs associated to the
flapwise blade root moment are slightly higher than those obtained at a constant rotation speed,
mostly due to the increase of the thrust coefficient. Their scaling exponent is also lower than that
obtained at a constant rotation speed. This is also related to the change in thrust coefficient, that
is more pronounced for the smaller turbine. The DELs are generally constant in the edgewise
direction. The torque on the shaft presents a moderate DEL that slightly increases with the
rotor size, due to the effect of the controller that decreases importantly the torque variations.
The yawing and tilting moment present similar amplitudes and increase similarly with the rotor
size.
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4. Conclusion

This paper investigates the evolution of the blade and shaft loads as a function of rotor size
during the power production. Three reference wind turbines were simulated using an aeroelastic
framework based on a flexible actuator line method in Large Eddy Simulations. The advantage
of this methodology is that many rotation cycles are simulated, while also accounting for the
effect of the inflow turbulence, which allows to conduct a fatigue analysis. This investigation
leads to the following conclusions:

e The flapwise deformation relative to the rotor radius increases with the turbine rated power,
reaching 10% for the largest turbine. The larger turbines also exhibit a non-negligible mean
torsion angle that influences the aerodynamics of the blades.

e For all turbines, the blade root moments vary mostly at the 1P frequency due to the mean
shear of the flow and the gravity loads. The moments at the root of the larger turbines also
have their spectrum more concentrated around the rotation frequency due to the higher
mean shear of the inflow and the smaller size of the turbulent scales relative to the rotor
size.

e Fatigue loads on the blades have a larger amplitude in the edgewise direction due to the
gravity than in the flapwise direction due to the inflow shear. Moreover, they increase faster
with the rotor radius in the edgewise direction than in the flapwise direction.

Considering the increase in magnitude of the relative displacement, the influence of the
geometric non-linearities on the structural dynamics is also assessed by comparing the results
obtained with two structural solvers: a linear one (Euler-Bernoulli beam) and a non-linear one
(BeamDyn, also with bend-twist coupling). The largest discrepancies are related to the modeling
of the torsion, whose mean value and phase are predicted differently. This has a significant
impact on the mean load distribution over the blades of the larger turbines. However, the two
structural solvers predict a similar variation of the blade root moment, leading to a consistent
fatigue load evaluation.

Lastly, modeling the controller is shown to primarily affect the blade edgewise moment and
the torque on the rotor shaft. The impact on the blade flapwise moment and on the rotor yawing
and tilting moments is minimal. The damage equivalent loads of the blade root moments and
yawing and tilting moments are found to scale as ~ R'972! with the edgewise blade root
moment consistently presenting the highest exponent.
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