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Abstract

The intentional yaw offset of wind turbines has shown potential to redirect wakes, en-
hancing overall plant power production, but it may increase fatigue loading on turbine
components. This study analyzed fatigue loads on the NREL 5 MW reference wind turbine
under varying yaw offsets using blade element momentum theory, dynamic blade element
momentum, and the converging Lagrange filaments vortex method, all implemented in
OpenFAST. Simulations employed yaw angles from —40° to 40°, with turbulent inflow
generated by TurbSim, an OpenFAST tool for realistic wind conditions. Fatigue loads were
calculated according to IEC 61400-1 design load case 1.2 standards, using thirty simulations
per yaw angle across five wind speed bins. Damage equivalent load was evaluated via
rainflow counting, Miner’s rule, and Goodman correction. Results showed that the free
vortex method, by modeling unsteady aerodynamic forces, yielded distinct differences
in damage equivalent load compared to the blade element method in yawed conditions.
The free vortex method predicted lower damage equivalent load for the low-speed shaft
bending moment at negative yaw offsets, attributed to its improved handling of unsteady
effects that reduce load variations. Conversely, for yaw offsets above 20°, the free vor-
tex method indicated higher damage equivalent for low-speed shaft torque, reflecting its
accurate capture of dynamic inflow and unsteady loading. These findings highlight the
critical role of unsteady aerodynamics in fatigue load predictions and demonstrate the free
vortex method’s value within OpenFAST for realistic damage equivalent load estimates
in yawed turbines. The results emphasize the need to incorporate unsteady aerodynamic
models like the free vortex method to accurately assess yaw offset impacts on wind turbine
component fatigue.

Keywords: fatigue load; yaw offset; unsteady aerodynamic forces; wind turbine
aeroelastic response

1. Introduction

Wind energy has emerged as a pivotal element in the shift towards sustainable and
renewable energy sources, playing a crucial role in reducing carbon emissions. As the
deployment of wind energy increases, it becomes essential to improve the performance
and lifespan of wind turbines that operate in wind farms [1]. Optimizing farm-level control
strategies such as intentional yaw offset can mitigate these effects, enhancing turbine
efficiency and longevity [2]. However, the phenomenon of yaw offset, where the rotor
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plane is not perfectly aligned to the wind direction, can induce complex aerodynamic and
structural loads, potentially leading to fatigue damage over time.

The numerical study of the fatigue load of yawed wind turbines underscores the
critical role of yaw offset in fatigue loading and overall turbine performance. Wind shear
in turbulent wind fields sets an optimal yaw direction to minimize blade loads. Yaw-
ing reduces shaft torque slightly by lowering power, cutting rotor torque fluctuations,
while positive yaw misalignment decreases the tower base moment due to reduced thrust,
showing how yaw adjustments mitigate loads [3]. These emphasize the importance of
optimizing yaw strategies to enhance power capture without excessively increasing fatigue
loads. Yaw offset redistributes aerodynamic loads, especially in downstream turbines,
improving power output through wake steering, but also introducing nonlinear varia-
tions in power and root flapwise bending moments [4]. As the yaw offset increases under
above-rated wind speeds for a wind turbine, the low-frequency resonant effect of the
wind-induced aeroelastic response becomes significant. This effect arises because the pre-
dominant frequency of the wind loads closely aligns with the natural frequency of the
blades [5]. Depending on the yaw direction, blade bending either increases or decreases in
the upstream turbine, while other loads experience smaller variations. However, the down-
stream turbine experiences smaller variations in other loads but sees an increase in blade
load, drivetrain torsion, and lateral tower base moment due to the shift from full to partial
wake overlap [6-8]. Thus, the wake diversion-induced loads on the turbine structure and
its aerodynamic response necessitate a thorough understanding of structural resonance.

The aerodynamic loads on structural components, along with dynamic stall and
dynamic inflow models, accurately capture blade flapwise and edgewise loads. Branlard
et al. [9] demonstrated the significance of dynamic inflow models for precise aerodynamic
and modal analysis, emphasizing the importance of capturing aerodynamic response.
Wake effects [10-13] lead to a wind velocity deficit and increased turbulence, significantly
elevating fatigue loads on downstream turbines. The fatigue loads on turbine blades
and towers increase with rising wind velocity and turbulence intensity. J. Sun et al. [10]
observed a linear relationship between turbulence intensity and fatigue loads, underscoring
the impact of these factors on structural durability. Moreover, the fatigue load of a tower
base deviated across different yaw angles demonstrates the substantial influence of yaw on
the operating longevity of wind turbines under wake conditions.

To accurately estimate aerodynamic loads on turbine blades, a precise calculation
method that accounts for air compressibility is crucial. Zalkind and Pao, 2016, employed
BEM (blade element momentum) theory, implemented within the aero-servo-elastic dynam-
ics solver OpenFAST [10,14,15], to simulate an onshore NREL 5 MW wind turbine [16] and
compute fatigue loads. These loads included the combined tower base moment (fore-aft
and side-to-side), blade root out-of-plane (OOP) moment, low-speed shaft (LSS) torque,
and LSS bending moment. Their analysis of wind shear within turbulent wind fields indi-
cated that yawing the turbine in the positive direction optimally reduced blade loads. The
combined tower base moment and shaft torque depicted a slight decrease in all directions,
attributed to reduced rotor thrust. The BEM method, characterized by low computational
cost and seamless integration with aeroelastic codes, is widely adopted for calculating
blade loads [16-18]. It has also been extensively applied in fatigue assessments [17] and
wake [18] effect analysis.

For several aerodynamic forces in AeroDyn [19], which contains BEM and dynamic
BEM (DBEM) to calculate the effects of wind turbine wakes, built-in OpenFAST has been
employed to analyze fatigue loads on wind turbine components. The BEM theory provides
a straightforward approach by combining blade element and momentum theories to model
aerodynamic forces. These assumptions, particularly neglect of dynamic inflow effects and
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wake dynamics, limit its accuracy in capturing real-world complexities, especially under
yawed flow conditions. To address the limitations of BEM, several corrections have been
proposed, such as those accounting for dynamic stall phenomena or the development of
DBEM. These corrections account for the effects occurring on time scales of the order of the
time for the relative time required for wind at the blade to transverse the blade chord [20].
Bangga et al., 2020, observed that vortex build-up and shedding near the leading edge of
the airfoil influence aerodynamic loads, with vortex components contributing to tangential
forces and formulation of the pitch moment coefficient being associated with trailing
edge flow separation [21].To address these limitations, the DBEM theory extends BEM by
incorporating unsteady aerodynamics and dynamic inflow effects, offering a more refined
understanding of transient loads on turbine blades. Despite its improvements, DBEM still
falls short in representing the three-dimensional and time-dependent nature of wind flow
around yawed turbines [17-19].

These studies collectively emphasize the critical role of aerodynamic load modeling
in enhancing the structural integrity and operational lifespan of wind turbines. However,
challenges remain in fully capturing complex phenomena such as accurate aerodynamic
loads for flexible, non-straight blade geometries (built in curvature or sweep), turbine
tilt, dynamic stall, wake-induced turbulence, and yaw-dependent load variations [22-24].
Such scenarios necessitate higher-fidelity aerodynamic models such as computational fluid
dynamics (CFD) methods. However, their high computational cost limits the number
of simulations that can be feasibly performed. In contrast, free vortex methods, such as
the lifting-line aerodynamics framework OLAF, offer a less computationally expensive
alternative to CFD while still capturing similarly complex physics. The OLAF vortex
method [25] incorporated in to AeroDyn as alternative to the BEM, a more advanced
computational approach, captures complex wake dynamics and aerodynamic interactions
in yawed conditions, allowing detailed simulations of vortex dynamics and their impact
on structural components.

Several gaps exist in the literature on wind turbine fatigue loads and yaw offset control,
which this study aimed to address. These gaps include, primarily, (1) the underutilization
of the OLAF method to capture complex wake dynamics under yawed conditions and (2)
the lack of comparative analysis among representative rotor aerodynamic force models
like BEM, DBEM, and OLAF. The detailed component-specific fatigue load data are often
neglected, with the focus instead on overall turbine performance. We aimed to fill these
gaps by evaluating and comparing DELs of turbine components using BEM, DBEM, and
OLAF for the onshore NREL 5 MW wind turbine model operating under different inflow
cases and yaw offsets, as shown in Figure 1.

{ ServoDyn BEM #—- Rain-flow counting
b DEL
{ AeroDyn DBEM #—’ Goodman-correction - %
(Z_nf(l,i ) )
1
N,
—  Mean laod eq
{ Inflow wind OLAF #
I— Aggregate
OpenFast Load assessment flow DEL

Figure 1. Fatigue load assessment workflow for wind turbine.
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This paper is organized as follows. Section 2 describes the wind turbine model set-
ups, the flow field inputs used in this study, and the aerodynamic force modeling theory.
Section 3 focuses on computing and comparing the DELs among different aerodynamic
force models. Finally, Section 4 summarizes the conclusions of the study.

2. Methodology

In this section, numerical simulation of fatigue load for the NREL 5 MW reference
wind turbine model was conducted by an open-source wind turbine simulation tool,
OpenFAST-v3.4.0 developed by NREL, Golden, CO, USA. The inflow wind was gener-
ated with stochastic full-filled, turbulent-wind simulator, TurbSim v2.00.00 developed by
NREL, Golden, CO, USA [26]. Three aerodynamic models, including BEM, DBEM, and
free vortex method OLAF were utilized to characterize the aerodynamic load acting on
blades. The aggregated short-term fatigue damage was computed according to DLC 1.2
of the IEC 61400-1 standards [27]. Yaw offset was utilized as the key variable parameter
in the simulations, with each aerodynamic model case generating time-series load data
processed through rainflow counting. Subsequently, fatigue loads for critical wind turbine
components were calculated based on Miner’s rule, as shown in Figure 1.

2.1. NREL 5 MW Wind Turbine Model

The onshore NREL 5 MW reference wind turbine [16], a standard utility-scale model,
was selected for this study. This three-bladed, upwind turbine features a land-based steel
tower with a hub height of 90 m and rotor diameter of 126 m. The tower has a base
diameter of 6 m with a wall thickness of 0.027 m, tapering to a top diameter of 3.87 m with
a wall thickness of 0.019 m. The masses of the steel tower, nacelle, and rotor are 347.5 tons,
240 tons, and 110 tons, respectively. Each blade comprises airfoil sections of varying sizes
along its radius, with the blade root consisting of one layer of gelcoat and 58 layers of Triax,
and the material properties of these components are detailed in [28]. The properties of
the blade and tower used in the fatigue load calculations are presented in Table 1. The
turbine operates at cut-in, rated, and cut-out wind speeds of 3 m/s, 11.4 m/s, and 25 m/s,
respectively. In terms of yaw direction, positive yaw angles are defined as clockwise when
viewed from top, while negative yaw angles are counterclockwise. In this study, yaw angles
ranging from —40° to 40° were investigated, with intervals of 5° for the BEM and DBEM
methods and 10° for OLAF method. Detailed information on the operational conditions is
summarized in Table 2.

Table 1. Properties of the blade and tower sections.

Outer Wall Section Moment of Young's Young's Shear Ultimate
Components  Material Diameter Thickness Area Inertia Modulus Modulus Modulus Strength
(m) (m) (m?) (m%) —x (Gpa) —y (GPa) (GPa) (GPa)
Tow[ﬁg’ase Steel 5355 6.000 0.035 0.658 2.925 210 210 80.8 0.56
Blade root Gelcoat 3.542 0.055 0.598 0.909 3.44 - 1.38 -
[28] Triax 27.7 13.65 7.20 0.70

Table 2. The wind inflow and operational condition of simulations.

Name Value
Turbulence model IECKAI
Wind speed 6m/s,8m/s,10m/s12m/s,and 14 m/s
Turbulence intensity Category A
Wind profile type Power law
Turbulence model Normal turbulence model
Shear exponent 0.2

Yaw angle 0°,£5°,+£10°, £15°, +20°, £25°, +30°, £35°, and =+ 40°




Machines 2025, 13, 607

50f18

175

For the NREL 5 MW wind turbine, two controllers are implemented within the Ser-
voDyn system: a generator torque controller and a full-span rotor-collective blade-pitch
controller. These control systems are designed to operate independently, targeting below-
rated and above-rated wind speed ranges, respectively. The torque controller is activated
to maximize wind energy capture when the mean wind speed at hub height is below
the designed rated wind speed. Conversely, the pitch controller is engaged to maintain
rated power output when the wind speed exceeds the rated speed. Additionally, initial
conditions, such as pitch angle and rotor speed, were set in accordance with the study by
Jonkman et al. [16] to ensure numerical stability.

2.2. Wind Field Modeling

To compute fatigue loads for the 5 MW NREL wind turbine under yaw offsets, full-field
turbulent inflow wind conditions were generated using TurbSim v2.00.00. The stochastic
wind inflow, with a minimum grid size of chord length, are characterized by power law
wind profiles, the Kaimal model, and normal turbulence model (Class A turbulence). The
power law wind profile is defined as follows:

U(z) = uhub( : )a (1)

where z is the vertical height required to calculate the wind speed, zj,,,, is the hub height,
Uy,p is the wind speed at hub height, and « is the shear flow exponent, which is set to
0.2. Wind fields were generated in increments of 2 m/s for mean hub-height wind speeds
ranging from 6 m/s to 14 m/s. The detailed parameters for wind inflow generation are
listed in Table 2, and the generated wind profiles and turbulence intensity profiles under
different hub-height wind speeds are plotted in Figure 2.

— 6m/s — 8m/s 10 m/s — 12m/s — 14 m/s
] 1751
(a) (b)

] 1501
5 1251

] 1004
51 751

4 50 4

4 25 4

0_ \
2.5 5.0 7.5 10.0 12.5 15.0 20 30 40 50

Wind speed, m/s ) TI, %
Figure 2. The inflow wind characteristics of (a) wind profile and (b) turbulence intensity profiles.

2.3. Aerodynamic Force Modeling

The acting aerodynamic lift (L) and drag forces (D), shown in Figure 3¢ on the span-
wise elements of the wind turbine blades, are responsible for changes in axial and angular
momentum rotation of the blade. The azimuth angle of the rotor is denoted by ¢ and
shown in Figure 3a. The applied forces on these blade elements cause a pressure drop on
the downwind side of the rotor because the axial momentum of the inflow passes through
the swept area, contributing to aerodynamic lift and drag forces [14] as shown in Figure 3.
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Figure 3. Illustration of blade aerodynamics: (a) blade element annular ring; (b) yaw offset orientation;
(c) blade element velocities and forces.

2.3.1. Blade Element Momentum (BEM) Theory

The fundamental assumption of BEM [14] theory is that the force on blade element is
solely responsible for the change in axial momentum of the air passing through the swept
area of the rotor, as shown in Figure 3a. This implies no radial interaction between the
flows in adjacent annuli, which is only strictly accurate if the axial flow induction factor is
uniform across the radius. The axial momentum of the blade element of the annuli depends
on the radius R, chord ¢, attack angle «, pitch angle §, and induction factor a-—shown in
Figure 3c. The mean inflow wind speed is the resultant of U (1 — a) and wr(1 4 a), which
induce axial thrust of the rotor. The drag and lift force of the blade element depends on
the inflow wind speed, the length of chord, the coefficient of drag C;, and lift C; along
the length of the blade dr, as shown in Equations (2) and (3). The Leishman and Beddoes
model was employed to account for the dynamic stall effect considering local velocity and
aerodynamic force.

L= %puchldr (2)
L)
D = S pUcCydr ®)

2.3.2. Dynamic Blade Element Momentum (DBEM) Theory

The simulation for dynamic inflow model of the baseline based on a discrete-time
implementation of unsteady model found in aeroelastic code [9]. Using the DBEM [29]
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theory, we employed time-dependent 7; for unsteady inflow model. The representation of
71 and 1y is provided in Equation (4):

B 11 R
- 1-13min(a, 05)U,

7\ 2
7 = [0.39 - 0.26<E) } 7 @)
where R is the rotor radius, 7 is the average axial induction over the rotor, U is the average
wind speed over the rotor, and r is the radial position shown in Figure 3a.

Wi, + lein = qu + kg qu and Wi,y = W+ Tzwin (5)

where W is the actual induction at the rotor of desired radial positon of the blade, qu is the
quasi-steady induction, W, is for coupling the quasi-steady and the actual induction, and
(+) represents the time derivative. The coupling constant k is the value between 0 and 1.

2.3.3. Converging Lagrange Filaments (OLAF) Vortex Methods

OLAF [25] methods model the evolution of vorticity (I') in the wake of a wind turbine
blade, using the vorticity equation. To simplify this complex process, vorticity is projected
onto discrete vortex filaments, and the convection and diffusion steps are treated separately
(shown in Equation (6). Regularization is required to ensure smooth approximations during
discretization. The forces exerted by the blades are also expressed in vorticity terms, with
bound vorticity (BV) related to the lift force modeled using a lifting-line (LL) formulation.
The OLAF was computed using a discretized finite number of panels, creating a four-sided
vortex ring. The sides of the panels assumed coincided with the lifting line (LL) (quarter of
the chord length from the leading edge) and trailing edge of the blade, as shown in Figure 4.

da_;_a_(;) — S - =
E‘ﬁ*(”v)“’_ (w-v)u+vAw (6)

where ¢ is the vorticity, 1 is the velocity, and v is the viscosity.

c/4

BV EV r, N r,

(a) (b)
LE LL TE
Figure 4. Illustration of vortex shed. (a) Cross-sectional view defining leading edge, trailing edge,
lifting line, bound vorticity (BV), and emitted vorticity (EV). (b) Circulation of vorticity segments
between panels and geometrical quantities for lifting-line panel.

2.4. Fatigue Load Calculation

OpenFAST, an open-source computer-aided engineering tool for horizontal-axis tur-
bine modeling developed by NREL, is utilized in this study. This tool integrates multiple
solvers, such as aero-servo-elastic, to provide the aeroelastic response of wind turbines [30].
The fatigue load is computed according to Design Load Case (DLC) 1.2 of the IEC 61400
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standards [27]. DLC 1.2 requires six different seeds of 10 min wind fields, each simulated
for 600 s [31]. A total of 800 s of simulation is performed for each wind seed. To avoid
wind turbine initialization effects, the initial 200 s of simulation results are discarded. For
calculating the fatigue load at a single yaw-offset angle, we first determined the ultimate
load for each yaw angle using all five wind speed bins, each consisting of six different wind
speeds, and simulated results using the NREL-developed MATLAB R2022b tool Mextreme
v1.01.00a-gjh [32]. Subsequently, to compute the fatigue load for a single yaw-offset angle
case, we utilized the results from the thirty simulations (five wind speed bins, each with six
wind seeds), employing the NREL MATLAB tool Mlife v1.01.00a-gjh [33].

The accumulated fatigue damage from fluctuating loads over the wind turbine design
life were considered, and these fluctuating loads were decomposed into individual cycles
by pairing local minima with local maxima in the time series using rainflow counting. Each
cycle was characterized by its mean load and range. Damage was assumed to accumulate
linearly with each cycle according to Miner’s rule (Palmgren and Miner) [33].

D= 2 LRF (7)

where N; denotes the number of cycles to failure, ; is the cycle count, and LRF is the cycle’s
load range about a fixed load-mean value. The relationship between load range and cycles
to failure (S-N curve) is modeled by:

Ly — | LMF| !
N; = (lt(%IfP)) ®)

where L/ is the ultimate design load of the component, LMF is the fixed load-mean, and m
is Wholer exponent of the component under consideration.

The fatigue cycle over fixed load-mean and the load ranges were corrected at each
cycle about a fixed mean load computed via the Goodman correction, as shown in the

Lult _ |LMF‘
RF R

following equation:

where LR is the ith cycle load range about a load mean of LM, LMF is the fixed mean load
from load time series, and LfVI is the mean load for cycle i. The L,y; is the ultimate load
approximated by 4.5 X Ly, Wwhere Ly,;qy is the maximum load of thirty simulations of a

particular yaw-offset case [33].

(PREYM
DEL — (2"1(1% ) ) (10)
eq

i

where n; is the damage count for cycle i, N, is the equivalent cycle count, m is the slope of

the S — N curve (where m = 3 for steel and m = 10 for composite), and LIRF

is the Goodman-
corrected load range computed from Equation (9). Subsequently, the load cycle over the
20-year design life was computed based on a Weibull distribution, with a shape parameter
of 2 and a scale parameter of 10. The components of the wind turbine affected by the
loads, such as the tower, blades, and low-speed shaft—which require maintenance—were

considered for evaluation, as shown in Table 3.
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Table 3. Explanation of presented loads.

Name Explanation

OOP blade moment Out-of-plane blade moment

LSS torque Low-speed shaft torque

LSS bending Moment Low-speed shaft bending moment

The resultant (RTM) of fore-aft (M,) and

Resultant t t . . .
esuttant tower mormen side-to-side (M,) tower base bending moment

3. Numerical Validation

To validate the numerical method for aerodynamic load modeling, the MEXICO
(Model Experiments In Controlled Conditions) experiment [34] is utilized for comparison.
This experiment was conducted at the large-scale low-speed facility (LLF) of the German-—
Dutch wind tunnels (DNWs), with a 9.5 m x 9.5 m open test section. The wind turbine, with
three blades and a diameter of 4.5 m, was tested in the clockwise rotational orientation from
an upstream perspective, with a constant rotational speed of 424.5 rpm and a pitch angle
of —2.3 degrees. The aerodynamic response of the turbine blade due to the inflow wind
condition was collected using sensors implanted within the turbine blades. The turbine
blade consisted of three different airfoils, DU91-W2-250 from 20% to 45%, RIS@-A1-21
from 55% to 65%, and NACA 64-418 from 70% to 100%. Several researchers utilized the
experimental data as a baseline to validate modeling approaches. In the present study, the
computational fluid dynamics (CFD) results of lift and drag coefficients conducted by Yang
et al. [35] are utilized for the abovementioned airfoils.

The MEXICO wind turbine model was simulated under steady uniform inflow, with
wind speed of 15 m/s, by the BEM and OLAF methods, respectively. The turbine blade
consists of three types of airfoils, and for transitional airfoils, the aerodynamic coefficients
were extracted from the average of the polar curves of the adjacent airfoils. To capture
the discrepancies between the OLAF and BEM methods and to emphasize the effects of
BEM computation at the blade tip, no changes were made to the two-dimensional polar
curves in this study. The simulation aimed to validate the spanwise distribution of the
normal force (Fn) and tangential force (Ft) per unit length, as well as the DEL of the turbine
blade OOP bending moment, against the MEXICO experimental data [36]. The fatigue
assessment specifically focused on the evaluation of blade root moments, based on the
resulting moment distributions, as detailed in Section 2.1.

Normal forces on a wind turbine blade, as illustrated in Figure 5a, demonstrate strong
concordance between computational simulations and experimental measurements. A de-
tailed comparison of the normal force predictions from the OLAF and BEM methods reveals
that the BEM approach exhibits reduced accuracy in the outer blade span (80-100% of the
blade length) despite accurate predictions in the inner blade regions. This discrepancy is
likely attributable to the complex three-dimensional flow characteristics over the blade
airfoils in the tip region. Conversely, the OLAF method tends to align closely with experi-
mental data at all span regions, indicating superior performance in capturing aerodynamic
behavior across the blade span.
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Figure 5. Comparison of blade span load distribution. (a) Normal force; (b) tangential force;
(c) flapwise blade root fatigue DEL; (d) NRMSE of simulated result to experimental data.

Figure 5b illustrates the tangential force distribution along a wind turbine blade,
exhibiting a general trend comparable to that of the normal force distribution. The BEM
method yields results that reasonably approximate experimental measurements from the
inner to mid-span regions of the blade. In contrast, significant deviations are observed at
the blade tip span (80-100% of the blade length), where BEM predictions diverge markedly
from experimental data, primarily due to vortex shedding effects. This indicates that the
BEM method becomes increasingly inaccurate at high wind speeds, driven by pronounced
flow degradation near the blade tip. However, the OLAF simulation tends to overestimate
tangential loads in the blade tip region, attributed to the high sensitivity of its calculations
in the tangential direction. Nevertheless, OLAF predictions demonstrate relatively higher
accuracy compared to the BEM method across the blade span.

Figure 5c presents the simulated DEL of the flapwise blade root moment under
different yaw-offset angles compared against experimental data from the MEXICO project.
For the BEM method, the DEL increases linearly with increasing yaw offset, over-predicting
beyond a yaw angle of 20° and experiencing a minimum fatigue load at zero yaw offset
due to symmetrical aerodynamic loading across the rotor-swept area. In contrast, the
DEL predicted by the OLAF method demonstrates better agreement with experimental
results as yaw offset increases. These findings highlight OLAF’s superior capability to
accurately predict the aerodynamic response and associated blade loads compared to the
BEM method.

Figure 5d presents the normalized root mean square error (NRMSE) values, indicating
the prediction accuracy of the OLAF and BEM models relative to the MEXICO experimental
results. The bar chart illustrates the aerodynamic forces (F; and F,) and the DEL of the blade
root flapwise moment prediction errors for the OLAF and BEM models. We calculated
the mean root square error (MRSE) of the MEXICO turbine experimental and simulation
results for F;, F,, and the DEL of the blade root flapwise moment. After computing the
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MRSE, we normalized each load with the respective mean experimental parameter load.
The OLAF method demonstrates lower prediction errors across all selected parameters
compared to the BEM model.

4. Results and Discussion

In this section, the fatigue damage experienced by critical components of the onshore
NREL 5 MW wind turbine model is investigated, specifically the blade root OOP bending
moment, LSS torque, LSS bending moment, and resultant tower base bending moments.
Fatigue damage is calculated based on aggregated short-term DELs resulting from aero-
dynamic loads induced by turbine operational wind speeds. These loads are evaluated
across wind speed bins with a width of 2 m/s, ranging from 6 m/s to 14 m/s, as detailed
in Section 2.2.

4.1. Fatigue Loading Comparison

Figure 6 shows the simulated DEL under different yaw-offset angles, where the results
of BEM, DBEM, and OLAF are plotted by blue, red, and green lines, respectively. Generally,
in all three simulated cases, the fatigue load increased for negative yaw offset (with the
maximum DEL at y = —40°) and decreased for positive yaw offset (with the minimum DEL
aty = 40°). The OLAF case, while following a similar trend, showed an increase in DEL
from a yaw angle of —10° to 10°. This change is attributed to the increase in the cross-flow
velocity in the swept area of the rotor. The fatigue load for DBEM and OLAF simulations at
yaw angles above 20° were lower compared to the BEM case.
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Figure 6. Damage equivalent load as a function of yaw misalignment for the 5 MW NREL: (a) OOP
blade moment; (b) LSS torque; (c) LSS bending moment; (d) resultant tower moment.
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The illustration in Figure 6b shows the DEL of the LSS torque for BEM, DBEM, and
OLAF cases, and the DEL of the LSS torque is influenced by the generator torque control.
Due to the yaw offset causing lower inflow to the rotor, the fatigue load decreases for
both positive and negative yaw angles. The turbine operates in control region 3 for wind
speeds of 12 m/s and 14 m/s, which could lead to higher angular acceleration. For yaw
angles y > £10° (refer to Figure 6b), the wind turbine operates in control region 21, and
for below-rated wind speeds, it operates in control region 1 % These conditions result in
a decrease in the DEL of the LSS torque as the yaw angle increases in both positive and
negative directions.

The LSS bending moment in Figure 6c¢ indicates that applying a yaw offset increased
the DEL as the yaw offset increased for both BEM and DBEM cases. The minimum DEL
is observed within a yaw offset range of 0 — 25° for BEM and 0 — 15° for DBEM. The
OLAF case shows a similar trend, with DEL increasing as the positive yaw offset rises from
0° to 40°. However, for negative yaw offsets (0° to —40°), the pattern differs due to the
following. The power spectra depict the LSS bending moment for yaw offsets ranging
from —40° to 40° in 10° intervals, as shown in Figures 7-11. The peaks, beginning from
lower frequencies of the LSS bending moment, correspond to the higher-order harmonic of
the rotor rotational frequencies (1P, 2P, 3P, etc.). We selected representative wind speeds
for below-rated (8 m/s) and above-rated (12 m/s) conditions to illustrate the change in
cross-flow tangential velocity across the wind turbine rotor annular area.

The amplitudes of these harmonic rotor frequencies increase at yaw angles and de-
crease as the frequency magnitude rises. The prominence of the nP peak suggests that the
highest load cycle amplitudes result from asymmetric blade loading. The amplitude of
harmonic rotor frequencies for negative yaw angles is lower than for positive yaw angles,
with the amplitude difference increasing as the yaw angle rises, as shown in Figures 7-11.
The fact that the amplitude corresponding to positive yaw angles is the largest indicates
that the greatest load cycle amplitudes result from the higher cross-flow tangential velocity.
In addition, for a yawed wind turbine, the relative tangential velocity increases in the upper
half (above hub height) of the rotor-swept area and decreases in the lower half. Conversely,
a negative yaw angle reverses the cross-flow velocity, causing the relative velocity to rise
in the lower half and fall in the upper half of the rotor area (as evidenced in [37]). This
variation affects the wake flow on the trailing edge of the airfoil, which OLAF primarily
depends on. The tangential velocity of shear inflow is greater above the hub, favoring
turbines yawed in the positive direction where tangential velocity increases.

The LSS bending moment DEL for the OLAF case decreases as the yaw offset changes
from 0° to —40°. For similar reasons, the resultant tower base moment (RTM), shown in
Figure 6d, decreases for negative yaw offsets and increases for positive yaw offsets due to a
decrease in thrust force induced by the relative tangential velocity component. The DEL
decreases in a similar trend for both positive and negative yaw offsets, with higher fatigue
loads observed at a yaw offset range of 0 — 5° for BEM and DBEM and 0 — 10° for the
OLAF case. The author believes that the discrepancy with the reference result (FAST?) [3]
is due to the version difference in the aeroelastic code, as OpenFast8 was used in our case.

4.2. Power Spectral Analysis of Loading

The power spectral density (PSD) functions of the turbine component load simulated
by the OLAF method were calculated using the fast Fourier transform (FFT) applied to a
60 min time series. For clarity, we selected the power spectra of wind turbine operation at
below-rated and above-rated wind speeds (8 m/s and 12 m/s, respectively) to illustrate
the load on critical wind turbine components (blade root, low-speed shaft, and tower base),
as shown in Figures 7-11 in this section.
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Blade root OOP moment (KN.m)"*2 /Hz

4.2.1. Blade Root

Figure 7 shows the PSD of the blade OOP bending moment for a representative
turbine under below-rated (8 m/s) and above-rated (12 m/s) turbulent wind speeds. The
magnitude of the harmonic frequency components is dominated by the 1Pfrequencies
(0.15Hz at 8 m/s and 0.19 Hz at 12 m/s), followed by 2P (0.3 Hz, 0.38 Hz), 3P (0.45 Hz,
0.57 Hz), 4P (0.6 Hz, 1.15 Hz), and so on, as shown in Figure 7a,b. For the below-rated
wind speed case, the harmonic frequencies at yaw angles of —40° and +40° shift to the
left due to the reduced rotor speed. However, for the above-rated wind speed case, the
harmonic frequencies remain unchanged, since the rotor speed is constant when wind
speed is above-rated. It is noteworthy that positive yaw misalignment significantly reduces
the magnitude of the 1P harmonic frequency component, thereby reducing the DEL of the
blade OOP bending moment, as shown in Figure 6a. The first-order natural frequency for
the 8 m/s turbulent wind speed case is relatively low. In the 12 m/s case, it aligns with
the 3P frequency, which may contribute to an increase in the fatigue damage of the blade.
The asymmetry in blade loads, induced by shear flow and variations in cross-flow velocity
across the rotor-swept area, increases with positive yaw offsets and decreases with negative
yaw offsets (refer to [38] for further details). Similarly, the fatigue load on the blade root
increased as the yaw offset increased counterclockwise from the upwind direction.

(a)

—— y=-40° 04 (b) —— y=-40°
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107! 10 10

Frequency (Hz)

Frequency (Hz)

Figure 7. The PSD of blade root out-of-plane moment simulated by OLAF method. (a) Wind speed of
8 m/s; (b) wind speed of 12 m/s.

4.2.2. Low-Speed Shaft

The low-speed shaft transmits the rotational motion of the rotor to the gearbox, with
its rotational motion directly related to that of the rotor. The NREL 5 MW wind turbine
model control system is configured for torque control when the wind speed is below the
rated wind speed and for pitch control when the wind speed exceeds the rated wind speed.
Figure 8 depicts the PSD of LSS torque at three yaw angles—y = —40°, 0°, and 40° under
turbulent wind speeds of 8 m/s and 12 m/s. The dominant harmonic frequency appears at
12P (1.83 Hz), followed by 3P, 21P, and 6P for the 8 m/s wind speed case. For the 12 m/s
case, the largest magnitude occurs at 9P (1.72 Hz), with additional resonances at 3P and
6P. At 8 m/s, the first-order natural frequency aligns with the 3P harmonic only at y = 0°,
where 3P coincides with the natural frequency of 0.62 Hz. At 12 m/s, this alignment occurs
for all three yaw angles, and yaw misalignment reduces the harmonic frequency power
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spectra of the LSS torque compared to y = 0°, contributing to reduced fatigue damage, as
shown in Figure 6b.

' (@) —— y=-40° 107 (b) —— y=-40°
........ y=0° e Y =00
10\1 _ 5 IUIZ _ 5
— y=40 — y=40
10\0 4 mm
Natural frequency Natural frequency
10° (0.62Hz)

T
]
i
i
]
]
]
]
i
i
]
]
]
]
]
]
}
i

10° (0.62Hz) '
]
]
]
]
]
i
i
I
|
]
]
]

P
I
]

LSS torque (KN.m)"*2 /Hz
LSS torque (KN.m)*2 /Hz

10° 10 10" 10
Frequency (Hz) Frequency (Hz)

Figure 8. The PSD of low-speed shaft torque simulated by OLAF method. (a) Wind speed of 8 m/s;

(b) wind speed of 12 m/s.

The PSDs’ LSS moments are characterized by the magnitude peaking at the 1P har-
monic and decreasing in the order of 2P and 4P for both below-rated (8 m/s) and above-
rated (12 m/s) wind speeds, as shown in Figure 9a,b. In the case of below-rated wind speed,
the 1p harmonic frequency due to yaw misalignment is reduced as a result of decreased
rotor speed. However, it remains relatively unchanged at above-rated wind speed. The
power spectral magnitude under negative yaw misalignment is lower for both below-
and above-rated cases, indicating that negative yaw misalignment contributes to reduced
fatigue damage, as illustrated in Figure 6¢c. The first-order natural frequency (0.62 Hz)
aligns with the 4P harmonic frequency at 8 m/s wind speed, thereby increasing the fa-
tigue damage of the LSS moment. However, at 12 m/s wind speed, the first-order natural
frequency does not align with any of the harmonic frequencies.
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Figure 9. The PSD of low-speed shaft bending moment simulated by OLAF method. (a) Wind speed
of 8 m/s; (b) wind speed of 12 m/s.
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4.2.3. Tower Base

Figures 10 and 11 present the simulated results for the PSD of the tower base fore—
aft and side-to-side bending moments for below-rated and above-rated wind speeds,
respectively. As shown in Figure 10a,b, at a below-rated wind speed of 8 m/s, the tower
shows dominant first-order natural frequencies at 0.32 Hz (fore-aft) and 0.31 Hz (side
-to-side). The proximity of the first-order natural frequency to the 3P harmonic frequency
widens the range of frequency peaks. In addition, harmonic components are present,
including 3P (0.46 Hz), 6P (0.92 Hz), 12P (1.83 Hz), and 21p (3.21 Hz), in both the fore-aft
and side-to-side tower base responses. The magnitude of the power spectra decreases
with increasing harmonic frequency (e.g., 3P, 6P) and then rises again at higher harmonic
components (12P and 21P) for both bending directions. For the fore-aft bending moment,
the first-order natural frequency magnitude is increased when the turbine is yawed, while
it is significantly decreased by the yaw misalignment for the side-to-side direction. This
reduction in the magnitude of the first-order natural frequency and harmonic components
in the side-to-side direction can explain why yaw misalignment reduces the resultant tower
base fatigue damage, as shown in Figure 6d.
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Figure 10. The OLAF case tower base: (a) fore-aft and (b) side-to-side bending moment at wind
speed of 8 m/s.

i
104 (@) | —— y=-40° w0 (d) —— y=-40°
i
. i ........ y= 0° S A b Y= 0°
10" I 10"
! — y=40° — y=40°
i v i
10 1" order i i 10" 1* order i
natural ﬁ's'qumc_\'\} ! 2% grder natural flk“l“’»‘ﬂl‘)f\‘ | 2% order
o (0.32Hz) i inmuml frequency 0 (0.31Hz) i natural frequency
L/ (290 H2) ‘

|/ (294H2)

Fore-aft bending moment (KN.m)"2 /Hz
Side-to-side bending moment (KN.m)"2 /Hz

10° 10! 10° 10" 10" 10"

Frequency (Hz) Frequency (Hz)

Figure 11. The PSD of tower base: (a) fore-aft and (b) side-to-side bending moment simulated by
OLAF at wind speed of 12 m/s.



Machines 2025, 13, 607

16 of 18

Figure 11 compares the PSD of time responses of tower base fore-aft and side-to-side
bending moments at a mean wind speed of 12 m/s. Similarly, the dominant first-order
natural frequencies are observed at 0.32 Hz (fore-aft) and 0.31 Hz (side-to-side). The power
spectra of harmonic components, such as 3P (0.57 Hz) and 6P (1.15 Hz), initially decrease but
then gradually rise, reaching a maximum near the second-mode tower natural frequency
at 15P (2.87 Hz), as shown in Figure 11a,b. Yaw misalignment clearly reduces the spectral
peaks of the first-order natural frequency and harmonic components, particularly in the side-
to-side bending moment of the tower base. In the case of the fore -aft direction, although
the magnitude of the first-order natural frequency does not decrease, yaw misalignment
reduces the magnitude of the harmonic components, thereby lowering the resultant tower
base fatigue damage, as shown in Figure 6d.

5. Conclusions

The onshore NREL 5 MW reference wind turbine was analyzed under various yaw-
offset conditions using BEM, DBEM, and OLAF methods to investigate the effects of
the unsteady aerodynamic forces on fatigue loads. The results called attention to the
significant influence of yaw offsets on the DEL of wind turbine components, emphasizing
the advantages of the OLAF method compared to traditional BEM and DBEM approaches.
By incorporating unsteady aerodynamic forces, OLAF demonstrated reduced DEL for
blades’ root OOP bending moments, LSS bending moments, and the resultant tower base
fore-aft and side-to-side moments. This improvement is attributed to OLAF’s ability
to better capture the effects of dynamic inflow and wake flow interactions. Conversely,
OLAF showed higher DEL for LSS torque under sustained yaw offsets while experiencing
relatively lower fatigue loads within a yaw angle range of -20° to 20°. This is primarily
due to its enhanced modeling of increased aerodynamic rotor thrust under unsteady
conditions, which are less accurately represented by BEM and DBEM. Unlike traditional
methods, OLAF provided more realistic DEL predictions for sustained yaw offsets, where
dynamic load variations are critical. These findings underscore OLAF’s capability to better
model unsteady aerodynamic forces and their impact on fatigue loads, offering improved
accuracy in fatigue load assessments and valuable understanding into rotor and structural
performance under yawed conditions. The study delved into the importance of considering
unsteady aerodynamic force in the fatigue load evaluation of yawed wind turbines.
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Abbreviations

The following abbreviations are used in this manuscript:
o Shear exponent

BEM Blade element momentum theory

BV Bound vorticity

D Drag force

DBEM Dynamic blade element momentum theory
DEL Damage equivalent load

DLC Design load case

F, Normal force

F Tangential force

r Vorticity

L Lift force

LE Leading edge

LL Lifting line

LSS Low-speed shaft

LSSBM Low-speed shaft bending moment
MEXICO Model experiments in controlled conditions
NREL National Renewable Energy Laboratory
OLAF Converging Lagrange filaments

OOoP Out of plane
P Azimuth angle
T Torque
TBBM Tower base bending moment
TE Trailing edge
TI Turbulence intensity
U(z) Wind speed at arbitrary height
Upup Hub-height wind speed
z Vertical height
Zhub Hub height
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