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Abstract: In the present study, a numerical framework for predicting the aerodynamic performance
and the aeroelastic behavior of floating offshore wind turbine rotor blades involving platform
motion was developed. For this purpose, the aerodynamic and structural analyses were conducted
simultaneously in a tightly coupled manner by exchanging the information about the aerodynamic
loads and the elastic blade deformations at every time step. The elastic behavior of the turbine
rotor blades was described by adopting a structural model based on the Euler-Bernoulli beam. The
aerodynamic loads by the rotor blades were evaluated by adopting a blade element momentum theory.
The numerical simulations were conducted when the platform of the wind turbine independently
moves in each of the six degrees-of-freedom directions consisting of heave, sway, surge, roll, pitch,
and yaw. It was observed that flexible blades exhibit complicated vibratory behaviors when they
are excited by the aerodynamic, inertia, and gravitational forces simultaneously. It was found that
the load variation caused by the platform surge or pitch motion has a significant influence on the
flapwise and torsional deformations of the rotor blades. The torsional deformation mainly occurs in
the nose-down direction, and results in a reduction of the aerodynamic loads. It was also found that
the flapwise root bending moment is mainly influenced by the platform surge and pitch motions. On
the other hand, the edgewise bending moment is mostly dictated by the gravitational force, but is not
affected much by the platform motion.

Keywords: floating offshore wind turbine (FOWT); platform motion; aerodynamics; aeroelasticity;
elastic blade deformations; unsteady blade element momentum theory

1. Introduction

These days, wind became more popular as one of the renewable energy sources. It is sustainable,
widely-distributed, and eco-friendly. In addition, the wind power system does not produce any
greenhouse gas emission during the operation. Because of these reasons, the energy resource based
on conventional fuels primarily used in the past has recently been replaced by wind energy by a
significant portion. According to Wind Europe’s Central Scenario [1], 106 GW of wind power capacity
was installed in Europe between 2006 and 2016. In the same period, the US and China have installed
71 GW and 156 GW, respectively. The EU targets for 323 GW of cumulative wind energy capacity by
2030, including 253 GW and 70 GW onshore and offshore, respectively. This is equivalent to 29.6% of
the EU’s total electrical power demand.

The wind energy market has so far been dominated by onshore wind turbines installed on the
ground. However, onshore wind has a limited potential due to its relatively poor quality and the lack
of turbine install location. Accordingly, offshore wind power systems attract more attention these days,
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since offshore wind is stronger and is more consistent than onshore wind. Moreover, construction of
large-scale wind farms is more feasible in offshore. Consequently, a variety of offshore wind turbine
concepts are currently under development around the world.

Offshore wind turbines are classified into either bottom-fixed or floating depending on the install
location [2]. Bottom-fixed wind turbines have a fixed foundation on the seabed, and are generally
installed in shallow water areas of up to 60-m in depth. Meanwhile, floating wind turbines are
mounted on a platform floating on the water, and are usually installed in the deep-water area where
bottom-fixed wind turbines are not feasible. Floating offshore wind turbines have an extensive potential
compared to bottom-fixed types, since water depth or seabed condition is not a consideration for a site
selection. However, they are continuously under the influence of wave and wind, which can cause
movement of the platform. The consecutive oscillation resulting from the platform motion not only
alters the aerodynamic performance of the turbine, but also leads to a structural vibration of the turbine
components such as the blades, shaft, and tower.

Several studies have been previously undertaken to accurately predict the aerodynamic
performance of floating offshore wind turbines considering the platform motion. Vaal, Hansen,
and Moan [3] investigated the effects of a periodic surge motion on the integrated loads and the
induced velocity of the wind turbine rotor by using a blade element momentum theory coupled with
a quasi-steady wake model and a dynamic inflow model. Tran and Kim [4,5] conducted numerical
simulations of a floating offshore wind turbine under a periodic platform surge and pitch motions at
various frequencies and amplitudes, and examined the effect of vortex-wake-blade interaction. Tran
and Kim [6] also investigated the dynamic response of a floating offshore wind turbine by using a
coupled aero-hydrodynamic approach. In their study, the aerodynamic loads of the rotor, the platform
dynamic response, and the mooring line tension were calculated.

Even though some meaningful results were obtained from the previous studies [3–6] for the
aerodynamic load prediction of floating offshore wind turbines, the rotor blades were assumed to
be rigid, and the effects of elastic blade deformation were not properly considered. Rodriguez and
Jaworski [7] developed an aeroelastic framework for evaluating the impact of the blade elasticity on
the near-wake formation and its linear stability for onshore and offshore wind turbine configurations.
However, in their study, only flapwise bending deformation was examined based on a linearized
elastic structural model, and the blade deformations in the other directions were not considered. Since
elastic rotor blades deform in every axial, lead-lag, flapping, and torsional directions, and they are
all non-linearly coupled together, it is important to consider those deformations simultaneously [8].
Torsional deformation changes the blade effective angle-of-attack, and, thus, has a significant influence
on the blade aerodynamic loads and the overall rotor performance.

In the present study, the rotor aerodynamic performance, the blade elastic behavior, and the
mutual interaction of the two were investigated for a floating offshore wind turbine under periodic
platform motions. To calculate the aerodynamic loads produced by the rotor blades, a blade element
momentum theory was applied. For the prediction of the elastic blade deformations, a structural model
was developed based on a nonlinear Euler-Bernoulli beam undergoing axial, lead-lag, flapping, and
torsional deformations. The aerodynamic and structural analyses were conducted simultaneously in a
tightly coupled manner by exchanging the information about the aerodynamic loads and the elastic
blade deformations at every time step. The motion of the floating offshore turbine was prescribed by
the six degrees-of-freedom (6DoF) platform motions. At first, the calculations were conducted for
a fixed-platform wind turbine, and the aerodynamic loads and the elastic blade deformations were
examined under various operating conditions. Next, the aerodynamic load variations of the rigid rotor
blades were calculated when the platform is in periodic motions. Lastly, the effects of periodic platform
motions on the aerodynamic performance and the aeroelastic behavior of the flexible rotor blades
were investigated, along with the blade root bending moments. Since the tower and the platform are
relatively more rigid compared to the blades, the effects of the flexibility of the two turbine components
were not considered in the present study.
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2. Numerical Methods

2.1. Derivation of Structural Equations of Motion

The structural model for predicting the blade elastic behavior is based on a second-order nonlinear
Euler-Bernoulli beam. Figure 1a,b show the coordinate systems for the floating offshore wind turbine
and the blade deformation kinematics [9], respectively. When the blade deforms, as shown in Figure 1b,
an arbitrary point P on the undeformed blade is moved to a point P′ by the axial (u), lead-lag (v),
and flapping (w) deformations. Then, the blade cross-section containing P′ undergoes rotations of
pitch control angle (θ) and torsional deformation (φ) about the deformed elastic axis (ξ). To conduct
aeroelastic analyses for the floating offshore wind turbine, the 6DoF equations of the platform motion
defined in the inertial frame need to be combined with the formulation governing the blade elastic
motion [10]. The transformation matrix from the inertial frame to the tower frame (TTI) with a small
angle approximation can be achieved by the following equation.

IT

JT

KT

 = TTI


II

JI

KI

, TTI =


1 θz −θy

θxθy − θz θxθyθz + 1 θx

θy + θxθz θyθz − θx 1

 (1)

To derive the equations governing the blade elastic behavior, Hamilton’s variational principle
was adopted. The generalized Hamilton’s principle, applicable to non-conservative systems, can be
expressed by the equation below. ∫ t2

t1

(δU − δT − δW) = 0, (2)

where δU, δT, and δW are the variations of the strain energy, the kinetic energy, and the virtual work
done by the applied aerodynamic and gravitational loads, respectively. Since the explicit expression
of the equations considering all nonlinear terms is extremely lengthy and complicated, an ordering
scheme [10] was applied to simplify the equations by neglecting relatively less important terms.
The orders of magnitude of the non-dimensional quantities related to the platform motion can be
summarized by the equation below.
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The orders of magnitude for the non-dimensional parameters related to the 6DoF platform motion
are set to O(ε), and their first and second time derivatives are set to O(ε3/2). The orders of the terms
related to the wind turbine configuration in Figure 1a, such as tower height, overhang length, shaft tilt
angle, and pre-cone angle, are set as the same to those in the beam equation suggested by Hodges [10].

The strain energy terms are not affected by the platform motion, and, therefore, the equation
can be obtained by applying the strain-displacement relations based on an Almansi strain and their
variations [9,10].

The variation of kinetic energy in Equation (2) can be expressed by the equation below.

δT = −

∫ R

0

x
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..
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→
r kdηdςdx (4)

The kinetic energy equations are obtained by the acceleration vector (
..
→
r k) and the virtual

displacement (δ
→
r k) of

→
r k, which is the position vector of an arbitrary point (P′) on the deformed blade

defined in the inertial frame, as shown in Figure 1a.
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The virtual work done by the applied loads, which are the aerodynamic and gravitational loads,
can be expressed by the equation below.

δW =

∫ R

0
[(Lg

u + LA
u )δu + (Lg

v + LA
v )δv + (Lg

w + LA
w)δw + (Lg

φ
+ LA

φ)δφ]dx, (5)

where Lu, Lv, and Lw are the applied loads at each blade section along the x, y, and z directions,
respectively. Lφ represents the pitching moment about the undeformed axis.
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Figure 1. Coordinate systems and blade deformation kinematics. (a) Coordinate systems of floating
offshore wind turbine. (b) Blade deformation kinematics (Reproduced from [9], Elsevier: 2014).

2.2. Discretization Method

To obtain the discretized equations governing the blade elastic deformation, a finite-element
method (FEM) was adopted. The blade is divided into a number of finite elements, and the
corresponding elemental matrices and vectors are assembled to construct the global nonlinear equations
shown below.
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Here, Mb, Gb, and Kb are the blade mass, gyroscopic, and stiffness matrices, respectively. Also,
MbP, CbP, and KbP are the terms representing the blade-platform coupled mass, damping, and stiffness
matrices, respectively, which arise additionally to accommodate the platform motion. The terms on

the left-hand side of Equation (6) are linear, and all the nonlinear terms are included in
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platform following its motion.
→
x

T
P = [xP, yP, zP,θx,θy,θz] (7)

→

F0 indicates the inertia force arising from the blade azimuthal rotation and the rigid motion

for blade pitch control.
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F aero and
→

F grav are the applied loads on the blade by the aerodynamic and
gravitational forces, which come from the virtual work in Equation (5). The nonlinear equations of
motion in Equation (6) are numerically solved by using the Newmark-β time integration method [11].

2.3. Aerodynamic Load Prediction

In the present study, the blade element momentum theory [12,13] was adopted to calculate the
aerodynamic forces acting on the wind turbine rotor blades. This method is numerically efficient, and
is simple to apply. For calculating the sectional aerodynamic loads, two-dimensional static airfoil
data [14] was utilized. The induced downwash was estimated by using the momentum theory based
on a linear inflow model [15]. The relative velocity between the free-stream and the rotating blades can
be expressed by the equation below.
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Here,
→

Vb indicates the rotating blade velocity considering the platform motion, and
→

VF represents
the sum of the free-stream velocity and the induced downwash. The tangential and perpendicular
components of the relative velocity in the deformed frame were used to calculate the magnitude of the
sectional velocity and the angle-of-attack.

In reality, a time lag exists between the air loads and the instantaneous angle-of-attack because of
the build-up effect of the circulatory loads and the decay effect of the non-circulatory impulsive loads.
These unsteadiness effects are known to arise from the trailing-edge shed wake and also from the
propagation of the pressure disturbances [16,17]. In the present study, the unsteadiness was accounted
for by adopting the indicial response method [16,17] considering a step change of the angle-of-attack
and the pitch rate.

2.4. Coupling Methodology

When the floating offshore wind turbine is under a platform motion, strong mutual interaction
exists between the rotor blade aerodynamics and its elastic behavior. To investigate this transient flow
phenomenon accurately, in the present study, the aerodynamic and structural analyses were conducted
simultaneously in a tightly coupled manner by exchanging the information about the aerodynamic
loads and the elastic blade deformations at every time step.
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Figure 2 shows the overall procedure for the coupled aeroelastic analyses of the floating offshore
wind turbine rotor blades. At first, the platform motions are prescribed. Then, the sectional aerodynamic
loads for each blade are calculated based on the two-dimensional static data. At the initial stage, the
blade deformations and the induced downwash distribution of the rotor are assumed to be zero. This
sectional airloads of the blades are provided in Equation (6), and the elastic blade deformations in the
axial, edgewise, flapwise, and torsional directions are calculated. The information about the blade
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deformations are then transferred to the aerodynamic analysis routine, and the sectional aerodynamic
loads of each blade are re-calculated for the deformed blade configuration. This process of the
deformation loop is iteratively repeated until the averaged value of the root mean square errors of
the blade deformations for all nodes becomes less than a given criterion. In the present study, 10−3

was specified.
After that, the inflow distribution is calculated again based on the converged solution of the

rotor aerodynamic loads. Then the sectional aerodynamic loads and the elastic deformations of the
rotor blades are re-calculated for the new inflow information. This procedure of the outer inflow loop
is repeated until the root mean square error of the induced downwash for all blades becomes less
than 10−4. This completes the current time step, and the calculation is continued by considering the
prescribed platform motion at the next time step.

3. Results and Discussion

In the present study, numerical analyses were carried out for the NREL 5 MW reference wind
turbine. Initially, for the verification of the present framework, aeroelastic analyses of the bottom-fixed
wind turbine rotor blades were carried out. Then aerodynamic load prediction of the floating offshore
wind turbine under a platform surge motion was performed for rigid rotor blades. Next, aeroelastic
analyses were conducted for the floating offshore wind turbine to investigate the effects of platform
motions on the aerodynamic loads and the deformation of flexible rotor blades.

The gross properties of the NREL 5 MW reference wind turbine [14] are presented in Table 1. The
wind turbine has a conventional three-bladed, upwind, blade-pitch-controlled rotor that exhibits a
power rating of 5 MW at the rated-wind speed of 11.5 m/s.

Table 1. Gross properties of NREL 5 MW reference wind turbine (Reproduced from [14], NREL: 2006).

Rating 5 MW

Rotor configuration Upwind, three blades
Rotor, Hub diameters 126 m, 3 m

Tower length (ht) 87.6 m
Overhang length (Loh) 5 m

Shaft tilt angle (αs) 5◦

Pre-cone angle (βp) 2.5◦

3.1. Aeroelastic Analyses of Bottom-Fixed Wind Turbine Rotor Blades

At first, aeroelastic analyses of the bottom-fixed wind turbine rotor blades were conducted. In
Figure 3, the rotor aerodynamic loads and the blade tip deformations are presented with varying wind
speed. Below the rated wind speed, the thrust and torque gradually increase as the wind speed and the
angular velocity of the blade increase, as shown in Figure 3a. Above the rated wind speed, pitch control
in the nose-down direction is applied for a fixed angular velocity of 12.1 RPM, and, therefore, the
torque remains constant and the thrust decreases. Accordingly, the largest blade deformations occur
at the rated-wind speed where the thrust is maximized, as shown in Figure 3b. In addition, because
of the flapwise deformation, the clearance between the tower and the blades is reduced from 0.2R to
0.12R at the rated wind speed. The results confirm that consideration of the elastic blade deformations
is essential in the aerodynamic analyses of large-scale wind turbines. It is also shown in the figure that
the present results are in good agreement with those of FAST [14] and a coupled CFD-CSD method [9].
However, small differences in the thrust and in the flapwise deformation are observed between FAST
and the present method. These deviations are mainly due to the effect of the torsional deformation,
which is not considered in FAST. When the nose-down torsional deformation is present, the thrust and
the flapwise deformation are consequently reduced.
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3.2. Aerodynamic Loads of a Floating Offshore Wind Turbine with Rigid Rotor Blades

Next, aerodynamic load variations due to a platform surge motion were investigated for a floating
offshore wind turbine. In this case, all components of the wind turbine, including the rotor blades, tower,
and rotor shaft were assumed to be rigid bodies. The results were compared with those of a previous
study [5] by using both FAST and a CFD approach based on the three-dimensional Navier-Stokes
equations. For the demonstration of the platform motion of the wind turbine, a sinusoidal function
was applied as below.

D(t) = D0 sin(ωt) (9)

In the present study, the platform surge motion with various oscillation frequencies, which are the
same as those used in the previous study [5], were adopted for a comparison purpose. Table 2 shows
the amplitudes and the frequencies of the platform motion. In Figure 4, the platform displacement,
velocity, and acceleration are presented when the platform moves with an amplitude (D0) of 8 m and a
frequency (ω) of 0.5 rad/s. The calculations were made at the rated-wind speed of 11.5 m/s. In this
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wind condition, the blade rotates with an angular velocity of 12.1 RPM, and the pitch control angle is
set to zero degree.

Figures 5 and 6 show the thrust and power coefficients for the various platform surge motion cases
in Table 2. The results are also compared with other predictions [5]. It is shown that the aerodynamic
loads significantly oscillate due to the platform surge motion, and the load variation becomes larger as
the frequency of the platform motion increases. Overall, the present results compare very well with
other predictions [5] by FAST and a CFD method. However, some deviation of the aerodynamic loads
is observed as the platform oscillation frequency becomes larger, as shown in Figures 5d and 6d. This
is because conventional approaches, such as BEM or GDW, have limitations in accurately predicting
the transient flow characteristics due to their theoretical assumptions [18], when compared to the CFD
method. Except for the case with a high oscillating frequency of the platform, it was found that the
present method is able to predict the aerodynamic load variation due to platform motions accurately.

Table 2. Amplitudes and frequencies of various platform motions.

Case 1 Case 2 Case 3 Case 4

Amplitude (D0) 8 m 8 m 8 m 8 m
Frequency (ω) 0.127 rad/s 0.246 rad/s 0.500 rad/s 0.770 rad/s
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3.3. Aeroelastic Analyses of the Floating Offshore Wind Turbine

Lastly, the effects of platform motions on the aerodynamic performance and the aeroelastic
behavior of the rotor blades of a floating offshore wind turbine were investigated. For this purpose,
the calculations were made by considering the 6DoF platform motions, such as heave, sway, surge,
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roll, pitch, and yaw. The rotor blades of the wind turbine were assumed to be elastic bodies, but
the flexibility of the tower and the rotor shaft was not considered in the present study. In Figure 7,
the platform motions and the blade deformations are defined. The free-stream velocity was set to
8m/s, and the blades were assumed to rotate with a constant angular velocity of 9.15 RPM (0.96 rad/s).
Additionally, the amplitudes of the translational and rotational platform motions were set to 4 m and
two degrees, respectively, which are within the range that can approximately describe the practical
operating conditions. For the convenience of the analyses, the frequency of the platform motion was
set to 0.48 rad/s, which is one-half of the angular velocity of the turbine rotor, for both the translational
and rotational platform motions. Thus, the rotor blades make two revolutions for one period of the
platform motions.
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Figure 7. Definition of platform motions and blade deformations.

In Figure 8, the effect of different time step size on the rotor power coefficient and the blade tip
deformation is presented for one period of the platform surge motion. It is shown that, out of the
four-time steps tested, the numerical solutions are fully converged and are almost identical when
5-degree and 10-degree time steps were used. In this regard, the time step size of 10 degrees, was
adopted for all unsteady calculations in the present study.
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3.3.1. Consideration of Translational Platform Motions

At first, the calculations were conducted by considering the translational platform motions.
In Figure 9, the thrust and power coefficients of the floating offshore wind turbine are compared
between the rigid and elastic blades, along with those of a bottom-fixed wind turbine. It is shown that,
when the blade elasticity is considered, the rotor thrust and power coefficients are reduced on average
by about 5% and 1.5%, respectively, mainly due to the nose-down torsional deformation. Out of the
three translational platform motions, the dominant influence on the aerodynamic loads appears by the
surge motion, as shown in Figure 9c, because the upcoming normal velocity to the rotor is added to the
free-stream by this oscillatory motion. The change of the relative velocity to the rotor significantly
alters the blade effective angle-of-attack, and, thus, the aerodynamic loads are significantly affected.
However, in the cases of the platform heave and sway motions, the change in the relative velocity
occurs in a way that is mostly parallel to the rotor disk plane. Thus, the contribution of these in-plane
rotor oscillations to the blade effective angle-of-attack and to the resultant aerodynamic loads are
relatively small.
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Figure 10 shows the edgewise (lead-lag), flapwise, and torsional deformations at the blade tip
under the translational platform motions. In calculating the blade deformations, the aerodynamic loads,
gravitational forces, and inertia forces due to the platform motions were simultaneously considered.
It is shown that, in the case of the platform heave motion, the edgewise and torsional deformations
occur most significantly. This is because the gravitational force and the blade inertia force due to the
heave motion dominantly affect the edgewise deformation. This edgewise deformation also induces
the torsional deformation by the non-linearity of the blade structure. Compared to the turbine without
the platform motion, the peak-to-peak amplitudes of the edgewise and torsional deformations with
the platform heave motion are smaller from zero to 360 degrees azimuth angles due to the downward
platform acceleration, and become larger between 360 and 720 degrees by the upward acceleration.
On the other hand, the flapwise deformation is not very noticeable for the heave motion because the
aerodynamic load changes are not significant, as shown in Figure 9a.

The platform sway motion also causes the edgewise and torsional deformations shown in
Figure 10b, since the inertia force is affected by the motion. However, the phase shift of the deformations
is more dominantly observed than their magnitude changes.

In contrast, when the platform performs a surge motion, the flapwise deformation is dominantly
affected, as shown in Figure 10c, because the blade normal force, and also the rotor thrust, significantly
change. The positive and negative peaks of the flapwise deformation appear near the azimuth angles
of 240◦ and 600◦. Since the three blades experience identical relative velocities due to the surge motion,
the flapwise deformations are in the same phase for all blades.

In addition to the aerodynamic loads, the inertia force of the blade caused by the platform motion
also influences the blade deformations significantly. To investigate these effects more in detail, the
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correlation between the exciting forces and the resultant blade elastic deformations is examined for
one period of the platform surge motion, as shown in Figure 11. At the beginning of this period, the
wind turbine is assumed to be at the far downstream position with the reference blade aligned parallel
to the turbine tower, and then starts to move forward toward its upstream direction. At this initial
stage, the thrust becomes larger because the platform velocity increases. In addition, as the platform
accelerates, the blade inertia force builds up in the downstream direction, which further increases
the flap-up and nose-down torsional deformations. As a result, the clearance between the blade tip
and the tower is reduced from 0.2R to 0.135R. When the turbine continues to move further upstream
past the half way, the thrust starts to decrease as the platform upstream velocity is reduced. As the
platform decelerates and now the blade inertia force acts toward the upstream, the magnitudes of the
flapwise and torsional deformations are reduced, and eventually become smaller than those of the
blade without the platform motion. When the turbine reaches the uppermost upstream and starts to
move backward, the flap-up and nose-down torsional deformations continue to decrease and then
eventually start to increase. During this stage, the thrust continues to decrease. When the turbine
keeps moving and passes the half way, which decelerates to the downstream, the thrust again starts to
increase. The flap-up and nose-down deformations continue to increase, and eventually become larger
than those without the platform motion.
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Figure 11. Blade aerodynamic loads and aeroelastic responses for one period of platform surge motion.
(a) Flapwise deformation at the blade tip. (b) Torsional deformation at the blade tip. (c) Thrust force of
the reference blade. (d) Velocity of the platform in surge motion. (e) Acceleration of the platform in
surge motion.

Figure 12 shows the blade root bending moments in the flapwise and edgewise directions when the
platform is under the translational motions. The root bending moments are presented with respect to
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the undeformed frame, and are positive in the flap-down and lead directions of the blade, respectively.
The flapwise bending moment is generally affected by the blade normal force associated with the thrust,
and, therefore, its amplitude is most significantly affected by the platform surge motion, as shown
in Figure 12c. When the elastic blade deformations are considered, the flapwise bending moments
are reduced on average by about 8% compared to those of the rigid blade, mostly due to the effect of
the nose-down torsional deformation. In the case of the edgewise bending moments, little difference
is observed between the rigid and elastic blades. This is because the loads acting in the edgewise
direction are mainly from the gravitational force. Consequently, the maximum and minimum edgewise
root bending moments appear at the azimuth angles of 90◦ and 270◦ when the blade is aligned sidewise
parallel to the ground.
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3.3.2. Consideration of Rotational Platform Motions

Next, the effects of the rotational platform motion on the aerodynamic performance and the
aeroelastic behavior of the floating offshore wind turbine rotor blades were investigated. In the present
study, the rotational center of the wind turbine was set at the bottom of the tower. In Figure 13, the
thrust and power coefficients are presented for one period of the rotational platform motion. Figure 14
shows the corresponding blade tip deformations in the edgewise, flapwise, and torsional directions.

It is observed that, when the platform is in the yaw motion, the thrust and power coefficients
remain unchanged, as shown in Figure 13a. However, the flapwise and torsional deformations are
significantly changed, as shown in Figure 14a. Since the turbine rotates about the axis along the
tower, the thrust and power on the blades increase in the advancing side, while those in the retreating
side are reduced by a similar amount. Consequently, even though the thrust, power, and aeroelastic
deformation show a time-varying behavior by each blade, the integrated sum for the whole rotor is
preserved to be nearly constant.

When the platform is in its pitch motion, the aerodynamic loads vary considerably, as shown in
Figure 13b. In addition, the flapwise and torsional blade deformations significantly change. For this
platform pitch motion, the overall trend of the aerodynamic load variations is similar to those of the
platform surge motion. However, the detailed behavior of the blade deformations is more complicated,
because the relative velocity at each section of the blade differs depending on its azimuthal position. In
addition, a phase difference exists between the blades in their flapwise deformations, because each
blade is exposed to different relative velocities by the pitch motion.

To investigate the detailed effects of the platform motion on the blade deformations, the correlation
between the exciting forces and the blade elastic deformations is examined for one period of the pitch
motion, as shown in Figure 15. At the beginning of this period, the wind turbine is assumed to be at
the downstream lay-back position where the reference blade is aligned in a parallel way to the turbine
tower. When the turbine starts to pitch forward toward the upstream direction and starts to accelerate,
the thrust becomes larger than the turbine without the platform motion. As the inertia force builds up,
the blade flaps up further and the corresponding nose-down torsional deformation is also increased.
When the turbine continues to rotate forward past the halfway upright position, the thrust is slowly
decreased. Now as the turbine starts to decelerate, the flap-up and nose-down torsional deformations
are reduced and become less than the turbine without the platform motion. When the turbine reaches
the upstream droop position and starts to pitch backward, the thrust continues to decrease below the
value without the platform motion. In addition, the inertia force by the platform angular acceleration
now further reduces the blade flap-up and nose-down deformations. As the turbine continues to rotate
further past the upright position and decelerates, the thrust starts to increase. The blade flap-up and
nose-down torsional deformations continue to increase, and eventually the magnitudes become larger
than those without the platform motion.

When the platform is in a roll motion, the whole turbine rotates, but the rotor itself is in a
movement along the side-to-side direction with respect to the upcoming free-stream. Therefore, the
overall behaviors of the aerodynamic loads and the blade deformations are mostly similar to the
turbine in a translational sway motion. Thus, little changes in the thrust and power coefficients are
observed, as shown in Figure 13c. The edgewise and torsional deformations are slightly affected by the
platform roll motion, while the flapwise deformation remains relatively unchanged.

Figure 16 shows the blade root bending moments when the platform is in the rotational motions.
It was observed that consideration of the elastic blade deformations results in a reduction of about
7% in the flapwise root bending moment on average, compared to that of a rigid blade. The flapwise
root bending moment is mostly affected by the blade normal force, and the effect becomes particularly
dominant in the case of the platform pitch motion. In the edgewise direction, the gravitational force is
the main contributor, and, therefore, the root bending moments are not affected much by the platform
rotational motions for both the rigid and elastic blades.
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Figure 15. Blade aerodynamic loads and aeroelastic responses for one period of platform pitch motion.
(a) Flapwise deformation at the blade tip. (b) Torsional deformation at the blade tip. (c) Thrust force of
the reference blade. (d) Angular velocity of the platform in pitch motion. (e) Angular acceleration of
the platform in pitch motion.
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4. Conclusions

In the present study, a numerical methodology for predicting the aerodynamic performance and
the aeroelastic behavior of floating offshore wind turbine rotor blades involving platform motions
has been developed. The aerodynamic and structural analyses were carried out in a tightly coupled
manner considering the transient flows caused by the platform motions. The structural model for
predicting the elastic blade deformation is based on a nonlinear Euler-Bernoulli beam undergoing axial,
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lead-lag, flapwise, and torsional deformations. The blade element momentum theory was applied to
calculate the aerodynamic loads on the rotor blades. Applications of the present method were made
for the NREL 5 MW reference wind turbine under various operating conditions.

At first, the elastic deformations and the aerodynamic loads of bottom-fixed wind turbine rotor
blades were calculated for various wind speeds. The results showed that the rotor blades experience
fairly large elastic deformations, and the clearance between the tower and the blades can be reduced
significantly due to the flapwise deformation. It was confirmed that consideration of blade elasticity
is essential in the aerodynamic analyses of large-scale wind turbines. Next, the aerodynamic load
variations of a floating offshore wind turbine under various platform sinusoidal surge motions were
investigated. The rotor blades were assumed to be rigid bodies. The results were validated by
comparing with other predictions by FAST and a CFD method. It was found that the rotor aerodynamic
loads are significantly affected by the platform motion.

Lastly, the effects of platform motions on the aerodynamic performance and the aeroelastic
behavior of a floating offshore wind turbine were investigated. The study was made for the cases
when the platform is in sinusoidal oscillatory motions in each of three translational and three rotational
directions. It was observed that flexible rotor blades exhibit complex vibratory behaviors under the
various exciting loads, including the aerodynamic, inertia, and gravitational forces. In particular, the
flapwise blade deformation is strongly affected by the aerodynamic force variation associated with the
platform motion. The nose-down torsional blade deformation tends to reduce the aerodynamic loads.
The flapwise root bending moment of the blade is also affected by the platform motions, especially in
surge and pitch. In the edgewise direction, the gravitational force is the dominant factor to the root
bending moment, while the effect of platform motions is minimal.

It was concluded that the present method is well-established, and is suitable for predicting
aerodynamic loads and aeroelastic deformations of floating offshore wind turbine rotor blades
involving platform motions.
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Abbreviations

The following abbreviations are used in this manuscript:

BEM Blade Element Momentum theory
CFD Computational Fluid Dynamics
CSD Computational Structural Dynamics
GDW Generalized Dynamic Wake model
NREL National Renewable Energy Laboratory

Nomenclature

CT Thrust coefficient, Thrust/(1/2ρV2
∞A)

CPO Power coefficient, Power/(1/2ρV3
∞A)

D0 Amplitude of platform motion
hrc Vertical distance between top of tower and rotational center of platform, m
hs Vertical distance between top of tower and end of rotor shaft, m
ht Tower height, m
Loh Overhang length, m
→
q Nodal displacement vector represented by 15 degrees of freedom
R Blade span, m
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→
r H Position vector of hub center defined in the nacelle frame
→
r k Position vector of arbitrary point on deformed blade defined in the inertial frame
→
r k/H Position vector of arbitrary point on the deformed blade defined in the hub frame
→
r N Position vector of the bottom of nacelle defined in the tower frame
→
r P Position vector of the rotational center of the platform defined in the inertial frame
→
r T Position vector of the bottom of the tower defined in the tower frame
TTI Transformation matrix from the inertial frame to the tower frame
u, v, w Blade deformations in axial, edgewise (lead-lag), and flapwise directions, m
X, Y, Z Coordinate system defined at a rotating hub center (Rotating hub frame)
XH, YH, ZH Coordinate system defined at a hub center (Hub frame)
XI, YI, ZI Inertial coordinate system (Inertial frame)
XN , YN , ZN Coordinate system defined at the bottom of nacelle (Nacelle frame)
XT, YT, ZT Coordinate system defined at the bottom of the tower (Tower frame)
x, y, z Coordinate system defined at the undeformed blade (Undeformed frame)
xP, yP, zP Magnitudes of translational platform motion along with XI, YI, and ZI axes, m
.
xP,

.
yP,

.
zP Velocities of translational platform motion along with XI, YI, and ZI axes, m/s

..
xP,

..
yP,

..
zP Accelerations of translational platform motion along with XI, YI, and ZI axes, m/s2

αs Shaft tilt angle, deg
βp Blade pre-cone angle, deg
θ Built-in pre-twist of blade, deg
θx,θy,θz Rotational angles of platform with respect to XI, YI, and ZI axes, deg
.
θx,

.
θy,

.
θz Angular velocities of platform with respect to XI, YI, and ZI axes, deg/s

.
θx,

.
θy,

.
θz Angular accelerations of platform with respect to XI, YI, and ZI axes, deg/s2

ξ, η, ζ Coordinate system defined at the deformed blade (Deformed frame)
ρs Blade mass per unit volume, kg/m
φ Blade torsional deformation about deformed axis, deg
ψ Rotor azimuth angle, deg
Ω Angular velocity of the rotor, rad/s
ω Frequency of the platform motion, rad/s

Subscripts

b Blade
D Deformed frame
I Inertial frame
i Induced downwash
p Perpendicular direction
r Radial direction
T Tower frame
t Tangential direction
∞ Free-stream

Superscripts

A Gravitational loads
g Aerodynamic loads
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