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The development and validation of an aero-hydro code written in MATLAB for the dynamic analysis of offshore floating
wind turbines is presented in this paper. Hydrodynamic modeling is based on linear potential flow theory, and memory
effects of the free surface are modeled by impulse response theory. In addition to linear wave loads, the second-order
difference-frequency force is simulated to capture the low frequency horizontal motion of the floating system. Blade element
momentum (BEM) theory is applied for modeling the aerodynamic force. Due to the unsteadiness of the relative wind velocity,
the classic BEM model is improved with a dynamic wake model. The aero-hydro code is validated by a model test carried out
in the Deepwater Offshore Basin at Shanghai Jiao Tong University. The simulation results of FAST are also presented to
demonstrate the importance of the second-order drift wave force.

INTRODUCTION

In recent years, issues such as environmental pollution, energy
crisis, and sustainable development have aroused much concern
among the public. As a result, more and more people are trying to
utilize renewable energy, which has boosted the development of
the wind energy industry. With an average annual growth rate of
20% over the past 10 years, the total global wind power generation
capacity reached 318 GW by the end of 2013 (GWEC, 2014).
Nevertheless, due to more turbulent breezes and a lower annual
mean wind velocity, it is technologically hard to achieve high-
energy efficiency from onshore wind resources. Therefore, the
industry is advancing into deep water, and an increasing amount of
effort is devoted to the study of offshore floating wind turbines.

The study of floating wind turbines is multidisciplinary, involving
hydrodynamics, aerodynamics, an automatic control system, and
structural responses. Karimirad (2011) conducted a comprehensive
investigation of a spar-type floating wind turbine with catenary
and taut mooring systems. The motion and structural responses
under operational and extreme environmental conditions were
considered, as well as the effects of aerodynamic and hydrodynamic
damping. Martin (2011) presented detailed information on the
scaling methodology, design, and physical characterization of the
National Renewable Energy Laboratory’s (NREL’s) baseline wind
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turbine for a model test. Scaling relationships ensuring loads and
internal reactions were provided, with particular attention paid to
the Reynolds number that governs the aerodynamics. Jeon et al.
(2014) investigated the unsteady aerodynamic loads of a floating
wind turbine by using the vortex lattice method (VLM). The
VLM gains an explicit sketch of the rotor wake by representing
the spatial locations and strengths of the vortex. Namik and Stol
(2010) developed a periodic state space controller that applies
individual blade pitching to improve the power output and reduce
platform motions. Compared to collective blade pitching, individual
pitching creates asymmetric aerodynamic loads to increase platform
restoring moments.

Worldwide, a series of novel floating wind turbine concepts have
been proposed, and several scale model tests have been conducted in
offshore water basins to analyze their dynamic response characters.
In 2006, Hydro Oil & Energy conducted a 1/47th scale model test
of a 5MW spar-buoy floating wind turbine at Marintek’s Ocean
Basin Laboratory, namely, the Hywind concept (Nielsen et al.,
2006). Shin (2011) conducted a model test of the OC3-Hywind
offshore floating wind turbine in the Ocean Engineering Wide
Tank at the University of Ulsan. The test confirmed that natural
frequencies of surge and pitch are not affected by rotor aerodynamic
damping. In order to generate valid data for calibration, to improve
the current analysis methodology, and to assess the merits and
demerits of different types of floating foundations, the University of
Maine performed a series of model tests at the Maritime Research
Institute Netherlands (MARIN) (Koo et al., 2012).

Jonkman (2007) developed a hydrodynamic module and imple-
mented it with the original aero-servo-elastic code FAST, which
was initially developed for the dynamic analysis of land-based
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wind turbines. The calculation of hydrodynamic forcing is based
on potential flow theory and Morison’s equation. Other researchers
sought to take advantage of existing tools in the wind energy and
ocean engineering industries. Kvittem et al. (2012) developed a
new coupled simulation code by linking SIMO/RIFLEX with the
aerodynamic programs AeroDyn and TurbSim. Quallen et al. (2014)
implemented a quasi-static crowfoot mooring-line model into the
computational fluid dynamics (CFD) solver to conduct a full-system
simulation of a spar-type floating wind turbine. In order to deter-
mine the ideal modeling approaches, IEA (International Energy
Agency) Wind has just approved a new project named the Offshore
Code Comparison Collaboration Continuation, with Correlation
(OC5), which seeks to validate simulation tools with scaled tank
testing and full-scale open-ocean testing (Robertson et al., 2014).

The importance of the second-order drift force for semisub-
mersible floating wind turbines has been gradually recognized by
the research community (Robertson et al., 2014). In view of its
importance in modeling, the simulation tool Wind-SKLOE was
developed for the dynamic analysis of floating wind turbines, and
second-order difference-frequency was simulated in the horizontal
direction. In the first part, theories employed by Wind-SKLOE
for modeling are fully discussed. Afterwards, an outline of the
model test setup is presented. Subsequently, model test data for
typical loading conditions are compared with simulation results to
validate the code. Comparisons are also made between FAST and
Wind-SKLOE to investigate the importance of the second-order
wave force. In the final part, the development of the code and its
limitations are summarized.

THEORY AND NUMERICAL MODELING

Wind-SKLOE is, by nature, an aero-hydro coupled dynamic
simulator predicting the global motions of a floating structure
under wave and wind excitations. The entire floating system (the
integration of the platform, tower, nacelle, and rotor) is modeled
as a single body in the code. This section describes the theories
applied for the numerical modeling of loadings and responses in
the code. Before detailed discussions are presented, an illustration
of the calculation procedure of Wind-SKLOE is displayed in Fig. 1.

Kinetics for a Body in Waves

According to Newton’s second law, the kinetics of a rigid body is:

Ṗ = F

L̇=M
(1)

Fig. 1 Illustration of calculation procedure of Wind-SKLOE

where P is the linear momentum [kg · m/s], L is the angular
momentum [rad · m/s], F is the external force [kN], and M is the
external moment [kN · m]. Let ′ denote time derivatives with respect
to the body-fixed system; Equation 1 is then transformed into:

[

�′

�′

]
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where m is the body mass [kg], I is the body’s inertia tensor
with respect to the center of gravity (COG) of the body, v is
the velocity of COG [m/s], and � is the body angular velocity
[rad/s]. Equation 2 is in accordance with the rotating body system.
Generally, it is favorable to refer to the accelerations in the body-
fixed frame as follows:
[
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(3)

Equation 3 is, by nature, a differential formula. In Wind-SKLOE,
the fourth-order Runge-Kutta method is employed to solve Eq. 3 as
follows:

yn+1 = yn + 4ãt/654K1 + 2K2 + 2K3 +K45

K1 = f 4tn1 yn5

K2 = f 4tn +ãt/21 yn + 4ãt/25K15

K3 = f 4tn +ãt/21 yn + 4ãt/25K25

K4 = f 4tn +ãt1 yn + 4ãt5K35

(4)

Function f 4tn1 xn5 represents the right-hand side of Eq. 3. If Eq. 3
is to be solved, the unknown external load terms have to be
determined at each time step. For an offshore floating wind turbine,
external forces include the contributions from hydrodynamic loads,
hydrostatic loads, aerodynamic loads, and mooring line forces.
The rest of this section will interpret how these external force
components are modeled.

Waves Modeling

Linear wave theory is applied for the generation of the long-
crested wave elevation time series throughout this paper. In linear
wave theory, the stochastic wave is regarded as the superimposition
of a series of regular wave components with different frequencies.
When the reference point is located at the origin of the reference
coordinate system, the wave elevation with regard to time is
expressed by Eq. 5:

�4t5=

N
∑

j=1

Aj cos42�fj t + �j5 (5)

where Aj , fj , and �j stand for the wave amplitude, frequency, and
random phase angle of the regular wave component j , respectively.
�j is distributed between 0 and 2� and is independent of time. The
wave amplitude Aj depends on the specific wave spectrum S4fj5
adopted to describe a short-term sea state as follows:

Aj =

√

2S4fj5ãf (6)

where ãf is a constant difference between adjacent wave frequen-
cies. In this paper, the JONSWAP spectrum is adopted to generate
the wave elevation time series. If fj is uniformly distributed, the
wave elevation will start to repeat itself after a certain amount
of time. The correction method proposed by Faltinsen (1993) is
adopted to combat this problem. As displayed in Fig. 2, this paper
uniformly divides the spectrum board into N sections, and fj is
randomly distributed in section j .
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Fig. 2 Distribution of wave frequency

Hydrodynamic Modeling

Hydrodynamic modeling is addressed within the range of the
potential flow theory. Memory effects of the free surface are
considered by using the impulse response theory (Cummins, 1962).
Potential damping is augmented with a quadratic viscous model to
emulate viscous effects. In order to gain a good capture of low
frequency response, the second-order difference-frequency force is
incorporated for horizontal degrees of freedom (DOF).

Diffraction Problem. For a diffraction problem, the solution of
the linear wave excitation force is dependent upon only the mean
body wetted surface and the incident wave velocity potential. This
inherently indicates that the linear excitation force can be acquired
in advance and transmitted into Eq. 3 as an independent external
variable. In this paper, the linear transfer function is adopted to
calculate the excitation force induced by a regular wave with
circular frequency � as follows:

f 4�5= Re
{

H4�5Aje
i4�t+�5

}

(7)

The complex value H4�5 contains the excitation force per unit wave
amplitude as well as the phase lag between the force and wave
elevation. Linear hydrodynamic theory simplifies wave loads in a
stochastic sea by superimposing the loads induced by individual
regular wave components. The diffraction wave force can then be
expressed by:

f 4t5= Re
{ N
∑

j=1

H4�j5Aje
i4�j t+�j 5

}

(8)

Radiation Problem. The time-domain radiation force is modeled
with impulse response theory, as shown in Eq. 9:

fi4t5=

6
∑

j=1

�ij4�5ẍj4t5+

6
∑

j=1

∫ t

0
kij4t − �5ẋj4�5d� (9)

where �ij4�5 is the body’s added mass for infinite frequency and
kij4t5 is widely known as the retardation kernel used to estimate
the free surface memory effects. The retardation kernel can be
obtained by either added mass or radiation damping. In this paper,
kij4t5 is calculated on the basis of radiation damping:

kij4t5=
2
�

∫ �

0
�ij4�5 cos4�t5d� (10)

The retardation kernel possesses some favorable properties, which
can be utilized to improve computation efficiency as follows:

When t = 0+,

kij40
+5=

2
�

∫ �

0
�ij4�5d� 6= 0 <� (11)

When t → �,

lim
t→�

kij4t5= lim
t→�

2
�

∫ �

0
�ij4�5 cos4�t5d�= 0 (12)

It is obvious that the retardation kernel is finite. Usually, the
retardation kernel decays to zero after tens of seconds. To take
advantage of this fact, kij4t5 is set to zero when t > 40 s to reduce
the time spent on computing the convolution integral term in Eq. 12.

Second-Order Wave Force Model. In linear hydrodynamic theory,
any nonlinear problems, such as interaction of individual wave
components, are avoided or neglected. For floating structures with
mooring systems, the natural frequencies of horizontal DOFs are
very likely to coincide with the difference-frequency of stochastic
waves. Therefore, the implementation of the second-order drift
force model is necessary to properly simulate the global motion
response. In this paper, the second-order difference-frequency force
is modeled through the quadratic transfer function (QTF) (Pinkster,
1980) as follows:

F 2nd
=

N
∑

i=1

N
∑

j=1

[

AiAjT
c
ij cos44�i −�j5t + 4�i − �j55

+AiAjT
s
ij sin44�i −�j5t + 4�i − �j55

]

(13)

T c
ij and T s

ij are the real and imaginary components of the QTF
matrix, which are functions only of �i and �j . This implies that
the second-order wave force can also be transmitted into Eq. 3 as
an external variable just like the linear diffraction wave force.

Viscous Damping Model. In order to incorporate the viscous
effects, the potential radiation damping is augmented with a
quadratic viscous model to emulate the viscous force as follows:

f v
i =

6
∑

j=1

Bij ẋj �ẋ� (14)

where Bij are the quadratic viscous coefficients and ẋ′ denotes the
body velocity for DOF j . This viscous model does not account
for coupling between different degrees of freedom, and only
the terms located at the diagonal line are nonzero. The viscous
coefficients are determined by the free decay test, as listed in
Table 1.

Hydrostatic Modeling

The hydrostatic force is computed as:

Fi = �gV0�i3 +

6
∑

j=1

Cijxj (15)

where V0 is the displacement and Cij stands for the still water
restoring stiffness matrix. The first term in Eq. 15 represents the
buoyancy force when the floating system is in its undisplaced
position. The second term represents the restoring force and moment
when the platform is displaced.

Term Quadratic coefficients

B11 1.8E6 Ns2/m2

B22 1.8E6 Ns2/m2

B33 3E6 Ns2/m2

B44 5.5E10 Nms2/rad2

B55 5.5E10 Nms2/rad2

B66 1.15E10 Nms2/rad2

Table 1 Quadratic viscous coeffficients
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Aerodynamic Modeling

The aerodynamic loads are modeled on the basis of the blade
element momentum (BEM) theory (Moriarty and Hansen, 2005).
In addition, a dynamic wake model is implemented to take into
account the wind unsteadiness caused by platform global motion.

Since the relative wind velocity Vrel changes in time and space
due to the platform motion, it is of the utmost importance to know
the instantaneous position of the blade relative to a fixed coordinate
system at each time step. Therefore, a transformation matrix is
applied to transform the wind velocity from the inertial system
to the blade-fixed system. The local relative wind velocity at the
blade section is:

[

Vrel1 y

Vrel1 z

]

=

[

V01y

V01z

]

+

[

−�r cos4cone5
0

]

+

[

Wy

Wz

]

(16)

Once the relative wind velocity Vrel is determined, local wind
loads can be calculated by using 2D aerodynamic lift and drag
coefficients as follows:

fz =
1
2
�V 2

relcCl cos�+
1
2
�V 2

relcCd sin� (17)

fy =
1
2
�V 2

relcCl sin�−
1
2
�V 2

relcCd cos� (18)

where Cl and Cd are the lift and drag coefficients, respectively,
� stands for the air density, and c denotes the chord length. The
essence of the BEM method is to calculate the induced wind
velocity EW and thus the attack angle. This paper adopts the relation
stated by Bramwell (1976) to determine the quasi-static induced
wind velocity:

Wy =
−BL cos�

4��rF
∣

∣ EW0 + fg En4En · EW5
∣

∣

(19)

Wz =
−BL sin�

4��rF
∣

∣ EW0 + fg En4En · EW5
∣

∣

(20)

where En = 40101−15. L stands for the lift force, and B is the
number of blades. F is Prandtl’s tip loss factor for the correction
of effects arising from the finite number of blades:

F =
2
�

cos−14e−f 51 f =
2
�

R− r

R sin�
(21)

where R is the total radius of the blade. fg is commonly referred
to as the Glauert correction, which is an empirical relationship
between the thrust force and axial induction factor a:

fg =











11 a≤ 002

002
a

(

2 −
002
a

)

1 a > 002
a=

Wz

� EV0�
(22)

Fig. 3 Local wind flow at airfoil section (Hansen, 2013)

Equations 19 and 20 are valid only in a steady state, as there is
a time delay before they are in equilibrium with unsteady wind.
Therefore, the dynamic wake model proposed by Øye (1991) is
adopted to take into account the time delay effects as follows:

EWint + �1
d EWint

dt
= EWqs + k · �1

d EWqs

dt
(23)

EW + �2
d EW

dt
= EWint (24)

�1 =
101

1 − 103a
·

R

� EV0�
1 �2 =

(

0039 − 0026
(

r

R

)2)

· �1 (25)

EWqs is the quasi-static value computed by Eq. 18 and Eq. 19, EWint

is an intermediate value, and EW is the final filtered induced wind
velocity.

Mooring System Modeling

In the current version of the code, a six-DOF spring is used to
simulate the mooring system. The stiffness matrix is determined by
the model test data. Only terms at the diagonal line are nonzero,
suggesting that no couplings between different DOFs are considered.

MODEL TEST SETUP

In this section, an outline of the model test setup and a description
of the floating wind turbine model will be presented. The model
test was carried out in the Deepwater Offshore Basin at Shanghai
Jiao Tong University. Global motion responses of the floating
system were measured during the test through the application of
a sophisticated positive optical tracking system. The uncertainty
of the motion tracking system is as small as 1 × 10−3 mm for
translation motion and 1 × 10−3 deg for rotational motion.

Scaling Methodology

For the model testing of offshore floating wind turbines, both
hydrodynamics and aerodynamics will be involved and govern
dynamic responses of the system. It is therefore of the utmost
importance to apply a suitable scaling methodology. The Froude
number and geometric similitudes are typically employed in water
basin tests to ensure the relationship between inertial and gravita-
tional wave forces. Meanwhile, the Reynolds number similarity
is adopted more often in wind tunnel testing as it preserves the
relationship between the viscous and inertial forces of the incident
flow. It is ideal to maintain the Froude number and Reynolds

Fig. 4 1/50 th floating wind turbine model



Journal of Ocean and Wind Energy, Vol. 2, No. 1, February 2015, pp. 1–11 5

Required
thrust force (kN)

Ideal
wind velocity

Adjusted
wind velocity

829 11.4 m/s 12.8 m/s
125 40 m/s 15.7 m/s

Table 2 Adjusted wind velocity (full scale)

number similitude simultaneously in the test. From a practical
perspective, however, it is quite difficult to maintain the Reynolds
number in the experimental condition; the Froude scaling method
is thus applied in the test.

Under a Froude-scaled environmental condition, the low Reynolds
number will lead to a significant drop in aerodynamic loadings. In
order to acquire the required aerodynamic loadings in the test, the
ideal model-scale wind velocity is increased. At first, the required
thrust force with respect to a certain wind velocity is calculated.
Afterwards, the wind velocity in the physical condition is adjusted
until the measured aerodynamic loading matches the required value.
The adjusted wind velocity in the test is listed in Table 2.

Wind Turbine

In general, the wind turbine model is identical to NREL’s 5MW
baseline wind turbine (Jonkman et al., 2009). However, some
discrepancies are inevitable due to physical constraints when a
model is manufactured. For example, the tower top weight is larger
than that of the prototype due to the mechanical facilities and
electronic sensors. In addition, the tilt and cone angles are both set
to zero in our model.

Woven carbon fiber material is employed in the construction
of the blade model to meet the scaled mass target. In order to
avoid accidental events and complications caused by blade elastic
deflection, the blade is manufactured to be very stiff. However, the
tower model is specially designed to simulate the bending stiffness
of the prototype.

Term Value

Tower top weight 3.85 kg
Rotor diameter 2.52 m
Hub diameter 0.06 m
Hub height 1.8 m
Tilt 0 deg
Cone 0 deg

Table 3 Properties of wind turbine (model scale)

Fig. 5 Dimensions and configuration of the platform (Coulling et
al., 2013)

Term Value

Draft 0.4 m
Platform mass 103.3 kg
COG below SWL 0.27 m
Platform roll inertia 19.36 kg·m2

Platform pitch inertia 19.36 kg·m2

Platform yaw inertia 38.42 kg·m2

Table 4 Parameters of platform (model scale)

Platform

The floating platform is a three-column semisubmersible-
submersible platform, referenced from the famous SEDCO-135
platform (Chung, 1976). It is mainly made up of three main offset
columns inducing buoyance and restoring force and one central
column mounting the wind turbine. Figure 5 illustrates the dimen-
sions and configuration of the platform. Chung (1994) studied
the added-mass and wave-damping coefficients of such figuration,
focusing on the effects of the free surface and water depth. The
primary properties of the platform are summarized in Table 4.

Mooring System

The mooring system is composed of three slack catenary lines.
Fairleads are connected to the top of ballast tanks. Three mooring
lines are oriented symmetrically at 60°, 120°, and 180° about the
vertical axis, respectively. 0° is aligned with the positive x-axis.
The relevant information concerning the mooring system is listed
in Table 5.

VALIDATION OF SIMULATION CAPACITY

Simulation results by Wind-SKLOE are compared with model
test data and FAST-predicted results under representative loading
conditions. All results are presented in full scale, and experimental
data is scaled according to Froude scaling methodology. The
reference point is located at the COG of the entire floating system,
which is 4.8 m (full-scale) below the still water line. The wind and
wave are both set to propagate along the positive surge direction.
Therefore, only surge, heave, and pitch motions will be dealt with in
this section. The representative loading conditions are summarized
as follows:

• free decay scenario
• white noise wave scenario
• land-based test
• joint steady wind and regular wave scenario
• joint steady wind and irregular wave scenario

Free Decay Scenario

In the first place, the prediction capacity is assessed by free decay
tests. In this scenario, validating the modeling of the radiation force

Term Value

Number of mooring lines 3
Depth to anchors 4 m
Depth to fairleads 0.28 m
Radius to anchors 17.07 m
Radius to fairleads 0.82 m
Unstretched mooring line length 16.71 m

Table 5 Mooring system information (model scale)
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Fig. 6 Time series of surge decay motion

Fig. 7 Time series of heave decay motion

and kinetics is the primary objective. As displayed in Figs. 6, 7, and
8, the time series of decay motions match very well between Wind-
SKLOE and the model test. Furthermore, the predicted natural
periods are very close to the measured results (as compared in
Table 6).

Fig. 8 Time series of pitch decay motion

Surge Heave Pitch

Model test 54.86 s 16.45 s 24.29 s
Wind-SKLOE 55.11 s 16.31 s 24.20 s
Percentage difference 0.45% 0.85% 0.37%

Table 6 Natural periods

Fig. 9 Surge motion RAO

White Noise Wave Scenario

The prediction of wave-induced motions is subsequently esti-
mated. In this scenario, white noise irregular wave rather than a
series of regular waves is adopted.

For surge motion, the Wind-SKLOE possesses a satisfactory
simulating capacity. The peak frequency and peak value both match
very well between the model test data and simulation results in
Fig. 9. This indicates that the low frequency resonant response
could be fully captured. However, the coupling between surge
and pitch is not obvious in the simulation results, which is mostly
attributed to the simplified mooring system model.

In spite of discrepancies at the low frequency range, the RAOs
for heave predicted by Wind-SKLOE agree well with experimental
results (shown in Fig. 10). As depicted in Fig. 11, there are some
discrepancies between the model test data and simulation results

Fig. 10 Heave motion RAO
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Fig. 11 Pitch motion RAO

involving the peak value of the pitch motion. The responses at
the resonance frequency of the pitch itself (0.24 rad/s) and surge
(0.11 rad/s) are both somewhat overestimated. Such overestimation
is believed to be caused by the tower’s elastic deflection, which has
not been considered in the simulation code.

Land-based Test

Before the assessment of the coupled aero-hydro simulation
capacity, the aerodynamic module is validated separately. Unlike
other comparative loading conditions, the aerodynamic module is
compared with the FAST program rather than with model tests
in this scenario. For this load scenario, the thrust force relative
to a series of steady wind is valued. The thrust-wind velocity
relationship is presented in Fig. 12, in which the rotor speed is fixed
at 12.1 rpm and the blade pitch is fixed at 0 deg. The sensitivity of
the thrust to the rotor speed is also investigated by changing the
rotor speed from 8 rpm to 12.1 rpm, with the wind velocity fixed
at 8 m/s. According to Fig. 13, there is only a slight overestimation
of the thrust force.

In order to assess the calculation capacity of the unsteady wind
force, the aerodynamic behavior under a sinusoidal wind condition
is studied. The wind velocity is arranged to vary as a sinusoidal

Fig. 12 Thrust-wind velocity relationship

Fig. 13 Thrust-rotor speed relationship

Fig. 14 Time series of thrust force

function with a period of 10 s. The induced thrust forces obtained
by FAST and the code are depicted in Fig. 14. In spite of the
overprediction of the mean thrust force, the code possesses a
satisfactory calculation of the unsteady wind force.

Joint Steady Wind and Regular Wave Scenario

Now that the hydrodynamic and aerodynamic models have been
validated separately, a joint wind and wave loading scenario is
selected to examine the coupled hydro-aero modeling. A rated
wind (V = 1104 m/s) and regular wave (H = 4 m, T = 10 s) are
adopted, respectively. The time series of steady-state motions due
to joint wind and wave loads are displayed in Figs. 15, 16, and 17.

In general, good agreement is reached between the simulation
results and model test data. In spite of discrepancies in the mean
positions, the motion amplitude is well captured for three DOFs
involved. This indicates a successful capturing of the coupling
effect between the aerodynamic loads and platform motion. The
discrepancy in the prediction of the mean positions is mainly due to
two reasons. On the one hand, the linear mooring system stiffness
matrix is unable to simulate the mooring tension when the floating
system is pushed away from its undisplaced position. On the other
hand, the calibrated rated wind may fail to induce the required
thrust force when the wind is not perpendicular to the rotor plane.
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Fig. 15 Time series of surge motion

Fig. 16 Time series of heave motion

Apart from heave motion, the predicted mean positions of surge
and pitch by FAST are both smaller than the results by Wind-
SKLOE. The underpredicted mean position of FAST is inevitable
as the mean drift is not modeled.

Fig. 17 Time series of pitch motion

DOF Source Maximum Minimum Mean Std dev

Model test 5.21 −0.90 2.75 0.65
Surge
(m)

Wind-SKLOE 5.33 1.04 3.18 0.62
FAST 4.26 0.30 2.35 0.55

Model test 0.94 −1.07 −0.09 0.28
Heave
(m)

Wind-SKLOE 0.99 −1.01 −0.01 0.28
FAST 0.97 −0.98 −0.02 0.27

Model test 6.79 2.35 4.19 0.54
Pitch
(deg)

Wind-SKLOE 4.94 1.98 3.42 0.43
FAST 4.47 1.41 3.08 0.42

Table 7 Statistical results of motion responses in load case 1

Joint Steady Wind and Irregular Wave Scenario

As the final validation step, the joint steady wind and stochastic
wave loading scenario is studied. Two environmental conditions
are selected to investigate the simulation capacity in both the
operational state and survival state, respectively. Load case 1
represents the rated-operational environmental condition, in which
the rotor speed is 12.1 rpm. In load case 2, however, the rotor is
parked to minimize the aerodynamic loads:

• Case 1: Rated-operational state
Wind velocity = 11.4 m/s, Hs = 6 m, Tp = 10 s

• Case 2: Survival state
Wind velocity = 40 m/s, Hs = 10 m, Tp = 14 s

Table 7 summarizes the statistical results of the motion responses
in load case 1. The results in Table 7 indicate that the code in
this paper has a better simulation of surge motion compared with
FAST due to its consideration of the second-order drift force. With
respect to heave motion, few discrepancies are observed among
three data resources. Nevertheless, both this code and FAST present
lower predicted pitch motions.

In order to further study the causes of discrepancies, the time
series data are analyzed with the Fast Fourier Transform (FFT)
method to obtain the power spectral density (PSD), which is shown
in Figs. 18, 19, and 20 for surge, heave, and pitch, respectively. In
Fig. 18, PSDs of surge motion are compared among the model
test, Wind-SKLOE, and FAST. The simulation results of both
Wind-SKLOE and FAST within the wave frequency zone (0.4 to

Fig. 18 PSD for surge motion in load case 1
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Fig. 19 PSD for heave motion in load case 1

0.8 rad/s) are close to the model test data. Nevertheless, little low
frequency response is available in the predictions of FAST, while
Wind-SKLOE predicts a much larger response in this frequency
zone. This indicates the importance of modeling the second-order
force for the DeepCwind semisubmersible floating wind turbine.
However, low frequency surge motion is underpredicted by Wind-
SKLOE compared with the model test data. Because wave-induced
motions are simulated well in the white noise wave scenario, such
underprediction is inherently attributed to distinct aero-damping
between the model test and simulation model. In the model test,
although the mean thrust force is achieved by increasing the wind
velocity, this correction method fails to simulate the thrust force
gradient with respect to the wind velocity, i.e., the aerodynamic
damping (Larsen and Hanson, 2007). Since the aerodynamic effects
are mostly significant in the low frequency zone, only the resonant
response is underpredicted, while the wave energy frequency
responses match well with the model test data.

In regard to the pitch motion, as illustrated in Fig. 20, the
simulation results are unsatisfactory and discrepancies are observed.
While FAST overestimates motion around the wave frequency zone,
Wind-SKLOE underpredicts it. As both Wind-SKLOE and FAST

Fig. 20 PSD for pitch motion in load case 1

Fig. 21 PSD for surge motion in load case 2

do not consider the second-order drift force for pitch DOF, they
present similar simulated resonant pitch motions, which are much
smaller than those of the experimental data. This indicates that
the second-order wave force is essential not only for horizontal
translational motion but also for rotational motion.

The dynamic responses in the survival state are also studied.
Power spectral density is obtained and presented in Figs. 21, 22,
and 23. In these figures, the motion responses are underpredicted
to a great extent. Since the blades are pitched to feather in the
survival state, such underprediction is mostly caused by inadequate
hydrodynamic modeling. In fact, the wave load model established
in this paper is suitable when the wave condition is moderate. The
preobtained hydrodynamic coefficients (added mass, damping, and
excitation force) cannot properly represent the floating system’s
frequency response properties when the motion amplitude is large.
In addition, the relative wave elevation is left out of account in the
wave load modeling in this paper. The wave load modeling has a
built-in limitation for predicting responses in extreme conditions in
which the nonlinear effects dominate. Therefore, the hydrodynamic
modeling of Wind-SKLOE may not be suitable for predicting
motions in extreme sea states.

Fig. 22 PSD for heave motion in load case 2
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Fig. 23 PSD for pitch motion in load case 2

CONCLUSIONS

In this paper, a MATLAB code simulating the global motion
responses of offshore floating wind turbines is developed. The
simulation results are compared with model test data for validation.
This code is also compared with FAST to show the importance of
the second-order drift force in the modeling of the DeepCwind
semisubmersible floating wind turbine.

According to the comparisons in this paper, the simulation
capacity of Wind-SKLOE is reliable under most conditions. Never-
theless, there are discrepancies between the simulation results and
model test data due to limitations of the numerical modeling in
Wind-SKLOE. It is shown that this code greatly underpredicts the
motions of the platform in extreme sea states. As linear assumption
is made in the code, the simulation results are not satisfactory
when the wave condition becomes severe.

The main contribution of Wind-SKLOE is the modeling of
the second-order wave drift force. It is necessary to demonstrate
how important Wind-SKLOE is for the responses of the floating
wind turbine. Consequently, this code is also compared with FAST
in this paper. Comparisons between the two show that Wind-
SKLOE has a better prediction capacity for low frequency surge
motion than FAST. However, as both Wind-SKLOE and FAST
have not considered the second-order wave force of pitch DOF,
they present similar simulation results, which are lower than those
of the experimental data. This indicates that the second-order wave
force is important not only for horizontal translational motions but
also for rotational motions.
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