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a b s t r a c t

Floating Offshore Wind Turbines (FOWT) installed in the deep sea regions where stable and strong wind
flows are abundant would have significantly improved energy production capacity. When designing
FOWT, it is essential to understand the stability and motion performance of the floater. Water tank model
tests are required to evaluate these aspects of performance. This paper describes a model test and nu-
merical simulation for a 750-kW semi-submersible platform wind turbine model-II. In the previous
model test, the 750-kW FOWT model-I suffered slamming phenomena from extreme wave conditions.
Because of that, the platform freeboard of model-II was increased to mitigate the slamming load on the
platform deck structure in extreme conditions. Also, the model-I pitch Response Amplitude Operators
(RAO) of simulation had strong responses to the natural frequency region. Thus, the hub height of model-
II was decreased to reduce the pitch resonance responses from the low-frequency response of the sys-
tem. Like the model-I, 750-kW FOWT model-II was built with a 1/40 scale ratio. Furthermore, the ex-
periments to evaluate the performance characteristics of the model-II wind turbine were executed at the
same location and in the same environment conditions as were those of model-I. These tests included a
free decay test, and tests of regular and irregular wave conditions. Both the experimental and simulation
conditions considered the blade rotating effect due to the wind. The results of the model tests were
compared with the numerical simulations of the FOWT using FAST (Fatigue, Aerodynamics, Structures,
and Turbulence) code from the National Renewable Energy Laboratory (NREL).
© 2019 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Offshore wind turbines tend to obtain better wind quality than
do onshore wind turbines. Thus, offshore wind turbines are ex-
pected to realize high generation efficiency. Also, offshore wind
turbine offer a solution to noise pollution and insufficient instal-
lation space. Thus, in the future, offshore wind turbines are ex-
pected to be moved to deep water sites for these reasons, as well as
for the stable and strong wind flow. In anticipation of this, study
and development of Floating Offshore Wind Turbines (FOWT) is
increasing. Offshore wind farm located in deep waters have enor-
mous potential, if the technical challenges are solved. The deep-
water environment will require moored or tensioned floating
turbines, and the design of a FOWT is complicated compared to
conventional offshore wind turbines, owing to both wind and

hydrodynamic considerations. Furthermore, a FOWT is affected by
complex external loads due to waves, wind, and current. Therefore,
to maintain stability when designing FOWTs and to determine the
installation location, the characteristics of the motion of the
structure must be considered. It is essential to understand the
stability andmotion performance of the floater (Muller et al., 2014).

A concept of a spar-type FOWT was defined by the IEA Wind
Task 23 subtask 2 OC3 project (Jonkman, J., Musial, W., 2010) to
support a National Renewable Energy Laboratory (NREL) 5-MW
reference wind turbine based on the prototype Hywind
(Jonkman, J., Butterfield, 2009), (Jonkman, J. et al., 2010). A concept
of semi-submersible-type FOWT was defined by IEA Task30 OC4
Project (Robertson, A. et al., 2012). A series of FOWT experiments
were executed in coupled wind and ocean environments in a wide
tank at the University of Ulsan (UOU). The model tests were per-
formed at different scale ratios. Spar models were tested at the
scale ratio of 1:128 (Shin et al., 2011), (Shin et al., 2013a) and (Ahn
et al., 2017). The OC4 semi-submersible model tests were per-
formed at a 1:80 scale ratio (Shin et al., 2013b).
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The Korean government is currently considering building a
floating offshore wind farm project on the east coast. Before this
demonstration project begins, it is important to study the appli-
cability of FOWTs for the wind farm. In this demonstration project,
the 750-kW wind turbine class with the semi-submersible plat-
form system has been selected for evaluation. A prototype of 750-
kW wind turbine with semi-submersible platform will be used to
verify stability and motion performance. Based on the demonstra-
tion project, water tank model tests will also be required to eval-
uate the model's performance prior to the installation of this
project. Model tests for FOWTs in a basin tank have been performed
for both research and commercial projects. The results of these
model tests are compared with the numerical simulations to verify
FOWT performance.

Usually, the main types of FOWT are classified as spar or semi-
submersible depending on the system stability and installation
depth. The spar-type FOWT is applicable for greater water depths
because it can maintain stability during sea operation. Within this
demonstration project, the water depth at the test site was 64m.
The easy setup of catenary mooring system of the semi-
submersible type makes it well-suited to installation depths in
the range of 50me100m.

This study describes the 750-kW semi-submersible platform
wind turbinemodel-II and themodel test and numerical simulation
to study motion characteristics. Generally, wind turbines are
required to have a design life of greater than 20 years and should be
designed to endure external loads such aswaves, wind, and current.

Fig. 1 depicts the slamming phenomena caused by extreme
wave conditions observed in the test of the 750-kW FOWTmodel-I.
Model-II was re-designed mitigate the slamming load on platform
deck in extreme wave conditions. Slamming is the impact load of
the bottom structure of an offshore structure onto the sea surface.
The slamming effect shortens the design life of offshore wind tur-
bine platform structures and results in personal and material
damage. Slamming induces extremely high loads on offshore
structures and is taken into consideration when designing ships or
offshore structures (David, K. Brown, 1999). The freeboard of 750-
kW FOWT platform model-II was increased to mitigate slamming
effects on the lower deck of platform under extreme waves. The
wind turbine hub height of model-II was decreased to reduce the
pitch resonance responses to the natural frequency of the region
and reduce the tower base bending moments.

Like model-I before it, the 750-kW FOWTmodel-II was built at a

1/40 scale ratio. Also, the experiments of model-II were executed
with the same environment conditions as model-I. These model
tests included a free decay test and test for performance in regular
and irregular wave conditions. The Response Amplitude Operator
(RAO) for surge, heave, and pitch motion of the floater were ob-
tained through the model tests in regular wave conditions. The
dynamic responses and loads on the model were also obtained.
Furthermore, the blade rotating effect due to thewindwas included
in both the numerical simulation and experimental test conditions.
Fatigue, Aerodynamics, Structures, and Turbulence (FAST) code
from NREL was used to obtain numerical results and compared
with experimental results.

2. 750-kW FOWT model-II test

2.1. Model-II description

The manufacturer of the prototype 750-kW wind turbine class
was UNISON of Korea and the model is U54. The full-scale layout of
750-kW FOWT model-II is provided in Fig. 2, where it is also
compared to that of model-I. Both model-I and model-II have same
rotor diameter of 54.2m. The 750-kW FOWT model-II was re-
designed to avoid slamming load on the platform deck in
extreme ocean environments.

The design wave height of the 50-year return periods presented
in the Report of the Deep-Sea Design Wave Calculation of the
Korean Sea (Chon, K., 2016) is 10.51m and the extremewave height
is 18.34m. The platform freeboard of 750-kW FOWT model-II was
increased by 3.7m in consideration of the margins of the platform
deck and the design wave height. The hub height is 47m above Sea
Water Level (SWL). The hub height was decreased to maintain the
stability of platform motion. The blade tip height is 19.9m above
SWL. And, the air gap considering themargin between the blade tip
and the extreme wave height is 10.73m. The tower height is
35.71m and it begins 10.2m above the SWL. The floating platform
length (depth) is 18.4m. Also, owing to a change in the demon-
stration project location, the operating water depth is 64m. This
wind turbine generates 750-kW-rated power at a rated wind speed
of 11.2m/s. The rest of the properties needed to create the model of
the wind turbine are listed in Table 1.

This wind turbine is supported by a semi-submersible platform.
The 750-kW floating platform structure is shown in Fig. 2, and
details about its properties are presented in Table 2. The platform

Fig. 1. The slamming phenomena at the platform deck in model test of Model-I.

J. Kim, H. Shin / International Journal of Naval Architecture and Ocean Engineering 12 (2020) 213e225214



structure consists of a main column connected to three side col-
umns, and the upper side of the cylinder has a larger diameter. The
main and side column have a pontoon structure, which also has a
larger diameter. It is connected by the square trusses at the top and
bottom of the platform.

2.2. Experimental setup

The model of the 750-kW FOWT was produced using the

geometric similarity rule. The geometric model scale ratio is
l¼ 1:40. Generally, it is not possible to satisfy both the Froude's
number and the Reynold's number simultaneously. The model test
for the moored floating platform was based on inertial force and
gravitational force, and the scaling factors were determined ac-
cording to Froude's law of similarity. Table 3 shows the scaling
factors for the model test.

The model test of the 750-kW FOWT was performed in the
Ocean Engineering Wide Tank at UOU. The wide tank dimensions

Fig. 2. Full-scale layout of 750-kW FOWT model-I (left) and model-II (right).

Table 1
“Model-II” 750-kW wind turbine specifications.

Description Model-I Model-II

Rated power, P [kW] 750 750
Rotor orientation Upwind, 3 Blades Upwind, 3 Blades
Control Variable Speed Variable Speed

Collective Pitch Collective Pitch
Rotor Diameter [m] 54.2 54.2
Hub Height [m] 60 47
Cut-in, Rated, Cut-out Wind Speed [m/s] 3, 11.2, 25 3, 11.2, 25
Rated rotor speed [rpm] 25 (gearless) 25 (gearless)
Blade mass (1ea) [kg] 2097 2097
Tower mass [kg] 67,010 44,885
Nacelle mass þ rotor mass [kg] 50,556 50,556

Table 2
“Model-II” semi-submersible platform specifications.

Description Model-I Model-II

Water depth (h) [m] 50 64
Platform mass with ballast [kg] 2,097,000 2,071,000
Displacement [m3] 2229.0 2203.5
Design draft of the platform [m] 8.7 8.7
Center of buoyancy below the SWL [m] 6.25 6.24
Center of mass (CM) location below the SWL [m] 5.215 3.572
Platform roll inertia about the CM of platform [kgm2] 2.73Eþ08 3.14Eþ08
Platform pitch inertia about the CM of platform [kgm2] 2.73Eþ08 3.14Eþ08
Platform yaw inertia about the CM of platform [kgm2] 4.70Eþ08 4.86Eþ08
Total wind turbine roll inertia about the CM of total wind turbine [kgm2] 6.68Eþ08 4.99Eþ08
Total wind turbine pitch inertia about the CM of total wind turbine [kgm2] 6.67Eþ08 4.98Eþ08
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are 30m in length, 20m in width, and 2.5m in water depth. The
model test layout is presented in Fig. 3. The mooring radius of the
prototype is 312.5m from the platform center line to the anchor.
Based on this value, themooring radius of themodel is 7.813m, and
the position of the anchor for installing the model in the center of
the wide tank was determined using these specifications. The wind
and wave directions were codirectional at a zero-heading angle
from a wind generator and a wave maker.

The water tank model tests are in fresh water, so the target
values are calculated considering the density of fresh water. The
completed model is first subjected to a watertight test to confirm
whether the water is leaked in themodel, then the center of gravity
and inertia of the platform was confirmed by the KG test.

The wind turbine blades were redesigned to have sufficient
thrust force, even at low Froude's number (Andrew J. Goupee et al.,
2014). In this model test, we used the simple method to simulate
the aerodynamic load acting on the wind turbine. The shape of the
model test blades was changed by AG04 airfoil, and the chord
length was increased by approximately 25%. Therefore, the airfoil
shape of the redesigned blades at the Froude-scaled were ensured
that sufficient thrust forces are maintained at a low Reynold's
number. We selected a wind speed of 1.72m/s and a rotor speed of
150 rpm to match the rated thrust force of the prototype. To mea-
sure the thrust force, a thrust sensor was installed at the top of the
tower and a wind tunnel test was performed at the rated wind
speed to confirm the desired thrust force. The average rated thrust
force of model was 1% smaller than that of the prototype. The blade
of model was made of Carbon Fiber Reinforced Plastic (CFRP) in
order to achieve the target weight. The tower of model was built
using aluminummaterials. Finally, the model of the 750-kW FOWT
was constructed to satisfy the total weight of target within 2%,
which also satisfied the target draft of the total FOWT system.

All three mooring lines are symmetrical at 120� intervals, and
the station keeping of FOWT is maintained by Catenary method.

The position of the fairlead is 8.7m below the waterline, and the
anchor is located at the target depth of 64m. Themooring tablewas
installed at a water depth of 1.6m, which is the water depth of the
Ocean Engineering Wide Tank of UOU, to satisfy the water depth of
the prototype (Kim et al., 2016). The mooring table and tension
meter are shown in Fig. 4. Table 4 compares the design and scaled
model parameters.

Fig. 5 shows a flow chart of the model test. First, 750-kW FOWT
model-II was designed, then manufactured, and verified. After
calibration of each model test condition at the installation point,
the model and Vicon camera were installed. After calibrating all
model conditions again, we executed the model test and analyzed
the acquisition data.

The Ocean Engineering Wide Tank at UOU is equipped with a
flap type wave system at one end that can generate a regular waves
and irregular waves. The wave system consists of 40 paddles with a
width of 0.5m. The period of the wave is between 0.5 and 5 s. The
maximumwave height is 0.2m. Fig. 5 (right) shows the measuring
of FOWT model test. The motion measurement equipment used in
the model test was a Vicon motion capture camera. An infrared
sensing camera was used to track the markers attached to the
model and to measure six degrees of freedom motion. Prior to
executing the model test, anemometers were used to calibrate the
wind speeds at the model's installed position. The anemometers
can measure wind speeds range 0e20m/s.

3. Numerical simulation

The numerical analysis was carried out using FAST code created
by NREL. The FAST (Fatigue, Aerodynamics, Structures, and Turbu-
lence) code is a comprehensive aero-elastic simulator capable of
predicting both the extreme and fatigue loads of two- and three-
bladed horizontal-axis wind turbines (HAWTs) (Jonkman, J. et al.,
2005). The FAST code was validated by comparing it to a model
test of a semi-submersible floating wind turbine as well as in the
OC5 phase II project (Coulling, A. J. et al., 2013), (Robertson, A. et al.,
2017). Fig. 6 presents the simple schematics of each module in the
FAST & UOU in-house code structures.

Damping forces acting on the platform body included wave
radiation damping and additional damping. The additional damp-
ing was based on Morison drag force term. To match the free-decay
test, the drag coefficient (Cd) values of each component of the
platformwere estimated. The drag damping coefficient of platform
for each member are listed in Table 5. Where the Cdz Is the drag
coefficient in the heave direction. The heave plates require a
separate drag coefficient for the heave direction. (Robertson, A.
et al., 2012).

Table 3
Scaling factors for model test.

Description Unit(s) Scale factor

Length (including wave height …) L l

Area L2 l2

Volume L3 l3

Mass M l3

Time T l0.5

Frequency (rotor rotational speed) T�1 l�0.5

Velocity (wind speed, wave celerity) LT�1 l0.5

Force (wind, wave) MLT�2 l3

Fig. 3. Model test arrangement of 750-kW FOWT model-II.
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The numerical simulation of mooring lines was executed using
the MoorDyn module. MoorDyn is based on a lumped-mass
modeling approach that is able to capture mooring stiffness,
inertia, and damping forces in the axial direction, weight and

buoyancy effects, seabed contact forces, and hydrodynamic loads
from mooring motion using Morison's equation (Matthew, H.,
2015). The MoorDyn successfully validated the dynamic mooring
model predictions, as they concurred with the experimental data

Fig. 4. Mooring system of 750-kW FOWT model-II.

Table 4
Difference between the design data and scaled model-II.

Parameter Full scale Model scale (target) Measured Difference

1:1 1:40

Rated wind speed [m/s] 11.1 1.755 1.720 �2.03%
Rated rotor speed [rpm] 25 158.114 150.000 �5.41%
Rated thrust force [N] 123,600 1.931 1.913 �0.94%
Blade mass (1ea) [kg] 2097 0.033 0.033 0%
Tower mass (including load cell and
electric cables) [kg]

44,885 0.701 0.720 2.64%

Nacelle mass [kg] 43,300 0.677 0.702 3.56%
Platform mass [kg] 2,071,000 31.570 31.500 �0.22%
CM of the platform from SWL [m] �3.572 �0.089 �0.090 1.12%
Ixx of the platform [kgm2] 3.144Eþ08 2.955 2.938 �2.0%
Iyy of the platform [kgm2] 3.144Eþ08 2.955 2.938 �2.0%
Total wind turbine mass [kg] 2,115,929 33.061 33.100 0.12%
Mooring line nominal diameter [mm] 114 2.85 3.00 �5.00%
Mooring line length [m] 314.0 7.85 7.85 0%
Radius from platform center line to anchor [m] 312.5 7.813 7.81 �0.03%
One (1) mooring line mass [kg] 120,670 1.885 1.910 1.31%

Fig. 5. Flow chart for model test (left) and Vicon camera for capturing the platform motions (right).
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considering the given limitations in the accuracy of the platform
hydrodynamic load calculation and the quality of the measurement
data. (Wendt et al., 2016).

The in-house UOU codes, developed by the University of Ulsan
to obtain hydrodynamic coefficients and the mooring line forces,
were used for the numerical analysis of the floating offshore wind
turbine. The platform was modeled in three dimensions with ele-
ments for the parts under the SWL, as observed in Fig. 7. The in-
house UOU code includes a radiation and diffraction solver. Thus,
it was used to calculate added mass, radiation damping, and wave
exciting forces, which we then used as input data for FAST (Shin
et al., 2013). The added mass matrix Aij (u) in the frequency
domain and the radiation damping coefficients Bij (u) are shown in
Fig. 8. The wave exciting force coefficients Fwi (u, b) are shown in
Fig. 9, where, modes 1e6 mean surge, sway, heave, roll, pitch, and
yaw modes, in that order. This platform structure consisted of a
main column connected to three-side columns. Therefore, the wind
turbine platform had the same response at 0�, 120�, and 240� wave
heading angles. The added mass A11(u) (surge) was identical to
A22 (u) and damping coefficients B11 (u) were identical to B22 (u).
Also, the rotation modes (roll and pitch) share the same aspect. In
the diffraction solver, the magnitude of the hydrodynamic wave-
excitation, Fwi (u, b) are shown, and of the propagated waves,
the surge (mode 1), heave (mode 3), and pitch (mode 5) were
dominant.

4. Environmental conditions

The model test of 750-kW FOWT model-II was performed for

Load Cases (LC) LC1 through LC4. Load case 1 (LC1) and load case 2
(LC2) executed the wind turbine modeling with ten regular waves.
Load case 3 (LC3) and load case 4 (LC4) performed the wind turbine
modeling with three irregular waves.

In this model test, only the rated wind speed was selected to
produce the maximum thrust force. The 750-kW FOWT in full scale
operated with rotor speed 25 rpm at rated wind speed 11.1m/s.
Both rotor and ratedwind speed are Froude's scaled. Themodel test
cases are presented in Table 6.

Table 7 shows the load conditions of ten regular waves (LC1 &
LC2) for the model test, and Table 8 shows three irregular waves
(LC3 & LC4). In the case of wave, the wave height and wave period
of the regular wave were measured and confirmed by installing a
wave probe in the position where the FOWT model would be
installed. The wave height for calculation of the RAO was 0.04m
and the wave periods were 0.78e2.5 s. The wave heights were
calculated by selecting the relatively low wave heights, and the

Fig. 6. Modules in the FAST & UOU in-house codes structure.

Table 5
Additional drag damping coefficient of platform for each member.

Description Value

Drag coefficient (Cdz) for base columns in z-direction 5.5
Drag coefficient (Cd) for main column base 1.2
Drag coefficient (Cd) for main column upper 0.68
Drag coefficient (Cd) for side columns base 1.2
Drag coefficient (Cd) for side columns upper 0.68
Drag coefficient (Cd) for cross members 1.2

Fig. 7. Modeling for the hydrodynamic analysis.
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wave period considered the interval of about 10 s which occurs
most often in actual sea conditions. In the irregular waves, thewave
spectrum in each sea state were compared with measured wave
data that fit the theoretical Pierson-Moskowitz spectrum, as can be
seen in Fig. 10.

5. Results and discussion

5.1. Free decay test

The free-decay test was performed for surge, heave, and pitch
motions to find the natural period and damping coefficient of a
structure. Fig. 11 presents the time series results of surge, heave,
and pitch motion of free-decay test.

The natural period is 56.6 s for surge, 13.3 s for heave, and 20.9 s
for pitch. The heave natural period is in the ocean wave period
range, that is, within the range of 5 se20 s. The other natural pe-
riods are longer than 20 s.

5.2. Response Amplitude Operator (RAO)

The model test and simulations were carried out in regular
waves to predict and evaluate the motion of the 750-kW FOWT
model-II. The Response Amplitude Operator (RAO) for surge, heave,
and pitch motions of the floater were obtained through the model
test and simulation, as shown Fig.12. Also, the results of the RAOs in
both the model test and the numerical simulation were compared
for the model-1 and model-2. The results of the model tests were

Fig. 8. Added-mass and damping coefficients.
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compared with the numerical simulations of the FOWT using FAST.
Owing to the limit of thewavemaker, the experiment results do not
show RAOs in low frequencies. The lowest frequency of regular
wave that could be generated in themodel test was 2.493 rad/s, and
in the full-scale, it was 0.395 rad/s.

Bothmodel-I andmodel-II demonstrated good agreement in the
surge, heave, and pitch RAOs of the model tests of LC1 and LC2.
However, surge and pitch RAOs of the simulation showed large
responses around pitch and surge in the natural frequency region.
In the case of the natural frequency region, the motions were

dominated by damping terms, wherein a higher damping ratio
resulted in a smaller response. The hub height of model-II was
decreased compared to that of model-I to reduce pitch resonance
responses. In other words, the inertia (I55) of model-II is smaller
than inertia of model-I, thus the damping ratio (z) of model-II was
greater than the damping ratio of model-I. Therefore, the pitch
resonance response of model-II was smaller than that of model-I at
the natural frequency region.

Additionally, there was a small difference in the numerical
simulation of pitch response because LC2 was smaller than no-
wind condition of LC1 owing to the aerodynamic damping effect.
The aerodynamic damping effect is observed when the top of the
tower moves forward and the speed of the blades slightly increases
in response to the changed aerodynamics. This reaction causes
aerodynamic forces to interfere with the movement of the tower
top, resulting in less motion at the top of the tower. That is, the
tower top motion induces an opposite aerodynamic response load
that effectively reduces tower top motion. This effect is similar to
damping because it relates to the speed term of the equation of

Fig. 9. Wave excitation force/moments.

Table 6
Model test load cases.

LCs Model Test (1:40 scale) Full Scale

Wind Wave Rotor Speed Duration Wind Wave Rotor Speed Duration

(m/s) (�) (rpm) (s) (m/s) (�) (rpm) (s)

LC1 No Wind Regular Fixed 100 No Wind Regular Fixed 632
LC2 1.76 Regular 158 200 11.1 Regular 25 1265
LC3 No Wind Irregular Fixed 720 No Wind Irregular Fixed 4554
LC4 1.76 Irregular 158 720 11.1 Irregular 25 4554

Table 7
Regular waves for LC1 and LC2.

No Model Test (1:40) Full Scale

Wave Period Wave Frequency Wave height Wave Period Wave Frequency Wave height

s rad/s Hz m s rad/s Hz m

Wave 1 0.78 8.055 1.282 0.04 4.95 1.269 0.202 1.6
Wave 2 0.89 7.060 1.124 0.04 5.66 1.110 0.177 1.6
Wave 3 1.00 6.283 1.000 0.04 6.35 0.989 0.157 1.6
Wave 4 1.23 5.108 0.813 0.04 7.8 0.806 0.128 1.6
Wave 5 1.56 4.028 0.641 0.04 9.88 0.636 0.101 1.6
Wave 6 1.79 3.510 0.559 0.04 11.32 0.555 0.088 1.6
Wave 7 2.02 3.110 0.495 0.04 12.77 0.492 0.078 1.6
Wave 8 2.11 2.978 0.474 0.04 13.37 0.470 0.075 1.6
Wave 9 2.29 2.744 0.437 0.04 14.48 0.434 0.069 1.6
Wave 10 2.52 2.493 0.397 0.04 15.91 0.395 0.063 1.6

Table 8
Irregular waves for LC3 and LC4.

Irregular waves Model test Full scale

Tp (s) Hs (m) Tp (s) Hs (m)

Irregular wave sea state 4 (SS4) 1.281 0.093 8.1 3.72
Irregular wave sea state 5 (SS5) 1.518 0.122 9.6 4.88
Irregular wave sea state 6 (SS6) 1.565 0.138 9.9 5.53
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motion (D., Salzmann and J., Van Der. 2005). The aerodynamic
damping provided by the rotormainly affects the tower response in
the fore-aft direction, such as platform pitching motion. The RAOs
of sway, roll, and yaw were small because of the zero wave heading
angle. Therefore, they were considered in this study.

5.3. Responses to irregular waves

The model test and simulations of 750-kW FOWTmodel-II were
carried out in irregular waves only (LC3) and irregular waves with
an operational wind turbine and ratedwind speed (LC4). Responses
of offshore platforms to irregular waves can be obtained from

significant height value which is defined by the average of the top
third of the highest waves at specified sea states. In this model test,
the significant amplitude of motion response of the floating
offshore wind turbine model tests was carried out in irregular
waves (sea states 4e6). The results of model test are extrapolated to
full scale to be compared with numerical simulations. To obtain a
significant height frommeasured data, we used a motion spectrum
from the Fast Fourier Transform (FFT).

Comparisons of surge power spectra of LC3 and LC4 in irregular
waves are graphed in Fig. 13. As observed in graph, the surge power
spectra were good agreement among model test results and nu-
merical simulations. In the low frequency region, surge resonance

Fig. 10. Wave spectrums of theory and model test.

Fig. 11. Free decay results of model test and simulation.
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peak was observed, because of the surge restoring force of the
catenary mooring system have large effects from the second-order
wave loads.

Fig. 14 shows the comparison between significant motions
calculated from the power spectra of motion responses from both
model tests and numerical simulations at the sea states 4e6, which
also compares the results of significant motions between model-I
and model-II. The units used for comparison were the meter (m)
for translational motions such as surge and heave, and the degree
(�) for rotational motions such as pitch motions. In this model test,
the significant motion of sway, roll, and yaw were small due to a
zero wave heading angle; therefore, they are not considered in this
paper.

As observed in Figs.13 and 14, all motions gradually increased as
environmental conditions became more severe. In the sea states 4,
5, and 6, there was good agreement among model test results and
numerical predictions of motion in sea states with irregular waves,
except for pitch motion. Regarding pitch motion, there was little
difference due to strong nonlinearity of waves. Model-II exhibited
smaller responses than did model-I because of its lower hub height.
In the both of model test and simulation, transitional motions
showed little difference. However, the pitch motion in LC3 was
higher than that of LC4 due to aerodynamic damping effect.

The steady motion results of the simulation and model test are
compared in Table 9. The comparisons are for platform motions in
LC4, which combined irregular waves with a wind turbine

Fig. 12. The RAOs of the model-1 and model-2 in LC1 (regular waves only) and LC2 (regular waves with wind).
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operating under rated wind speed. The mean responses and stan-
dard deviations for surge and heave achieved a good match be-
tween simulation and model test results.

6. Conclusions

This paper presented an experimental test and numerical
simulation for a 750-kW semi-submersible platform wind turbine
model-II. The based on the demonstration project, the prototype of
750-kW wind turbine with semi-submersible platform must verify
the stability and motion performance from the water tank model
tests prior to project installation. The water tank experiments
included a free decay test, and tests with regular and irregular
waves. Also, both experiment and simulation conditions considered
the blade rotating effect due to the rated wind speed.

In the previous experiment, the 750-kW FOWTmodel-I suffered
from slamming phenomena in extreme wave conditions. The
slamming effect causes structural damage to the wind turbine
platform and shortens the design life. Thus, the platform freeboard
of 750-kW FOWT model-II was increased by 3.7m to avoid slam-
ming loads on the platform underdeck structure in extreme wave
conditions. The experiments to estimate the performance charac-
teristics of the wind turbine system model-II were performed with
the same environment conditions as model-I.

Like the previous FOWT model-I, the model-II was produced by
the geometric similarity rule and built with a 1/40 scale ratio. The
experiments to estimate the performance characteristics for
model-II were performed in the Ocean Engineering Wide Tank at
UOU with the same environment conditions as model-I. All three
mooring lines were arranged symmetrically at 120� intervals using
the Catenary method, and the mooring table was installed tomatch
target water depth. The inertia of the completed platform model
was confirmed by the KG test, and the blades, tower, and platform

were constructed using light materials to satisfy the target weight.
Also, to match rated thrust force, we chose wind speed and rotor
speed using a wind tunnel test. The wind and wave directions were
codirectional at a zero-heading angle from wave and wind
generators.

The results of the model tests were compared with the nu-
merical simulations of the FOWT using FAST. In the numerical
simulation, the in-house UOU code was used to obtain the hydro-
dynamic coefficient, damping forces acting on the platform body,
including wave radiation and additional damping. In the free-decay
tests, the natural frequencies for surge, heave, and pitch motion
were measured, and the Cd value of the platform was estimated
from the free-decay test to match with model test and simulation.
The result of natural period is 56.6 s for surge, 13.3 s for heave, and
20.9 s for pitch.

In the LC1 and LC2 tests, the model test and simulations were
carried out in regular waves only (LC1) and regular waves with
rated wind speed (LC2). The Response Amplitude Operator (RAO)
for surge, heave, and pitch motion of the floater was obtained and
compared for the model-I and model-II with numerical simulation.
The comparison result demonstrated good agreement with the
model tests LC1 and LC2. However, the model-I pitch RAOs of
simulation exhibited stronger responses to the natural frequency
region. In the case of the natural frequency region, higher damping
ratio caused smaller responses. Especially in the case of pitch
response around low frequencies, when model-II had smaller re-
sponses than model-I due to it has lower hub height. This was
because the hub height of model-II was decreased 13m to reduce
pitch resonance responses. Thus, the pitch resonance response of
model-II was smaller than model-I. The pitch response to LC2 was
smaller than the no-wind condition of LC1 because of the aero-
dynamic damping effect.

In the LC3 and LC4 tests, the model test and simulations were

Fig. 13. Spectrums of surge in LC3 & LC4 irregular waves.

J. Kim, H. Shin / International Journal of Naval Architecture and Ocean Engineering 12 (2020) 213e225 223



carried out in irregular waves only (LC3) and irregular waves with
an operational wind turbine and rated wind speed (LC4). The sig-
nificant motions for surge, heave, and pitch motion of the floater
were obtained and compared with the numerical simulation for
both model-I and model-II. In the sea states 4, 5, and 6, there was a

good agreement between the model test results and the numerical
predictions of motion in sea states with irregular waves, except for
pitchmotion. In the simulation of significant pitchmotion, model-II
exhibited smaller responses than did model-I owing to its reduced
hub height. In both the model test and simulation, the transitional

Fig. 14. The significant motions of the model-1 and model-2 in LC3 and LC4.

Table 9
Steady motion results of simulation and model test in LC4.

Motions Statistics LC4 SS4 LC4 SS5 LC4 SS6

Experiment Simulation Experiment Simulation Experiment Simulation

Surge
[m]

Mean 3.54 3.41 3.77 3.52 3.92 3.78
Standard deviation 0.90 0.88 1.10 1.12 1.29 1.28

Heave
[m]

Mean 0.02 0.01 0.01 0.01 0.01 0.01
Standard deviation 0.32 0.33 0.50 0.52 0.60 0.61

Pitch
[degree]

Mean 4.10 3.88 4.23 3.87 4.20 3.87
Standard deviation 0.78 0.64 1.10 0.92 1.23 1.10

J. Kim, H. Shin / International Journal of Naval Architecture and Ocean Engineering 12 (2020) 213e225224



motions show little difference. However, the pitch motion in LC3
was higher than LC4 because of the aerodynamic damping effect.
The steady motion results of the simulation and model test and the
mean responses and standard deviations for surge and heave were
all well matched. However, the simulation results of mean response
for pitch were a little underestimated. This result was an indication
of the nonlinear hydrodynamic loading of the waves from the low-
frequency response of the system.

Future model tests and numerical simulations will examine
various load cases and use real ocean environment data to predict
the motions of the 750-kW FOWT.
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