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Abstract

Nowadays, the study on Floating Offshore Wind Turbines (FOWTs) is being performed globally. Dozens of numerical simulation tools have
been developed for designing FOWTs and simulating their performances in combined wave and wind environments. On the other hand, model
tests are still required to verify the results obtained from numerical simulation tools. To predict seakeeping performance of the OC3-Hywind
platform, a OC3 spar model moored by a 3-leg catenary spread mooring system with a delta connection was built with a 1/128 scale ratio.
The model tests were carried out for various sea states, including rotating rotor effect with wind in the Ocean Engineering Wide Tank, University
Of Ulsan (UOU). The model test results are compared with the numerical simulations by UOU in-house code and FAST.
Copyright © 2017 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/).
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1. Introduction

Wind energy with high efficiency at a low cost has been
developed. Because of insufficient space for wind turbines on
land, offshore wind turbines have been installed in shallow sea
recently. By extension, deep sea with wind of fine quality is
considered as a space good enough for Floating Offshore Wind
Turbines (FOWTs).

Bulder et al. (2002) analyzed a tri-floater platform wind
turbine. The tri-floater concept appeared to be static and dy-
namic stable. For a 1.5-MW floating wind turbine, Lee (2005)
proposed two concept designs of a tension-leg platform and a
taut-leg moored system and made a preliminary evaluation of
their performance in wind and waves. A new approach to
computing the nonlinear wave excitation was also presented.
Wayman (2006), Wayman et al. (2006) and Sclavounos et al.
(2007) analyzed various TLP, spar, semi-submersible and

barge substructures of FOWT to develop innovative and cost-
effective floating and mooring systems for offshore wind tur-
bines in water depths of 200e320 m. Jensen et al. (2011)
developed a scaling procedure for the Monte Carlo Simula-
tion in order to reduce the simulation time required for ac-
curate estimation of extreme values of responses associated
with floating offshore wind turbines. Also, Wang and
Sweetman (2012) developed a new method to directly apply
Newton's second law of the system and the theorem of con-
servation of angular momentum to an entire floating wind
turbine system including RNA and tower, resulting in a new
formulation to simulate translation and large-amplitude rota-
tion of the system.

Especially, the National Renewable Energy Laboratory
(NREL) developed ‘NREL-FAST’ as a solver for FOWTs
(Jonkman and Buhl, 2005). A concept of spar type FOWTwas
defined by IEA Wind Task 23 subtask 2 OC3 project
(Jonkman, 2010) to support a NREL 5-MW reference wind
turbine based on the prototype Hywind (Jonkman et al., 2009;
Jonkman and Musial, 2010). Scale model tests of OC3-
Hywind had been carried out in the Ocean Engineering

* Corresponding author.

E-mail address: hkshin@ulsan.ac.kr (H. Shin).

Peer review under responsibility of Society of Naval Architects of Korea.

Available online at www.sciencedirect.com

ScienceDirect
Publishing Services by Elsevier

International Journal of Naval Architecture and Ocean Engineering 11 (2019) 1e10
http://www.journals.elsevier.com/international-journal-of-naval-architecture-and-ocean-engineering/

https://doi.org/10.1016/j.ijnaoe.2017.09.010

p2092-6782 e2092-6790/Copyright © 2017 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/).



Wide Tank of the University Of Ulsan (UOU), Korea (Shin,
2011). Hall and Goupee validated the lumped-mass mooring
line model with DeepCwind semisubmersible model test data
(Hall and Goupee, 2015). Wendt et al. (2015) verified the new
floating capabilities in FAST v8. Haid et al. (2013) studied
about simulation length requirements in the loads analysis of
offshore floating wind turbines. Masciola et al. (2013)
implement the multi-segmented, quasi-static cable model.
Wendt et al. (2016) verified and validate the new dynamic
mooring modules in FAST v8. Myhr et al. made experimental
and computational comparisons of the OC3-HYWIND and
Tension-Leg-Buoy (TLB) Floating wind turbine (Myhr et al.,
2011).

Si et al. (2013) conducted fully coupled nonlinear wind
turbine simulations with different designs in different wind
and wave conditions. The results shows that the design of
TMD with small spring and damping coefficients can achieve
much load reduction in the above rated condition. Christiansen
et al. (2013) show the influence that wind speed, wave fre-
quencies and misalignment between wind and waves have on
the system dynamics.

A new control model is derived that extends standard tur-
bine models to include the hydrodynamics, additional platform
degrees of freedom, the platform mooring system and tower
sideeside motion, including gyroscopic effects. Wang and
Sweetman developed and analyzed three conceptual designs
based on the OC3-Hywind design, with drafts ranging from
84 m to 120 m of the original OC3-Hywind (Wang and
Sweetman, 2011). Masciola et al. (2011) and Ramachandran
et al. (2013) studied a FAST-OrcaFlex coupling module.
Koo et al. (2012) carried out model tests for a floating wind
turbine on three different floaters.

Koch et al. (2016) validate the INNWIND.EU scaled model
tests of a semisubmersible floating wind turbine; Kim et al.
(2016a) analyzed a square-type semi-submersible KRISO
multi-unit floating wind turbine; Kim et al. (2016b) experi-
mentally studied on dynamic performance of large floating
platform in extreme conditions; Kim and Shin (2016)
compared model test and numerical simulation on the mo-
tion response of OC4 semi-submersible.

This paper presents the comparison between numerical
simulations and results of the model scale experiments of the
OC3 Hywind 5-MW Floating Offshore Wind Turbine. With a
1/128 scale ratio, model tests were carried out in the Ocean
Engineering Wide Tank of UOU in order to evaluate motion
characteristics in combined wind/wave conditions. The
mooring lines are connected to the fairleads by delta con-
nections. RAOs and significant motions are calculated from
measured data and compared with numerical simulations by
both NREL-FAST v8 and the UOU in-house codes. The in-
house codes were made up of radiation, diffraction solvers
and mooring codes. The objective is to understand the coupled
behavior of OC3 FOWT with appropriately scaled model and
to check the validity of the numerical simulation.

2. Model test

2.1. Floating offshore wind turbine model

The scaled model test of OC3-Hywind platform was carried
out at the Ocean Engineering Wide Tank, UOU which has
30 m in length, 20 m in width and 2.5 m in water depth
(Fig. 1). The geometric model scale ratio is l ¼ 1/128 and the
scaling factors were determined according to Froude's law of
similarity.

Table 1 shows the properties of the OC3-Hywind spar. All of
the properties were scaled down due to the limit of water depth.
Center of mass and radius of inertia were checked by a
modeling program CATIA and KG test (Fig. 2). Differences
between the target from prototype and measured data are shown
in Table 2. The OC3-Hywind spar platform is moored by a
system of three catenary lines. The lines are attached to the
platform via a “delta connection” to increase the yaw stiffness
of mooring lines (Fig. 3). The fairleads are located at a depth of
70.0 m below the SWL and at a radius of 5.2 m from the
platform centerline. One of the lines (line 1) is directed nomi-
nally upwind along the negative X-axis (in the XZ-plane). The

Fig. 1. Ocean Engineering Wide Tank.

Table 1

OC3-Hywind spar properties (Shin, 2011).

Description Unit Prototype Model

(1:128)

Water depth m 320 2.5

Turbine power MW 5-MW e

Rotor mass kg 110,000 0.0525

Rotor diameter m 126 0.9844

Hub mass kg 56,780 0.0271

Hub diameter m 3 0.0234

Blade mass kg 17,740 0.0085

Nacelle mass kg 240,000 0.1144

Tower height m 77.6 0.606

Tower mass kg 249,718 0.12

Tower top diameter m 3.87 0.0302

Platform length m 130 1.016

Platform top (Tower base) diameter m 6.5 0.051

Platform base diameter m 9.4 0.0734

Platform mass including ballast kg 7,466,330 3.56

Total structure mass (without mooring lines) kg 8,066,048 3.846

Draft m 120 0.9375
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two remaining lines (line 2 & line 3) are distributed uniformly
around the platform, such that each line, fairlead, and anchor is
120� apart as shown in Fig. 5 (Shin, 2011).

Table 3 shows the properties of mooring lines and the
tension-excursion curves are shown in Fig. 4 for the compar-
ison with the target data from UOU in-house codes. One end
of mooring lines is connected to a spring at the bottom anchor
plate and the other is connected to the delta connection at the
fairlead, respectively. The mooring line used in the test is a
wire with additional lead weights distributed along the line
(Figs. 8e9) and is a little stiffer than the target line based on
the measured data (Fig. 4).

Both Froude similitude and Reynolds similitude cannot be
satisfied simultaneously in the small scaled model tests of
ships and offshore structures. Traditionally Froude scaling is
preferred in the water tank tests since the William Froude's

Fig. 2. KG test.

Table 2

KG test results.

Description Unit Full scale Target

(1:128)

Measured Difference

Platform mass kg 7.46633e6 3.560 3.560 0%

Platform roll

inertia about COG

kg$m2 4.22923e9 0.123 0.121 �1.63%

Platform pitch

inertia about COG

kg$m2 4.22923e9 0.123 0.121 �1.63%

Platform center of

gravity (COG)

m 30.0845 0.235 0.245 4.26%

Fig. 3. Delta connection for mooring line.

Table 3

Mooring line properties.

Description Unit Prototype Model

Number of mooring lines e 3 3

Mooring force on the platform N 1,639,000 0.78

Unstretched length m 902.2 7.05

Mooring line diameter m 0.09 0.001

Equivalent mass density kg/m 77.7066 0.00468

Equivalent weight in water N/m 698.094 0.0426

Mooring point (from bottom) m 50 0.3906

Fig. 4. Tension excursion curve (full scale).

Fig. 5. Model arrangement.
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towing tank test. However, in the model tests of offshore wind
turbines, Froude scaling of wind speed and rotor rotation
causes thrust force and torque of rotor to be ill-matched with
those of prototype in low Reynolds number. Also, the small
scale of 1:128 makes it difficult the blades to be manufactured
by airfoils with quite small mass. So only projected area of
flapwise surface of the 3D blade model is matched and balsa
wood was employed considering the quite small mass. Then,
the thrust force induced by the small scaled blades in model
tests is smaller than the one of prototype. It is suggested that
coupled wind/wave turbine testing under a Froude-scaled
environment should use a blade geometry which is specif-
ically designed for a low Reynolds number environment. Also,
it should ensure that the global mean forces on the structure
are maintained in a Froude-scaled environment.

The model was set at 14 m downstream of the wave-maker
and a wave probe was placed to measure the wave elevation as
shown in Fig. 5. The wave-maker and the wind generator
shown in Fig. 6 can produce regular waves, irregular waves
(ISSC, JONSWAP, ITTC, Neumann, Pierson-Moskowitz, etc.)
and uniform wind up to 10 m/s, respectively. The size of the
wind generator is 2.0 m in height and 3.5 m in width. Before
model tests, the wave-maker and the wind generator were
tuned and all sensors including wave probes, anemometers,
tension meters, etc. were calibrated. Wind speed was
measured by 12 anemometers at the position where the model
would be installed (Fig. 7). The wind speed can be controlled
by Labview (Fig. 7). Four passive markers were mounted on
the tower of the model to measure the motions of six degrees
of freedom by means of eight VICON cameras (Fig. 5).

3. Numerical simulation tools

3.1. UOU in-house code

UOU in-house codes including radiation and diffraction
solvers are used for generating the hydrodynamic added-mass
and damping matrices, Aij (u), Bij (u), and wave-excitation

matrices, Fwi (u, b), which are input data for the hydrody-
namic module of FAST (Figs. 10e12). All of the hydrodynamic
coefficients are approximately correspond to WAMIT data from
OC3 definition (Jonkman andMusial, 2010).Where,modes 1e6
mean surge, sway, heave, roll, pitch and yaw modes in order.

3.2. FAST v8

A motion analysis of OC3-Hywind made in compliance
with the OC3 phase IV definition was performed using FAST

Fig. 6. Wind generator & Wave maker.

Fig. 7. Anemometer calibration.

Fig. 8. Mooring line.
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v8 (Jonkman, 2010). FAST is a time domain simulation pro-
gram for the aerodynamics, turbine controls, etc (Jonkman and
Buhl, 2005). FAST currently is not capable of modeling the
delta connection; hence, an additional yaw stiffness of
9.834E7 (Nm/rad) is used to account for the simplification
(Shin, 2011). Further, additional linear damping for surge
(50,000 N/(m/s)), sway (100,000 N/(m/s)), heave (300,000 N/
(m/s)) and yaw (13,000,000 Nm/(rad/s)) motions is applied to
match the viscous drag term of Morison's equation.

4. Load cases

The wave-maker produces 11 regular waves and 3 irregular
waves as shown in Tables 4 and 5. The height of regular waves
is 6 m. JONSWAP spectrum is applied to 3 irregular waves.
Sea states are defined from OC3 definition (Jonkman and
Musial, 2010) (from 1 ¼ mild to 8 ¼ extreme sea state) The
5-MWoffshore wind turbine is operated with rated rotor speed
12.1 rpm at rated wind speed 11.4 m/s and the scale model is
operated with rotor speed ¼ 136.9 rpm at wind
speed ¼ 1.007 m/s following the Froude scale.

Fig. 9. Additional weight (lead).

Fig. 10. Added mass coefficients.

Fig. 11. Wave damping coefficients.
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Load cases in the scaled model test are defined as follows:

- LC1: Regular waves, no wind, parked rotor
- LC2: Regular waves, rated wind speed, rotating rotor
- LC3: Irregular waves, no wind, parked rotor
- LC4: Irregular waves, rated wind speed, rotating rotor

Where, Hs is significant wave height and Tp is peak-spectral
wave period. g is the peak-spectral parameter of JONSWAP
irregular wave spectrum. The value is recommended in the
IEC 61400-3 Annex B (IEC 61400-3, 2009). In Fig. 13,
JONSWAP spectrum in each sea state is compared with
measured wave data. The spectrum was cut over 0.177 Hz. All
spectra have a little difference in variance under 3%.

5. Model test & numerical simulation results

Fig. 14 shows the time history of surge displacement
measured under the condition of rated wind, rated rotating
rotor and no waves. From 400 s to 2800 s, only the rated wind
blows against the platform. After 2800 s, the platform sud-
denly drifted down to about 13 m when the switch of rotor was
turned on at 136.9 rpm (rated rotor speed). Then, the measured
surge displacement 13 m is quite smaller than the surge offset
25 m expected numerically by UOU þ FAST v8 as shown in
Table 6, due to small thrust force of rotor in the rated wind and
rotating condition of model tests. In order to match the thrust

Fig. 12. Wave excitation forces/moments (heading ¼ 0�).

Table 4

Regular waves for LC1 and LC2 (Airy wave).

Run Full scale Model test (1:128)

Period (s) Freq. (rad/s) Wave

height (m)

Period

(s)

Freq.

(rad/s)

Wave

height (m)

1 8.88 0.71 6 0.79 8.00 0.047

2 10.10 0.62 6 0.89 7.04 0.047

3 11.37 0.55 6 1.01 6.25 0.047

4 13.94 0.45 6 1.23 5.10 0.047

5 17.65 0.36 6 1.56 4.03 0.047

6 20.28 0.31 6 1.79 3.51 0.047

7 22.77 0.28 6 2.01 3.12 0.047

8 26.56 0.24 6 2.35 2.68 0.047

9 28.43 0.22 6 2.51 2.50 0.047

10 30.09 0.21 6 2.66 2.36 0.047

11 31.93 0.20 6 2.82 2.23 0.047

Table 5

Irregular waves for LC3 and LC4 (JONSWAP spectrum).

Irregular wave

No Sea state Full scale Model test (1:128)

TP (s) Hs (m) TP (s) Hs (m)

1 5 9.7 3.66 0.857 0.029

2 6 11.3 5.49 0.999 0.043

3 7 13.6 9.14 1.202 0.071

Fig. 13. Comparison of wave spectra extrapolated to full scale.
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Fig. 14. Measured surge offset (rated wind þ rotating rotor þ no wave).
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force, the blades need to be redesigned considering low
Reynolds number.

Also, Fig. 15 shows the tension time history of mooring
line 3 at the anchor point. There is a difference between model

test results and numerical simulations due to the combined
effects of ill-matched thrust force, additional mass of a bundle
of signal cables and the hard stiffness of mooring lines used in
model test as shown in Fig. 4.

5.1. RAO (response amplitude operator)

To predict and evaluate motions of the OC3-Hywind
offshore wind turbine system, both model tests and numeri-
cal simulations were carried out. Fig. 16 shows RAOs obtained
from model tests and numerical simulations of the OC3-
Hywind. The elapsed time for LC1 and LC2 is 1000 s and
2000 s, respectively. RAOs of LC1 and effective RAOs of LC2
are calculated from the steady-state range of response time
histories. There is a little difference between model test results
and numerical simulations by UOU þ FAST v8 in both LC1 &
LC2. The model test RAOs were underestimated due to both
the ill-matched thrust force and the additional inertia of a
bundle of signal cable which is not considered in the numer-
ical simulation. The cable bundle may induce the additional
stiffness and preload (Shin, 2011). The natural frequencies of
surge and pitch are about 0.21 rad/s. Under the wind and
rotating rotor condition (LC2), surge & pitch peaks show a
large decreases due to aero-damping.

Table 6

Surge offset and rotor thrust simulated by UOU- FAST v8 (wind þ rotating

rotor þ no wave).

wind speed (m/s) Rotor speed (rpm) Surge (m) Rotor thrust (kN)

11.4 12.1 25.22 920.81

Fig. 15. Tension time history of a mooring line 3 (LC1-RUN6).

Fig. 16. Responses of motion in regular waves (LC1 & LC2).
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Figs. 17 and 18 show the time histories of surge and pitch
motion of LC3-SS7 and LC4-SS7 in irregular waves, respec-
tively. The difference between LC3 and LC4 is the offset of
surge and pitch motion due to wind and rotating rotor. Surge
and pitch motion about mean position seems similar to each
other, respectively.

The comparison of surge power spectra obtained from the
surge time history of LC4-SS7 in Fig. 18 is shown in Fig. 19.
In the low frequency region, a surge resonance peak is
observed due to the surge restoring force of the 3-leg spread
mooring system. The peak frequency in the wave frequency
region is corresponding to the peak frequency of input wave
spectrum in Fig. 13. The other peak occurs at 1P resonance
frequency due to the rotating rotor effect and 1P peak in the
model test is not shown in the numerical simulation.

5.2. Significant motion

Responses in certain sea states may be expressed in terms of
a significant value at the center of gravity as a representative
value which is defined by the average of the 1/3 highest, that is,
four times the square root of the zeroth-order of the response
spectrum. As shown in Fig. 20, the motion spectra are obtained
from the captured motion response and significant heights can
be calculated. The model test results are extrapolated to full
scale to be compared with numerical simulations.

Fig. 21 shows the comparison between significant motions
calculated from the power spectra of motion responses from
both model tests and numerical simulations in the sea states
5e7. In sea state 5, there is a little difference between the sig-
nificant motions except surge of LC4. In sea state 6, the sig-
nificant motions are similar to each other except pitch of LC3. In
sea state 7, there is a large difference due to strong nonlinearity
of waves, large excursion of mooring and nonlinearity of
mooring/nonlinear load on mooring cables in the tests.

6. Conclusions

In this paper, scaled model tests and numerical simulations
were carried out in order to investigate the motion character-
istics of the OC3-Hywind spar-buoy type floating offshore

Fig. 17. Time histories of surge and pitch motion of model test (LC3-SS7).

Fig. 18. Time histories of surge and pitch motion of model test (LC4-SS7).

Fig. 19. Experimental & numerical surge spectra (LC4-SS7).
Fig. 20. Process of calculation of significant amplitude of a motion response.
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wind turbine. The model was scaled down and the scale ratio
to match the water depth of full system is 1:128.

The tension-excursion curve of mooring lines used in model
tests were calibrated with tension-excursion relations by nu-
merical simulations. Only projected area of flapwise surface of
the 3D blade model was matched due to the very small scale and
balsawoodwas employed considering the quite small mass. The
thrust force induced in model tests was smaller than the one of
prototype due to low Reynolds number. A UOU in-house code
was used for calculating the hydrodynamics coefficients and the
coefficients were compared with WAMIT results.

The seakeeping performance was predicted in several com-
bined environments including wind and rotation of rotors,
numerically and experimentally. The load cases included effects
of wave, wind and rotating rotor. The regular waves are used for
estimation of platform motions such as surge, heave and pitch.
The irregular waves are used for calculating motion spectra of
the OC3 platform in a real sea. Numerical simulations by
UOU þ FAST v8 were compared with model test results.

The comparison of RAOs in regular waves shows a good
agreement. The natural frequencies of surge and pitch are
about 0.21 rad/s based on the measured peaks. Also, surge &

Fig. 21. Significant motions of LC3 & LC4.
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pitch peaks in LC2 (wave, rated wind and rotating rotor
condition) are quite smaller than the ones in LC1 (only waves)
due to aero-damping.

Specially, the comparison of surge power spectra of LC4-
SS7 shows that in the low frequency region a surge reso-
nance peak is observed due to the restoring force of the 3-leg
spread mooring system, in the wave frequency region the peak
frequency is corresponding to the peak frequency of input
wave spectrum and in high frequency region 1P resonance
peak occurs at due to the rotating rotor effect.

In the comparison of significant motions at the center of
gravity there is a little difference except in sea state 7 which
includes strong nonlinearity of irregular waves. Nonetheless,
the results show a similar tendency between model test and
numerical simulation.

Through these comparisons between RAOs and significant
motions in both regular and irregular waves, the validity of the
numerical simulation presented in this paper can be ensured.

Also, it is necessary that the thrust force of blades be
matched aerodynamically even in low Reynolds numbers
though both Reynolds similitude and Froude similitude cannot
be satisfied simultaneously in model tests of offshore wind
turbines at water tanks. Therefore, scaled blades used in this
paper need to be redesigned for both thrust force and surge
excursion to be matched. In near future it seems to be a good
way that a 3-D printer enables small scaled blades to be
redesigned by airfoils with quite small mass for securing the
thrust force to be well-scaled down.
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