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This paper describes a model test and numerical simulation of a 750-kW-semi-submersible platform
wind turbine under several wind and wave conditions for validation of the numerical simulation model.
The semi-submersible platform was designed to support the 750-kW-wind turbine class and operate at a
water depth of 50 m. The model tests were performed to estimate the performance characteristics of the
wind turbine system in the wide tank of the University of Ulsan. Motions and loads of the wind turbine
system under the wind and wave conditions were measured and analyzed. The NREL-FAST code was used
to simulate the wind turbine system, and the results were compared with those of the test model. The
results demonstrate that the numerical simulation captures noticeably the fully coupled ﬂoating wind
turbine dynamic responses. Also, the model shows a good stability and small responses during waves,
wind, and operation of the 750-kW-ﬂoating offshore wind turbine.
© 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/).
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1. Introduction
A Floating Offshore Wind Turbine (FOWT) offers tremendous
potential beneﬁts in near future with major challenges. Various
research centers, institutes, and universities pay attention and
perform research on FOWTs. In the research investigations, simulation and experiment are performed to study the characteristics of
the wind turbine. The numerical simulation tools for analyzing the
fully coupled dynamics of FOWTs are developed and need to be
validated with prototype models. However, currently, there are
only a few full-scale prototype concepts, and therefore, conducting
model tests with small-scale ratios in a basin tank is most preferable. The main purposes of performing a tank test for FOWTs are
validation of the numerical model and obtaining the full system
dynamics under the wind turbine status and environmental conditions. Conducting a scaled model test for an FOWT is very
important step in its design process. It can provide the behavior
responses and loads of the system under various environmental
conditions. Model tests for FOWTs in a basin tank have been performed in both research and commercial projects. The overview of
a tank test for an FOWT was provided by Muller (Muller et al.,
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2014).
A challenge in testing ﬂoating wind turbines is the application of
the Froude scaling for the aerodynamic load of the wind turbine.
The test requires a similarity in the hydrodynamic and aerodynamic loads based on the Froude scaling and Reynolds scaling
laws, respectively; however, they are incompatible with each other.
Some solutions were proposed to solve this problem. Martin (2011)
introduced two methods; one was to the increase wind speed to
match the wind turbine thrust force, and the second method was to
modify the blade geometry to realize a better performance at a low
Reynolds number (Martin et al., 2014). A higher technical method,
the so-called hybrid modeling, combines physical testing (model
test) and numerical simulation in real time by using an actuator
coupled at the tower base interface and aeroerotor interface (Hall
et al., 2018). or by using a fan (Oguz et al., 2018) to model the
aerodynamic loads. In the University of Ulsan (UOU) wide tank,
several FOWT model tests were performed at different scale ratios,
spar models were tested at the scale ratio of 1:128 (Shin, 2011, Shin
et al., 2013a; Ahn and Shin, 2017), and an OC4 semi-submersible
model was tested at 1:80 scale ratio (Shin et al., 2013b).
The Korean Government is considering building a ﬂoating
offshore wind farm in Shin-Gori, Ulsan. To this end, a pilot project
will be deployed to study the feasible application of the ﬂoating
offshore wind farm. Within the project, a 750-kW-wind turbine has
been selected to mount on a semi-submersible platform and catenary mooring system. Based on the wind turbine speciﬁcations
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tool is the fully coupled aeroeservoehydroeelastic code, FAST.

Table 1
Wind turbine speciﬁcations.
Description

Value

Rated power, P [kW]
Rotor orientation
Control

750
Upwind, 3 Blades
Variable Speed,
Collective Pitch
54
60
3, 11.2, 25
25 (gearless)
2,097
67,010
43,300

Rotor Diameter [m]
Hub Height [m]
Cut-in, Rated, Cut-out Wind Speed [m/s]
Rated rotor speed [rpm]
Blade mass (1ea) [kg]
Tower mass [kg]
Nacelle mass þ rotor mass [kg]

2. 750kW FOWT model test

Table 2
Semi-submersible platform speciﬁcations (Model-I).
Water depth (h) [m]
Platform mass with ballast [kg]
Displacement [m3]
Design draft of the platform [m]
Diameters of main column (upper/footing) [m]
Diameters of offset columns (upper/footing) [m]
Dimension of square trusses (BxH) [m]
Elevation of the main deck above SWL [m]
Center of buoyancy below the SWL [m]
Center of mass (CM) location below the SWL [m]
Platform roll inertia about the CM [kgm2]
Platform pitch inertia about the CM [kgm2]
Platform yaw inertia about the CM [kgm2]

50
2,097,000
2229
8.7
3.6/12
7/12
33
6
6.25
5.215
2.73Eþ08
2.73Eþ08
4.70Eþ08

such as the wind turbine mass, aerodynamic loads, tower length,
and center of mass, a series of platforms were suggested to realize a
better design. Finally, the platform was determined, and its scale
model was built and tested in the wide tank of UOU. The model
tests focused on verifying the performance of the FOWT system and
validating the numerical modeling for further analysis. The results
will allow designers to examine the wind turbine responses during
the early design stage and to identify any necessary corrections
before deploying the project.
This paper presents the results of a 1:40 scale FOWT model test
employing a 750-kW-wind turbine supported by a semisubmersible platform which named “Model-I00 at a water depth of
50 m. The tests include the free decay test, regular and irregular
waves tests, and with or without wind and rotor rotation tests. The
dynamic responses and loads of the model are obtained. These
results are compared with numerical simulation. The simulation

2.1. Model description
The wind turbine of the project belongs to the 750-kW-wind
turbine class. The manufacturer is Unison and the model is U54. The
wind turbine possesses a 54-m rotor diameter and is located 60 m
above the Still Water Line (SWL). The tower begins from 6 m above
the SWL. The wind turbine generates 750-kW-rated power at a
rated wind speed of 11.2 m/s. The other properties of the wind
turbine are listed in Table 1. The wind turbine is supported by a
semi-submersible platform. The details of the platform structure
are presented in Table 2 and Fig. 1. The platform structure includes a
main column connected with three-side columns by square trusses
at the top and bottom of the platform. The side column has an
upper cylinder and footing, which has a larger diameter.
To secure the wind turbine system, the semi-submersible platform is moored by three catenary mooring lines. The fairleads are
located at each side column 3.0 m above the SWL and at a radius of
21.1 m from the platform centerline. Mooring line number 2 is
directed toward the upwind along the negative X-axis (in the XZ
plane). Line numbers 1 and 3 are distributed around the platform,
where each line, fairlead, and anchor are 120 apart, as shown in
Fig. 2. The anchors are located at a water depth of 50 m as the site
water depth and at a radius of 302.35 m from platform center.
Details of the mooring line system are provided in Table 3.
2.2. Experimental setup
The scaled model test of the 750-kW-FOWT was performed in
the wide tank of Ocean Engineering in UOU. The dimensions of the
wide tank are 30 m in length, 20 m in width, and 2.5 m in water
depth. The geometric model scale ratio is l ¼ 1:40, and the scaling
factors are determined according to Froude's law of similarity. To
study an FOWT under coupled aerodynamic and hydrodynamic
loads, the model test should be performed under combined wind
and wave conditions. A wind generator is used to contribute wind
speeds, and a motor is used to drive the rotation of the rotor. A
wave-maker with 40 paddles is employed to generate regular and
irregular waves. The overview of the model test campaign is displayed in Fig. 3. The model is installed in the middle of the wide
tank, and the wind generator and wave-maker generating the
winds and waves are codirectional at a zero-heading angle.

Fig. 1. Full-scale model sketch (left) and “D-type” semi-submersible platform (right).
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Fig. 2. Arrangement of the mooring lines.

Table 3
Mooring line system speciﬁcations.
Number of mooring lines
Angle between adjacent lines
Fairleads above the SWL [m]
Depth of the anchors below the SWL [m]
Radius to the fairleads from the centerline [m]
Radius to the anchors from the centerline [m]
Unstretched mooring length (1ea) [m]
Nominal mooring line chain diameter [m]
Mooring line mass density (wet) [kg/m]
Mooring line mass density (dry) [kg/m]

Fig. 3. Scaled model of the 750-kW-FOWT in the UOU wide tank.

3
120
3
50
21.1
302.35
291.5
0.076
110.44
126.50

In this test, we used a simple method for simulating the aerodynamic load acting on the wind turbine. New blades were built
based on an airfoil, which produced a larger thrust force at a low
Reynolds number. The structure of the blades was kept similar to
that of the original blades, but the shape was changed by Drela
AG04 airfoil, and the chord length was increased by 25%. The ﬁxed
wind turbine was tested on the wind tunnel to measure the rated
thrust force at rated wind speed as shown in Fig. 4. The average of
the rated thrust force is 1% smaller than the target. The diameters of
the tower were scaled down the full-scale tower. The length of
scaled tower model was designed to have a shorter length than the
full scale. This design was made for making the same tower top
elevation when it equipped with load cell which uses to measure
the tower top shear force. The tower was made by aluminum and
its mass is 1.01 kg, load cell mass at the top of tower is 0.045 kg, and
mass of cables which were attached along the tower is 0.089 kg.
Combination mass of aluminum tower, load cell, and cables is
1.135 kg which over 8% of the target. The total mass of wind turbine
system, which includes the rotor nacelle assembly tower and
platform, is 2% smaller than the target. Mass of blade of model scale
is larger than target about 127%. The difference of blade mass will
lead to have different inertia of overall wind turbine system then it
causes for changing in dynamic properties, especially when blades
are rotating. Thus, in numerical simulation model, the tower and
blade mass distribution, and nacelle mass used the model test data
to have similar dynamic responses and loads of the wind turbine
system. The center of mass and inertia of the platform were
examined by the KG test. Table 4 shows comparisons of the design
and scaled model parameters.
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Fig. 4. Fixed wind turbine test in the wind tunnel (left) and thrust force (right).

Table 4
Difference between the design data and scaled model.
Parameter

Rated wind speed (m/s)
Rated rotor speed (rpm)
Rated thrust force (N)
Blade mass (1ea) (kg)
Tower mass (including load cell and electric cables) (kg)
Nacelle mass (kg)
Platform mass (kg)
CM of the platform from SWL (m)
Ixx of the platform (kgm2)
Iyy of the platform (kgm2)
Total wind turbine mass (kg)
Unstretched mooring line length (m)
One (1) mooring line mass (kg)

Full scale

Model scale (target)

1:01

1:40

11.1
25
123,600
2,097
67,010
43,300
2,097,000
5.215
2.73Eþ08
2.73Eþ08
2,209,407
293.3
36,874.75

1.755
158.114
1.931
0.033
1.047
0.677
31.970
0.130
2.600
2.600
33.727
7.288
0.576

2.3. Instrumentations
The instruments that were used in the model test are depicted
in Fig. 5. Wave elevation was measured by a wave probe. The total
tension of the mooring lines at the fairleads was measured by the
load cells located on the deck of the side columns and connected to
the mooring chains by steel wires through the roller at the fairleads.
There is a load cell at the top of tower to measure the tower top
shear force (only downwind direction). The six-DOF-ﬂoating body
motions were captured using a VICON camera system. Before

Measured

Difference

1.720
150.000
1.913
0.075
1.135
0.800
30.940
0.134
2.530
2.530
32.950
7.29
0.575

2%
5%
1%
127%
8%
18%
3%
3%
3%
3%
2%
0.03%
0.17%

performing the model test, 12 anemometers were used to calibrate
the wind speeds at the wind turbine installed position. The anemometers can measure wind speeds in 1-direction with range
0e20 m/s. Each anemometer has a transmitter to supply power to
the sensor and transfer output signal (0e10 V) to a recording
program.
3. Numerical simulation
NREL-FAST (Jonkman and Buhl, 2005) is an open-source code
developed to couple simulate the aerodynamics of wind turbine
blades, platform hydrodynamics, structural dynamics, and
mooring and turbine controller under environmental conditions
such as a wind, wave, and current. The FAST code has been validated by comparing with a model test of a semi-submersible
ﬂoating wind turbine (Coulling et al., 2013) or in OC5 phase II
project (Robertson et al., 2017). For a semi-submersible platform,
second-order wave loads have a strong effect on the global responses, therefore it should be covered in the numerical simulation. So far, FAST version 8 can apply second-order wave loads for
the analysis of the total wave excitation loads acting on the platform. In this study, we used FAST v8 to simulate and analyze a
750-kW-ﬂoating wind turbine. Fig. 6 presents an overview of the
FAST structure.
3.1. Wind turbine modeling

Fig. 5. Instrumentation a) Wave probe for measuring the wave elevation, b) Tension
meter for measuring the total tension at the fairleads, c) Tower top shear force load
cell, d) VICON camera for capturing the platform motions.

To validate the performance of the 750-kW wind turbine by
FAST, the wind turbine was ﬁxed 6 DOFs of platform and simulated
with steady wind speeds range from 3 to 25 m/s, the steady-state
values were obtained and compared with those of Unison's landbased wind turbine. Fig. 7 shows comparisons between Unison
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for the parts under the SWL, as can be seen in Fig. 8. The radiation
solver generated hydrodynamic added-mass and damping matrices
Aij(u) and Bij(u), respectively. Because the platform has the same
response at 0 , 120 , and 240 wave headings, the added mass and
damping coefﬁcients A11(u) and B11(u) (the surgeesurge elements)
are identical to A22(u) and B22(u) (the swayesway elements), also
A44(u) and B44(u) (the rolleroll elements) are the same as A55(u)
and B55(u) (the pitchepitch elements) respectively (Fig. 9). Other
matrix elements of the added mass and damping, which are not
shown, are zero-valued. The diffraction solver generates the waveexcitation matrices, Fui (u, b). Fig. 10 shows the magnitude and
phase of the hydrodynamic wave-excitation, Fui (u, b), with wave
heading angle b ¼ 0 . These waves propagate along the positive Xaxis thus loads in the direction of the surge (mode 1), heave (mode
3), and pitch (mode 5) are dominant, and loads in the direction of
the sway, roll, and yaw are zero which are not shown in the ﬁgure.

Fig. 6. FAST-UOU structure.

data and FAST results. Those results are in good agreement with the
wind turbine performances.
3.2. Hydrodynamic modeling
The linear hydrodynamics of the semi-submersible platform
was modeled by UOU using in-house codes which are radiation
solver, and diffraction solver. The radiation and diffraction solvers
use a 3-dimensional panel method to calculate the radiation potential, and the diffraction potential. These potentials are obtained
by using the method of Green's function which is a boundary integral technique. The platform was modeled with 7000 elements

Fig. 8. Modeling for the hydrodynamic analysis.

Fig. 7. 750-kW-wind system performance based on FAST and the manufacturer data.
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Fig. 9. Added-mass and damping matrix entries.

Fig. 10. Magnitude and phase of the wave excitation loads in the direction of the surge (mode 1), heave (mode 3), and pitch (mode 5).
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Table 7
Irregular waves.
Irregular waves

Model test

Irregular wave sea state 4 (SS4)
Irregular wave sea state 5 (SS5)

Fig. 11. Difference-frequency surge quadratic transfer function force.

Another in-house code calculates the difference-frequency
quadratic transfer function of the second-order wave forces
acting on the platform. Those second order wave forces which are
closely related to the linear potential and the ﬁrst order motions of
the platform, are calculated using the pressure integration method
in frequency domain. Fig. 11 displays the difference-frequency
surge quadratic transfer function for a zero-wave heading angle.
These data have the same WAMIT output form and input to the
hydrodynamic module of FAST v8.

Full scale

Tp (s)

Hs (m)

Tp (s)

Hs (m)

1.281
1.518

0.093
0.122

8.1
9.6

3.72
4.88

irregular waves, without wind, and ﬁxed rotor. LC4 performed the
modeling using irregular waves, rated wind speed, and rotating
rotor. The properties of the regular waves are listed in Table 6 and of
irregular waves in Table 7. There only two irregular waves were
selected to perform the tests which are sea state 4 (SS4) and sea
state 5 (SS5). Some stronger irregular waves were tested, but wave
crests hit to the lower deck of the top trusses. Therefore, to avoid
uncertainties of slamming effects, those sea states are not used to
validation work. The waves and wind were calibrated before the
installation of the model. Fig. 12 exhibits the wind ﬁeld measurement data. The wind generator generated the steady rated wind
speed, however, wind speed ﬂuctuation with turbulence intensity
is about 5.36% in average. The waves were measured at the location
where the wind turbine will be located. Irregular waves were
generated based on PiersonMoskowitz spectrum, and these
measured wave spectra show a good agreement with the theoretical, as can be seen in Fig. 13.

5. Results and discussion
5.1. Free decay test

4. Environmental conditions
In this model test, only the rated wind speed was selected to
produce the maximum thrust force. The test matrix is presented in
Table 5. Load case 1 (LC1) and load case 2 (LC2) performed the wind
turbine modeling with ten regular waves without and with the
rated wind, respectively. LC3 performed the system modeling with

The free decay test was performed before formulating the test
matrix. Fig. 14 presents the free decay test results of the surge,
heave, pitch, and yaw. The natural period is 43 s for surge, 13.5 s for
heave, 20.5 s for pitch, and approximately 39 s for yaw. The heave
natural period is in the ocean wave period range, normally ranging
from 5 s to 20 s. The other natural periods are longer than 20 s.

Table 5
Test matrix.
LCs

Model Test (1:40 scale)

LC1
LC2
LC3
LC4

Full Scale

Wind

Wave

Rotor Speed

Duration

Wind

Wave

Rotor Speed

Duration

(m/s)

()

(rpm)

(s)

(m/s)

()

(rpm)

(s)

No Wind
1.76
No Wind
1.76

Regular
Regular
Irregular
Irregular

Fixed
158
Fixed
158

100
200
720
720

No Wind
11.1
No Wind
11.1

Regular
Regular
Irregular
Irregular

Fixed
25
Fixed
25

632
1265
4554
4554

Table 6
Regular waves.
No

Wave
Wave
Wave
Wave
Wave
Wave
Wave
Wave
Wave
Wave

Model Test (1:40)

1
2
3
4
5
6
7
8
9
10

Full Scale

Wave Period

Wave Frequency

Wave height

Wave Period

Wave Frequency

Wave height

s

rad/s

Hz

m

s

rad/s

Hz

m

0.78
0.89
1
1.23
1.56
1.79
2.02
2.11
2.29
2.52

8.06
7.06
6.28
5.11
4.03
3.51
3.11
2.98
2.74
2.49

1.28
1.12
1.00
0.81
0.64
0.56
0.50
0.47
0.44
0.40

0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04

4.95
5.66
6.35
7.8
9.88
11.32
12.77
13.37
14.48
15.91

1.27
1.11
0.989
0.806
0.636
0.555
0.492
0.47
0.434
0.395

0.20
0.18
0.16
0.13
0.10
0.09
0.08
0.07
0.07
0.06

1.6
1.6
1.6
1.6
1.6
1.6
1.6
1.6
1.6
1.6
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Fig. 12. Wind ﬁeld measurement data.

Fig. 13. Wave spectrums of measured and theory.

Fig. 14. Free decay model test results. a) Surge, b) Heave, c) Pitch, and d) Yaw.
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Fig. 15. RAOs of LC1 only regular waves, LC2 steady rated wind and regular waves.

5.2. Response Amplitude Operator (RAO)
Model tests and numerical simulations were performed in
regular waves to predict and evaluate the motions of the offshore
wind turbine system. Fig. 15 displays the Response Amplitude
Operators (RAOs) obtained from the model tests and numerical

simulations. The RAOs of LC1 and effective RAOs of LC2 are calculated from the steady-state range of the response time histories.
There is a good agreement in the surge, heave and pitch RAOs of the
model test and numerical simulations of LC1 and LC2. Due to the
limit of the wavemaker, the lowest frequency of regular wave that
can be generated in the model test is 2.49 rad/s or 0.395 rad/s in

Fig. 16. Comparisons of time series from simulation and model test data for surge, pitch, fairlead 2 tension, and tower top shear force for an irregular wave with Hs ¼ 4.88 m,
Tp ¼ 9.6 s, and operational wind turbine under rated wind speed (LC4 SS5).

T.D. Pham, H. Shin / International Journal of Naval Architecture and Ocean Engineering 11 (2019) 980e992

Fig. 17. Spectrums of surge, pitch, fairlead 2 tension, and tower top shear force of the 750-kW-FOWT in LC3 irregular waves only.
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full-scale. Therefore, the experiment results do not show RAOs in
low frequencies. Surge and pitch RAOs of simulation show large
responses around pitch and surge natural frequencies. Pitch resonant response under rated wind and operating wind turbine condition of LC2 is smaller than without wind condition of LC1 due to
aerodynamic damping effect. Heave RAOs in both LC1 and LC2 are
quite similar. Heave resonance response is small at the heave natural frequency because the platform has a large diameter of four
footings which perform as like heave plates to create a large
damping force. RAOs of sway, roll, and yaw are small because zeros
wave heading angle, therefore, they have not been considered in
this paper.
5.3. Responses in irregular waves
The 750-kW-FOWT model was tested in irregular waves only
(LC3) and irregular waves with operational wind turbine and rated
wind speed (LC4). The responses and loads of the system were
recorded in 4554 s (full scale), including transient responses. The
time 3600 s after the transient period was used for the analysis.
Surge and pitch responses of a semi-submersible platform which is
moored by a catenary mooring system have large effects from the
second-order wave loads. Dynamic load of mooring lines is greatly
inﬂuenced by platform surge response. Pitch response has a
dominance effect to the dynamic shear force at tower top. Therefore, to validate the simulation with model test of the 750-kWFOWT, surge and pitch response should be paid more attention.
Fig. 16 shows a sample of comparisons of time series from simulation and model test data for surge, pitch, fairlead 2 tension, and
tower top shear force in LC4 irregular wave (SS5) with operational
wind turbine and rated wind speed. Fig. 17& 18 present comparisons of spectrums from simulation and model test for of surge,
pitch, fairlead 2 tension, and tower top shear force of LC3 and LC4,
respectively.
The statistical results of simulation and model test are compared
as shown in Table 8. The comparisons are for surge, pitch, tower top
shear force, a downwind mooring line tension and an upwind
mooring line tension. Mean responses surge, pitch, fairlead 2 tension, and tower top shear force are good match between simulation
and model test. The mean tower top shear force under wind and
waves condition of model test is good match with the simulation,
however the standard deviations of simulation are smaller than
those of model test. As can be seen in Figs. 17 and 18, simulation
results of tower top shear force are underestimated both in wave
frequency range and pitch and surge nature frequencies. This
phenomena also has been found in the OC5 phase II project, and an

uncertainty analysis was discussed (Robertson, 2017). The reason
probably comes from the wind turbine assembly in simulation.
FAST code consider rigid platform and tower connects to nacelle at
top and to platform at base as an ideal clamped connection. In fact,
the tower of scaled model was connected to nacelle through a load
cell and piece of plastics with bolts and nuts, also there was a
bundle of electric cable connected to nacelle, which might add
more effect to the measurement of shear-force.

6. Conclusions
This paper presented the model test and numerical simulation
results of a 750-kW-wind turbine with a semi-submersible platform. The purpose of the test was to quantify the wind, waves, and
mooring line force interaction based on the global responses of the
system. The test was performed in the Wide Tank Ocean Engineering of UOU at a scale ratio of 1:40. The numerical simulation
was performed with FAST v8, and the hydrodynamic properties
were generated by the in-house codes of UOU, including wave
added mass and damping and wave linear and quadratic excitation
forces. The results described in the paper were global responses of
the system, mooring line tension, and tower top shear force.
Free decay tests were performed to estimate the natural frequencies of the wind turbine system. The natural periods were 43 s
for the surge, 13.5 s for the heave, 20.5 s for the pitch, and
approximately 39 s for the yaw. RAOs of the global response were
calculated from the regular wave tests, LC1 and LC2. The results
showed good agreement between the model test and simulation in
surge, heave, and pitch. The global responses and loads of the wind
system in irregular waves were presented by statistical results. By
applying second order hydrodynamic loads, numerical simulation
predicted good results for surge and pitch. Statistical analysis of the
mooring line tensions showed mean tension of tension are good
match from the model test and simulation. The mean shear force at
the tower top in LC4 was caused by the aerodynamic thrust force.
By changing the airfoil of the blades to Drela AG04 and increasing
the chord length, the mean thrust force obtained in the test was in
good agreement with the simulation at the rated wind speed.
However, standard deviation of tower top shear force is underpredicted. Further investigation about load at tower top should be
considered.
The platform should be re-designed with considering the air gap
between MSL and lower deck of platform to mitigate slamming
effects. Therefore, it needs to increase the elevation of main deck of
the platform.

Table 8
Statistics of the 750-kW responses and loads in LC4 operation wind turbine under rated wind speed, and irregular waves.
Statistics

Surge (m)
Pitch (degree)
Tower top shear force Fx (kN)
Fairlead 1 Tension (kN)
Fairlead 2 Tension (kN)
Fairlead 3 Tension (kN)

Mean
Standard
Mean
Standard
Mean
Standard
Mean
Standard
Mean
Standard
Mean
Standard

LC4 SS4

deviation
deviation
deviation
deviation
deviation
deviation

LC4 SS5

Exp.

Sim.

Sim/Exp

Exp.

Sim.

Sim/Exp

1.124
0.469
3.024
0.909
171.916
70.017
336.118
14.311
439.408
36.736
355.024
17.005

1.030
0.439
3.654
0.734
173.661
35.453
327.992
10.980
456.997
30.490
328.807
11.140

0.92
0.94
1.21
0.81
1.01
0.51
0.98
0.77
1.04
0.83
0.93
0.66

1.117
0.687
3.078
1.178
172.097
79.496
335.802
20.558
444.791
66.743
353.520
23.951

0.997
0.684
3.667
1.050
173.744
43.689
329.157
15.804
456.228
53.614
329.975
16.071

0.89
1.00
1.19
0.89
1.01
0.55
0.98
0.77
1.03
0.80
0.93
0.67
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Fig. 18. Spectrums of surge, pitch, fairlead 2 tension, and tower top shear force of the 750-kW-FOWT inLC4 irregular waves and rated wind.
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