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Abstract  The selection of wave force models will significantly impact the structural responses of floating wind turbines. In this study, 
comparisons of wave force model effects on the structural responses and fatigue loads of a semi-submersible floating wind turbine 
(SFWT) were conducted. Simulations were performed by employing the Morison equation (ME) with linear or second-order wave 
kinematics and potential flow theory (PFT) with first- or second-order wave forces. A comparison of regular waves, irregular waves, 
and coupled wind/waves analyses with the experimental data showed that many of the simulation results and experimental data are 
relatively consistent. However, notable discrepancies are found in the response amplitude operators for platform heave, tower base 
bending moment, and tension in mooring lines. PFT models give more satisfactory results of heave but more significant discrepan-
cies in tower base bending moment than the ME models. In irregular wave analyses, low-frequency resonances were captured by 
PFT models with second-order difference-frequency terms, and high-frequency resonances were captured by the ME models or PFT 
models with second-order sum-frequency terms. These force models capture the response frequencies but do not reasonably predict 
the response amplitudes. The coupled wind/waves analyses showed more satisfactory results than the wave-only analyses. However, 
an important detail to note is that this satisfactory result is based on the overprediction of wind-induced responses.  
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1 Introduction 
The advantages of floating wind turbines (FWTs) in 

capturing wind power in deep waters are highly regarded. 
Various floating wind turbine concepts, including semi- 

submersibles, tension leg platforms, and spar types, have 
been proposed based on the experiences of the oil and gas 
industry. However, as a new type of offshore platform, 
FWTs have many differences from traditional floating oil 
platforms. For example, the hulls of the FWTs are usually 
smaller and lighter than those of the floating oil platforms. 
The ratio of the wavelength to the hull’s main dimension 
affects the selection of the wave force model; the inertial 
force dominates at a small ratio, while the drag effect is 
more pronounced at a large ratio. In addition, the presence 
of the upper wind turbines and towers increases the de-
grees of freedom of the whole system at different natural 
frequencies, which may cause more resonances. Therefore, 
simple linear wave force model analyses are not enough 
to capture the stochastic response of FWTs. 
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Potential flow theory (PFT) and the Morison equation 
(ME) are two practical approaches for modeling wave 
forces. For a semi-submersible, the PFT accounting for the 
Froude-Krylov loads and the diffraction effects are usu-
ally used to calculate the wave forces (Kvittem et al., 2012; 
Liu et al., 2018). However, the ME is also considered suit-
able in some literature (Robertson et al., 2017; Xu et al., 
2019a). Kvittem et al. (2012) investigated the effects of 
wave force modeling for a semi-submersible floating wind 
turbine (SFWT). The PFT model and the ME model were 
used without considering the second-order effects, with 
the ME models giving more satisfactory motions com-
pared with the PFT models. In the OC5 project, different 
wave force models were used and compared to investigate 
the effects on the responses of an SWFT (Robertson et al., 
2017). However, the conclusions of the wave force model 
effects were unclear because the participants used differ-
ent codes, and the simulation results used for comparison 
with the experimental data were averaged. 

Nonlinear wave force effects on the responses of FWTs 
have received much attention in recent years. These effects 
may be due to the nonlinear wave force model, wave kine-  
matics, or both (Pegalajar-Jurado et al., 2017). The second- 
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order difference-frequency (second-order Diff-Fre) wave 
forces, which can be calculated based on PFT, are crucial 
for the dynamic responses of SFWTs (Coulling et al., 2013a; 
Xu et al., 2019b; Zhang et al., 2020). The full quadratic 
transfer functions (QTFs) are more recommended in the 
literature than Newman’s approximation, which may un-
derpredict the platform motion. Second- order wave forces 
may excite structural natural frequency resonances, which 
can cause more significant extreme responses and fatigue 
loads than first-order wave forces. The nonlinear hydro-
dynamic effects can also be captured by ME with second- 
or higher-order wave kinematics. Xu et al. (2019b) stud-
ied the nonlinear wave force effects on the structural re-
sponses and fatigue damages of an SFWT due to fully 
nonlinear wave kinematics based on ME. The structural 
responses of the platform, the tower, and the tensions in 
mooring lines were compared using linear wave kinemat-
ics and fully nonlinear wave kinematics. They found that 
the extreme responses and fatigue damages were signifi-
cantly affected by wave nonlinearity. Second-order sum- 

frequency (second-order Sum-Fre) forces, which can ex-
cite high-frequency modes, are usually assumed to be un- 
important and neglected (Coulling et al., 2013a; Chuang 
et al., 2020). However, the second-order Sum-Fre wave  

force may excite the tower or rotor vibration mode of an 
SFWT, whose natural frequencies are commonly higher 
than the first-order wave frequencies (Robertson et al., 
2017). Further study on the high-frequency responses of 
the SFWT system is needed. 

This study aims to identify and discuss the wave force 
model effect on an SFWT’s structural responses and fa-
tigue forces. Simulations were conducted by employing 
ME with linear or second-order wave kinematics and PFT 
with first- or second-order wave forces based on the mod-
els and methodologies presented in Sections 2 and 3. Load 
cases are introduced and listed in Section 4. The regular 
waves, irregular waves, and coupled wind/wave analysis 
results are compared with the experimental data and dis-
cussed in Section 5.  

2 Floating Wind Turbine Model 
The OC4 DeepCwind SFWT is considered in this work 

(Robertson et al., 2014). The SFWT consists of a semi- 

submersible platform (Fig.1), an NREL 5 MW wind turbine, 
and three catenary mooring lines. The platform is designed 
with a water depth of 200 m. The draft depth of the hull is 
20 m below the mean sea level (MSL), and the freeboard  

 
Fig.1 OC4 DeepCwind SFWT (Helder and Pietersma, 2013; Robertson et al., 2014). 

Table 1 Main properties of the OC4 DeepCwind SFWT 

     Main part Parameter Value 

Rating 5 MW 
Rotor, hub diameter 126 m, 3 m 
Total mass of the full system 1.3958E + 7 kg 

Full system of the SFWT 

Water depth 200 m 
Mass 1.778E + 5 kg 
Elevation to tower base above MSL 10 m Tower 
Elevation to tower top above MSL 88.2 m 
Draft 20 m 
Displacement 13917 m3 Platform 
Center of the mass location below the still water line 13.15 m 
Number of mooring lines 3 
Angle between mooring lines 120˚ 
Radius to anchors from the centerline 837.6 m 
Unstretched mooring line length 835.5 m 

Mooring system 

Pretension 1.1E + 6 N 
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height is 10 m above MSL. The platform is provided with 
buoyancy by three side columns and one center column. 
The upper and lower side columns have diameters of 12 
and 24 m, respectively, with ballast water inside. The center 
column has a diameter of 6.5 m without ballast water in-
side. The distances between the axes of the center column 
and side columns are 40.87 m, and the distances between 
the axes of the side columns are 50 m. The cross braces 
connect the columns with a diameter of 1.6 m. Each cate-
nary mooring line is associated with the fairlead on a side 
column to keep the platform in position. Table 1 shows 
the main properties of the OC4 DeepCwind SFWT. More 
detailed information about the OC4 DeepCwind SFWT can 
be found in Ref. (Jonkman et al., 2009; Robertson et al., 
2014). 

Experimental data recorded from the OC4 DeepCwind 
SFWT at MARIN offshore wave basin are used for the 
comparisons (Coulling et al., 2013b). In the model tests, 
the semi-submersible and the NREL 5 MW wind turbine 
were conducted at 1/50th scale. The system was moored 
using three scaled catenary chains. The SFWT was tested 
under regular waves-only, irregular waves-only, and cou-
pled irregular waves and dynamic wind conditions. Plat-
form motions, tower top and tower base forces and mo-
ments, and mooring line tensions were recorded in the 
model tests; see Ref. (Coulling et al., 2013b) for more de-
tails on the OC4 DeepCwind SFWT model tests. 

3 Methodologies 
3.1 Fully Coupled Analysis Method 

The OC4 DeepCwind SFWT is simultaneously subjected 
to various loads during its operation, for example, aerody-
namic forces, wave forces, and mooring forces. The fully 
coupled dynamics equation of motion is given as 

[ ]ζ ζ+ + =M A K  

( ) ( , ) ( , ) ( )w I d c mt t t tζ ζ+ + + + F F F F F ,     (1) 

where M is the mass matrix of the OC4 DeepCwind 
SFWT, A is the added mass matrix, ζ is the six degrees of  

motion, K is the stiffness matrix, Fw is the aerodynamic 
forces, FI is the wave exciting forces, Fd is the drag force 
from ME, Fc is the radiation damping forces, and Fm is the 
mooring system restoring forces. The numerical models 
of the SFWT are constructed using OpenFAST, an NREL- 

developed wind turbine computer-aided tool (NREL, 2021). 
Fully coupled analyses in regular waves-only, irregular 
waves-only, and coupled wind and wave conditions were 
conducted. In view of the purpose of this study, which is 
to compare the wave force model effects on the structural 
responses and fatigue loads of the SFWT, the wave force 
models will be emphasized below. 

3.2 Wave Force Models 
As mentioned above, PFT and ME are two practical ap- 

proaches for modeling wave forces. This section describes 
the wave force models used in this study. 

3.2.1 Potential flow theory 
For a semi-submersible, PFT accounting for the Froude- 

Krylov loads and the diffraction effects is usually used to 
calculate the wave forces. The first-order wave forces on 
a marine structure, whose characteristic dimension is large 
relative to a typical wavelength for a regular incoming wave, 
can be given as follows: 

(1) Re( ),  1, 2, ,6j t
w iF AX e iω= =  ,       (2) 

where Xi is the ith component of the first-order wave 
forces per unit wave amplitude, and A is the wave ampli-
tude. For an irregular sea state, the total wave forces can 
be represented as a superposition of the different wave 
frequency ωk components 

 ( )(1)
1Re ( ) kN j t

wi k i kkF A X e ωω==  , 

1, 2, ,6,  ( 1)ki kω δω= = − . (3) 

The second-order wave forces for an irregular sea state, 
including the contributions of the sum and difference fre-
quency components in PFT, can be expressed by

( )( ) ( )(2) *
1 1Re ( , ) ( , ) ,  1,2, ,6k l k lN N j t j t

wi k l i k l k l i k lk lF A A X e A A X e iω ω ω ωω ω ω ω+ −+ −
= == + =   ,       (4)

where ( , )i k lX ω ω+
 and ( , )i k lX ω ω−

 are the full sum and 
difference frequency QTFs obtained from each pair of the 
incoming wave with amplitudes (Ak, Al) and frequencies 
( , )k lω ω . The hydrodynamic coefficients, including po-
tential damping, hydrostatic restoring, added masses, and 
wave excitation forces required for the PFT models, are 
computed using the frequency-domain panel code Wadam 
(DNV, 2013). The second-order wave forces are derived 
from the full QTFs. The drag term from ME is added to 
the PFT model to consider the viscous effects. 

3.2.2 Morison equation and second-order            
wave kinematics 

In extreme sea states, the effects of flow separation must 

be considered when using the wave forces from PFT. In 
addition, many floating wind turbine simulation codes can- 
not model wave forces per PFT models and applies only 
ME models for all sea states. Therefore, the ME model is 
compared with the PFT model in this study to address 
these situations. The ME is applicable for calculating wave 
forces for small structures in scale compared with the wave-  
length of the incident wave. The transverse wave force 
dFn per unit length for a cylinder can be expressed by 

| | ( ) (1 )
2n d a adF DC u r u r C Au C Arρ ρ ρ= − − + + −    , (5) 

where ρ is the water density; A and D are the cross- sec-
tion area and the diameter of the slender member, respec-
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tively; r is the displacement of the local member; u is the 
velocity of the wave particles; and Cd, Ca are the drag and 
added mass coefficients, respectively. For the OC4-Deep- 
Cwind SFWT, the ME model is a reasonable approxima-
tion due to D/L ≤ 0.2 in most wave conditions, in which D 
is the main dimension of the platform hull and L is the 
characteristic wavelength (Robertson et al., 2014). The add- 
ed mass coefficients Cax for the surge direction and Caz for 
the heave direction are computed as 

11( )
ax

AC
V
ω

ρ
= ,               (6) 

33 ( )
az

R

A
C

V
ω

ρ
= ,               (7) 

where A11(ω) and A33(ω) are the added mass of ω-fre-
quency in the surge and heave directions, which are cal-
culated from PFT, respectively. Theoretically, the added 
mass coefficients Cax and Caz are functions of frequency. 
However, they are usually used as fixed values in nu-
merical simulations. This study takes these coefficients as 
fixed values corresponding to the spectral peak period, 
which will, to some extent, increase the wave forces on 
the platform. V is the volume of the platform, and VR is 
the reference volume of the heave plates. For a flat circu-
lar plate with a diameter of 2a, the reference volume VR is 
(DNV, 2010) 

34 π
3RV a= .                (8) 

The second-order contributions to wave kinematics are 
also considered in the ME models. The second-order wave 
kinematics are calculated using the first-order wave kine-
matics, and extra energies are added to the wave spectrums 
at the sum and difference frequencies. The extrapolated 
second-order horizontal wave-particle velocities, u(2), for 
the regions between the still water level and first-order 
free-surface elevation can be expressed by (Sharma and 
Dean, 1981)  

(1)
(2) (2)

( ,0, )

( , , ) ( ,0, )
x t

uu x z t u x t z
z

∂= +
∂

,      (9) 

where (x, z) is the position, t is the time, and u(1) is the 
first-order wave-particle velocity. 

3.3 Fatigue Damage Estimate Method 
The 1 Hz damage equivalent fatigue load (DEFL) is ap- 

plied to compute the short-term fatigue loads of the plat- 

form (DNV, 2019). The short-term 1 Hz DEFL is given by 

1/
( )

mR m
ij ijjST

i STeq
i

n L
DEFL

n

 
 =
 
 


,          (10) 

where 
ST
iDEFL  is the short-term damage equivalent fa-

tigue load of time series i, 
STeq eq
i in f T=  is the total equi- 

valent fatigue counts, f eq is the DEFL frequency (1 Hz in 
this work), Ti is the elapsed time of time series i, and m is 
the Whöler exponent. The short-term DEFLs are estimated 
by MLife codes developed by NREL (Hayman, 2012).  

4 Load Cases and Environmental         
Conditions 
This study aims to compare the effects of different wave 

force models (PFT and ME) on the dynamic responses of 
the SFWT. To verify the experimental data in the OC4 pro- 
ject, a series of regular waves and irregular waves with or 
without wind conditions, which are listed in Table 2, is 
assessed with the comparisons. The measured time series 
of the wave elevations and wind velocities measured in the 
OC4 project experiments (Coulling et al., 2013b; Robert- 
son et al., 2017) is directly imported into the simulation. 
Different wave force components (with or without second- 

order terms) are considered to address the second-order 
wave force effects on the structural responses and fatigue 
damages of the SFWT. Therefore, each Load Case is split 
into six sub-load cases, taking Load Case 1 (LC1) as an 
example. 

1) LC1-M1: ME with first-order wave kinematics. 
2) LC1-M2: ME with second-order wave kinematics. 
3) LC1-F1: first-order wave forces using PFT with first- 

order viscous drag forces using ME. 
4) LC1-F2S: first- and second-order Sum-Fre wave for- 

ces using PFT with first-order viscous drag forces using 
ME. 

5) LC1-F2D: first- and second-order Diff-Fre wave for- 
ces using PFT with first-order viscous drag forces using 
ME. 

6) LC1-F2ALL: first- and second-order Sum-Fre and 
Diff-Fre wave forces using PFT with second-order vis-
cous drag forces using ME. 

5 Results and Discussion 
The results and discussions from comparing wave force 

model effects on the structural responses and fatigue loads 
of the SFWT are presented in this section. Load cases, in- 

Table 2 Load cases and the corresponding environmental conditions 

Load case Description Wave condition Wind condition Rpm Blade pitch

LC1 Operational wave Regular: H = 0.95 m, T = 7.5 s None 0 90 
LC2 Design wave Regular: H = 9.41 m, T = 14.3 s None 0 90 
LC3 Operational wave Irregular: Hs = 7.1 m, Tp =12.1 s None 0 90 
LC4 Design wave Irregular: Hs = 10.5 m, Tp = 14.3 s None 0 90 
LC5 Operational wave and steady wind Irregular: Hs = 7.1 m, Tp = 12.1 s Vhub, x = 12.91 m s−1 12.1 1.2 
LC6 Operational wave and dynamic wind Irregular: Hs = 7.1 m, Tp = 12.1 s NPD spectrum 12.1 1.2  
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cluding regular waves, irregular waves, and coupled wind/ 

waves, are considered. Each Load Case was run based on 
the PFT and ME models with or without second-order 
effects, which are mentioned in Section 4. The compari-
sons of the wave force model effects on the dynamic re-
sponses of platform motion, tower base bending moment, 
and tension in the mooring line are studied for operational 
and design conditions.  

5.1 Regular Wave Conditions 
Simulations of the SFWT subjected to regular waves- 

only conditions (LC1 and LC2) were conducted. The sim- 
ulation results of using different wave force models were 
compared with the experimental data (Coulling et al., 2013b; 
Robertson et al., 2017). In the simulations of regular wave 
conditions, the wind turbine was parked, and the blades  

were feathered as well as in the model tests. The response 
amplitude operators (RAOs) and time series for platform 
surge, heave, and pitch motions, tower base bending mo-
ments, and tensions in mooring lines are used to perform 
the comparison. Fig.2 shows the RAOs in the operational 
wave condition (LC1) and design wave condition (LC2). 
Fig.3 presents the time series of platform motions and 
structural loads in the tower base and mooring lines. Many 
of the results are relatively consistent for the platform mo-
tions and the loads in the tower base and mooring lines. 
However, some notable differences are found between the 
simulations using different wave force models and the 
model test data. 

As shown in Fig.2(a), similar magnitudes for the RAOs 
of surge motions are found in the simulation results and 
experimental data. However, for the time series of the  

 
Fig.2 RAOs for platform motions and loads in tower base and mooring lines. Notable differences are found in platform 
heave, tower base fore-aft bending moments, and mooring line 2 tensions. 

 

Fig.3 Time series for platform motions and loads in tower base and mooring lines in LC2. 
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surge in Fig.3(a), the simulation models underpredict the 
mean surge responses. This underprediction is likely due 
to the lack of mean wave forces in the simulation models. 
The RAOs of heave are consistent in LC1 (Fig.2(b)), 
while the ME models (M1 and M2) slightly overpredict 
the heave RAOs in LC2. Therefore, special attention 
should be paid to the selection of the added mass coeffi-
cients Caz and the axial viscous coefficients Cd, especially 
in the design wave conditions. Fig.2(d) shows the RAOs 
of the tower base fore-aft bending moments. All simula-
tion models slightly underpredict the RAOs in LC1. In 
LC2, the ME models give relatively good results. The 
RAOs of the tensions in mooring lines 1 (downwind) and 
2 (upwind) are investigated in Figs.2(e) and 2(f). The 
tensions in downwind mooring line 1 are well predicted 
in the simulation models. For upwind mooring line 2 in  

LC2, larger discrepancies are found in the PFT models 
than in the ME models. All simulation models underpre-
dict the tension in mooring line 2, indicating that the dy-
namic effects in the mooring line were not well modeled 
in the simulations. 

5.2 Irregular Wave Conditions 
Two irregular wave load cases (LC3 and LC4) were used 

to compare the second-order wave force model effects on 
the structural responses of the SFWT. Figs.4 and 5 show 
the statistical results of platform motions and loads in the 
tower base and mooring lines, respectively. Some notable 
discrepancies are found in the surge, pitch, tower base 
fore-aft bending moments, and tensions in mooring line 2. 
Therefore, the power spectral densities (PSDs) for these 
responses are further investigated in Fig.6. 

 
Fig.4 Statistical values of platform motions in irregular wave conditions (LC3 and LC4). 

 

Fig.5 Statistical values of tower base bending moments and tensions in mooring lines in irregular wave conditions (LC3 
and LC4). 
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Fig.6 Power spectral density of platform motions and loads in tower base and mooring lines in LC4. 

For the surge in Figs.4(a) and 4(b), the ME models (M1 
and M2) and the PFT models (F1 and F2S) give nearly 
zero-mean values. The mean values are non-zero in the 
models (F2D and F2ALL) that consider the effects of sec-
ond-order Diff-Fre wave forces. However, these simulation 
models all underpredict the mean values compared with the 
experimental data because the mean wave forces could 
not be simulated accurately. The standard deviations (STDs) 
for the surge are reasonably consistent, especially for the 
models that consider the second-order Diff-Fre wave forces. 
The min and max surge responses have notable discrep-
ancies. Further explanation of the PSD of the surge in LC4, 
as shown in Fig.6(a), indicates that the wave frequency 
responses are well captured for these simulation models, 
but the surge resonant responses are underpredicted. Figs. 

4(c) and 4(d) show that the simulations give satisfactory 
heave motion results from the models that consider the 
effects of second-order wave forces. Figs.4(e) and 4(f) 
show the statistical results for the pitch. The mean and 
STD values for the pitch are well predicted in the simula-
tions. However, the max pitch responses are slightly over-
predicted in the models of F2D and F2ALL. Further in-
formation on the PSDs for the pitch is shown in Fig.6(b). 
Although the statistical results are consistent, the wave 
frequency pitch responses appear to be slightly overpre-
dicted, whereas the pitch natural frequency responses are 
underpredicted.  

Figs.5(a) and 5(b) show the statistical results for tower 
base fore-aft bending moments in LC3 and LC4, respec-
tively. The ME models (M1 and M2) give more satisfac-
tory STDs and extreme values than the PFT models. For 
the PFT models, the results of the F2S model that consid-
ers the second-order Sum-Fre wave forces are closer to the 
experimental data in LC3 (operational wave condition). 
However, in LC4 (design wave condition), whose spectral 
peak period is larger, the accuracy of the F2S model is 
reduced. Drag forces seem to be more critical in an ex-
treme seaway than in a moderate one. Fig.6(c) shows the 
PSDs of tower base fore-aft bending moments in LC4. The 
pitch natural frequencies, wave frequencies, and tower 
base bending frequency responses are found in the PSDs. 
The PFT models (F2D and F2ALL) that consider the sec-
ond-order Diff-Fre forces capture the low-frequency pitch- 

induced responses, while the ME models (M1 and M2) 
and the PFT models (F2S and F2ALL) that consider the 
second-order Sum-Fre forces capture the high-frequency 
tower base resonances. Furthermore, the ME models (M1 
and M2) give more reasonable predictions of the tower 
bending natural frequency responses. However, all simu-
lation models do not seem to have produced particularly 
good predictions for the wave frequency responses. Figs. 

5(c) and 5(d) indicate that the simulations obtain satis-
factory results for the tensions in mooring line 1. How-
ever, the prediction of tensions in mooring line 2 has no-
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table discrepancies, especially in LC4. Fig.6(d) shows the 
PSDs for tensions in mooring line 2. All simulation mod-
els capture the response frequencies but do not reasonably 
predict the response amplitudes. The results of the PFT 
models that consider the second-order Diff-Fre wave forces 
are closer to the test result. 

5.3 Coupled Wind/Wave Conditions 
The results and discussions from responses in two wind 

and waves environmental conditions (LC5 and LC6) are 
presented in this section. LC5 is a coupled steady wind and 
irregular waves sea state, while LC6 is a coupled dynamic 
wind and irregular waves sea state. Figs.7 and 8 show the 
statistical results of the platform motions and loads in the 
tower base and mooring lines, respectively. The PSDs for 
the responses are further investigated in Fig.9. 

As mentioned before, the simulation models underpre-  

dict the surge motion in the irregular wave conditions (LC3 
and LC4). However, as shown in Figs.7(a) and 7(b), the 
statistical simulation surge results are in good agreement 
with the experimental results in the coupled wind/wave 
conditions. Moreover, the simulation models give consis-
tent mean values, which are slightly larger than the ex-
perimental mean values, both in LC5 and LC6. In addition, 
as shown in Fig.9(a), the increases in the surge natural fre-
quency response in the PSDs of the surge indicate that the 
wind forces, which are overpredicted in the simulations, 
govern the mean surges in the simulations of the coupled 
wind/wave conditions. Therefore, although the surge results 
are consistent, the underlying causes of the similar results 
are different. In Figs.7(c) and 7(d), the simulation models 
give satisfactory results for statistical values of platform 
heave. As shown in Figs.7(e) and 7(f), the simulation mod-
els slightly overpredict the statistical values for platform 

 
Fig.7 Statistical values of the platform motions in irregular wave conditions (LC5 and LC6). 

 
Fig.8 Statistical values of loads in tower base and mooring lines in irregular wave conditions (LC5 and LC6). 
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Fig.9 PSD of platform motions and loads in the tower base and mooring lines in LC6. 

pitch. This finding can be explained in Fig.9(b), indicating 
that the wind-induced low-frequency and wave frequency 
responses are slightly overpredicted, whereas the pitch nat- 
ural frequency responses are underpredicted. 

Figs.8(a) and 8(b) present the statistical values of tower 
base fore-aft bending moments for LC5 and LC6, respec-
tively. The simulation models give slightly larger mean val- 
ues, smaller STDs, and maximum values in the coupled 
steady wind and irregular wave condition LC5. In LC6, the 
statistical results agree with the experimental results, ex-
cept for the minimum values. The experimental data show 
a negative tower base fore-aft bending moment in both 
LC5 and LC6, thereby indicating that negative aerody-
namic damping effects may occur in the experiments. Al- 
though the simulation models give satisfactory statistical 
results, the PSDs for the tower base fore-aft bending mo- 
ments in LC6 have notable discrepancies, as shown in Fig. 

9(c). The simulation models give more significant wind- 

induced low-frequency responses but smaller wave fre-
quencies and tower base bending natural frequency re-
sponses, which may influence the fatigue load of the tower 
base. Figs.8(c) to 8(f) show the statistical results of ten-
sions in mooring lines. The simulation models give satis-
factory statistical results, and the effects of the wave force 
model on the mooring line tension are not apparent in the 
coupled wind/wave conditions. Similar results are present- 
ed in the PSDs for tensions in mooring line 2, as shown in 
Fig.9(d). 

5.4 Fatigue Loads 
To compare the wave force model effects on fatigue dam- 

ages of the SFWT, the fatigue loads for the tower base 
fore-aft bending moments and tensions in mooring line 2 
are calculated as 1 Hz DEFLs, described in Section 3.3. 

Fig.10 shows the 1 Hz DEFLs for tower base fore-aft 
bending moments in irregular waves-only (LC3 and LC4) 
and coupled wind/wave conditions (LC5 and LC6). The 
ME models (M1 and M2) give consistent results with the 
experimental data, while the PFT models give satisfactory 
results in the wind/wave conditions. However, in irregular 
waves-only conditions, the PFT models underpredict the 
fatigue loads for the tower base, even for the models that 
consider the second-order Sum-Fre wave forces. Fig.11 pre-  

 
Fig.10 1 Hz DEFLs for the tower base fore-aft bending mo- 
ment. 
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Fig.11 1 Hz DEFLs for the tensions in mooring line 2. 

sents the 1 Hz DEFLs for tensions in downwind mooring 
line 2. In the irregular waves-only conditions, the simula- 
tion results underpredict the fatigue loads of mooring line 2. 
However, the simulation results are fairly consistent with 
the experimental data in the coupled wind/wave conditions, 
thereby indicating that the wind-induced fatigue loads on 
mooring line 2 may be overpredicted for the simulation 
models. 

6 Conclusions 
In this study, the wave force model effects on structural 

responses and fatigue loads of an SFWT were compared. 
Load cases, including regular waves, irregular waves, and 
coupled wind and waves, are considered and run based on 
the PFT and ME simulation models with or without sec-
ond-order terms. 

Many of the simulation results and the experimental data 
are relatively consistent for the regular waves-only condi-
tions for the platform motions and the loads in the tower 
base and mooring lines. However, the RAOs for heave, 
tower base bending moments, and tensions in mooring line 
2 exhibit notable discrepancies. PFT models produce more 
satisfactory results of platform heave but larger discrep-
ancies of tower base bending moment than the ME mod-
els. In addition, all simulation models underpredict the ten- 
sion in mooring line 2 because the dynamic effects of the 
mooring line could not be simulated. 

In the irregular waves-only analysis, PFT models that 
consider the second-order Diff-Fre wave forces are able to 
capture the low-frequency responses, and the ME models 
and the PFT models that consider the second-order Sum- 

Fre wave forces are able to capture the high-frequency res- 
onances. Thus, these simulation models appear to be able 
to capture the response frequency but cannot reasonably 
predict the response amplitude. The coupled wind and 
waves analysis showed more satisfactory results than the 
irregular waves-only analyses. However, an important de-
tail to note is that the underlying causes of the overpre-
dicted wind-induced response should be taken seriously. 

The ME models give consistent tower base fore-aft bend- 
ing moment DEFLs with the experimental data. However, 
in the irregular waves-only conditions, the PFT models un- 
derpredict the fatigue loads for the tower base. The simu- 
lation results are fairly consistent in the coupled wind and 
wave conditions, thereby indicating that the wind- induced 
fatigue loads may be overpredicted for the simulation 

models. 
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Abbreviations 
SFWT: semi-submersible floating wind turbine 
MSL: mean sea level 
PFT: potential flow theory 
ME: Morison equation 
DEFL: damage equivalent fatigue load 
QTF: quadratic transfer function 
LCs: load cases 
Second-order Diff-Fre: second-order difference-frequency 
Second-order Sum-Fre: second-order sum-frequency 
M1: ME with linear wave kinematics 
M2: ME with second-order wave kinematics 
F1: first-order wave forces using PFT with first-order vis- 

cous drag forces using ME 
F2S: first-order and second-order Sum-Fre wave forces 

using PFT with first-order viscous drag forces using ME 
F2D: first-order and second-order Diff-Fre wave forces 

using PFT with first-order viscous drag forces using ME 
F2ALL: first-order and second-order Sum-Fre and Diff- 

Fre wave forces using PFT with second-order viscous drag 
forces using ME 

RAO: response amplitude operator 
STD: standard deviation 
PSD: power spectral density 
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