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ABSTRACT 

The open-source, aero-hydro-servo-elastic wind turbine simulation 
software FAST v8 (created by the National Renewable Energy 
Laboratory) was recently coupled to two newly developed mooring 
dynamics modules: MoorDyn and FEAMooring. MoorDyn is a 
lumped-mass-based mooring dynamics module developed by the 
University of Maine, and FEAMooring is a finite-element-based 
mooring dynamics module developed by Texas A&M University. This 
paper summarizes the work performed to verify and validate these 
modules compared to other mooring models and measured test data to 
assess their reliability and accuracy. The quality of the fairlead load 
predictions by the open-source mooring modules MoorDyn and 
FEAMooring appears to be largely equivalent to that predicted by the 
commercial tool OrcaFlex. Both mooring dynamic model predictions 
agree well with the experimental data considering the given limitations 
in the accuracy of the platform hydrodynamic load calculation and the 
quality of the measurement data.  

KEY WORDS: Floating offshore wind turbine; mooring dynamics; 
modeling; verification; validation; FAST; MoorDyn; FEAMooring  

INTRODUCTION 

The analysis and design of a mooring system in floating offshore wind 
turbines requires reliable predictions of mooring line loads during a 
broad spectrum of environmental and operating conditions. Fatigue 
damage is often an important design driver for mooring systems, which 
makes the reliable prediction of load amplitudes even more important. 
Prior to the release of FAST v8.12.00a-bjj (October 6, 2015), the only 
mooring line module available in FAST was MAP++ (Masciola, 
Jonkman, and Robertson, 2013). MAP++ is a quasi-static mooring 
module that considers the average mooring line loads and nonlinear 
geometric restoring, but it does not consider any dynamics that are 
important for capturing the mooring line extreme and fatigue loads. 
Therefore, to improve the predictive capabilities in FAST for mooring 
line loads, recent development efforts have focused on coupling FAST 
v8 to two dynamic mooring line modules: MoorDyn and FEAMooring. 

The improved predictive accuracy of these modules should allow FAST 
v8 to be used for effective mooring system design and analysis and thus 
enhance its use as a tool for the design and analysis of floating offshore 
wind systems. 

This paper presents the two new dynamic mooring line modules that 
have been coupled to FAST, and it validates their load predictions 
against 1:50-scale wave tank test data obtained from the 2013 
DeepCwind test campaign (Helder and Pietersma, 2013). This 
campaign was conducted at the Maritime Research Institute 
Netherlands (MARIN) under the direction of the University of Maine. 
Simulation results from the commercial maritime engineering software 
OrcaFlex, which has recently been interfaced to FAST v8, are added to 
the validation to verify the agreement of FAST’s new dynamic mooring 
line modules with an established and widely used commercial design 
software. Further, the comparison of MoorDyn, FEAMooring, and 
OrcaFlex modeling results to the results obtained with MAP++ show 
the improvements that can be obtained with the mooring dynamics 
modeling capability compared to the quasi-static approach. Only wave 
cases are considered for the validation and verification conducted in 
this paper (no cases involved a turbine operating in wind). 

MOORING CODE DESCRIPTIONS 

The following subsections describe the various mooring codes that will 
be examined in this paper. 

MoorDyn 

MoorDyn was developed by Matthew Hall at the University of Maine 
(Hall, 2015). It 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. 
Bending and torsional cable stiffness, as well as seabed friction, are not 
considered. Though not applied here, MoorDyn also allows for 
modeling segmented cables with multiline connection points (e.g., 
bridle configurations). MoorDyn has been successfully validated 
against wave tank test data from a previous 2011 test campaign of the 
DeepCwind system (Hall and Goupee, 2015). 
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This validation was conducted with a stand-alone version of MoorDyn 
as well as with a version that was coupled to a previous release of 
FAST. Presently, there is no direct coupling between MoorDyn and 
FAST’s HydroDyn module, which means that all hydrodynamic line 
loads are computed in still-water conditions. 

FEAMooring 

FEAMooring is a finite-element-based mooring line code that was 
developed at Texas A&M University by Yoon Hyeok Bae (National 
Renewable Energy Laboratory, 2015). The utilized rod elements 
account for axial elastic stretching; axial structural damping; 
mass/inertia; seabed contact; geometric nonlinearities from large 
motion; buoyancy; and hydrodynamic drag, added mass, and inertia 
loads (the latter from Morison’s equation). FEAMooring does not 
consider line bending or torsion, seabed friction, multisegmented 
mooring arrangements with line interconnections, clump weights, or 
buoyancy tanks. As with MoorDyn, wave kinematics are not 
considered for the calculation of the hydrodynamic line loads, meaning 
that the hydrodynamic load calculations assume still water. During its 
development, FEAMooring went through an internal verification at 
Texas A&M University, but it has not been validated against wave tank 
test data prior to the work presented in this paper. 

MAP++ 

MAP++ is the previously available quasi-static mooring model 
available in FAST v8 that was developed by Marco Masciola while 
both at the National Renewable Energy Laboratory (NREL) and the 
American Bureau of Shipping (Masciola, Jonkman, and Robertson 
2013). It is a relatively simple model that allows for a robust, first-pass 
evaluation of a mooring system by considering the average mooring 
line loads and nonlinear geometric restoring for both catenary and taut 
mooring systems. MAP++ simultaneously solves the nonlinear 
analytical catenary equations for individual lines with elastic stretching 
and the apparent weight of the lines in water as well as the force-
balance equations at the line-to-line interconnection points (for two or 
more lines) where clump weights and buoyancy tanks may also be 
located. MAP++ also accounts for seabed friction. MAP++ does not 
consider any dynamic line loads (neither structural inertia nor 
hydrodynamic drag and inertia loads), nor does it consider line-bending 
stiffness and the three-dimensional shape of lines (each individual line 
in MAP++ lies within a vertical two-dimensional plane). MAP++ went 
through a thorough code-to-code verification, which was carried out at 
NREL as part of the verification of the new hydrodynamic capabilities 
available in FAST v8 (Wendt et al., 2015). Considering the given 
limitations of MAP++, we found that the platform motion itself can be 
predicted quite accurately by the coupled FAST v8-MAP++ modeling 
approach. Prior to this paper, MAP++ had been validated against wave 
tank test data on numerous occasions (Prowell et al., 2013; Coulling et 
al., 2013a; Colling et al., 2013b). 

OrcaFlex 

OrcaFlex is a comprehensive commercial maritime engineering tool 
that is widely used for the design and analysis of floating systems in the 
offshore industry. It contains a proprietary lumped-mass-based mooring 
line model that has been extensively verified and validated against real-
world systems on multiple occasions (Orcina, 2015b). It is capable of 
computing wave-kinematics-induced cable loads, which are presently 
not included in MoorDyn and FEAMooring. The mooring modeling 
capabilities of OrcaFlex are described in Orcina (2015a). OrcaFlex has 
recently been interfaced to FAST v8 and is considered the benchmark 
solution in this paper. 

PLATFORM AND TURBINE MODEL 

Physical Model Tested in Wave Tank 

The system being investigated in this study is the DeepCwind 
semisubmersible floating wind turbine that was tested at MARIN in 
2013 (Helder and Pietersma, 2013), which builds on testing performed 
for a similar system in 2011. 

Fig. 1 illustrates the geometry of the system, which was designed by 
the University of Maine. The same platform and mooring geometry 
(but at full scale) was used in the OC4-DeepCwind semisubmersible 
system examined within the International Energy Agency (IEA) Wind 
Task 30 Offshore Code Comparison Collaboration Continuation (OC4) 
project. Compared to OC4, only the scale and turbine changed: the 
OC4 project used the idealized NREL 5-MW turbine, and the 2013 
tests used the MARIN stock wind turbine, which mimics the power, 
thrust, and torque characteristics of the NREL 5-MW turbine as best as 
possible at model scale but has slightly different scaled-mass 
properties. The appropriate power and thrust characteristics were 
achieved through special low-Reynolds-number-specific airfoils in 
combination with a modified chord length distribution (Goupee et al., 
2015). A wave elevation sensor located at approximately 356.5 m on 
the port side of the system (full scale) was used to measure the wave 
elevation during the tank tests. A cable bundle that connects the 
measurement sensors installed on the floating system to the 
corresponding data acquisition system is shown in Fig. 1. The system 
tested at MARIN is being used in the IEA Wind Task 30 OC4 and 
Offshore Code Comparison Collaboration, Continued with data 
Correlation (OC5) project. Although only wave cases are used in this 
paper, wind-only and wind-plus-wave cases are being considered in 
OC5. 

 

Fig 1. DeepCwind semisubmersible system as tested in MARIN’s 
ocean basin. Photo by Andy Goupee, University of Maine 

Numerical Platform Model 

The numerical models of the DeepCwind system created in FAST v8 
follow the properties of the ocean basin model as closely as possible. 
The numerical models were created at full scale; whereas the testing 
was done at 1:50 scale. (All results presented here are at full scale.) 
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The hydrodynamic platform model uses a hybrid combination of a 
potential-flow-based approach with additional viscous drag computed 
for all submerged members via FAST’s hydrodynamics module 
(HydroDyn). The transverse and axial member drag coefficients were 
tuned using measurements from free-decay tests that were performed 
and can be found in Table 8 in the mooring section of this paper (the 
axial drag coefficients were used for the offset base columns). To 
match the linear damping characteristics of the model during small-
amplitude free-decay oscillations, an additional linear damping matrix 
was included. Two preloads as well as an additional linear stiffness 
term in the surge direction, acting on the platform reference point 
(which is the intersection point of the tower-centerline/free surface), 
were introduced to model the influence of the measurement cable 
bundle (whose properties were not measured). The preloads were tuned 
based on the first regular wave test. Further details on the preload 
tuning for the first regular wave case are given in the validation section 
of this paper. The additional linear stiffness term was tuned to match 
the rigid-body surge eigenfrequency. The numerical values for the 
additional linear damping matrix, the additional stiffness matrix and the 
additional preloads that have been added to the platform model can be 
found in the appendix. The potential-flow model is based on frequency-
dependent wave diffraction excitation and radiation added mass and 
damping matrices from WAMIT (2013). The HydroDyn model also 
considers the second-order sum- and difference-frequency wave-
excitation loads derived from quadratic transfer functions, which were 
also computed via WAMIT. The utilized WAMIT model did not 
include an evaluation of the free-surface integral, which means that the 
sum-frequency potential term is only approximated here. 

MOORING SYSTEM MODEL 

The following section describes the analyzed catenary mooring system 
and its modeling in the investigated mooring modules. 

Mooring System as Implemented in the Wave Tank 

The mooring system installed in the 2013 MARIN tests examined here 
consisted of three equally spaced catenary mooring lines called BOW, 
PSA, and SBA (Fig. 2). In the ocean basin, waves propagate from the 
bottom to top of Fig. 2. The same mooring system was also used in the 
OC4-DeepCwind semisubmersible system (Robertson et al., 2014). 
Unlike many oil- and gas-related deepwater platform wave tank tests, 
where catenary mooring systems are modeled through truncated 
mooring configurations, the mooring system in MARIN’s ocean basin 
was actually implemented in its full catenary configuration with 
significant portions of the lines resting on the seabed. Brass chains 
were used to ensure the correct underwater weight of the mooring lines. 
The mooring line loads were recorded through small load cells at the 
fairleads, and a small spring at the anchor point was introduced to 
ensure the correct axial stiffness of the mooring system during larger 
displacements (Helder and Pietersma, 2013). According to MARIN and 
visible in the test results, some level of hysteresis was present in the 
mooring system during the tests. This means that the displaced system 
does not necessarily return to its exact initial position. This hysteresis 
makes it difficult to assess the surge and sway position measurements 
because there is a certain level of uncertainty related to the 
corresponding equilibrium position. 

The full-scale mooring line properties as described by MARIN are 
given in the upcoming table and figure. The three fairleads are equally 
spaced on a 40.87-m radius around the center of the platform and 
connect to the platform 20 m below the still-water line. The anchor 
points are based on a 837.6-m radius and are located at a water depth of 
200 m. 

Table 1. Mooring system properties as described by MARIN (Helder 
and Pietersma, 2013) 

 

 

Fig. 2. Mooring system as installed (Helder and Pietersma, 2013) 

Mooring System as Implemented in MAP++ 

The specifics of the mooring system geometry (anchor and fairlead 
positions and line length) used in MAP++ fall in line with what was 
described by MARIN in the previous section. The line diameter was 
calculated from the data given in Table 1, and the average value of all 
three mooring lines was assigned to each line in the MAP++ model. A 
similar approach was used for the cross-sectional axial line stiffness. 
The line properties that were used for all three lines in MAP++ are 
summarized in Table 2. 

Table 2. MAP++-specific mooring system properties 

Property Assigned Value 
Line diameter (m) 0.1389 
Mass density per unit 
length in air (kg/m) 

125.5935 

Axial cross-sectional 
line stiffness (N) 

748,608,000 

Unstretched line 
length (m) 

835.5 
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Mooring System as Implemented in MoorDyn 

The MoorDyn model basically follows what was specified for the 
corresponding MAP++ model, but because of MoorDyn’s lumped-
mass-based dynamic modeling approach, several additional parameters 
needed to be specified. The most important parameters are given in the 
following table. 

Table 3. MoorDyn-specific mooring system properties 

Property Assigned Value 
Internal, structural line damping 
coefficient (% critical) 

5 

Transverse added-mass coefficient (-) 0.865 
Tangential added-mass coefficient (-) 0.269 
Transverse drag coefficient (-) 1.404 
Tangential drag coefficient (-) 0.213 
Number of line segments (-) 20 

The transverse and tangential hydrodynamic coefficients were based on 
values described for a previous MoorDyn validation project that was 
also based on the DeepCwind semisubmersible system (Hall and 
Goupee, 2015). In this previous validation project, the hydrodynamic 
coefficients were derived from the recommendations given in the 
corresponding DNV guidelines (DNV, 2013; DNV, 2007; DNV, 2004). 
The drag coefficients were prescribed considering the 1:50 scale of the 
model. The transverse drag coefficient has been increased from its 
initial value of 1.08, as described in Hall and Goupee (2015), to a value 
of 1.404. This was done to match the fairlead load amplitude predicted 
by MoorDyn to the corresponding fairlead load amplitude observed in 
the MARIN test data during the first regular wave test. The chosen line 
discretization of 20 subsegments for each line was based on a 
convergence study of the fairlead load signal. 

Mooring System as Implemented in FEAMooring 

Although the FEAMooring input parameters vary significantly from 
those used in MAP++ and MoorDyn, the parameters were set to be 
consistent with the equivalent input parameters in MAP++ and 
MoorDyn. The FEAMooring-specific parameters that were used are 
shown in the table below. 

Table 4. FEAMooring-specific mooring system properties 

Property Assigned Value 
Displaced mass per unit length 
(kg/m) 

15.484 

Inertia force per unit length 
normalized by acceleration 
(kg/m) 

28.877 

Drag force per unit length 
normalized by velocity squared 
(kg/m^2) 

99.791 

Initial fairlead tension (N) 5E+04 

The displaced mass per unit length (LD) in FEAMooring is related to 
the line diameter used in MAP++/MoorDyn: 

2 / 4line waterLD dπ r= ⋅ ⋅  (1) 

where lined  is the diameter of the mooring line, and waterr  is the 
density of the water in the wave tank (1,025 kg/m^3). 

The inertia force per unit length normalized by acceleration (LCI) in 
FEAMooring is related to the line diameter and transverse added-mass 
coefficient used in MoorDyn: 

2 / 4water i lineLCI C dr π= ⋅ ⋅ ⋅  
(2) 

where iC  is the transverse mooring line inertia coefficient, which is 

calculated as 1i atC C= + ; and the value for the transverse added-

mass coefficient atC  is given in Table 3. The drag force per unit length 
normalized by velocity squared (LCD) is related to the line diameter 
and the transverse drag coefficient used in MoorDyn: 

/ 2water dt lineLCD C dr= ⋅ ⋅  (3) 

The value for the transverse mooring line drag coefficient dtC  is given 
in Table 3. 

The initial fairlead tension and the line length affect the axial 
deformation of the line elements in FEAMooring (especially important 
for tension-leg platforms). For ease of use with catenary moorings, 
where it is desirable to set the line length equal to the unstretched 
length, we found that doing so required setting a small pretension to 
avoid numerical problems in FEAMooring. The selected pretension 
equals approximately 4% of the mean fairlead load of the mooring 
lines. An alternative approach would be to set the initial fairlead 
tension (in the vertical direction) based on the difference between the 
platform buoyancy and floating wind system weight and consequently 
define the line length as the corresponding stretched line length. Both 
approaches were found to produce similar results. 

Following the MoorDyn model, each line has been discretized into 20 
subelements. Increasing the number of elements was not found to have 
a significant impact on the fairlead load signal. 

Mooring System as Implemented in OrcaFlex 

The OrcaFlex mooring system model is based on the MoorDyn 
mooring model discussed previously. The hydrodynamic coefficients 
specified for MoorDyn are also used in the OrcaFlex model, so 
carrying over the line properties and mooring system properties to 
OrcaFlex was a straightforward process. Each line has been discretized 
into 20 subsegments. 

VALIDATION OF GLOBAL PROPERTIES  

Force-Displacement Curve 

The first step to validate the numerical mooring models was a 
comparison of the simulated versus measured force-displacement 
curve. This static analysis produced the same fairlead loads for all 
mooring line modules, which is why only the MAP++ results are 
shown in the following figure. 
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Fig. 3. Force-displacement curve validation 

The simulation results for the static offset analysis shown in Fig. 3 
agree well with the corresponding experimental results and capture the 
nonlinear geometric restoring for large platform surge offsets. The 
force displacement curve in Fig. 3 shows the total restoring force in the 
x-direction (sum of all three fairlead load x-components). 

In these results and the results to follow, positive surge is defined 
upward in Fig. 2, positive sway is defined to the left in Fig. 2, and 
positive heave is defined opposite gravity. Positive roll, pitch, and yaw 
are rotations about the positive surge, sway, and heave directions, 
respectively. 

Free-Decay-Based Damping and Frequency Analysis 

In a second step, the damping and frequency characteristics of the 
floating platform were analyzed and compared to the corresponding 
values measured at MARIN (Table 5–Table 7). All frequency and 
damping values were derived from free-decay tests. The linear and 
quadratic damping coefficients (p and q) were computed based on the 
algorithm described in Helder and Pietersma (2013). No significant 
differences in the free-decay platform response were found between the 
two dynamic mooring line modules, which is why only one set of 
simulated free-decay results are shown, labeled NREL. 

Table 5. Natural frequencies of platform rigid-body modes 

 Surge 
(Hz) 

Sway 
(Hz) 

Heave 
(Hz) 

Roll 
(Hz) 

Pitch 
(Hz) 

Yaw 
(Hz) 

MARIN  0.0094 0.0089 0.0571 0.0305 0.0308 0.0124 

NREL  0.0092 0.0088 0.0575 0.0306 0.0301 0.0121 

Delta (%) -1.4230 -0.1438 0.8157 0.5512 -1.9953 -2.2144 

Table 6. Linear damping of rigid-body modes, p coefficients as defined 
in (Helder and Pietersma 2013) 

 Surge 
(-) 

Sway 
(-) 

Heave 
(-) 

Roll 
(-) 

Pitch 
(-) 

Yaw 
(-) 

MARIN 0.1095 0.0795 0.0094 0.0648 0.0579 0.1446 

NREL 0.1109 0.0757 0.0090 0.0627 0.0578 0.1406 

Delta (%) 1.3409 -4.7078 -3.4392 -3.2366 -0.0556 -2.7306 

Table 7. Quadratic damping of rigid-body modes, q coefficients as 
defined in Helder and Pietersma (2013) 

 Surge 
(1/m) 

Sway 
(1/m) 

Heave 
(1/m) 

Roll 
(1/deg) 

Pitch 
(1/deg) 

Yaw 
(1/deg) 

MARIN 0.1242 0.1265 0.2733 0.0625 0.0686 0.0165 

NREL 0.1198 0.1146 0.2729 0.0707 0.0676 0.0433 

Delta (%) -3.4709 -9.3670 -0.1326 13.1207 -1.4166 162.653 

The frequencies of the platform rigid-body modes agree very well 
between the experiment and simulation. The linear damping 
characteristics show good agreement as well because these values were 
tuned by prescribing a linear damping matrix in HydroDyn (main-
diagonal elements of the linear damping matrix only). The quadratic 
drag was also tuned by adjusting the transverse and axial member drag 
coefficients of the platform members (values summarized in Table 8). 
Although it is unclear why, this tuning process yielded a single-sided 
axial member drag coefficient of 3.9, which is significantly lower than 
the double-sided drag coefficient of 4.8 that is oftentimes used to model 
viscous drag effects of heave plates. This single-sided drag coefficient 
of 3.9 is only applied to the bottom of the main columns. For this 
particular study, sway, roll, and yaw motion were not of major concern, 
which is why the resulting large discrepancies for these degrees of 
freedom in Table 7 were not addressed. 

Table 8. Platform member drag coefficients 

Property Assigned Value 
Transverse member drag 
coefficient (-) 

1.2 

Axial member drag coefficient, 
(applied at the bottom of the three 
offset base columns) (-) 

3.9 

VALIDATION OF SYSTEM RESPONSE 

Two regular wave cases and two irregular wave cases were used to 
validate the response of the system to wave excitation. The first regular 
wave case was used to do some tuning of the system properties 
(preload and mooring drag coefficient), so only the second regular 
wave case and the irregular wave cases are strictly validation cases.  

Regular Wave Case 1 (Height = 7.37 m, Period = 12.07 s) 

The wave train used in the two regular wave simulations was based on 
the wave elevation signal measured during the experiment. The original 
wave elevation signal was band-pass filtered to its first-order 
component, and second-order wave terms were then numerically added 
to the first-order wave. This is a standard technique that was recently 
verified to produce reasonable results for regular wave cases within 
Phase Ib of the IEA Wind Task 30 OC5 project (Robertson et al., 
forthcoming). The simulation considers second-order sum- and 
difference-frequency excitation through quadratic transfer functions 
computed by WAMIT. A comparison between the simulated platform 
motion and the measured platform response during the experiment for 
the first regular wave case is shown in Fig. 4‒Fig. 6. OrcaFlex results 
are not shown in the platform motion plots because the platform motion 
was externally prescribed for the OrcaFlex simulations. This is 
explained further at the end of this subsection. 
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Fig. 4. Platform heave motion during regular wave case 1 

 

Fig. 5. Platform surge motion during regular wave case 1 

 

Fig. 6. Platform pitch motion during regular wave case 1 

For all mooring modules, the platform motion agrees within reasonable 
limits with the experimental data. The heave motion is slightly 
underpredicted by the simulations, whereas the surge motion amplitude 
is slightly overpredicted. The assessment of the experimental surge 
mean value has proven to be difficult. The experimental surge mean 
value varies from one load case to another, which is potentially related 

to hysteresis effects in the mooring system or due to inconsistencies in 
the optical surge position measurement. The initial surge position for 
this particular test case (prior to the influence of any waves) has been 
subtracted from the MARIN surge signal shown in Fig. 5. At this point, 
it is not clear whether the difference in the surge mean between 
simulation and experiment is related to drift effects that are potentially 
inaccurately captured by the FAST v8 hydrodynamics model or to 
measurement/hysteresis-related issues in the experimental data. 

The corresponding mooring line loads are shown below. To reduce the 
number of plots shown in this paper, only one of the two lateral fairlead 
load signals is shown (SBL) in addition to the upstream fairlead 
(BOW). Because of the symmetry of the system, both lateral fairlead 
load signals behave relatively similar. 

 

Fig. 7. BOW fairlead load signal during regular wave case 1 

 

Fig. 8. SBA fairlead load signal during regular wave case 1 

Very good agreement was found between the fairlead loads predicted 
by the simulation and the corresponding experimental data. 
FEAMooring (FEA) and MoorDyn (MD) basically predict the same 
fairlead loads. MAP++ (MAP) captures the mean load, but the phase 
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the platform reference point were introduced to the FAST platform 
model. The purpose of these preloads was to mimic the influence of the 
measurement cable bundle that was attached to the platform in the 
wave tank (and whose properties were not measured). The magnitude 
of these preloads was selected so that the fairlead load mean values for 
regular wave case 1 match the experimental data. Thus, the mean 
fairlead load level is captured accurately by all three mooring line 
modules. 

In addition to the simulations performed in FAST, results from 
OrcaFlex are included here as well. To make the comparison consistent 
between FAST and OrcaFlex, the platform motion from the FAST v8 + 
MoorDyn simulation was used as input for OrcaFlex to achieve the 
exact same platform motion independent of the platform 
hydrodynamics model. (The new interface between FAST v8 and 
OrcaFlex was not used here.) This route was chosen due to 
discrepancies that were evident between FAST v8 coupled to OrcaFlex 
and FAST v8 standalone. The computation of hydrodynamic platform 
loads in OrcaFlex has several differences when compared to the 
approach used in HydroDyn. Because this paper is focused on the 
mooring system, prescribing the platform motion externally for 
OrcaFlex was the best option to achieve a direct comparison between 
OrcaFlex and the other mooring modules, without the need to explain 
and account for the differences that arise from varying approaches in 
the hydrodynamic platform load calculation.  Because the platform 
motion was prescribed externally, no wave kinematics or platform 
hydrodynamics were computed within OrcaFlex. However, a capability 
that is unique to OrcaFlex (relative to MoorDyn and FEAMooring) is 
the computation of wave-kinematics-induced hydrodynamic loads on 
the mooring lines. To evaluate the influence of these load components 
on the global fairlead load signal, one simulation was run with still 
water, and an additional simulation was conducted that used the 
prescribed platform motion from FAST v8 + MoorDyn in combination 
with the OrcaFlex internal wave kinematics. However, no significant 
influence from the wave-kinematics-induced hydrodynamic line loads 
on the overall fairlead load signal was found (Fig. 9). 

 

Fig. 9. Influence of the wave-kinematics-induced hydrodynamic line 
loads on the BOW fairlead load signal during regular wave case 1 

The table below compares the averaged minima, the averaged maxima, 
and the overall mean values computed during the last 1,000 s of the 
simulation/experiment from the BOW fairlead load signal. 

Table 9. BOW fairlead load statistics for regular wave case 1 

  FEA MD MAP ORCA MARIN 
Averaged  
maxima (kN) 1533.10 1531.08 698.21 1568.43 1553.55 

Averaged 
minima (kN) 856.71 838.24 630.83 823.78 811.92 

Mean (kN) 1194.69 1192.60 1199.37 1190.26 1182.63 

These statistical metrics fall in line with what was discussed earlier for 
the time series plots and support the very good agreement among the 
three dynamic mooring line modules and the experimental data from 
MARIN. 

Regular Wave Case 2 (Height = 9.41 m, Period = 14.3 s) 

The sea state prescribed for the second regular wave case is 
significantly more severe than the first. The corresponding platform 
motions from the experiment and the simulations are shown below. 

 

Fig. 10. Platform heave motion during regular wave case 2 

 

Fig. 11. Platform surge motion during regular wave case 2 
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Fig. 12. Platform pitch motion during regular wave case 2 

All FAST v8 simulations underestimated the platform motion 
amplitudes, and the platform pitch motion amplitude is most 
significantly underpredicted. A possible reason for this could be 
because the FAST v8 hydrodynamics model presently does not 
consider any wave stretching to the instantaneous free surface. An 
additional simulation using the OrcaFlex internal hydrodynamics model 
with vertical wave stretching, instead of prescribing the platform 
motion, showed an increase in the platform pitch motion amplitude. 
This points toward the influence of hydrodynamic drag components 
acting above the mean sea level position. The results from this 
additional OrcaFlex simulation are shown in Fig. 13.  

A similar difference in the surge mean value between the experiment 
and simulations as discussed for the first regular wave case can also be 
found in the second regular wave case. 

 

Fig. 13. Influence of wave stretching on the platform pitch response 

The mooring line loads for the more severe regular wave case show 
larger differences between the simulations and experiment compared to 
what was shown for the first regular wave case. Because the mooring 
line loads are mainly controlled by the platform motion, these 
differences are at least somewhat expected. However, the consistency 
among MoorDyn, FEAMooring, and OrcaFlex is excellent. The BOW 
and SBA fairlead loads are shown below. As described for the first 
regular wave case, the platform motion of the OrcaFlex model was 

externally prescribed using the corresponding simulation results from 
the FAST+MoorDyn simulation. 

The implementation of wave stretching into HydroDyn is planned for 
2016, which will potentially reduce the differences in platform motion 
between the experiment and simulations and therefore also improve the 
agreement between the measured and predicted fairlead loads. 

 

Fig. 14. BOW fairlead load during regular wave case 2 

 

Fig. 15. SBA fairlead load during regular wave case 2 
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Irregular Wave Analysis 

For the irregular wave case, the wave elevation signal from the 
experiment was directly used as input for HydroDyn, and no filtering 
was applied. This approach was found to be favorable for irregular 
wave cases because it is difficult to adequately reduce an irregular 
wave elevation to its first-order component. The second-order WAMIT 
sum- and difference frequency quadratic transfer functions were not 
used for this case to avoid potentially double-booking the second-order 
components that are already present in the unfiltered wave elevation 
signal. 

Two irregular wave load cases were simulated. Based on the results 
shown for the regular wave simulations, the analysis and discussion of 
the irregular wave results focuses on the load case with the more severe 
sea state: significant wave height = 10.5 m, peak-spectral wave period 
= 14.3 s, and peak-shape parameter = 3.0 based on a JONSWAP 
spectrum. The platform motion for the relevant degrees of freedom is 
shown in the figures below. 

 

Fig. 16. Platform heave motion during severe irregular waves 

 

Fig. 17. Platform surge motion during severe irregular waves 

 

Fig. 18. Platform pitch motion during severe irregular waves 

The predicted platform motions from the simulations follow the overall 
trend of the actual platform motion that was recorded during the 
measurement campaign. The differences between the simulations and 
experiment in the surge and pitch responses are assumed to be mainly 
related to the platform hydrodynamic load calculation. The FAST v8 
simulation uses linear airy wave theory without any wave stretching. 
Especially for larger waves, nonlinear components in the wave 
kinematics become more important. These components are not captured 
by the utilized modeling approach. The same uncertainty regarding the 
mean value of the surge signal discussed for the regular wave load 
cases also applies to the irregular wave load cases, which means that 
the accuracy of the experimental surge mean value is potentially 
affected by hysteresis effects and artifacts in the optical surge position 
measurement. 

The corresponding fairlead load signals for this severe sea state are 
shown below. As previously discussed for the regular wave cases, the 
platform motion in OrcaFlex was externally prescribed, using the 
results from the FAST+MoorDyn simulation. 

 

Fig. 19. BOW fairlead load during severe irregular waves 
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Fig. 20. SBA fairlead load during severe irregular waves 

Considering the differences between the simulations and experiment in 
the pitch and surge motion, the mooring line loads are captured 
relatively well for all results, except for MAP, which captures only the 
means well. The differences between MAP and the dynamic mooring 
modules do not have a large influence on the resulting platform 
motions. MoorDyn, FEAMooring, and OrcaFlex also agree very well. 
Fig. 21 shows an extreme event during which the fairlead load drops to 
near zero (a slack line event). The successive load recovery predicted 
by MoorDyn, FEAMooring, and OrcaFlex agrees very well with the 
experimental data. 

 

Fig. 21. BOW fairlead load during slack line tension events 

Applying a rainflow-counting scheme over the BOW fairlead load time 
series yields the following load cycle mean value and amplitude 
histograms (Fig. 22–Fig. 23). 

 

Fig. 22. Histogram of BOW fairlead rainflow cycle means 

 

Fig. 23. Histogram of BOW fairlead load rainflow amplitudes 

These histograms are useful to assess the capability of the mooring line 
modules to accurately predict the fatigue load spectra of the fairlead 
load signals. The two histograms were generated from the last 1,000 s 
of the BOW fairlead load signal. Because all mooring modules have a 
certain level of noise in their fairlead load time series output, a low-
pass frequency-domain filter with a linearly ramped cutoff from 2.5–3 
Hz was applied to all simulation results to reduce the impact of these 
high-frequency oscillations on the results of the rainflow count. 

Based on Fig. 22, the dominant mean value of the fairlead load 
oscillations is accurately captured by all mooring line modules. The 
actual number of load cycles per mean value is slightly overpredicted 
by the OrcaFlex solution and slightly underpredicted by the MoorDyn 
and FEAMooring solution. The OrcaFlex solution contains the largest 
amount of high-frequency content around 1 Hz (Fig. 24). In the time 
domain, this manifests as small amplitude, high-frequency oscillations. 
These oscillations are responsible for the high number of OrcaFlex 
low-amplitude rainflow cycles shown in Fig. 23. The increased overall 
number of oscillations due to this small amplitude/high-frequency 
content is also clearly evident in Fig. 22, and it is probably related to 
the prescribed platform motion. OrcaFlex simulations that do not rely 
on a prescribed platform motion did not show this high-frequency 
content. 

time [s]
1180 1190 1200 1210 1220

B
O

W
 fa

irl
ea

d 
lo

ad
 [k

N
]

0

500

1000

1500

2000

2500
FEA

MAP

MD

MARIN

OrcaFlex

Histogram of "rainflow" cycles mean value [kN]

0 500 1000 1500 2000 2500

N
um

be
r o

f c
yc

le
s

0

50

100

150

200

250

300

350 FEA

MD

MAP

MARIN

OrcaFlex

Histogram of "rainflow" amplitudes [kN]

0 500 1000 1500

N
um

be
r o

f c
yc

le
s

10 0

10 1

10 2

10 3 MAP

FEA

MD

MARIN

OrcaFlex



11 
This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications. 

 

Fig. 24. PSD plot of BOW fairlead load signal (log-log scale) 

The most extreme load amplitudes measured are not captured by any 
mooring line module. Though not presented here, the applied low-pass 
filter was investigated as a potential source for this issue, but it was not 
shown to have an effect on the number of high-amplitude fatigue 
cycles. Instead, very nonlinear steep waves were found to produce large 
surge motion amplitudes in the MARIN data that are not captured in 
the FAST simulations. One of these events is depicted in Fig. 17  
(1,650–1,700 s). These steep waves extend far above the still-water line 
and introduce significant loads on the substructure. By modeling only 
the hydrodynamics up to the still-water line, these extreme loads are 
not accurately captured, which causes an underprediction of the 
mooring line extreme fatigue load amplitudes. Regardless, the general 
trend of the number of cycles per load amplitude curve is successfully 
predicted by all dynamic mooring line modules for the remainder of the 
load amplitude spectrum, which demonstrates their general usability as 
tools for the assessment of mooring line fatigue loads. 

CONCLUSIONS 

Three dynamic mooring line modules and one quasi-static module have 
been validated against wave tank measurement data (without the 
turbine operating in wind). The quality of the fairlead load predictions 
by the open-source mooring modules MoorDyn and FEAMooring 
appear to be largely equivalent to what is predicted by the commercial 
tool OrcaFlex. All three mooring dynamic model predictions agree well 
with the experimental data considering the given limitations in the 
accuracy of the platform hydrodynamic load calculation and the quality 
of the measurement data. Although the mean loads and resulting 
platform motion are satisfactory, the quasi-static mooring module 
MAP++ was not able to adequately predict the fairlead load amplitudes 
during the investigated regular and irregular wave cases, as expected. 

For the two regular wave cases, especially for the one with the smaller 
wave height, very good agreement was found between the simulations 
and the measured fairlead loads. The regular wave case with increased 
wave height showed modest differences between the simulations and 
experiment in the platform-surge and -pitch motion amplitudes, which 
led to differences in the corresponding fairlead load signals. These 
differences most likely originate from nonlinearities that are not 
accurately captured by the platform hydrodynamics model. 

The analysis of an irregular wave case with severe waves also showed 
similar differences between the simulations and the experiment. 
Treating wave kinematics and hydrodynamic loads above the still-
water level could potentially improve the simulation results. Besides 
the fact that a small number of rainflow cycles with large load 
amplitudes were not captured by the simulations, the fatigue spectrum 
of the fairlead load signal is sufficiently reproduced by all mooring 
dynamic modules. Extreme events with near-zero line tension and the 
following fairlead load recovery were also accurately predicted by all 
mooring dynamic modules. 

The coupling of MoorDyn and FEAMooring to FAST v8 extends the 
capability of FAST for detailed mooring system design and analysis. 
Further, all mooring modules are very similar in terms of the required 
computational expenses, and they are not a major contributor to the 
required simulation time of FAST v8 floating offshore wind turbine 
simulations. 
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APPENDIX 

The tables below state the additional linear damping matrix, platform 
stiffness matrix, and preloads that have been added to the platform 
model to mimic the behavior of the model that was tested in the wave 
tank. For further comments on these parameters, please refer to the 
numerical platform model section. 

Table 11. Additional linear platform damping matrix 
(N/(m/s), N/(rad/s), N-m/(m/s), N-m/(rad/s)) 

3.6665E+04 0 0 0 0 0 
0 1.6017E+04 0 0 0 0 
0 0 1.1802E+04 0 0 0 
0 0 0 7.6802E+07 0 0 
0 0 0 0 7.1399E+07 0 
0 0 0 0 0 6.3425E+07 

Table12. Additional platform stiffness matrix 
(N/m, N/rad, N-m/m, N-m/rad) 

5000 0 0 0 0 0 
0 7000 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 

Table 13. Additional preloads, acting on the platform (N, N-m) 

Surge  Sway Heave Roll Pitch Yaw 
14E4 1E4 0 0 0 0 
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