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ABSTRACT

A wave-energy-converter-specific time-domain modeling
method (WEC-Sim) was coupled with a lumped-mass-based
mooring model (MoorDyn) to improve its mooring dynamics
modeling capability. This paper presents a verification and vali-
dation study on the coupled numerical method. First, a coupled
model was built to simulate a 1/25 model scale floating power
system connected to a traditional three-point catenary mooring
with an angle of 120 between the lines. The body response and
the tension force on the mooring lines at the fairlead in decay
tests and under regular and irregular waves were examined. To
validate and verify the coupled numerical method, the simulation
results were compared to the measurements from a wave tank test
and a commercial code (OrcaFlex). Second, a coupled model
was built to simulate a two-body point absorber system with a
chain-connected catenary system. The influence of the mooring
connection on the point absorber was investigated. Overall, the
study showed that the coupling of WEC-Sim and the MoorDyn
model works reasonably well for simulating a floating system
with practical mooring designs and predicting the corresponding
dynamic loads on the mooring lines. Further analyses on im-
proving coupling efficiency and the feasibility of applying the
numerical method to simulate WEC systems with more complex
mooring configuration are still needed.

* Address all correspondence to this author.
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INTRODUCTION

The mooring system is an essential part of the overall design
for a floating wave energy converter (WEC). It is often applied
to keep the device in position and needs to be designed to sustain
the wave-induced loads under harsh wave environments. A poor
mooring design may not only result in system failure but reduce
the efficiency of the device to generate power; however, the de-
sign of mooring for WEC systems can be challenging because of
the nonlinear hydrodynamic phenomena during the survival seas
and the fatigue forces under operational wave environments [1].
Therefore, the development of the mooring capability for WEC
modeling tools is essential when performing system design anal-
yses.

A time-domain wave-to-wire numerical model, the Wave
Energy Converter Simulator (WEC-Sim) [2, 3], was developed
for modeling WEC devices. The model is an open-source numer-
ical tool that uses the MATLAB SimMechanics package to calcu-
late multibody dynamics and computes wave interactions using
the hydrodynamic coefficients derived from frequency-domain
boundary-element methods. WEC-Sim can model these devices,
which are comprised of rigid bodies, power take-off systems,
and simple mooring systems using user-specified mooring stift-
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ness and damping matrices. To model realistic mooring designs
for floating WECs, WEC-Sim was coupled with a lumped-mass-
based mooring model, MoorDyn [4]. MoorDyn accounts for the
submerged weight, inertia, and axial elasticity of each mooring
line, as well as hydrodynamic added mass, drag forces, and ver-
tical spring-damper forces from contact with the seabed. It has
been successfully validated with semisubmersible offshore wind
platform model test data [5].

This paper presents a verification and validation study on
the coupled WEC-Sim/MoorDyn model. First, we describe the
application of a coupled numerical model to simulate a 1/25-
model-scale floating buoy. The buoy was connected to a tra-
ditional three-point catenary mooring system with an angle of
120 between the lines. To verify and validate our numerical
model, the simulation results were compared to the measure-
ments from a wave tank test [6] and the results from a com-
mercial offshore dynamic analysis and marine system modeling
tool (OrcaFlex [7]). The buoy response and the tension force
on the mooring lines in decay tests and under both regular and
irregular waves were examined. Second, we present the applica-
tion of the WEC-Sim/MoorDyn model for simulating a two-body
point absorber system to demonstrate its capability for modeling
a practical chain-connected WEC design. Finally, we provide a
discussion on model performance and further applications.

METHODOLOGY

This section describes the numerical models used in WEC-
Sim and MoorDyn as well as the algorithm for coupling the two
numerical methods.

WEC-Sim

WEC-Sim is a time-domain numerical model for solving the
system dynamics of multibody WECs using the radiation and
diffraction method and a simple power take-off (PTO) model
Yu2014,Ruehl2014. Figure 1 shows hydrodynamic blocks in
WEC-Sim and the WEC model setup. The dynamic response
in WEC-Sim is calculated by solving the equation of motion for
each body about its center of gravity. Based on Cummins’ equa-
tion [8], the equation of motion can be written as:

RV N
(m+A)X O/K(t DX (1)dt "

+Fext+Fvis+Fres+FPT0+Fmoora

where A is the added mass matrix at infinite frequency, X is the
(translational and rotational) displacement vector of the body, m
is the mass matrix, K is the impulse response function, F,y is
the wave excitation force, Fpro is the force from the PTO sys-
tem, Fj,00r 18 the force from the mooring connection, F,; is the
quadratic viscous damping term, and F.s is the net buoyancy
restoring force. In this study, all the hydrodynamic coefficients,
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FIGURE 1. WEC-SIM HYDRODYNAMIC BLOCKS AND THE

WEC MODEL COUPLED WITH MOORDYN.

including the added mass, wave excitation, impulse response
function, and the restoring stiffness terms were obtained from
WAMIT [9], which is a frequency-domain potential flow solver
developed using the boundary element method. The mooring
force was computed from MoorDyn at each time step.

MoorDyn

MoorDyn is an open-source, lumped-mass mooring dynam-
ics model. It discretizes each line in a mooring system into
evenly sized line segments connected by node points (Fig. 2).
The line mass is lumped at these node points, along with gravi-
tational and buoyancy forces, hydrodynamic loads, and reactions
from contact with the seabed. Hydrodynamic drag and added
mass are calculated based on Morison’s equation. A mooring
line’s axial stiffness is modeled by applying a linear stiffness to
each line segment, in tension only. A damping term is also ap-
plied in each segment to dampen nonphysical resonances caused
by the lumped-mass discretization. Bending and torsional stiff-
nesses are neglected. Bottom contact is represented by vertical
stiffness and damping forces when nodes pass below the seabed
[S].

MoorDyn typically operates at a smaller time step than float-
ing platform models. Therefore, it handles its own time inte-
gration, solving each node’s equations of motion with a second-
order Runge-Kutta integrator. This modeling approach was suc-
cessfully validated for 1/50-scale floating wind turbine test data
[5]. Further details about the formulation are available in this
reference. MoorDyn also allows modeling of interconnections
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between lines, and weight or buoyancy elements at the connec-
tions. Some demonstration of these capabilities has been done
for model-scale tests of a pitching WEC [10].

WEC-Sim/MoorDyn Coupling

WEC-Sim is coupled with MoorDyn using a loose-coupling
approach, similar to that of [10]. The two methods exchange the
forces and response information at a specified reference point,
which is defined in the global reference frame coordinate sys-
tem but moves with the floating body. Figure 3 shows the
flowchart for the WEC-Sim and MoorDyn coupling procedure
and the Simulink blocks used in the WEC-Sim model (inside
the mooring block in Fig. 1). At each time step, the model first
solves the system dynamics for each body (Eqn. 1) by using the
mooring force vector calculated in MoorDyn from the previous
time step. After the body response is calculated, MoorDyn uses
the displacement and velocity information to update the mooring
force. Note that the loose coupling approach generally requires a
small time step in the coupled WEC-Sim simulations to keep the
solution stable.

3

FIGURE 4. FPS MODEL USED IN THE BEAUFORT RESEARCH
WAVE BASIN TANK TEST [6].

VERIFICATION AND VALIDATION STUDY

This section presents a verification and validation study on
the coupled WEC-Sim/MoorDyn model. The coupled simulation
results were compared to those obtained from OrcaFlex and the
measurement data from an experimental wave tank test.

Model Geometry and Mooring Configuration

The experimental test data used for validation are from a
study on the performance assessment of a floating power system
(FPS) [6]. The test was carried out at the Beaufort Research
Wave Basin in Ireland (Fig. 4). The 1/25 FPS scale model was
built using a thermoplastic polycarbonate material. The FPS has
a diameter of 200 mm, an overall height of 90 mm, and a draft
of 30 mm. The center of gravity is located approximately 29 mm
above the water line, and the mass of the FPS is 766.4 g without
the mooring lines attached.

Figures 5 and 6 show the scaled FPS in the wave basin and
the mooring configuration from the top, respectively. The FPS
has a traditional three-point catenary mooring system. The moor-
ing line length is 3 m and the angle between the lines is 120. The
FPS mooring chain has a linear density value of 45.5 g/m. The
anchor points are placed 2.6 m from the body center in plane.

Numerical Model Setup

The numerical simulations were setup in the model scale
to perform a one-to-one comparison with the model test results.
Figure 6 also shows the mooring tension at the neutral position
for the model test (MT), OrcaFlex (OF), and WEC-Sim (WS).
The mooring configuration for the simulation was adjusted to
match the tension of the model test as close as possible. In the
OrcaFlex simulations, the model was set up with a time step size
of 0.01 s and 12 segments on each mooring line. Morison’s ele-
ment model was applied with drag coefficients of 0.75 and 1.1 in
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the normal and vertical directions, respectively. The drag coeffi-
cients applied are generic values typical for these systems, and in
reality could be slightly different and would not change the con-
clusion of the coupling approach. In the WEC-Sim simulations,
the drag coefficient was specified in each degree of freedom,
where 0.75 and 1.1 were given in surge and heave directions, re-
spectively. The drag value in pitch was adjusted by matching the
pitch decay response obtained from the OrcaFlex simulation in
the case without mooring connection (Fig. 7). By using a loose-
coupling algorithm, we applied a small time step of 10~ s in the

Pitch Decay Without Mooring
T T T T T

T

OrcaFlex
6L - === WEC-Sim

5
Time (s)

FIGURE 7. PITCH DECAY TIME HISTORY WITHOUT MOOR-
ING CONNECTION.

WEC-Sim/MoorDyn model. For each mooring line, 24 segments
were used based on a segment sensitivity study in the decay test
to ensure that the solutions were converged.

Decay Tests

To verify the WEC-Sim/MoorDyn coupling model, heave
and surge decay tests were performed. Figure 8 shows the com-
parison of the response and mooring tension histories in the
heave decay test obtained from WEC-Sim and OrcaFlex. The test
was carried out by starting the FPS at the initial position, where
the hydrodynamic coefficients were calculated in WAMIT. Be-
cause of the additional weight from the mooring lines, the body
sank 5.3 mm before it reached the system equilibrium position.
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FIGURE 8. FPS HEAVE DECAY TEST RESPONSE (TOP) AND
MOORING FORCE HISTORY (BOTTOM).

The surge decay test was performed by specifying an initial
displacement of 100 mm in surge and an initial angle of 0.1 rad.
Figure 9 shows the response from heave, surge, and pitch and the
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mooring tension for the first mooring line in the surge decay test.
Overall, WEC-Sim and OrcaFlex agreed reasonably well in both
decay tests; however, the WEC-Sim/MoorDyn coupling model
requires a higher resolution in space (i.e., number of segments
per mooring line) and a smaller time step to obtain a converged
solution.

Regular Wave Results

The simulations in OrcaFlex and WEC-Sim were performed
using a regular wave with a wave height of 40 mm and a period of
0.8 s. The total simulation time was 28 s, with 8 s of ramp time
and 20 s of actual data for comparison. The results are within
reason, given the difference in mooring pretension and the nu-
merical algorithm used in the mooring model. Figure 10 shows
the comparison between the model test, OrcaFlex, and WEC-Sim
for surge, heave, and pitch. The WEC-Sim/MoorDyn simula-
tions slightly underpredict the surge, with OrcaFlex being closer
to the model test. The heave and pitch response has a decent
match to the model test. WEC-Sim/MoorDyn used 24 segments
per mooring line, and OrcaFlex only used 12 segments, which
could lead to the slight overprediction for pitch.

Figure 11 shows the comparison of mooring loads at the
fairlead between the measurements from the model test and the
simulation results from OrcaFlex and WEC-Sim/MoorDyn. The
mooring line loads are similar between OrcaFlex and WEC-Sim,
but the amplitude is smaller compared to the model test. The
slight difference in amplitude and shift of mean mooring force
between the wave tank test measurements and the simulation re-
sults were most likely caused by the imbalance of mooring con-
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PITCH FROM WEC-SIM, ORCAFLEX, AND THE WAVE TANK
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TABLE 1. STATISTICS OF THE FPS MOORING LOAD FOR THE
REGULAR WAVE CASE.

MI[N] M2[N] M3 [N]
MT | 0390 0476 0435
Mean OF | 0450 0446 0450
Wws | 0446 0448 0446
MT | 0061 0054 0073
Standard e 051 0051 0,051
Deviation
ws | 0052 0046 0052

MT: model test; OF: OrcaFlex; WS: WEC-Sim
MI1: Line 1; M2: Line 2; M3: Line 3

nection, as shown in Fig. 6. As mentioned earlier, the simulation
mooring configuration was adjusted to try to match the model
test pretension because the original model test mooring length
and anchor location resulted in higher pretension in the simu-
lation models. Note that the pretension on lines 1 and 3 are
lower and higher on line 2 for the model test compared to the
simulation-predicted pretensions. The consequence of this ad-
justment is reflected in the results. The mooring load statistics of
the simulation are listed in Tab. 1, where both OrcaFlex and the
WEC-Sim/MoorDyn model show very similar predictions.

Irregular Wave Results

The irregular wave simulations in OrcaFlex and WEC-Sim
were performed using a JONSWAP spectrum with a significant
wave height of 20 mm and a peak period of 1.2 s. The simulation
time was 370 s, with a 10-s ramp time for the transient. The sim-
ulation time step was 10~* s; however, the convolution integral
was integrated every 10 time steps to save time.

The surge, heave, and pitch motion comparisons between
OrcaFlex and WEC-Sim are shown in Fig. 12. The heave
response matches extremely well, the surge response differs
sightly, and the pitch response is slightly overpredicted by Or-
caFlex. These responses could be attributed to the difference in
the mooring model between OrcaFlex, which had 12 members,
and WEC-Sim, which had 15 members.

Similar differences to pitch response are seen in the com-
parison of the mooring line fairlead forces shown in Fig. 13.
The mooring load statistics of the simulation are listed in Tab. 2,
where both the OrcaFlex and WEC-Sim/MoorDyn models show
very similar results with a slightly higher standard deviation in
OrcaFlex. Again, the difference between the number of mem-
bers between the two models are the probable cause.

The comparison between OrcaFlex and WEC-Sim for the
spectral density in surge, heave, pitch, and the mooring loads on
all three mooring lines at the fairlead are shown in Fig. 14. The
simulation results from the two models agree well for most of
the range of the frequency, except for the longer wave frequency
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TABLE 2. STATISTICS OF THE FPS MOORING LOAD FOR THE
IRREGULAR WAVE CASE.

MI[N] M2[N] M3 [N]
OF | 0451 0451 0451
WS | 0453 0453 0453

Standard  OF | 0.009  0.008  0.009

Deviation  wgs | 0.007  0.006  0.007

Mean
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range.

APPLICATION FOR A TWO-BODY POINT ABSORBER

An application of a coupled WEC-Sim/MoorDyn model for
simulating a floating two-body point absorber WEC design is
presented in this section.

Model Properties and Mooring Setup

The simulated model was based on the one developed in the
U.S. Department of Energy’s Reference Model Project [3, 11].
It contains a float and a spar/plate that is connected to a central
column, and it converts energy from the relative motion between
the float and the spar/plate induced by ocean waves. The relative
motion is in the axial direction of the device and is predominantly
in heave (vertical direction). The dimensions and mass proper-
ties for the floating point absorber (FPA) design are presented in
Fig. 15 and Tab. 3. The mass properties included the mass of the
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FIGURE 15. THE SCHEMATIC OF THE FPA CONCEPT DESIGN
(LEFT) AND THE WEC-SIM MODEL (RIGHT).

TABLE 3. MASS PROPERTIES FOR THE TWO-BODY FPA.

Center of Mass Moment of Inertia
Gravity (m) (Ton) (Ton-m?)
20900 0 0
Float [0,0,-0.72] 727.01 O 21300 4.3
0 43 37100
137000 0O 0
Ps,f;re [0,0,-21.29] 8783 0 137000 218
0 218 28500

device and ballast. We assumed both the float and the spar/plate
were located at their equilibrium positions, in which the mass for
each body was equal to its displaced mass.

The mooring configuration for the two-body point absorber
system is similar to the one used for the FPS verification and
validation study, in which the spar/plate was connected to a tra-
ditional three-point catenary mooring system with an angle of
120°. The mooring chain length is 280 m and has a diameter of
0.144 m and a linear density value of 126 g/m. The fairlead is
10 m below the mean water surface, and the anchor points are
located 267 m from the body center in plane.

Simulation Results

The simulation was conducted using a 400-s time series
(measured in 2008) from the National Data Buoy Center buoy
#46229 located off the coast of Oregon (Fig. 16). The PTO sys-
tem was represented using a linear spring-damper with a PTO
damping coefficient of 1200 kN/m. The hydrodynamic coeffi-
cients were also obtained from WAMIT, with more modeling de-
scribed in the studies of [2, 3].

The device’s response time history in surge and pitch as well
as the relative motion between the float and the spar/plate are
presented in Fig. 16. For comparison purposes, a no-mooring
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FIGURE 16. TIME HISTORY OF THE WAVE TRAIN AND DE-
VICE RESPONSE (WITH A RAMP TIME OF 40 S).

connection case was also analyzed. As shown in Fig. 16, the
three-point mooring configuration provided additional restoring
forces in surge to keep the device in position (what it was de-
signed for), and had little influence on the device relative motion,
which corresponded to its power output.

CONCLUSIONS

WEC-Sim was coupled with MoorDyn to improve its ability
to model the mooring dynamics of WEC designs. The coupled
numerical method was applied to simulate a FPS buoy and a two-
body floating point absorber WEC device, in which both were
chain-connected using the three-point catenary mooring system.
The main purpose was to validate the mooring model implemen-
tation. The verification and validation study was carried out by
comparing the WEC-Sim/MoorDyn simulation results to those
predicted from OrcaFlex and measured from a model test.

Overall, the numerical simulation results compare well with
those from the wave tank test. The shift of mean mooring force
between the simulation results and those from the wave tank test
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was most likely caused by the imbalance of mooring connec-
tion. Both OrcaFlex and WEC-Sim/MoorDyn predicted similar
results. In the regular wave study, the highest mean mooring
lines fairlead tensions varied by 0.89% and the highest standard
deviation varied by 9.8%. In the irregular wave study, the highest
mean mooring lines fairlead tensions varied by 0.44% (slightly
lower than for the regular waves), and the highest standard devia-
tion varied by 25%, which seems high; however, the actual num-
bers of 0.008 and 0.006 are actually close and only off by 0.002.
A probable explanation for these differences is the number of
members used to model the mooring system between OrcaFlex
(12 members) and WEC-Sim (15 members). In addition, the so-
lutions are expected to be close but not identical as the numerical
implementation is different between OrcaFlex and WEC-Sim.

The WEC-Sim/MoorDyn model was also applied to model
a two-body floating point absorber in the study. The dynamic re-
sponse of the system was analyzed with and without a mooring
connection to demonstrate the use of mooring for providing ad-
ditional restoring forces in surge to keep the device in position.
Future work will include applying WEC-Sim/MoorDyn to simu-
late systems with more complicated mooring configurations, and
conducting further investigation of extreme condition modeling
and fatigue analysis. The studies can be useful for gaining a bet-
ter understanding of the required mooring configuration and its
efficiency for various types of WEC designs.
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