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Experimental and numerical investigation of a taut-moored wave energy converter: a
validation of simulated mooring line forces
Shun-Han Yang a, Jonas W. Ringsberg a, Erland Johnson a,b and Zhiqiang Hu c

aDepartment of Mechanics and Maritime Sciences, Chalmers University of Technology, Gothenburg, Sweden; bDepartment of Safety-Mechanics
Research, RISE Research Institute of Sweden, Borås, Sweden; cSchool of Engineering, Newcastle University, Newcastle upon Tyne, United Kingdom

ABSTRACT
A reliable simulation model to calculate the motion and force responses of wave energy converters (WECs)
is imperative to ensure the reliability and long-term performance of WEC systems; these aspects are
fundamental to achieving full commercialisation of wave energy. A simulation model was developed
and validated concerning the simulated WEC buoy motions in a previous study; this study validated
the mooring force calculations for the same model. The example WEC system comprises a buoy, a
power take-off (PTO) system, and a three-leg mooring system wherein each leg is divided into two taut
segments joined by a submerged float. A 1:20 physical model was built and tested in the Deepwater
Offshore Basin at Shanghai Jiao Tong University. Numerical models were developed to simulate the
coupled hydrodynamic and structural responses of the WEC system, primarily using potential flow
theory, the boundary element method, the finite element method, and the Morison equation. The
simulated and measured axial force results at the top ends of the six mooring segments were
compared; the results agreed best in the lower segments of each mooring leg and in the moorings on
the downwind side because of the PTO system uncertainties and the uncalibrated damping in the
numerical model. Nonetheless, the numerical model reasonably predicted the moorings’ accumulated
fatigue damage, demonstrating that the model can be reliably used for mooring structural analyses.
The study also used the validated numerical model to simulate a full-scale WEC system installed in
Runde, Norway. A comparison of the results from the full-scale measurements and simulations shows
that the numerical simulation model exhibited a good predictive capability for the mooring forces of
the full-scale WEC system.
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Nomenclature

Hs Significant wave height [m]
Hw Regular wave height [m]
N Axial force in the mooring [N]
N* Dynamic axial force in the mooring. The value is

shown with the initial static axial force (namely,
the pretension force) subtracted. [N]

Tp Peak wave period [s]
Tw Regular wave period [s]
Vc Current velocity [m/s]
γ Non-dimensional peak enhancement factor of

the JONSWAP spectrum [-]
η Surface wave elevation [m]
θc Direction of the current [degrees, °]
θw Direction of the wave [degrees, °]

1. Introduction

The development of renewable wave energy technology relies
heavily on numerical modelling and simulation because they
provide flexibility to assess a large number of design choices
for wave energy systems at a relatively low cost (Pecher and
Kofoed 2017). Numerical simulation models for the simulation
and assessment of hydrodynamic and structural responses for
floating point-absorbing wave energy converters (WECs)

were developed in Yang (2018); the objective of the model
was to assess the power performance of WECs and the fatigue
characteristics of mooring lines. The simulation model and
numerical approach needed to be validated. Therefore, an
experiment was designed and performed in an ocean basin lab-
oratory at Shanghai Jiao Tong University in Shanghai (China)
(SJTU 2019) with the objective of providing information to
access the validity of the numerical analyses and the simulation
models. Yang et al. (2018) presented the first part of the vali-
dation focusing on the simulated buoy motions—the responses
for the evaluation of the power performance. From the main-
tenance and safety perspective, this second part of the vali-
dation study focuses on the calculated mooring forces—the
essential information for predicting fatigue damage accumu-
lation in moorings and their mechanical life. The contribution
of the validation work is not limited to the scope of the current
study; such a validated model can be used to provide confidence
in the cost-efficient development of WEC systems, which is
needed to reach large-scale commercialisation.

The experiment performed in this study aims to validate a
previously developed numerical model presented in Yang
et al. (2016). Guidelines for the experimental tests of WEC
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systems have been considered by researchers such as Holmes
(2009), ITTC (2014), Payne et al. (2009), and Pecher and Kofoed
(2017). Although similarities can be found among these refer-
ences, the ITTC guideline (2014) was followed because it provides
clear guidance on the design, planning, and implementation of
the numerical model validation experiment at both the system
and component levels. A literature review presented in Yang
et al. (2018) showed that numerous ocean basin tests have been
conducted for various WEC systems and configurations. Advan-
cing from the experimental tests reviewed in the cited reference,
the experimental investigation in this study contributes to the
research area of the two-segment taut mooring system (see an
example illustration in Figure 1(a))—a mooring configuration
that has been shown to have a high potential when used in
WEC systems by virtue of its compliance in motion (Fitzgerald
and Bergdahl 2007; Casaubieilh et al. 2014). In the present
study, the two-segment mooring system was tested and validated
in a complete WEC system where a power take-off (PTO) system
is present, in contrast to existing studies where the mooring
configuration has only been stand-alone tested (Bosma et al.
2015; Paredes et al. 2016).

Numerical models can be used to assist engineering develop-
ments with two different design philosophies. A numerical
model can be carefully calibrated and fine-tuned to represent
a system’s responses under specific conditions and hence guar-
antee that the model exhibits the best predictive capability for
the specific system. The other design philosophy is to develop
a model that is generally applicable for similar systems.
Under such circumstances, the numerical model is designed
to provide a credible predictive capability without involving
any calibration to a specific system. For the calculation of
mooring forces, examples can be found for the former category,
whereas few can be found for the latter. Xu et al. (2018) devel-
oped a model of a semi-submersible where the hydrodynamic
drag and horizontal stiffness values of moorings were calibrated
with laboratory measurements; the calibrated model predicted
the damping effect of two mooring systems on the semi-sub-
mersible. Hall and Goupee (2015) developed numerical simu-
lation models of a floating semi-submersible wind system to
predict the hydrodynamic and structural responses. After a
thorough model refinement, the lumped-mass mooring
model predicted the extreme and fatigue damage-equivalent
loads of the mooring with 90% accuracy. Harnois et al.
(2015) presented a methodology to calibrate a numerical
model of a WEC system based on a set of ocean basin exper-
iments that further ensured a reliable prediction of the force
responses of mooring lines for fatigue damage evaluations.

For the numerical models with the second philosophy, a
generic model for the hydrodynamic and structural response
analyses of moorings was developed in Azcona et al. (2017).
In the cited reference, the model was developed only for the
mooring component, which was excited by a prescribed motion
at the mooring’s top end. A model of the entire system includ-
ing the moorings can be found in Antonutti et al. (2018) for
wind energy applications. In their study, hydrodynamic coeffi-
cients were required as modelling inputs, which were all
obtained by the designated physical measurements to minimise
the model uncertainty. A robust dynamic simulation of caten-
ary moorings is shown to be possible using their model

provided that the inputs be organised consistently with the
physics of offshore hydrodynamics.

However, there is a lack of validated numerical models for
complete WEC systems in the literature. In addition, the goal
of the developed model in Yang (2018) was to be generally appli-
cable for various WEC systems in the early design phase; the
detailed model measurements presented in Antonutti et al.
(2018) were thus deemed unpragmatic and should not be
included as part of the validation process. The observed lack
of validated models with similar evaluation purposes motivates
the need of the present study. This validation work was per-
formed with regard to the calculated axial forces in the moor-
ings, whereas the assessment criterion was set to achieve the
predictive capability of the accumulated fatigue damage within
a factor of ten. The criterion was determined by considering
the associated uncertainty level of fatigue for the floating
offshore structures (DNV 1992; Aker Offshore Partner 1999).
The novelty of the presented work is that the entireWEC system
was numerically modelled with inputs from only the physically
designed parameters and numerical coefficients estimated exclu-
sively from existing public literature and that no calibration of
the simulation model was performed.

The primary objective of the current study was to validate the
simulation procedure and numerical model with regard to the
force response analysis against the results of ocean basin labora-
tory tests, as presented in Sections 2 and 3. In this validation
work, the comparison of the validation result was performed
exclusively on the experimental model scale, i.e. there was no
transformation of the values to full-scale values in the compari-
son between the simulation and experimental results. After vali-
dation, the numerical simulationmodel was adapted to be similar
to a full-scale WEC installation to demonstrate the model’s
prediction capability against the full-scale measurements; this
process is presented in Section 4 and serves as the second objec-
tive of the study. Finally, Section 5 presents the observations and
conclusions from the current investigation.

A prototype device, WaveEL, which was designed by the
Swedish company Waves4Power (Waves4Power 2019), was
chosen as the reference concept for the entire validation
study and was installed in full scale in Runde (Norway) in
early 2016. Figure 1(a) illustrates a schematic view of the
WaveEL system, and a photograph of the installation site is pre-
sented in Figure 1(b). The system consists of a floating point-
absorbing WEC that extracts energy from waves, primarily
from heave motions. The WEC is moored by a three-leg moor-
ing system where each leg is divided into two taut segments
joined by one float, wherein the float is designed to be sub-
merged at all times. The power generated by the WEC is trans-
mitted to a power-gathering hub through a power cable. The
cable is submerged and designed to operate in a free-hanging
state between the WEC and hub. The hub has a single-leg
taut mooring system that is designed to keep the hub in a
stationary position.

2. Experimental setup for the ocean basin tests

The ocean basin experiment was designed to be as similar
as possible to the full-scale installation (see Figure 1); the
experiment was conducted in the Deepwater Offshore
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Basin at Shanghai Jiao Tong University. As addressed in
ITTC (2014), the responses and performances of WECs
are normally scaled using Froude similitude, but exceptions
occur for parameters such as the power output, viscous
damping, and mechanical friction; large-scale test models
are recommended to minimise the scaling effect. To that
end, a 1:20 scale model following Froude’s law was chosen
for experiments with sea states corresponding to operational
conditions. Considering the configuration of the reference
system and the sea state conditions to be tested, the ratio
of 1:20 was the largest possible scale for the ocean basin.
Yang et al. (2018) present a complete description of the
ocean basin experiments, whereas information that is rel-
evant for this paper is presented in Sections 2.1 and 2.2
with corresponding numerical values tabulated in
Tables A1–A3. The numerical model and simulation of
the experiments are presented in Section 2.3.

2.1. Design of the experimental WEC system

Figure 2 illustrates the experimental WEC system, which con-
sists of a WEC buoy, a PTO system, and a three-leg mooring
system. The power cable shown in Figure 1 was excluded to
maintain an acceptable level of complexity in the experimental
system. The WEC buoy was a closed buoy. The mass, centre of
gravity (CoG), and inertial properties of the reference system
were used as the target values for the experimental model.
The entire experimental PTO system consists of a heave
plate, a connection bar, and a helical spring. The heave plate
acts as a damper in the WEC system, and its target damping
effect at the full scale was chosen in a way that yields the opti-
mal PTO of the WEC when the damper is at the resonance in
the heave motion degree of freedom (DoF). The usage of the
connection bar ensured the movement of the heave plate fol-
lowed the buoy’s motion, and the spring enabled force
measurements for the heave plate.

Figure 1. (a) Schematic layout of the WaveEL system and (b) photograph of the full-scale installation in Runde, Norway.

Figure 2. Illustration of the configuration of the WEC system for the ocean basin experiment (not to scale): (a) profile view and (b) top view for the loads coming from the
directions of 0° (left) and 180° (right). The wave gauge is referred to as WG in the figure (figure reproduced from Yang et al. (2018)).
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Each mooring segment in the full-scale prototype was rep-
resented by a combination of one wire and one helical spring.
Four properties of the mooring were modelled in the exper-
imental system: axial stiffness, length, pretension force, and
submerged weight. For these four properties, the combined
effect of every set of one wire and one spring at full scale
were designed to be equivalent to the respective properties of
the corresponding segment in the reference system with only
one exception. During the installation, the exact final installed
length of wires at the three upper segments (Wi1) was adjusted
to achieve the target pretension force at the full scale.

Multiple sensors were installed to monitor and measure the
dynamic responses of the experimental system; see an overview
of the instrumentation in Figure 3. The force measurements at
the upper ends of all six segments in the mooring system
(Figure 3(d) and 3(e)) and the top end of the PTO’s spring
(Figure 3(b), hereafter referred to as PS) were used in the exper-
iment, from which the dynamic force responses of the moor-
ings are to be validated. All forces were measured by
KYOWA LUX-B-100N-ID force transducers at a sampling fre-
quency of 25 Hz; the measurement accuracy of the transducers
is one millinewton (KYOWA 2019).

2.2. Environmental condition – test programme

Table 1 presents all the loading conditions investigated in the
current study, which correspond to the operational conditions
of the reference system. Both regular and irregular wave cases
were included in the test programme. For the regular wave
cases, Tw values were chosen to be identical to (Re3-Re5),
near (Re2 and Re6), and far from (Re1 and Re7) the resonant
period of the unmoored WEC buoy. Then, the Hw values
were determined such that they cover the range between linear
(Re1-Re3 and Re6-Re7), nonlinear (Re5), and intermediate (i.e.
between linear and nonlinear) (Re4) waves. The distinction of
waves was evaluated by the ratio of the wave height and wave
length following the definition of Chakrabarti (1987). For the
irregular wave cases, the OP1-related case was defined as the
optimum operation condition for the installed WEC system
because this case approximates the WEC resonance period
and because the probability of occurrence for this case is high
at the installation site in Runde. In contrast to OP1, case OP2
was chosen to be off the resonance of the unmoored WEC
buoy. Note that case OP1 was also tested in greater detail to
investigate the effects of the loading direction (OP1d), the
wave-current combined loads (OP1c), and the PTO system
(OP1n). All the regular wave cases were tested for 10 min at
full scale, the case Curr was tested for 45 min, and the irregular
wave cases were simulated for 1.5 h at full scale.

2.3. Numerical model and simulated experiments

The purpose of numerical models is to predict the hydrodynamic
and structural responses of WEC systems. From the motions,
hydrodynamics, and structural response of a simulated WEC
system or an array of WECs, the numerical models enable a sys-
tems evaluation of the WEC system in which the fatigue per-
formance of moorings and cables is predicted, the power
performance is estimated, and the cost of energy is calculated.
A literature survey was conducted by Yang (2018) to compare

the advantages and disadvantages of different model and analysis
approaches, particularly with regard to the fatigue damage
assessment of mooring lines used for wave energy applications.
It was concluded that the numerical implementation used by
the DNV GL SESAM package (DNV GL 2019) facilitates the
modelling and assessment of the WEC, the mooring lines, and
the power cable (all exposed to a variety of environmental con-
ditions) in a manner suitable for the defined research scope. The
modules and solvers in the SESAM package have also been
extensively verified and validated by numerous researchers;
see, e.g. Ormberg et al. (1999) and Stansberg et al. (2000a,
2000b). The DNV GL SESAM package was adopted to create
the model and to perform the numerical analyses.

Figure 4 illustrates the numerical model of the WEC system.
The model is composed of six sub-level models, which are used
together to simulate the system’s hydrodynamic and structural
responses. An overview of the six sub-models is presented in
Table 2, and the entire analysis workflow is illustrated in Figure 5.
As shown in Yang et al. (2016), the coupled analysis approach,
which solves both the WEC and the moorings simultaneously
usingnonlinear time-domainanalysis, yieldsmore accurate results
than thede-coupled approach for themotion response of theWEC
and structural responses of themoorings andwas therefore used in
this study. The coupled analysis approach performs nonlinear
analysis comprising four major sources of nonlinearity, including
the geometric stiffness of the mooring system, displacement
dependencies of the moorings regarding the inertia and damping
forces, couplingbetween theexternal loadvector and the structural
displacement and velocity, and nonlinear time-domain analysis.
The application of the SESAM package and the comparison of
different approaches for simulatingWECsystemswere extensively
investigated in Yang (2018) and Yang et al. (2016), in which
detailed descriptions of the theoretical background, modelling
details, and numerical parameter setup can also be found.

Prior to the current validation exercise, the uncertainty of
the numerical model related to the setting of numerical par-
ameters (e.g. element discretisation, time step size) was verified
through a convergence sensitivity study. Note that the numeri-
cal model used in this investigation is identical to the one used
in the first part of the validation study (presented in Yang et al.
(2018)) with only one exception, the length definition of Wi1.
In the previous validation work, the numerical model for the
moorings was defined according to the designed target length,
and the pretension force was dependent on the length. How-
ever, it was later clarified that the pretension force at the top
end of S1 takes precedence over the final installed length of
Wi1 during the installation. To ensure the same modelling
principles between the simulations and experiments, the
numerical model was updated in this study so that the simu-
lated pretension force was identical to the target pretension
used during the experiments (viz., the length of Wi1 becomes
a dependent variable). Further investigation has shown that
all the conclusions made in Yang et al. (2018) remained true,
and relevant discussion will be presented in Section 3.

3. Validation results for the ocean basin test

This section presents a selection of results from the validation
study that are representative of all studied cases, starting with
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the results for the static characteristics of the mooring system
(Section 3.1) followed by the dynamic results from regular (Sec-
tion 3.2) and irregular wave (Section 3.3) cases. As discussed in
Yang (2018), because the stress level of the target mooring is con-
siderably lower than its design yield stress, a stress-based
approach can be adopted in the fatigue analysis, and only the
force range of each force cycle (and consequentially, each stress

cycle) identified from the mooring’s time-domain response will
have an influence on the fatigue calculation, along with the
mooring’s own fatigue material properties. After validating the
axial force calculation, the model can be reliably used for fatigue
damage prediction. The results presented in Sections 3.2 and 3.3
(the dynamic results) will only focus on the comparison of the
force range of the identified force cycles. In this study, the

Figure 3. Instrument installation in the WEC system: (a) optical motion markers at the upper deck of the WEC buoy and accelerometers at the fairlead of the three
moorings; (b) force transducers on the upper and lower sides of the heave plate used in the PTO system; (c) optical motional markers on the upper end of the rod,
which attaches to the float; (d) force transducers at the fairlead of each mooring leg; and (e) force transducer on the upper end of the lower mooring segment
(figure reproduced from Yang et al. (2018)).
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rainflow counting (RFC) method is employed to extract the force
cycles from the force history and the corresponding force ranges
for the fatigue analysis (Rychlik 1987; Dowling 2013); a detailed
procedure of the stress and fatigue analysis for moorings is pre-
sented in Yang et al. (2016).

3.1. Pretension and static offset of the mooring system

Table 3 shows all the force measurements and corresponding
simulated values under still water conditions. This information

reveals the potential discrepancy with regard to the static
restoring force of the mooring system between the experiments
and numerical simulations. Different experimental results for
the same components between cases are due to re-installation
of the system in the ocean basin. The simulated results agree
well with the measurements, and the minor discrepancies
were attributed to two factors: mooring length uncertainty
and PS configurations.

Both the numerical model and experiment were defined to
achieve the target pretension force (see Section 2.3 and
Table A2). Given a symmetrical system, identical lengths of
Wi1 among the three mooring legs are expected in the numeri-
cal model. The lengths of Wi1 for the three mooring legs were
adjusted one after the other in the experiment. Table 3 shows
different pretension forces between the segments; hence, differ-
ent installed lengths among segments were expected. A similar
issue was also observed in other experimental studies, which
motivated the calibration of the mooring length in the numeri-
cal model (see the example in Hall and Goupee (2015)). In
this study, however, calibration was not allowed as the prere-
quisite of the investigation (see Section 1); hence, this
intrinsic difference between the simulation and experiment
will be maintained throughout the entire validation work.

Table 1. Summary of the tested wave and current scenarios in full scale (FS) and model scale (MS) values.

Case name Regular or irregular waves*

Tw or Tp Hw or Hs Vc θw and θc**
FS MS FS MS FS MS FS and MS
[s] [s] [m] [m] [m/s] [m] [°]

Re1 Regular 3.185 0.712 0.238 0.012 – – 0
Re2 Regular 5.370 1.201 0.675 0.034 – – 0
Re3 Regular 6.370 1.424 0.950 0.048 – – 0
Re4 Regular 6.370 1.424 1.900 0.095 – – 0
Re5 Regular 6.370 1.424 3.801 0.190 – – 0
Re6 Regular 7.370 1.648 1.272 0.064 – – 0
Re7 Regular 12.740 2.849 3.679 0.184 – – 0
OP1 Irregular 6.500 1.453 2.500 0.125 – – 0
OP1d Irregular 6.500 1.453 2.500 0.125 – – 180
OP1c Irregular 6.500 1.453 2.500 0.125 0.514 0.115 0
OP1n*** Irregular 6.500 1.453 2.500 0.125 – – 0
OP2 Irregular 9.600 2.147 4.500 0.225 – – 0
Curr – – – – – 0.514 0.115 0
* A regular wave is defined by Tw and Hw, while an irregular wave is defined by Tp and Hs. All irregular waves follow the JONSWAP spectrum, wherein γ is set to 2.4.
** The definition of the loading direction in relation to the orientation of the WEC system is shown in Figure 2.
*** The test condition of OP1n is the same as that for OP1 except that the PTO system is removed in OP1n.

Figure 4. Initial configuration of the numerical model.

Table 2. Overview of the six sub-level models used for the numerical analysis.

Sub-model
Information of the WEC system to be extracted from the

simulation Applied theory

Steps to be used in
the workflow (cf.,

Figure 5)

Environmental load
model

External environmental loads acting on the WEC system Airy wave theory; unidirectional current (time- and depth-
invariant)

All steps

Panel model of the
WEC

Hydrostatic data and inertia properties of the WEC buoy;
global responses of the WEC buoy in frequency domain,
including the hydrodynamic added mass and damping,
first-order wave exciting forces and moments, and
second-order drift forces and moments

Boundary element method; first- and second-order three-
dimensional potential theory

Step 1

Point model of the
WEC

First- and second-order motion and force response of the
WEC buoy in the time domain

Rigid body motion; retardation function; Newmark β time
stepping scheme

Steps 2 and 3

Morison model of the
PTO system

Drag damping effect of the PTO system Morison equation; two-node beam element model All steps

Morison model of the
WEC

Drag damping effect of the WEC buoy Morison equation; two-node beam element model All steps

Finite element model
of the moorings

Time-domain motion and force response of the mooring
systems

Morison equation for hydrodynamic loads; continuum
mechanics theory for structural response; two-node
beam element model based on small strain theory;
Newmark β time stepping scheme

Steps 2 and 3
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Nevertheless, the agreement was determined to be good for the
pretensions of all the mooring segments since the difference
between the measured and simulated results was always less
than 5%.

In contrast, the agreement was less satisfactory regarding
the PS, where the PS pretension predicted by the numerical
simulation was an average of 7% greater than the experimen-
tal values; this overprediction is attributed to uncertainty in
the PS installation configuration, which is regarded as a
second source of uncertainty. The properties of the installed
PS were measured for only the spring constant and unloaded
length, whereas the geometrical dimensions and mass density
were also needed to fully define the PS in the numerical
model. Hence, estimations of the PS’s properties were made
using the spring calculator developed by Acxess Spring
(Acxess Spring 2019). The other challenge presented by the
PS is the use of two springs connected in series rather than
a single spring to represent the PS because a proper single
spring for the target length and axial stiffness was not avail-
able. Due to the unbalanced force between the three moor-
ings, it is difficult to ensure that the two springs remained
in a straight line. In the numerical simulation, however, the
PS deformation will always be vertically straight-up under
the still water condition because of the symmetry.

Nevertheless, the overall results observed under static con-
ditions were deemed reasonable.

The horizontal offset of the mooring system under statically
applied force is shown in Figure 6, from which the restoring
capacity of the mooring system can be compared between the
experiment and simulation model. Note that the simulation
results presented in Figure 6 are different from those presented
in Yang et al. (2018); this difference was due to the update of the
numerical model described in Section 2.3. Excellent agreement
between the simulation and experiment was found for the offset
of the mooring for the sway direction. Good agreements were
also found for the surge direction in the low-load region but
not the high-load region (i.e. forces above 5 N), where the
simulated mooring offset in the latter is higher by up to 40%.
The difference was attributed to the complexity in the installed
mooring system in conjunction with the necessary abstraction
in the numerical model, as shown in Yang et al. (2018). Overall,
the updated model shows an improvement in the prediction of
the horizontal offset of the mooring system. Further investi-
gations showed that the simulated WECmotion was insensitive
to the model change, and hence, all the conclusions made in
Yang et al. (2018) are still valid. Because the updated model bet-
ter represents the scenario of the experiment, this model was
used henceforth.

Figure 5. Analysis workflow for simulating the hydrodynamic and structural response of WEC systems.

Table 3. Force measurement (the first value is from the experiment, and the second value is the ratio between the values of the simulation and experiment) at the top
ends of all components under still water conditions. The simulation results for segments S1 and S2 are 2.683 and 7.367 N, respectively, and are identical among the three
mooring legs in all cases; similarly, the calculated value for PS is 3.478 N.

Case L1S1 L2S1 L3S1 L1S2 L2S2 L3S2 PS

Re1 – Re7, OP1 2.565/1.05 2.657/1.01 2.673/1.00 7.166/1.03 7.105/1.04 7.037/1.05 3.242/1.07
OP1d 2.662/1.01 2.617/1.03 2.714/0.99 7.173/1.03 7.091/1.04 7.180/1.03 3.302/1.05
OP1n 2.638/1.02 2.707/0.99 2.730/0.98 7.149/1.03 7.131/1.03 7.300/1.01 –
OP1c, OP2, Curr 2.812/0.95 2.543/1.06 2.824/0.95 7.135/1.03 7.071/1.04 7.154/1.03 3.285/1.06
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3.2. Regular wave cases

Figure 7 presents the time-domain results of the force responses
of the mooring system (Figure 7(a)-(f)) and PS (Figure 7(g)) for
case Re1. The displayed values, denoted as N*, are shown with
the pretension force (namely, the initial static forces shown in
Table 3) subtracted. Because all the force sensors were zeroed
before the start of the dynamic measurements, the presented
experimental results are the direct readings from the sensors.
The corresponding surface wave elevation for the same time
duration is plotted in Figure 7(h). Note, however, that the
experimental results were extracted from the measurements
at the wave gauge WG(N) (see Figure 2), and the simulated
results were extracted at the geometrical centre of the water-
plane of the buoy under still water conditions.

The overall agreements between the calculated and measured
mooring forces were satisfactory, but the level of prediction accu-
racy differed among the mooring segments. Because the numeri-
cal simulation underestimated the load in the PS, the force
amplitude in L1 was overestimated. The correlation was tied to
the fact that both L1 and PS were located on the windward
side of the system. The ratios between the simulated and
measured force ranges were found to be 1.15 for L1S1 and
1.41 for L1S2. In contrast, the simulated axial forces agree very
well with the measurements for L2 and L3. Comparing the
force responses between L2 and L3 from the simulations and
experiments, symmetrical responses were observed between L2
and L3 from the numerical simulation but not from the exper-
iment; the cause of the asymmetry was attributed to the installa-
tion of a motion tracker at the joint between Sp1 and the float in
L2, as shown in Figure 3(c). A sensitivity study presented in Yang
et al. (2018) showed that the buoy motion was insensitive to the
motion tracker; however, further investigation revealed the
impact of the tracker on the motion and force responses of L2.
One example result is shown in Figure 8, where the force
responses of L2S2 and L3S2 under case Re7 are compared con-
sidering the influence of the motion tracker. As shown in Figure
8(b), when the motion tracker was installed, the mean value of
the force response in L2S2 was smaller by 0.1 N, the force
range was reduced by 5%, and the structure exhibited more
high-frequency fluctuations at both the crest and trough of
each force cycle at the wave frequency. Focusing on the compari-
son for L3, the relative differences between the simulation and
measurement were less than 5% for both segments. Finally, the
simulated phase differences between the mooring segments are
in accordance with the measurement results, implying a good
prediction from the numerical simulation of the system’s inertia
and restoring forces.

Figure 6. Static offset of the mooring system in the horizontal plane (surge and
sway direction).

Figure 7. Time histories of the dynamic responses N* under case Re1: (a – f) top ends of the six mooring segments, (g) top end of the PS, and (h) surface elevation of the
wave.
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For a harsher wave load condition, the results for case Re7
are presented in Figure 9. In this case, however, a clear phase
difference was observed between the simulated and measure-
ment force responses; this difference was attributed to the
fact that PS was not always in tension (see Figure 9(g)). In
fact, frequent compressions of the PS were found in all the
tested cases except case Re1—a situation not anticipated prior
to the experiments. The moorings in the numerical model
were constrained to exhibit stiffness in the axial direction
only, which was found to be the best representative case for
moorings in most offshore structures, including WECs (DNV
GL 2015; Hall et al. 2014). Under this modelling condition,
however, if compression of the mooring occurred, the basic
analysis criteria of DNV GL software were violated, and the
numerical simulation ceased (SINTEF Ocean 2018). The
usability of the experimental data for validation purposes is
then largely compromised because the experiment was not suit-
able for the simulation method. Simulation of a slender struc-
ture (such as the moorings in this study) at low tension is in
itself a research subject. The tension element method, for

instance, is one of the numerical methods developed to simu-
late slender structures with low pre-stressing or high flexibility
(Paschen et al. 2004; Martin et al. 2018). Other simulation
approaches have also been proposed by, e.g. Buckham and
Nahon (2001) and Burgess (1992). A possible research exten-
sion is to explore the use of these aforementioned numerical
methods to increase the usability of the experimental results.
In this study, however, the focus is on validating the previously
developed numerical methods and models (see Section 2.3); no
other numerical method is thus adopted.

The force measurements of the PS, together with the
measurement at the top side of the heave plate (c.f. Figure 3
(b)), provide information about the forces in the PTO system.
This information can normally be used to study the WEC per-
formance in detailed time-domain analysis. In the current
study, however, there were uncertainties related to the PS
regarding its mechanical properties; see Section 3.1 for a discus-
sion. Because of these uncertainties, it was known at the outset
of the study that the dynamic response results of the PS could
not be included in the validation. Nevertheless, because the

Figure 8. Time histories of the dynamic responses N* of L2S2 and L3S2 under case Re7 (a) without and (b) with the installation of the motion tracker.

Figure 9. Time histories of the dynamic responses N* under case Re7: (a – f) top ends of six mooring segments, (g) top end of the PS, and (h) surface elevation of the
wave.
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current model was designed for a simplified power perform-
ance prediction that requires only the validated buoy motions
and the predefined damping coefficient of the PTO system
for the calculation, the numerical model was deemed acceptable
for its original goal of the power estimation.

The uncertainty of the PS will have an even larger impact
under harsher loading conditions when the external wave
load is substantially larger than the initial pretension force in
the moorings and PS. An illustrative example is presented in
Figure 10 from case Re5, which is the most severe loading con-
dition tested in this experiment. Note that the results presented
in Figure 10 are the absolute values of the axial force, N, in each
respective component (namely, the pretension force was not
subtracted) to better compare the real magnitudes of the forces
between the components.

The results for case Re7 (Figure 9) demonstrated that the
numerical simulation is able to capture not only the primary
force cycles but also the detailed response characteristics. Taking
examples from L1, despite its inherent challenge for an accurate
prediction (see discussions regarding Figure 9), small details in
each force cycle are well predicted by the numerical simulation.
Thus, one can observe superimposed high-frequency fluctu-
ations at the crest of each force cycle at the wave frequency. In
addition, the responses showed hysteresis at the trough of each
main cycle for L1S1 but not for L1S2. Such information is impor-
tant for the prediction of force cycles that lead to a reliable esti-
mation of the accumulated fatigue damage.

The predicted axial force from the numerical simulation is
generally larger than those from the experiments, and the
difference increases as the wave condition becomes closer to
the system’s resonance. This phenomenon is attributed to
buoy motion. Figure 11 shows the response amplitude of the
buoy motion as ratios between the simulation and experiment,
where the corresponding absolute values can be found in Yang
et al. (2018). Comparing Figure 11 with the other results in
Figures 7–10, correlations for the predictive capability of the
numerical model were evident between the simulated buoy
motion and force responses. The reason for the discrepancy
between the simulated buoy motion and the experiment was
discussed in Yang et al. (2018), wherein two causes were ident-
ified. First, the WEC damping was considered numerically as
radiation damping and linearised drag damping, which cannot
sufficiently account for the frequency dependency of the vis-
cous damping. A demonstrative example was presented in
Yang et al. (2018), which showed a good resemblance of the

simulated motion after the model calibration. Second, non-
linear responses of the WEC system were observed from the
experiment due to the presence of overtopping and vortex-
induced motion—both of which cannot be simulated by the lin-
ear solvers used in the SESAM software.

As the last point of observation for all the regular wave cases,
good agreements were always found between the simulation
and experiments for all the lower segments Sp2; the average
ratio between the simulated and experimental axial forces
was 1.2. The design principle for the tested mooring system
was to enable large WEC motions through the nearly horizon-
tal and compliant mooring attachment at the upper segments
while simultaneously minimising the excursion of the mooring
in the lower segment. Hence, irrespective of the uncertainties in
the PS and buoy motions, the force responses in the lower seg-
ments are mainly governed by their own initial configurations
and the external environmental loads. The good agreement
between the simulations and experiments demonstrates that
the numerical model is able to correctly predict the force
response of the moorings under a well-controlled loading
environment together with a good understanding of the moor-
ings’ configurations and mechanical properties.

3.3. Irregular wave cases

Among all the tested loading conditions, OP1n is the case with-
out the PTO system and therefore can be used to verify the fac-
tors underlying the uncertainty in the PS discussed in Sections
3.1 and 3.2. Figure 12 presents a histogram of the force cycles
identified for OP1n and OP1. The results from segments
L1S1 and L3S2 were plotted since they are considered to be
most prone and least prone to the influence from the PTO sys-
tem, respectively. As expected, agreeable results between the

Figure 10. Time histories of the dynamic responses N under case Re5: (a – c) the top ends of three mooring upper segments S1 and (d) the top end of the PS.

0.5 1 1.5 2 2.5 3 3.5
Ratio of the response amplitudes

between simulation and experiment [-]

Re1

Re5

Re7 Surge
Heave

Figure 11. Comparison of the response amplitude of the buoy motion in the simu-
lation to that in the experiment; the absolute values of the data can be found in
Yang et al. (2018).
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simulations and experiments were observed for segment L3L2
irrespective of the presence of the PTO system but not for seg-
ment L1S1.

A redistribution of the force range histogram was observed in
L1S1. Smaller-range force cycles were observed more frequently
in the simulation results than in the experiments owing to the
implementation of the mooring segments in the numerical
model. A visual observation (through post-processed animations)
revealed an oscillating jack-knife behaviour at the joint between
the wire and spring. In the numerical model, although the wire
and springs were modelled separately, they were nevertheless
modelled as solid beam elements. In reality, water passing through
the spring will create a damping effect and smooth out the defor-
mationof the entire segment.Whilst the force cycles overpredicted
by the numerical simulation will lead to an overprediction of the
fatigue damage, the impact is deemed minor because the corre-
sponding force ranges of these force cycles are small.

Mid-range force cycles were observed more frequently in the
experiment than in the simulation. This finding was related to
the observed vortex-induced motions (VIMs), which could not
be predicted by the numerical simulation. The limitation of the
numerical simulation could infer an underprediction of the
fatigue damage by the current numerical methods if the struc-
tures exhibit strong VIM responses. Future work is needed to
develop an appropriate method to assess and quantify the
importance of VIM and its impact on the fatigue damage of
mooring lines.

Considering all the discrepancies, one can observe a better,
albeit minor, prediction by the simulation for the overall distri-
bution of the force cycles and, especially, the cycles with a high
force range—the cycles that have a large impact on the fatigue
damage prediction—in case OP1n. To more precisely quantify
the predictive capability of the simulation, fatigue damage
accumulation estimations based on these identified load cycles
were performed and are presented in Table 4; the results in
Table 4 are consistent with the observations in Figure 12.

Table 4 shows that the numerical simulation overpredicted
the fatigue damage in the moorings for all segments because
the simulation overestimated the motion response of the
WEC buoy. As discussed in Yang et al. (2018), the average
ratios of the estimated significant motion of the WEC buoy
between the simulation and experiment for all OP1-related
cases are 1.64 and 1.85 in the surge and heave directions,
respectively. In contrast, the respective ratios were found to
be 1.08 and 1.35 for OP2. Provided with the knowledge regard-
ing the discrepancy found in the simulated buoy motion, the
trends and magnitudes of the results for the irregular loading
cases were determined to be reasonable.

With all the estimated fatigue damage from numerical simu-
lations within a factor of 4 the experimental value, which is sub-
stantially lower than 10 as recommended in Aker Offshore
Partner (1999) and DNV (1992), the proposed numerical meth-
odology demonstrates its capability to be used with confidence
for the mooring force response analyses in the following fatigue

Figure 12. Force range histograms of the mooring segments: (a) L1S1 and (b) L3S2 under OP1n and (c) L1S1 and (d) L3S2 under OP1. The horizontal axis shows the force
range of each force cycle identified in the time history of the mooring responses, and the vertical axis shows the frequency of occurrence during the entire test duration.

Table 4. Estimated fatigue damage for the six mooring segments in cases OP1, OP1n, and OP2. The fatigue material properties m and α in the S-N curve are set to 3 and
1012.163, respectively (DNV GL 2015).

Case L1S1 L2S1 L3S1 L1S2 L2S2 L3S2

OP1n Exp 4.1×10−10 1.8×10−10 1.8×10−10 3.3×10−10 1.3×10−10 1.5×10−10

Sim 9.1×10−10 3.7×10−10 3.7×10−10 1.0×10−9 2.5×10−10 2.5×10−10

Sim / Exp 2.23 2.10 2.12 3.08 1.92 1.67
OP1 Exp 4.3×10−10 1.9×10−10 1.7×10−10 3.4×10−10 1.3×10−10 1.5×10−10

Sim 1.1×10−9 3.6×10−10 3.6×10−10 1.3×10−9 2.5×10−10 2.5×10−10

Sim / Exp 2.64 1.97 2.11 3.83 1.93 1.66
OP2 Exp 4.2×10−10 1.9×10−10 1.9×10−10 3.4×10−10 1.5×10−10 1.7×10−10

Sim 8.9×10−10 3.9×10−10 3.9×10−10 1.1×10−9 2.5×10−10 2.5×10−10

Sim / Exp 2.11 2.08 2.03 3.06 1.69 1.44
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assessment, even without performing the calibration. From the
standpoint of the practical usage of the numerical models, the
current observed prediction discrepancy may also be deemed
less pernicious than other issues because the prediction is on
the conservative side of the structural safety evaluation. Limit-
ations of the methodology and deficiency of the experiments
were, however, also identified; these can be used as guidance
for model development in the future or for other researchers if
a similar validation experiment is to be performed.

4. Predictive capability of the numerical model for
the full-scale installation

As mentioned in Section 1, a prototype device, WaveEL, was
installed by the company Waves4Power at full scale for proof
of concept in early 2016 (Waves4Power 2019). Measurements
were recorded from the operational system from June to
November 2017. Readers are referred to Ringsberg et al.
(2019) and Yang (2018) for the comprehensive details of the
full-scale installation. Because the measurements were taken
with various reference coordinates and sampling frequencies
and the environmental conditions were not recorded during
the measurement period, methodologies were developed to
process the measurement data and to identify the environ-
mental loads imparted on the WEC system. A complete
description of the methodology and investigation of the
measurement results are presented in Ringsberg et al. (2019).
In this paper, an adaption of the validated simulation pro-
cedure and model to the full-scale WEC installation was per-
formed to assess the model’s predictive capability against the
full-scale measurement results of the mooring force responses.
The model adaption will be presented in Section 4.1, followed
by a comparison of the results in Section 4.2.

4.1. Simulation model for the full-scale installation

The numerical model of the full-scale installation was built fol-
lowing the modelling principles presented in Yang (2018). The
model was defined according to the installed (full) scale and
consisted of a WEC buoy, a three-leg taut mooring system, a
power cable and a hub located at a spatially fixed point.
Although minor motions of the hub could be observed from
the measurement data, it was assumed that the hub could be
considered and modelled as a stationary object. The complete
set of the properties of the installed WEC system considered
in the numerical model can be retrieved from Yang (2018).
No calibration of the numerical model was performed.
Hence, a heritage of all the limitations identified in the numeri-
cal model through the validation study (see Section 3) was
expected. The purpose was to examine the changes in the
model’s predictive capability when transitioning from a well-
controlled laboratory environment to a realistic ocean environ-
ment, which encompassed a high degree of uncertainty.

The stationary sea states of respective measurement
instances, which are represented solely by Hs, Tp, and θw,
were the research outcomes from Ringsberg et al. (2019). Due
to the presence of near-shore currents and tides at the installa-
tion site, three-hour stationary seas rarely occurred, and it was
concluded that one hour is a more suitable duration for

comparison of the results. In total, 35 one-hour stationary
periods were identified. The sea states of these 35 independent
periods cover Hs values ranging from 0.8-5.5 m, Tp values ran-
ging from 7.7-15.2 s, and θw values ranging from 280-340°
(where 0° and 240° are the directions heading into Moor1
and Moor2, respectively, and the angles are measured contrac-
lockwise). This information was fed into the current study and
served as the basic input to the environmental load modelling
in the numerical simulations. Each sea state was simulated
using the JONSWAP spectrum, wherein γ was set to 2.4 follow-
ing the recommendations by DNV GL (2017). Finally, the cor-
responding measurement data and results from the numerical
simulation were compared in this study.

The mooring line forces were measured by Dacell CLM-T50
compression load cells with a measurement accuracy of 10
N. The load cells measured the compression between the moving
sledge with a mooring bollard structure and the fixed structure
welded to the buoy’s hull; see the illustration of the installation
in Figure 13. The mooring line forces were measured at the fair-
lead points of the WEC; hence, the mooring line forces obtained
from the numerical model were presented in the same locations.
Force measurements were available only for the two moorings,
Moor1 and Moor2, because a malfunction was found in the
load cell on the third mooring. The mooring forces were
measured using Dacell compression load cells at a sampling fre-
quency of 60 Hz. Ideally, the force ranges of the load cycles from
the time history should be compared, as was done in Section
3. However, only the mean values of the mooring line forces
for every one-hour result were compared and presented herein
because the measurement accuracy of the load cell was found
to be rather low. It was determined that the other response prop-
erties were not reliable in the comparison.

4.2. Results for the full-scale installation

Figure 14 presents a comparison of the simulated and measured
mooring forces under various sea state conditions. For all 35
simulated cases, on average, the simulated forces were 10%
and 15% higher than the measured forces in Moor1 and
Moor2, respectively. The difference in the level of agreement
was attributed to the uncertainty in θw. The sea states used in
this study were identified from hindcast data (CMEMS 2017),
which predicted θw values ranging from 280-340°, whereas a
short period of motion measurement of the WEC buoy indi-
cates that the most plausible θw values range from 0-60° due

Figure 13. Illustration of the pressure sensor installation: (1) bollard structure, (2)
fixed structure, (3) pressure sensor, (4) WEC buoy, and (5) moving sledge.
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to the presence of near-shore currents and tides at the installa-
tion site. The investigation in Yang (2018) has shown that θw
can have a large impact on the prediction of mooring forces.
The details of the uncertainty analysis are presented in Rings-
berg et al. (2019). In the cited reference, suggestions for the
improvement in, e.g. full-scale measurement and sea state
monitoring and identification, were also thoroughly discussed.

The discrepancy between the numerical simulation and
measurement increases with increases in Hs and Tp; therefore,
the region where the WEC system exhibits distinct nonlinear
responses must be determined, and a calibration of the system’s
damage must be performed (Section 3.2). Without the cali-
bration performed in the study and provided with all uncer-
tainties, the presented results demonstrate that the numerical
simulation model’s predictive ability can be considered good.

5. Conclusions

This study presents a validation of a numerical simulation
model against a physical model tested in a laboratory ocean
basin experiment. The physical model was made on a 1:20
scale and consists of a WEC buoy, a three-leg two-segment
mooring system with submerged floats, and a PTO system
designed as a heave plate. The validation primarily regarded
the force responses of the moorings, following the first part
of the validation concerning the simulated buoy motion pre-
sented in Yang et al. (2018).

The simulated force range was in accordance with the exper-
iments for the lower segments in the mooring systems, wherein
the average relative difference was 20%. However, discrepancies
were found in the force responses of the upper mooring seg-
ment due to the uncertain properties of the experimental
PTO system. In addition, model limitations were identified,
such as linearised drag damping and inability to simulate cer-
tain phenomena (e.g. overtopping and vortex-induced motion).
Nonetheless, calculations of the fatigue damage based on the
force responses in the time domain showed that the simulation
model was able to predict the moorings’ fatigue within the
associated uncertainty level of fatigue, and hence, the goal of
the validation study was achieved.

The predictive capability of the numerical model was further
examined by adapting the numerical model to a full-scale instal-
lation. After moving from a well-controlled laboratory environ-
ment to field conditions with uncertainties, an average difference
of 13% was found between the simulated force responses and
measurements. Overall, it was concluded that the numerical
model can be used to support structural (fatigue) safety analyses
for moorings under moderate load conditions, whereas special
care is required when the system exhibits nonlinear responses,
particularly under resonant or severe loading conditions.
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Appendix A. Main properties of the studied WEC
system for the laboratory test

Table A1. Basic properties of the WEC buoy.

Full-scale prototype 1:20 model
Mass [kg] 451.751 55.092
Draft [m] 34.9 1.745
CoG [m]* (0, 0, −14.1) (0, 0, −0.705)
Roll, pitch, and yaw
inertia relative to the
CoG [kgm2]

5.160×107, 5.160×107, 2.154×105 15.732, 15.732,
6.566×10−2

* The origin of the reference Cartesian coordinate is placed on the plane of the
water surface at the geometric centre of the WEC buoy when the buoy is in
its unloaded neutral position.
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Table A2. Properties of the PTO system; values are presented in the model scale (1:20) except as otherwise noted.

Dimensions of the heave plate, length×width×height [m×m×m] 0.21×0.21×0.005
Dimensions of the connection bar, length×diameter [m×m] 0.658×0.19
Unloaded length of one spring [m] 0.617
End stiffness of the two spring [N/m] 5.88
Pretension force of the spring [N] 3.242
Target linear damping of the PTO system in the prototype scale [Ns/m] 3.315×104

Target linear damping of the PTO system in the model scale [Ns/m] 18.081
Equivalent linear damping of the heave plate [Ns/m] 18.079

Table A3. Properties of the mooring system.

Full-scale prototype 1:20 model
Depth of the anchor [m] 80 4.0
Radius of the anchor [m] 125.109 6.255
Height of the fairlead [m]* 1.125 0.056
Pretension force at the fairlead [N] 2.200×104 2.683
Dry mass of each segment [kg/m] 4.9 –**
Submerged weight of each segment [N/m] 35.868 0.087
Nominal diameter of each segment [m] 0.08 –**
Axial stiffness of each segment [N] 5.754×106 701.671***
Lengths of segments S1 and S2 [m] 92.7, 69.745 4.635, 3.487
Mass of the spring [kg/m] –**** 0.211
Nominal (outermost) diameter of the spring [m] –**** 0.011
Thread diameter of the spring [mm] –**** 1.5
Lengths of springs Sp1 and Sp2 [m] –**** 0.210, 0.143
End stiffnesses of springs Sp1 and Sp2 [N/m] –**** 126, 185
Mass of the steel wire [g/m] –**** 13.8
Diameter of the steel wire [mm] –**** 0.83
Axial stiffness of the steel wire [kN] –**** 50.0
Lengths of steel wires Wi1 and Wi2 [m] ****** –**** 4.790, 3.344
Mass of the float [kg] ****** 2900 0.354
Height of the float [m] 3.6 0.180
* Measured from the upper deck.
** Defined for the spring and steel wire, respectively.
*** The target design value for the combined equivalent stiffness when one spring and one steel wire are connected.
**** Not used in the full-scale prototype.
***** The length is referred to as the stretched length, whereas the final installed length of Wi1 is adjusted when the target pretension force at the fairlead is achieved.
****** The CoG of the float is located at the geometrical centre of the float, and the moment of inertia of the float was not modelled in the experiment.
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