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Abstract: The proper design of wave energy converters (WECs) is crucial for ensuring
robustness in harsh wave climates without incurring the additional expense of unnecessary
overdesign. The power take-off (PTO) mechanism, serving as a vital link between the
moving body and the electric generator, is a key component in the design load analysis of
WECs. However, the setting of PTO system parameters significantly impacts the dynamic
behavior of the entire WEC system, leading to alterations in estimated loads. This work is
dedicated to studying the influence of PTO control strategies on the identification of extreme
loads of a heaving point absorber WEC. A nonlinear time-domain model is established to
estimate the dynamic responses and loads of the WEC. Both PTO loads and end-stop loads
under extreme conditions are examined, considering the wave climate of a realistic sea site.
The results suggest that the PTO setting strategies significantly impact the extreme load
exerted on both the PTO system and the end-stop system. Varying the PTO damping within
a certain range could lead to a difference of 57% and 63% in short-term extreme loads for
the PTO system and the end-stop system, respectively. Furthermore, the impacts of the
PTO control strategy appear to be specific to each WEC component. The PTO parameters
selected for reducing the extreme PTO loads might increase the extreme end-stop loads. A
holistic examination is therefore recommended for estimating the extreme loads of WECs.

Keywords: wave energy converters; power take-off system; end-stop system; extreme
load identification

1. Introduction
Ocean waves carry a tremendous amount of clean energy. Wave energy converters

(WECs) are designed to generate electricity from ocean waves and are expected to play
a role in the energy transition. However, the commercialization of WECs is still highly
limited compared to other renewable technologies, such as offshore wind turbines. The
main hurdle in developing WECs is the high levelized cost of energy (LCOE). One of the
key factors of a high LCOE can be attributed to the design requirements for ensuring the
reliability and survivability of WECs in oceanic climates. Reasonable designs of WECs are
expected to maintain a balance between the capital cost and robustness of WECs, which is
significant to the reduction in LCOE.

WECs are constantly subjected to complex and variable environmental inputs [1]. In
aiming for a proper design of WECs, the design loads of the structures have to be carefully
identified. Design loads of offshore structures normally refer to two aspects, namely
extreme loading and fatigue loading. Fatigue loading primarily occurs in operational
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regions, and it is a kind of loading which accumulates strain and causes variation in stresses
over the operational period due to the cyclic nature of loading. In contrast, extreme loading
refers to the largest loads the WEC is likely to encounter within the designed lifespan, and
it is often associated with extreme sea states [2]. Despite the significance of identifying
fatigue loading in WEC designs, the present work is focused on the extreme loading of
WECs. As the environmental inputs are site-specific, the load identification highly relies
on the characterization of the wave climates of interest. The environment of sea sites is
commonly characterized as a form of scatter diagrams in which the joint probability of
various pairs of wave heights and wave periods is presented [3].

To represent extreme environmental events for all sea states within a location, contour
methods are normally utilized to relate the defined return period, typically 20–25 years
for offshore structures, to a contour line describing the boundary of extreme sea states.
Notably, the largest loads do not necessarily occur at the highest wave, since the loads
of the WEC depend on the specific wave train in each irregular sea state. Consequently,
the loads imposed on the component of interest need to be examined, either by numerical
or experimental approaches, for the sea states along the contour line. The sea state corre-
sponding to the largest load of interest is identified as the extreme design condition. In
addition to contour methods, other types of approaches can also be applied to extreme load
calculations, including the peak over threshold (PoT) method and the full sea state analysis
method [4]. Despite being built upon various statistical methods, all of these methods aim
to facilitate the searching of extreme conditions.

The extreme load estimation of WECs has recently received significant research interest.
These studies have drawn attention to a variety of types of WEC concepts and sea sites.
In [3], a design load case study was carried out for a two-body point absorber WEC with
a presumable deployment sea site near Humboldt Bay, California, USA. Based on buoy
observation data, the principle component contour method was applied to derive the
contour line with the desirable lifespan. Additionally, different numerical approaches, from
a linear potential flow frequency-domain model and a nonlinear time-domain model, to
computational fluid dynamics (CFD), were used to calculate the extreme loads of the WEC
for comparison. Although the CFD model provides results fairly matching the experimental
data, the low-to-middle fidelity models can approximate the extreme loads and the sea
states where they occur. Given the variation in computational efficiencies of different
numerical models, a framework with the progressive application of low-to high-fidelity
numerical models was suggested for WEC design load assessments. In [2], a preliminary
WEC load analysis was performed for a floating point absorber, and the extreme wave
conditions were selected based on a contour derived by considering 100 return years.
Both a CFD model and a nonlinear time-domain model, namely WEC-sim in this case,
were used for load calculations. The results revealed that the extreme loads imposed on
different WEC components could occur at different extreme sea states, which depend on
the specific WEC design. Extreme loads on point absorbers have been studied in [5–8],
in which various extreme sea states as reference and numerical models were employed.
Ref. [9] reported an experimental study of the extreme loads on an overtopping WEC, in
which the extreme wave conditions of a specific sea site with a return period of 100 years
were considered. In [10], the extreme loads on a flap-type WEC were predicted by the
high-fidelity Smoothed Particle Hydrodynamics (SPH) model. In [11], a rotating-mass type
of WEC was experimentally tested for predicting extreme loads, and the wave condition
was set up to represent the extreme sea states of an Italian sea site considering 10- and
100-year return periods. Ref. [12] proposed a surrogate model to accelerate the numerical
estimation of extreme loads on WECs, which enables the utilization of a full sea state
analysis in identifying extreme events.
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Distinguishable from conventional offshore structures, such as oil and gas rigs, WECs
are inherently designed to oscillate as much as possible to maximize power production.
The dynamic behavior of WECs is dependent not only on the device geometry but also
on the power take-off (PTO) system. The core function of PTO systems is to transfer the
kinetic energy carried by the WEC buoy to mechanical or directly to electrical energy. The
effect of PTO systems on the WEC motion can be separated into two orthogonal parts: PTO
damping force and PTO stiffness force. The first one is the force components proportional
to the buoy velocity and the latter is proportional to the buoy displacement [13–15]. Control
strategies can be applied to manipulate these two force components during the operation of
WECs for improving the power performance of WECs. A number of studies have indicated
that PTO control strategies play an important role in the dynamics and further power
performance of WECs [16–18]. For instance, as demonstrated in [19], adjusting the PTO
control strategy can amplify the response by 50% to 100%. Yet, the influence of PTO control
strategies has rarely been considered in the above-mentioned literature concerning the
extreme load identification of WECs.

The present work is dedicated to providing insight into the effect of PTO control
strategies in survival conditions on the extreme design load identification of WECs. A
generic heaving point absorber is utilized as the WEC reference. A specific sea site’s
defined environment contour is employed to characterize the extreme environmental
inputs. A nonlinear time-domain model built upon WEC-sim software is used to estimate
the responses and load of the WEC subjected to irregular wave conditions. Five distinct
strategies to select PTO parameters are implemented. Based on a reference PTO damping
that is optimal for power absorption, these strategies correspond to reference PTO damping
values ranging from one-quarter to doubled values. Numerical simulations are conducted
to estimate the design loads corresponding to different PTO control strategies. Beyond
the load estimation, the study also investigates the influence of PTO control strategies on
the determination of the sea state where the maximum load occurs, a crucial step in the
contour method.

2. Methodology
2.1. WEC Concept Description

In this study, the utilized WEC concept refers to a floating heaving point absorber,
depicted in Figure 1. Figure 2 illustrates the operation process of the WEC. The incoming
waves excite the moving buoy to perform an oscillating motion. The moving part of the
PTO system is connected to the buoy and drives the rotor of the electric generator to
produce electricity to the grid. The end-stop mechanism takes effect once the motion of the
PTO moving part is over a predefined limit. The floating buoy is simplified as a sphere with
a radius of 2.5 m, with its mass assumed to equal that of the water it displaces. In wave
energy conversion, the PTO system plays a pivotal role in connecting the buoy’s motion to
the electrical generator. While various PTO systems with different operating principles,
sizes, and efficiencies exist [20–24], for the purposes of this study, the PTO component in
the WEC is assumed to operate in a fully linear manner. For a more elaborate integration of
realistic PTO representations into the numerical modeling of WECs, relevant studies can be
found in [25–28]. Another essential component in WECs is the end-stop system, which is
implemented with the aim to eliminate the impact force hitting on the endpoints of the WEC
structure. They are commonly applied at the two sides of the PTO system and function
like a spring to prevent the moving part from exceeding the stroke [29]. Additionally, the
dynamics of mooring lines and the supporting structures are assumed to be negligible to
the extreme loading identifications of the PTO system and the end-stop system.
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Figure 2. Block diagram of WEC operation processes.

2.2. Numerical Modeling of the WEC

To estimate the responses and loads of the WEC, a nonlinear time-domain model is
established based on the open-source software WEC-sim [30,31]. The equation of motion of
the WEC is formulated based on Cummins equation [32]:

(M + Mr(∞))z̈(t) = Fe(t) + Fpto(t) + Fhs(t) + Fes(t)

+
∫ t

0
Krad(t − τ)ż(t)dτ

(1)
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where M and Mr are the mass of the WEC and the added mass, respectively; z, ż and z̈
stand for the displacement, velocity and acceleration of the buoy; t indicates the time; Fe,
Fpto, Fhs and Fes are the excitation force, PTO reaction force, hydrostatic force and end-stop
force, respectively; the convolution term on the right-hand side of the equation represents
the radiation force; and Krad is the radiation impulse function. To reduce the computational
load, the convolution term is approximated by a state-space representation in the numerical
integration of WEC-Sim [30]. The hydrodynamic coefficients, including excitation force
coefficients, added mass and radiation impulse function, are derived based on the open-
source boundary element method solver Nemoh [33,34]. The deep water assumption is
applied when calculating the hydrodynamic coefficients of the WEC.

The hydrostatic force of WEC is calculated as

Fhs = −Khsz(t) (2)

where Khs stands for the hydrostatic coefficient.
The PTO system is assumed to be a passive damper, and the PTO force is expressed as

Fpto(t) = −Bpto ż(t) (3)

where Bpto is the PTO damping and it can be varied for different sea states.
The end-stop mechanism acts as a spring located at the two sides of the stroke of the

floater or the moving part of the PTO system, and the end-stop force is given as

Fes(z) =


−Kes(z + Zes), z ≤ −Zes

0, |z| < Zes

−Kes(z − Zes), z ≥ Zes

(4)

where Kes and Zes represent the end-stop spring stiffness and the stroke limit, where the
end-stop mechanism begins to take effect. In this study, Kes is set to be 200 kN/m and Zes is
set to be 1.25 m. It is acknowledged that the variation in these parameters would inevitably
affect the the load and response of the WEC. Nevertheless, the purpose of the current work
is to identify the influence of PTO parameters on the load estimations. Thus, it is fair to
maintain consistent end-stop parameters throughout the simulations.

For the sake of better simulation accuracy, the nonlinear Froude–Krylov force and
nonlinear restoring force are considered in the numerical model by a re-meshing routine
method. This is realized by an advanced feature, that is, the NonlinearHydro function,
embodied in WEC-Sim [31]. These two force components are re-calculated at each time step
based on the instantaneous wetted surface of the WEC and the instant wave elevation. In
addition, a quadratic term is included to represent the viscous drag effect on the dynamic
responses of the WEC, and the drag coefficient is set as 0.6, referring to the investigation
shown in [35]. Although nonlinear correction terms are incorporated into the numerical
model, it is important to acknowledge that the Cummins equation-based approach is inher-
ently based on the linear potential flow theory in which the flow is assumed to be inviscid,
irrotational and non-compressible. As a consequence, highly nonlinear phenomena, such
as vortex shedding and impact loading, cannot be captured by the model. To obtain a more
reliable examination of the extreme loads, a complementary analysis using CFD models
and experimental testing is required.
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2.3. PTO Parameter Settings in Surviving Conditions

Different strategies for setting PTO parameters are implemented in this work. As
demonstrated in [13,36], based on a linear representation of WECs, the optimal PTO
damping maximizing the power absorption can be derived as

Bpto,opt(ω) =
√

Brad(ω)2 + Xi(ω)2 (5)

where Bpto.opt(ω) is the optimal PTO damping at the specified wave frequency ω; Br and Xi

are the frequency-dependent coefficients, namely radiation damping and intrinsic reactance.
The radiation damping is numerically calculated by Nemoh, and the intrinsic reactance is
expressed as

Xi(ω) = ω[M + Mr(ω)]− Khs
ω

(6)

It is noted that the derived optimal PTO damping Bpto,opt is frequency-dependent, which
implies that the applicability of this method is originally limited to regular wave conditions.
To suit the irregular sea states, the energy period Te is used corresponding to the wave period
in regular waves. In addition, the derived optimal PTO damping normally applies to the
operational regions of WECs, in which nonlinear effects are negligible. However, in extreme
wave climates, ensuring that the WEC survives would become more relevant than maximizing
power production. In this sense, the PTO damping that is optimal for power production
is not necessarily optimal for the WEC’s survivability. Like all damping terms in dynamic
systems, the PTO damping provides resistance to the motion of the WEC. As a consequence,
the increased PTO damping tends to reduce the amplitude of WEC motion and velocity.
However, it inevitably results in higher force exerted on the PTO system since the PTO force
is proportional to the PTO damping value, as expressed in (3).

In extreme conditions, the high PTO force could challenge the PTO system, while the
large motion challenges the end-stop system. Then, it is seen that there exists a contradiction
regarding the determination of PTO parameters. To comprehend the effect of PTO damping
on the extreme loads of WECs, four other strategies for setting the PTO damping are
defined with reference to the PTO damping optimal for power production. Specifically,
they are 0.5Bpto,opt, 0.75Bpto,opt, 1.25Bpto,opt and 1.5Bpto,opt, respectively. It is noted that the
value of Bpto,opt depends on the peak period of the sea state, and it is updated for each
simulation case in this work.

2.4. Environmental Inputs

The wave resource information refers to the spectral data monitored by NDBC Buoy
46022, as further detailed in [3]. The extreme sea states are described based on the en-
vironmental contour line obtained by the principal component analysis (PCA) method
considering a 50 years’ return period. The data points of the occurrence of sea states and
the corresponding contour are given in Figure 3. The derivation of the extreme contour is
carried out by an open-source tool, i.e., WEC Design Response Toolbox (WDRT) [37].

The extreme design load conditions are searched by examining the PTO loads or
end-stop loads at the sea states along the contour line. To save computational time, six sea
states with equal increments of energy periods are picked as the representative points for
the examination, as marked in red in Figure 3. The significant wave heights and energy
periods of the selected representative sea states are depicted in Table 1.

This study focuses on a single sea site, aiming to investigate the effects of PTO setting
strategies on the loads imposed on the end-stop and PTO systems. However, it should be
noted that the extreme loading experienced by WECs is highly site-specific, as variations
in sea sites lead to differing environmental inputs. Additionally, water depth, which also
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varies across sea sites, can influence infrastructure design, such as the mooring system
or supporting platform [38–40]. These factors can also impact both system design and
loading conditions, and the consideration of those effects would add value to future studies.
Nonetheless, further discussion of these aspects lies beyond the scope of the present work.

Figure 3. Joint probability distribution of the buoy data, the derived environmental contour and
selected representative sea states.

Table 1. Parameters of the representative sea states based on the PCA contour.

Sea States Sig. Wave Height Hs (m) Energy Period Te (s)

Sea State 1 5.21 7.00
Sea State 2 7.66 9.88
Sea State 3 9.68 12.76
Sea State 4 10.94 15.64
Sea State 5 11.04 18.52
Sea State 6 9.23 21.40

2.5. Extreme Design Load Condition Identification

After the load and response results were calculated by the numerical model, the
short-term extreme statistical analysis was implemented to predict the extreme loads at
each sea state. A period of one hour was defined in each simulation case to generate the
short-term response. Then, the Weibull tail-fit method was adopted to fit the statistical
distribution of the short-term extreme loads. Given the derived Weibull distribution, the
short-term extreme quantities of interest were then identified as the loads at the percentile
of 95%. Despite the availability of other methods to estimate short-term extreme loads, the
Weibull tail-fit method was adopted since it suggests a good trade-off between efficiency
and prediction variance [41]. More details of the short-term extreme response analysis can
be found in [3].
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3. Results and Discussion
3.1. Model Verification

To verify the established numerical model in this work, the derived response amplitude
operator (RAO) is compared with the experimental data reported in reference [42], which
also studied a spherical buoy. Figure 4 presents a comparison between the results of the
current model and those of the reference. To obtain the values of RAO, the simulation is
run for various regular wave cases. To be consistent with the reference, the wave steepness
in the simulations is maintained to be 0.01. As different dimensions of the sphere are
considered, the wave period is normalized following Froude scaling [14,43], as shown in
the horizontal axis in Figure 4. A good agreement between the current model and the
reference data is observed in Figure 4, which suggests the correctness of the implementation
of the WEC-Sim model in this work.

Figure 4. RAO comparison between the established model and experimental data reported in [42].

3.2. The Influence of PTO Parameters on the Loads

To better illustrate the effect of the PTO damping on the PTO force and the end-
stop force, simulations are initially performed with the implementation of regular wave
conditions. As shown in Figure 5, the end-stop force starts to take effect once the WEC is
displaced over the predefined stroke limit. The addition of the end-stop force affects the
WEC’s velocity and further the PTO force. The PTO parameters imply no direct relationship
with the end-stop force. However, the setting of PTO parameters is associated with the
WEC’s motion amplitude, which acts as a trigger to the end-stop force. Figure 6 presents
the variation in the WEC’s motion amplitude to the PTO damping, in which the end-stop
mechanism is turned off to solely illustrate the effect of the PTO damping. It is noted
that the motion amplitude of the WEC noticeably declines with the increase in the PTO
damping. In principle, sufficiently large PTO damping could severely constrain the motion
of the WEC to make it unlikely for the end-stop limit to be reached. The standard deviations
of the PTO force and the end-stop force with different PTO parameters are presented in
Figure 7. It can be seen that the standard deviation of the PTO force is approximately
increased by three times when the PTO damping is changed from 0.25Bpto,opt to 2Bpto,opt.
Comparatively, with the same variation in the PTO damping, the standard deviation of the
end-stop force is reduced from around 170 kN to 40 kN.



J. Mar. Sci. Eng. 2025, 13, 994 9 of 16

105 110 115 120 125

Time (s)

-3

-2

-1

0

1

2

3

D
is

pl
ac

em
en

t (
m

)/
V

el
oc

ity
 (

m
/s

)

Displacement
VelocityStarting postion of end stop

(a)

105 110 115 120 125

Time (s)

-400

-200

0

200

400

F
or

ce
 (

kN
)

PTO force
End-stop force

(b)

Figure 5. Time-dependent responses and forces of the WEC under a regular wave condition by
considering the end-stop mechanism. The wave height and the wave period are 4 m and 8 s, and the
PTO damping is implemented as Bpto,opt. (a) Displacement and velocity; (b) PTO and end-stop forces.
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Figure 6. The variation in the WEC’s motion amplitude with the PTO damping. The end-stop
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damping. The wave height and the wave period are 4 m and 8 s.

3.3. Extreme Load Prediction

The 1-hour extreme loads of the PTO force and the end-stop force are calculated
for extreme sea states by implementing different PTO control strategies. The results are
depicted in Figures 8 and 9. The short-term extreme values of the PTO force and the
end-stop force are dependent on the setting strategies of the PTO parameters. In particular,
the increased PTO damping tends to raise the short-term extreme values of the PTO force
while it contributes to the reduction in those of the end-stop force. For instance, changing
the PTO damping from 0.25Bpto,opt to Bpto,opt at Sea State 3 results in an increase in the
short-term extreme value of the PTO force from 280 kN to 440 kN, corresponding to a
variation of 57%. However, further increasing the PTO damping from Bpto,opt to 2Bpto,opt

results in an insignificant difference to the short-term extreme value of the PTO force. This
is because the PTO damping is remarkably high. With very large PTO damping values,
the PTO force tends to approach the excitation force without a noticeable increase. In the
case of the end-stop force, increasing the PTO damping from 0.25Bpto,opt to 2Bpto,opt could
reduce the short-term extreme value by 63%, specifically from 540 kN to 200 kN. This is
because the increased PTO damping provides a stronger resistance to the motion of the
WEC, and the end-stop limit tends to be less frequently triggered. Furthermore, it should be
noted that the short-term extreme loads acting on the end-stop system also depend on the
spring stiffness setting and the allowable stroke length. The selection of these parameters is
closely tied to other design factors, including the material’s strength to withstand impact
and overall manufacturing costs [44,45].

Power absorption of the WEC is also calculated for the extreme sea states and varied
PTO control strategies, as given in Figure 10. It is visible that Bpto,opt corresponds to higher
average power than other PTO damping setting strategies at most considered sea states.
The figure indicates that the increased deviation of the PTO damping from Bpto,opt reduces
the power production of the WEC. For instance, 0.25Bpto,opt and 2Bpto,opt are obviously
associated with lower values of the absorbed power than those where a PTO damping
between 0.5Bpto,opt and 1.5Bpto,opt are applied. It can be observed that 0.5Bpto,opt and
Bpto,opt exhibit a similar power production once the number of sea states is larger than
3. This can be explained by the fact that the energy period of these sea states is very
large. For instance, the energy period of Sea State 4 is 15.64 s. Under such circumstances,
the oscillating frequency of the WEC system is low, and its dynamics tend to behave
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in a stiffness-dominated manner. In this sense, the variation, from Bpto,opt to 0.5Bpto,opt,
might be too limited to bring noticeable changes to the dynamic behavior of the WEC
system. However, it should be noted that the power absorption during extreme sea states
makes an insignificant contribution to the total energy production due to its negligible
probability of occurrence compared to operational sea states. However, the estimation of
power absorption under extreme conditions can be used to approximate the maximum
power of the electrical components, such as the inverter, which the PTO system is subjected
to. This could contribute to the design and sizing of relevant electrical components.

Figure 8. The short-term extreme values of the PTO force at different sea states, in which different
damping settings are implemented.

Figure 9. The short-term extreme values of the end-stop force at different sea states, in which different
damping settings are implemented.
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3.4. Extreme Design Condition Identification

Identifying the extreme design condition is an important procedure in the design load
analysis of WECs. The identified condition can facilitate the definition of more specific
environmental inputs for subsequent load examination by sophisticated measures, such
as CFD analysis or physical testing [46–48]. The identified extreme design conditions are
shown in Table 2. It can be seen from the table that the applied PTO parameters allow for a
clear distinction in the identification of the extreme conditions for both the PTO system
and the end-stop system. For instance, the PTO damping of 0.25Bpto,opt corresponds to
Sea State 5 as the extreme condition of the PTO system, while Bpto,opt is related to Sea
State 3. Therefore, it is of significance to take the PTO setting strategies into account when
determining the design load conditions of WECs. In addition, it is noteworthy that the
identified extreme design conditions of the PTO system are not aligned with those of the
end-stop system even under identical PTO parameters. Specifically, for the PTO damping of
Bpto,opt, the extreme conditions for the PTO system and the end-stop system are identified
as Sea State 3 and Sea State 6, respectively. In this sense, it should be realized that different
components of WECs could be associated with different extreme design conditions. The
extreme load condition identified by examining one specific component cannot be used
to represent the design load condition for the holistic WEC system. Thus, it suggests the
importance of covering a comprehensive range of critical components when identifying
extreme load conditions.

Table 2. The identified extreme design conditions versus PTO parameters.

PTO Parameter PTO Extreme Condition End-Stop Extreme
Condition

0.25Bpto,opt Sea State 5 Sea State 6
0.5Bpto,opt Sea State 4 Sea State 2

Bpto,opt Sea State 3 Sea State 6
1.5Bpto,opt Sea State 4 Sea State 5
2Bpto,opt Sea State 4 Sea State 5
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4. Conclusions
The influence of PTO parameter setting strategies in surviving conditions on the

extreme load identification of WECs is investigated in this work. The extreme loads on two
critical components, namely the PTO system and the end-stop system, are examined using
a nonlinear time-domain model in conjunction with the contour method. The conclusions
are presented below.

First, the PTO setting strategies significantly impact the extreme load exerted on both
the PTO system and the end-stop system. In this case, varying the PTO damping from
0.25Bpto,opt to 2Bpto,opt could result in an increase of 57% and a decrease of 63% regarding
the short-term extreme loads for the PTO system and the end-stop system, respectively.
This finding highlights the importance of considering the PTO setting strategy in extreme
load examinations.

Secondly, the identical PTO setting strategy affects the extreme loads on the PTO
system differently than on the end-stop system. Generally, increased PTO damping tends
to decrease the extreme loads on the end-stop system but increases the extreme loads on
the PTO system. Hence, the optimal PTO setting for reducing one type of load is not
necessarily optimal for another. Therefore, it is suggested to comprehensively incorporate
the interaction between PTO parameters and the related components’ loads in extreme
load estimations.

Thirdly, identifying the design condition depends on the PTO setting strategy. Chang-
ing the PTO damping can alter the conditions under which the largest short-term extreme
loads are predicted for both the PTO and end-stop systems. Additionally, the identified
extreme conditions for the PTO system do not coincide with those for the end-stop system.
This indicates the importance of extensively considering the loads on various components
when determining the extreme design conditions.

Author Contributions: Conceptualization, J.T., Y.Z. and G.L.; Methodology, J.T. and Y.Z.; Software,
J.T., Y.Z. and G.L.; Validation, J.T. and Y.Z.; Formal analysis, J.T.; Investigation, J.T., A.J. and G.L.;
Resources, J.T. and G.L.; Data curation, G.L.; Writing—original draft, J.T.; Writing—review & editing,
J.T., A.J. and G.L.; Visualization, J.T. and G.L.; Supervision, G.L.; Project administration, G.L.; Funding
acquisition, G.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by by the Dutch Research Council (Nederlandse Organisatie
voor Wetenschappelijk Onderzoek-NWO) (EP.1602.22.001) and the CETPartnership, the Clean Energy
Transition Partnership under the 2022 CETPartnership joint call for research proposals, co-funded by
the European Commission (GAN°101069750) Project No CETP-2022-00127.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

Nomenclature and Abbreviations

M Mass
Mr Added mass
z, ż and z̈ Displacement, velocity and acceleration
t Time
Fe Excitation force
Fpto PTO reaction force
Fhs Hydrostatic force
Fes End-stop force
Krad Radiation impulse function
Bpto PTO damping
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Kes End-stop spring stiffness
Zes Stroke limit
Bpto,opt Optimal PTO damping
Brad Radiation damping
Xi Intrinsic reactance
Khs Hydrostatic stiffness
ω Angular frequency
CFD Computational fluid dynamics
PCA Principal component analysis
PTO Power take-off
SPH Smoothed particle hydrodynamics
WEC Wave energy converter
WDRT WEC design response toolbox
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