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A B S T R A C T

Predicting the response of point absorber wave energy converters (WECs) in extreme sea states is crucial for
assessing their survivability. However, data are scarce and hydrodynamic understanding is limited. In order
to simulate extreme wave conditions, laboratory-scale focused waves based on NewWave theory have been
utilized. To investigate the interactions between focused waves and a point absorber WEC, a wave basin
experiment has been conducted. Various parameters, including focusing amplitude and peak frequency have
been examined across three different damping conditions. The motion response of the point absorber WEC and
the corresponding mooring force have been measured over time. The experimental findings reveal that both
the focused wave parameters and the damping values have a significant influence on the motion response
and mooring force. It is shown that an increase in the focusing amplitude leads to a more intense motion
response, while the mooring force is relatively insensitive to the focused amplitude/peak frequency when the
end-stop spring is not compressed. The force in the connection line is maximized when the upper end-stop
spring is compressed. As the peak frequency increases, the heave and surge responses decrease, whereas the
maximum mooring force increases with peak frequency for a locked power take-off (PTO) system. Finally,
the results indicate that optimizing the design of the power take-off system, including selecting appropriate
damping values and stroke lengths for the translator, can significantly reduce the mooring load for extreme
wave conditions.
1. Introduction

Climate change and escalating energy demand worldwide have
highlighted the urgent need for clean, sustainable, and renewable
energy, which has become a paramount focus of global development.
Despite the considerable attention that wind and solar energy have gar-
nered for their efficient utilization of natural resources, there has been
a recent surge in the exploration of wave and tidal energy conversion
technologies. Wave energy represents an abundant and eco-friendly
resource that offers multiple benefits, including predictable and consis-
tent topology and high energy density (Zhang et al., 2021), rendering
it an appealing option for coastal countries (Lehmann et al., 2017; Jin
and Greaves, 2021).

To this end, numerous wave energy converter (WEC) designs have
been proposed, mainly including oscillating water columns (Falcão and
Henriques, 2016; Ning et al., 2019; Zheng et al., 2019; Zhu et al., 2023),
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oscillating wave surge converters (Brito et al., 2020b,a), overtopping
devices (Margheritini et al., 2009; Contestabile et al., 2020), and point
absorbers (Al Shami et al., 2018; Guo et al., 2022; Li and Liu, 2022;
Soleimani et al., 2023). Among these, point absorbers are considered
one of the most straightforward WECs, with a characteristic length
typically smaller than the wavelength at the peak wave frequency (Bu-
dal and Falnes, 1975; Faizal et al., 2014). Its small dimensions allow
the device to be wave-direction independent and capable of absorbing
power from all the wave directions, which can be highly varied during
the life of the device. Additionally, many point absorber technologies
have the advantage of easy fabrication and installation (Drew et al.,
2009; Cretel et al., 2011).

The point absorbers utilized in wave energy conversion systems
must be designed to withstand the largest waves encountered dur-
ing storms of magnitude equal to that of their intended operating
vailable online 18 September 2023
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Fig. 1. The sketch of the wave tank experiment (a) and physical study carried out at the University of Plymouth (b).
conditions (Hann et al., 2015). Exploring the behaviour of point ab-
sorbers under extreme sea states is essential for gaining insight into
their performance in challenging environments, thereby aiding in the
development of more robust and reliable systems. Adverse weather
conditions, such as those induced by storms or hurricanes, may expose
the point absorbers to substantial mechanical and hydrodynamic loads
that may affect their structural integrity and functional efficacy. How-
ever, due to the inherent uncertainties associated with predicting the
magnitude and characteristics of these loads, conservative assumptions
are often made in the design process (Giannini et al., 2022; Garcia-
Teruel and Forehand, 2022). The design standards need to be tailored
for the wave energy sector since there are large uncertainties related to
the prediction of wave loads on WECs. The devices are small and often
with dynamical behaviour, designed to be in resonance with the waves,
therefore, the established knowledge from the traditional offshore in-
dustry cannot be readily translated to WEC design (Katsidoniotaki et al.,
2021). The extreme wave impact on WECs, survivability, and failure
risk mitigation are issues that need to be addressed. Experimental and
numerical methods are both used to simulate a device’s response to
extreme waves (Hann et al., 2015). Although numerical simulations
have advanced significantly, accurately capturing non-linear effects
without over- or underestimating them remains a daunting task. Ex-
perimental wave tank tests can be valuable tools for gaining a deeper
understanding of the impact of the wave on non-linear phenomena and
for validating numerical simulations.

Design procedures for the operational envelope must be comple-
mented by a level of design that accounts for extreme wave spectral
parameters and survivability boundaries in experiments (Clauss, 2010).
Extreme waves are sporadic events within a random sea state, making
their prediction and reproduction difficult. However, a ‘‘design-wave’’
can be constructed to examine the maximum surface elevations and
loads due to extreme events in a reproducible, deterministic way (Rans-
ley et al., 2017). In offshore engineering, the NewWave design-wave
is the standard for modelling extreme wave interactions with offshore
structures (Lindgren, 1970; Tromans et al., 1991; Jonathan and Taylor,
1997; Taylor and Williams, 2004). NewWave theory is often used to
generate an extreme wave time series, which models the statistically
most probable surface elevation shape associated with the occurrence
of an extreme wave crest (Cassidy et al., 2001; Hann et al., 2018).
Compared to relying on randomly occurring extreme events in an
irregular time series of the sea state, NewWave theory generates an
extreme event within a relatively short time series. This feature allows
all important wave-structure interactions to occur before significant
influence from wave reflections from basin walls occur and makes
NewWave focused wave groups ideal to be considered in the wave tank
experiments for validating computationally expensive CFD models.

NewWave theory has been widely adopted to investigate extreme
wave interactions in various applications. In offshore environments,
fixed cylinders have been the subject of experimental and numerical
assessments to evaluate the impact of extreme waves using NewWave
2

theory (Walker and Taylor, 2005; Bai and Taylor, 2007; Zang et al.,
2010; Bihs et al., 2017; Chen et al., 2022b). NewWave theory has
been applied to investigate the impact of extreme waves in the coastal
environment (Borthwick et al., 2006; Whittaker et al., 2017; Judge
et al., 2019). Additionally, NewWave theory is also used to detect the
ultimate response of floating structures, including structural motion
response and mooring load, both in numerical (Westphalen et al., 2012;
Zhao et al., 2014; Chen et al., 2022a, 2023) and experimental (Göteman
et al., 2015; Ransley et al., 2020) work. Moreover, the NewWave
theory has been applied to study point absorber WECs. Rafiee and
Fiévez (2015) modelled a point absorber under moderate and extreme
conditions. The OpenFOAM simulation of focused waves resulted in an
underestimation of extreme values. Ransley et al. (2017) verified the
accuracy of the numerical model to predict the survivability of the point
absorber WECs by simulating the interaction between the focusing
wave and the buoy. Hann et al. (2018) measured a moored floating
body’s interaction with extreme waves, indicating a negligible effect
on peak mooring loads but significant differences in motion. Katsido-
niotaki et al. (2021) evaluated the survivability of a point-absorbing
WEC in the North Sea using OpenFOAM simulations, showing high
loads induced by steep and high waves with significant nonlinear
phenomena. Shahroozi et al. (2022) found that irregular waves, rather
than focused waves, are the most conservative choice in assessing the
extreme waves as they show the highest peak force. These studies and
other (Jin et al., 2018; Brown et al., 2020) found that in addition to
considering the most extreme wave likely to occur, it is also impor-
tant to take into account the motion response of the structure when
encountering the wave.

This paper investigates the dynamics of a point-absorbing WEC in
focused wave groups. Inspired by Shahroozi et al. (2022), a similar
buoy and power take-off (PTO) system have been used in this work.
The aim of this research is to investigate the effects of focused waves on
point absorbers, and evaluate the influence of different PTO damping
on the motion response and mooring force. In order to achieve this goal,
the geometric parameters of the device were held constant, and the
study focused on measuring the dynamic responses of the system under
various wave conditions. Section 2 describes the experimental setup.
Results and discussions are described in Section 3. Finally, conclusions
are drawn in Section 4.

2. Methodology and experimental setup

In this section, the wave tank experiment conducted in the Ocean
and Coastal Engineering Laboratory of Plymouth University is de-
scribed. The experimental setup is depicted in Fig. 1. Focused wave
theory is introduced in Section 2.1. The point absorber WEC is de-
scribed in Section 2.2. The measuring equipment and its settings are
described in Section 2.3.
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Fig. 2. Sketch of the buoy (in millimetre) (Ransley et al., 2020).
Fig. 3. The sketch of the PTO system at the initial position (a) and the translator
moves while the end-stop spring compresses (b).

2.1. NewWave focused wave group

A focused wave group is composed of multiple regular waves, each
with a specific frequency and amplitude, whose phases are adjusted
such that their crests coincide at a predetermined position and time.
We utilized a focused wave group based on the NewWave concept (Tro-
mans et al., 1991), which is compact and generates only two or three
waves resulting in wave crest when the input is derived from a Pierson–
Moskowitz (PM) spectrum. The choice of the spectrum is essential, as
the amplitude spectrum of the compact wave group must correspond
to the energy spectrum of the presumed random sea, from which the
extreme wave packet is obtained (Hunt-Raby et al., 2011).

The NewWave focused wave group, based on a probabilistic analysis
of the shape of a maximum in a linear, Gaussian process, describes the
most probable shape of a large wave in a given sea state. Lindgren
(1970) showed that the shape of a large event (wave) comprises both
deterministic and random components, with the deterministic compo-
nent dominating for events that are relatively large to the underlying
process (sea state). The theory is applied by decomposing a finite
number of first-order wave components from a sea spectrum using the
fast Fourier transform (FFT) method by considering a design focal time
and focal distance (Westphalen et al., 2009). The focused wave theory
formula is as follows:

𝜂(𝑥, 𝑡) =
𝑁
∑

𝑎 cos(𝑘 (𝑥 − 𝑥 ) − (𝑡 − 𝑡 ) + 𝜀 ). (1)
3

𝑛 𝑛 𝑓 𝑓 𝑛
where 𝑎𝑛 is the wave amplitude, 𝑘𝑛 is the component wave number
obtained using the linear dispersion relation and 𝜀𝑛 is the initial compo-
nent phase. The design focal distance 𝑥𝑓 is the desired distance from the
wavemaker paddles, and the design focal time 𝑡𝑓 is the time required
for the wave to travel this distance. For crest-focused waves 𝜀𝑛 = 0,
with the origins of both the distance and time scales being fixed at
the focused wave event. The wave component amplitudes necessary to
generate NewWave, a particular form of focused wave group, are given
by Hunt-Raby et al. (2011)

𝑎𝑛 =
𝐴𝑁𝑆𝑛(𝜔)𝛿𝜔𝑛

𝑚0
=

𝐴𝑁𝑆𝑛(𝜔)𝛿𝜔𝑛
∑

𝑛 𝑆𝑛(𝜔)𝛿𝜔𝑛
, (2)

where 𝑆𝑛(𝜔) is the discretized energy spectrum, 𝛿𝜔𝑛 the frequency
increment and 𝐴𝑁 = [2𝑚0 ln(𝑁)]1∕2 in which 𝑚0 is the zeroth moment
of the energy spectrum. Further, 𝑁 denotes the use of NewWave
as a model for the largest in 𝑁 waves drawn from the assumed
underlying random sea state, assuming Rayleigh statistics for wave
height. Moreover, 𝑁 = 1000 is considered in this work. The Pierson–
Moskowitz (PM) spectrum was used to produce the focused waves in
this work, which exhibits a less prominent peak than the JONSWAP
spectrum (Ning and Ding, 2022). The theoretical wave representation
is equated to physical wave generation in a wave tank by taking
the position of the wavemaker paddle x as zero. Furthermore, the
focused wave technique was implemented by modifying Eq. (1) to
create a time history of paddle stroke displacements. Throughout this
study, 24 individually controlled hinged flap absorbing paddles were
used to generate focused waves in the COAST laboratory Ocean Basin,
University of Plymouth.

2.2. Point absorber wave energy converter

The point absorber WEC comprises two parts, the floating body
(buoy) and the PTO system. The two bodies are connected via a rope.
The floating body moves with the waves and moves the PTO translator
by the connected rope.

A 1:20 scaled, hemispherical-bottomed, cylindrical buoy with a stiff
Dyneema connection line has been used. The scale was determined by
comparing the buoy size with Shahroozi et al. (2022)’s experiment.
The buoy is was designed and used for numerical modelling and
experimental studies as reported by Hann et al. (2015, 2018), Ransley
et al. (2020) and Ransley et al. (2021). The buoy is 0.5 m in diameter
with a 0.25 m tall cylindrical section above its hemispherical bottom
(Fig. 2). It has ballast weight secured within the hemispherical part.
This buoy is manufactured from 2 mm thick mild steel. Therefore, a
ballast weight is placed inside the hemisphere to change the weight
distribution to ensure that the form of the buoy is always hemispherical
downwards (in general). At the same time, ballast weight is considered
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Fig. 4. Wave tank dimensions (in metres) and wave gauges positions, where the buoy is situated in the location of wave gauge 4.
Fig. 5. Evaluation of focused wave breaking index.

Table 1
Experimental cases.

Case 𝐴𝑓 (m) 𝑓𝑝 (Hz) 𝐾𝑝𝐴𝑓 𝑋𝑓 (m)

FW1 0.08 0.40 0.0686 14.8
FW2 0.10 0.40 0.0857 14.8
FW3 0.12 0.40 0.1029 14.8
FW4 0.15 0.40 0.1286 14.8
FW5 0.12 0.50 0.1406 14.8
FW6 0.12 0.45 0.1215 14.8
FW7 0.12 0.35 0.0883 14.8
FW8 0.25 0.40 0.2143 14.8
FW9 0.32 0.40 0.2743 14.8
FW10 0.40 0.40 0.3429 14.8

to satisfy scale effects. The total mass is 43.2 kg centred 0.191 m
above the bottom mooring point. The moment of inertia of the buoy
is (𝐼𝑥𝑥 × 𝐼𝑦𝑦 × 𝐼𝑧𝑧) = (1.62 × 1.62 × 1.143) kg m2. Restrained only
by a single-point mooring, which attaches at the bottom of the buoy
where the symmetry axis intersects the surface of the hemisphere, the
structure in this case is able to move in all six degrees of freedom. The
connection line between the buoy and the PTO not only transmits the
tension caused by the movement of the buoy but also has a mooring
effect on the buoy.

A linear friction-damping PTO is designed and used, see Fig. 1. This
PTO consists of a rod connected to two linear guides for providing
a smooth and robust movement with minimal vibration, two spring-
Nylon modules for applying a constant sliding friction damping force,
and an end-stop spring. A pretension spring with a coefficient of 6.48
N/mm is used. The pressure applied to the nylon modules is changed
by the length of the pretension spring. This results in a change in
the friction of the bearing, which in turn affects the damping of the
PTO system. In total, three PTO damping configurations are tested that
are 𝑑0, 𝑑1, and 𝑑∞ for which the first two correspond to the sliding
friction damping force of 0 N and 27 N, and the third one represents
the infinite damping coefficient where the PTO is locked. For damping
4

configurations 0 (𝑑0), the spring-Nylon module is free to move. Thus,
the friction applied to the bearing is zero. A rod and attached weights
equivalent to the mass of the PTO are considered at this moment. Note
that the damping configurations discussed throughout the paper refer
to the PTO damping cases. The PTO mass, which includes the translator
mass and all the attached equipment is 6.0 kg.

In this setup, the translator motion is constrained only by an upper
end-stop, as shown in Fig. 3. The purpose of the end-stop spring in
the full-scale system is to prevent the moving parts of the generator
from hitting the hull (Katsidoniotaki et al., 2021; Shahroozi et al.,
2022). The end-stop spring with a coefficient of 13.73 N/mm is used
whose uncompressed and compressed lengths are 50.8 mm and 21 mm,
respectively. The stroke length of 330 mm is considered. The translator
can move up to 165 mm before fully compressing the upper end-stop
spring. Moreover, there is no lower end-stop in the system.

2.3. Measurement

To measure the position of the translator and the buoy, a Qualisys
system equipped with four cameras and a sampling rate of 128 Hz is
used to track the buoy and the weight at the end of the PTO system.
The force data is collected by two load cells, one connected between the
line and the PTO translator and the other at the connection between
the mooring and buoy. The measurement systems, including load
cells, Qualisys system, and wave gauges, are calibrated. In this paper,
we present results for the load cell connected to the PTO translator.
The surface elevation is measured using four wave gauges placed at
different distances from the buoy: one in front of it, one at the back,
and two in close proximity to it. The buoy is positioned in the middle
of the tank, 14.8 m away from the wavemaker. Fig. 4 illustrates the
wave gauge arrangement during wave calibration in an empty wave
tank before the buoy is positioned at the location of WG4.

2.4. Case conditions

All the focused wave parameters used in the experiment are listed
in Table 1. The wave direction is along the 𝑥-axis (Only the heave,
surge, and pitch responses are taken into account, owing to the wave’s
propagation along the 𝑥 direction). In the experiments, the depth of
the water is 1.1 m. The wave amplitude 𝐴𝑓 at the focused point was
varied from 0.08 m to 0.4 m. As wave conditions change, broken
focused waves may occur. Identifying whether the waves in a particular
sea state break may be pursued using breaking criteria. Goda (2010)
presented a formula for the breaking index for a range of mild and a
zero beach slope, using the following equation:
𝐻𝑚𝑎𝑥
ℎ

= 𝐵
ℎ∕𝜆0

(

1 − 𝑒𝑥𝑝
[

−1.5𝜋 ℎ
𝜆0

]

(1 + 11𝑠4∕3)
)

, (3)

where 𝐻𝑚𝑎𝑥 is breaking wave height, ℎ is the water depth, and 𝑠 is
the beach slope. For this experiment, it is a zero slope condition. 𝐵 is
the proportionality coefficient of the breaking index, which for focused
waves is between 0.12 and 0.18. 𝜆0 is the deep water wavelength of
small amplitude waves that is computed based on: 𝜆 = (𝑔∕2𝜋)𝑇 2.
0 𝑝
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Fig. 6. Time history of the surge (a), heave (b) and pitch (c) responses and mooring forces of the point absorber WEC resulting for case FW10 with the damping values 𝑑0. (𝐵𝑥,
𝐵𝑧, 𝜃𝑝 and 𝐹𝑚 denote the surge, heave, pitch motion and mooring forces relative to the initial values.).
Fig. 7. Comparisons of experimental and analytical surface elevation time-histories for cases FW3 (a), FW8 (b), FW9 (c), and FW10 (d).
Lastly, 𝑇𝑝 denotes wave period calculated by the peak frequency.
During the wave tank experiment campaign, the wave breaking was
mostly observed for FW8, FW9, and FW10 are located on the breaking
range as Fig. 5.

In addition, the effect of peak frequency was investigated; the
four peak frequencies 0.35 Hz, 0.40 Hz, 0.45 Hz, and 0.50 Hz were
considered. Although the focusing amplitude is the same, different peak
frequencies lead to different steepness (𝐾𝑝𝐴𝑓 , where 𝐾𝑝 denotes the
wavenumber associated with the peak frequency.). The focus time is
fixed at 45 s for all cases.

3. Results and discussions

3.1. Repeatability

In this work, each case was tested twice. Fig. 6 shows the motion
responses of the buoy and the mooring loads for the FW10 case. From
5

40 s to 50 s, the surge motions, heave motions, pitch motions and
mooring forces of the two experiments are in agreement, except for
some minor differences. Therefore, the quality of the experimental data
is considered acceptable.

3.2. Wave elevations

In theory, if the focused amplitude is small, the wave nonlinearity
is small (Ning et al., 2009). The physically generated wave time series
should be identical to the linear theoretical results. To assess the
accuracy of an incident wave, Fig. 7(a) compares the time history
surface elevation at the focus point of linear and experimental results
for case FW3. As expected, the agreement of the two results is good
since the incident waves in the experiment are recalibrated. As the
focusing amplitude increases, the nonlinearity of the wave increases.
In this way, the breaking focused wave occurs for cases FW8, FW9,
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Fig. 8. Comparisons of experimental and analytical spectral density of free surface elevation at the focused position for cases FW3 (a), FW8 (b), FW9 (c), and FW10 (d).
Fig. 9. Time history of the surge (a), heave (b) and pitch (c) response of the point absorber WEC resulting from focused wave groups with different focused amplitude. (𝐵𝑥, 𝐵𝑧,
and 𝜃𝑝 denote the surge, heave and pitch motion relative to the initial position.).
and FW10, which are in the breaking range in Fig. 5. As a result, the
evolution of the free surface at the focused position deviates from the
theoretical solution for FW8, FW9, and FW10 in Fig. 7(b), (c), and
(d). The difference observed at the trough between the analytical and
experimental data can be attributed to several factors. These include
the steepness of the waves, and the influence of the intermediate water
depth, h, that is taken into consideration here. Intermediate waves,
where 1∕20 < ℎ∕𝐿𝑝 < 1∕2 (with 𝐿𝑝 being the wavelength based on
the peak period), are affected by the presence of the wave tank bed,
causing the wave celerity to depend on both the water depth and
wavelength (Chakrabarti, 1987).

Further features of the non-linearity of the wave groups are now
discussed. Fig. 8 depicts the comparisons of experimental and analytical
spectral density 𝑆𝑑 of free surface at the focus points, respectively,
which are obtained by using FFT of the time-histories of wave ele-
vations in Fig. 7. The close agreement between the experimental and
6

analytical elevations shown as time histories in Fig. 7(a) carries over
into the spectral plots. For the cases FW8 (b), FW9 (c), and FW10
(d), as the wave groups are breaking, the energy near peak frequency
is much smaller than the analytical value, and the peak frequency is
smaller than the analytical value. In addition, the experimental results
show that the spectra density is larger than the theoretical value for
frequencies less than 0.2 Hz.

3.3. Effect of focused amplitude

In this section, we consider the WEC response in the focused waves.
Seven focused wave amplitudes are considered, which are 0.08 m,
0.10 m, 0.12 m, 0.15 m, 0.25 m, 0.32 m, and 0.40 m. These focused
waves with various amplitudes correspond to case FW1, FW2, FW3,
FW4, FW8, FW9, and FW10, respectively (see Table 1).
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Fig. 10. Maximum surge (a), heave (b), pitch (c), and mooring force (d) response of the point absorber WEC with various damping values vs the focused amplitudes of focused
wave groups. 𝐵𝑚𝑎𝑥

𝑥 , 𝐵𝑚𝑎𝑥
𝑧 , and 𝜃𝑚𝑎𝑥𝑝 denote the maximum surge, heave and pitch motion relative to the initial position.
Fig. 11. Time history of the mooring force for different case FW1, FW2, FW3, and FW4 with various damping values 𝑑0 (a), 𝑑1 (b), and 𝑑∞ (c).
To evaluate the effect of the focused wave amplitude on the buoy
motion responses, Fig. 9 dshows the heave, surge, and pitch responses
of the point-absorbing WEC with the damping values 𝑑∞. With an in-
crease in wave height, the heave, surge, and pitch responses all exhibit
heightened magnitudes at the peak. The maximal heave is experienced
during the focusing time of the focused wave (around 45 s), whereas
the peak values of surge and pitch occur slightly later (around 46 s).
The heave rapidly reverts to its initial value post occurrence after 48 s.

To quantitatively compare the influence of the focused amplitude
on the motion responses and the mooring load of the buoy, the peak
of the motion response and the peak of mooring load are considered.
Fig. 10 shows the maximum buoy motion response and mooring forces
for various focusing amplitudes and damping cases, at a constant peak
frequency 0.4 Hz. The maximum motion and mooring force represent
the peak values in its time history. The maximum values of heave,
surge, and pitch responses under differing damping values increase
with an increase in the peak value. Under various focused amplitudes,
the motion response at the infinite damping case 𝑑 is smaller than
7

∞

for the other two damping cases. As the PTO damping is designed to
dampen the motion, this is an expected result. The heave response is
equal for damping case 𝑑0 and damping case 𝑑1, which shows that
the chosen damping value 𝑑1 is not sufficiently large to dampen the
motion in these large wave conditions. When the focused amplitude
is 0.08 m (case FW1), surge and pitch responses are similar. When
the damping is 𝑑1, the motion response is the largest, especially the
surge and pitch response. It is interesting to see that, while the infinite
damping (𝑑∞) prevents a large motion response of the buoy, it also
causes a much larger mooring force as compared to the other two
damping cases. The high relative velocity between the buoy and water
causes the connection line to tighten when the system is restrained
in the locked PTO case. This contributes to the large mooring force,
refer to Shahroozi et al. (2022). When damping is 𝑑∞, the maximum
mooring force increases with increasing focusing amplitude. The same
reason explains why the mooring force at infinite damping increases
with the focusing wave amplitude. A more surprising result is that the
wave amplitude has very little effect on the maximum mooring force
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Fig. 12. The mooring force, vertical displacement of the PTO translator, and the end-
stop spring starting force position for case FW10 for damping case of 𝑑0. (𝑃𝑧 is vertical
displacement.).

for the zero and finite damping values. The lowest mooring force is
obtained at zero damping, although the difference between that and
the finite damping case is small.

To analyse the mooring force results in more detail, we study the
time–history of the mooring force under various damping values and
wave amplitudes, shown in Fig. 11. For the zero and finite damping
cases, the change in the wave amplitude exerts little influence on the
mooring force, which was also known from Fig. 10(d). From Fig. 11 it
is clear why - the mooring force in these cases is dominated by the
weight of the translator, when the buoy is pulling the translator in
the upwards motion. For the infinite damping, on the other hand, the
PTO is locked, and the mooring force displays non-linear oscillations
of large amplitude, increasing with the wave amplitude. In particular,
this occurs when the focusing amplitude is larger than 0.10 m (FW2).

When the focused amplitude continues to increase, the mooring
force will also be large where this influence can be seen for 𝑑0 damping
case. Fig. 12 shows the time history of the mooring force, as well as the
PTO translator displacement. It can be found that sudden increases in
mooring forces occur around 42.5 s, 44.5 s, 45.3 s, 47 s, and 48 s. At the
corresponding time (corresponding to the sudden increasing mooring
forces), the end-stop spring begins to compress. The uncompressed and
compressed lengths of the end-stop spring are 50.8 mm and 21 mm, and
the end-strop spring starting force position is 135.2 mm. Thus, in the
case of large focusing amplitudes, the end-stop spring will reach the top
position, causing the connection rope to tighten and experience large
mooring forces.

Based on the aforementioned experimental outcomes, a fixed PTO
(with infinite damping) is unsuitable for mitigating harsh sea condi-
tions, at least if the key component to be protected from extreme loads
is the mooring line. Göteman et al. (2015) found that an increased PTO
damping will result in reduced peak loads in the mooring line, which
might seem contradictory to the results established here. However,
in Shahroozi et al. (2022), both increasing damping values as well as
infinite damping were compared, and it was seen that the mooring force
reduces with increased damping up to a certain value, but increases
again at infinite damping. Our results thereby complement and confirm
these earlier established results. Although a fixed PTO can yield a
smaller motion response, it may lead to a larger mooring loads than
the other damping values. The range of motion of the translator can
be set according to sea conditions to avoid large and high frequency
changes in mooring force by tightening the mooring rope.
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3.4. Effect of peak frequency

For laboratory reproductions of extreme sea states, 50/100-year
extreme waves are usually considered. Based on the extreme spectrum,
the focused wave technique is used to reproduce the extreme wave
under the given sea state. Therefore, the wave spectrum affects the
incident focused wave. In this section, four different wave peak fre-
quencies (𝑓𝑝) of the incident wave spectrum are considered, which are
0.35 Hz, 0.40 Hz, 0.45 Hz, and 0.50 Hz. These focused waves with
various peak frequencies correspond to the cases FW7, FW6, FW3, and
FW5, respectively.

Fig. 13 presents the time history of the mooring loads measured
for different damping values and peak frequencies, at the constant
focusing wave amplitude 0.12 m. For 𝑑0 and 𝑑1, the mooring force
at the focus time does not change much with the peak frequency.
When the focused wave amplitude is 0.12 m, the end-stop spring is
uncompressed. Therefore, the mooring forces are mainly affected by
the weight of the PTO for 𝑑0 and 𝑑1. Changing the peak frequency
has little effect on mooring forces. The peak value of mooring forces
at focusing time increases with the increase of peak frequency for the
fixed PTO system (𝑑∞). This trend matches that observed by Hann et al.
(2015, 2018). In Fig. 14(d), the maximum mooring forces are shown.
The maximum mooring forces under 𝑑∞ are much greater than that
under 𝑑0 and 𝑑1. While the maximum mooring forces for damping cases
of 𝑑0 and 𝑑1 are less affected by peak frequency.

Fig. 15 shows the spectral density 𝑆𝐷 of the mooring force for the
different peak frequencies and damping values. The spectral density
of damping value 𝑑∞ is much larger than that of damping value 𝑑0
and 𝑑1. This indicates that the mooring force of damping value 𝑑∞ is
the largest, which is consistent with the results in Fig. 13. The peak
spectral density for the fixed PTO system (𝑑∞) is more affected (larger
increases) by the peak frequency than that of 𝑑0 and 𝑑1. There is also
an energy distribution when the frequency is larger than 2.0 Hz. The
above analysis shows that when the end-stop spring is not compressed
(when the stroke of the translator is long enough), the mooring is little
affected by the peak frequency for 𝑑0 and 𝑑1.

To evaluate the influence of the peak frequency on the motion
response of the buoy, the time series of the motion responses are
compared. Fig. 16 presents the time history of the surge. For 𝑑0, 𝑑1
and 𝑑∞, the peak frequency 𝑓𝑝 of the incident wave spectrum shows a
similar effect on the surge movement. This result can also be observed
from the maximum surge motion in Fig. 14(a). With the decrease of
the 𝑓𝑝, the surge responses become lower for all damping conditions.
Fig. 17 presents the time history of the heave motion. The maximum
heave response with infinite damping (𝑑∞) occurs with a negative value
(i.e., less than the initial position), which is completely opposite to
finite damping and zero damping. The peak frequency has the similar
impact on heave response at infinite damping. This can also be reflected
in the biggest heave response in Fig. 14(b). It is found that the heave
responses become lower for all damping conditions with the decrease of
the 𝑓𝑝. Fig. 18 presents the time history of the pitch motions. For 𝑑0 and
𝑑1, the peak frequency 𝑓𝑝 shows a similar effect on the pitch movement.
Whereas the peak frequency has complex effects on the pitch motion
for the infinite damping condition (𝑑∞). Nevertheless, the tendency
for the maximum pitch response to increase with the increasing peak
frequency holds for all damping conditions. Under different damping
conditions, the maximum motion response has the same variation trend
with the peak frequency. However, the motion response is minimal for
infinite damping.

4. Conclusions

The present study reports the findings of wave tank experiments on
a 1:20 scaled model of a point absorber wave energy converter (WEC)
with a linear power take-off (PTO) system featuring sliding friction-



Ocean Engineering 287 (2023) 115815G. Zhu et al.
Fig. 13. Time history of the mooring force for different case FW5, FW6, FW3, and FW7 with various damping values 𝑑0 (a), 𝑑1 (b), and 𝑑∞ (c).
Fig. 14. Maximum heave (a), surge (b), pitch (c) and mooring force (d)response of the point absorber WEC resulting from focused wave groups of increasing steepness with
different damping conditions.
damping force, coupled with a cylindrical buoy with an ellipsoidal
bottom. The experiments are conducted under twelve different focusing
wave states, to examine the response of the WEC and its mooring forces
to various focusing amplitudes and peak frequencies. Three different
damping forces are considered, namely zero damping (𝑑 ), a finite
9

0

damping of 27 N (𝑑1), and an infinite damping (𝑑∞), resulting in a
locked PTO. Finally, the following conclusions can be drawn:

– As the focused wave amplitude increases, the nonlinearity of the
wave also increases. The experimental spectral density of the free
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Fig. 15. The spectral density 𝑆𝐷 of the mooring force for different case FW3, FW5, FW6, and FW7 with different focused wave steepness for various damping values 𝑑0 (a), 𝑑1
(b), and 𝑑∞ (c).
Fig. 16. Time history of the surge motion for different case FW5, FW6, FW3, and FW7 with various damping values 𝑑0 (a), 𝑑1 (b), and 𝑑∞ (c).
surface elevation deviates from the theoretical value for breaking
wave cases, with reduction energy near the peak frequency. We
demonstrate that non-linear patterns in waves are induced not
only by steepness but also by intermediate water depth which
results in shallower troughs as shown in Fig. 7.

– As the amplitude of the focused wave amplitude increases while
keeping its peak frequency constant, the heave, surge, and pitch
responses of the WEC exhibit higher magnitudes. The maximum
values of these responses under different damping values increase
with an increases in the focused amplitude.

– At a constant wave amplitude, the heave and surge responses
reduce with increasing wave peak frequency, while the pitch
response increases. The maximum motion response increase with
an increase in the peak frequency in the range of wave conditions
studied in this work.
10
– The peak mooring force under 𝑑∞ is significantly greater than
under 𝑑0 and 𝑑1, although the motion response under 𝑑∞ is mini-
mal. When the PTO is locked (with infinite damping), the mooring
force increases with an increase in the wave amplitude and peak
frequency. While peak frequency has little effect on mooring force
for the damping values 𝑑0 and 𝑑1 (the PTO translator is not hitting
the upper end-stop spring). Large peak loads in the mooring line
also occur when the PTO translator hits the upper end-stop spring
(for any damping value).

The findings of the wave tank experiments, as presented in this
paper, suggest that an infinite damping, corresponding to a locked
PTO, is not suitable for mitigating severe sea-state conditions, as it
results in larger mooring forces for all cases. For unlocked PTO, sea
state has little effect on mooring forces when the end-stop spring is
not compressed. However, in the case of zero damping configuration,
an extensive load on the structure can lead to an extensive end-stop
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Fig. 17. Time history of the heave motion for different case FW5, FW6, FW3, and FW7 with various damping values 𝑑0 (a), 𝑑1 (b), and 𝑑∞ (c).
Fig. 18. Time history of the pitch motion for different case FW5, FW6, FW3, and FW7 with various damping values 𝑑0 (a), 𝑑1 (b), and 𝑑∞ (c).
spring compression while this can be avoided by slightly increasing
the PTO damping. Thus, the range of motion of the PTO translator for
zero damping condition can be adjusted according to sea conditions to
avoid large mooring forces caused by the taut mooring rope. It should
be noted that the experimental model used in this study is limited to
the laboratory scale. Lower end-stop systems and adjustable damping
11
cases are not considered in this work. Therefore, these results should
only be used as a reference for the initial design phase.

The findings of this experiment can be extended to other point-
absorber wave energy converters that share similar system features and
characteristics. The experiment utilized a constant PTO damping, and
so with the implementation of a survivability control, the mooring line
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may experience reduced force. Additionally, it is worth noting that
there is no lower end-stop spring in this setup, and when analysing
the overtopping phenomenon, the impact of this constraint should be
considered, making it a point of interest for future studies. Many point-
absorption WEC installations utilize a stroked PTO system (i.e., the
presence of an end-stop system), including: Hydraulic PTO systems and
Direct-drive PTO systems (Guo et al., 2022). Generally, there is a finite
stroke length for movement of the float-driven PTO system.
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