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Extreme responses of a hinged raft type wave
energy convertor

Tom Tosdevin, Siya Jin, Andrea Caio, Dave Simmonds, Martyn Hann and Deborah Greaves

Abstract—Much attention has been paid in recent years
to the determination of design loads for moored floating
structures and the application of established methodologies
for fixed structures have been found to be ineffective.
This paper experimentally investigates extreme responses
of a lazy S moored 1:20 scale model of Mocean Energy’s
Blue Star wave energy convertor (WEC) along the 1 year
return contour. The device is a hinged raft type WEC and
the extreme responses studied include mooring loads and
snatch load events. Long irregular wave time series are
used in the estimation of extreme value distributions of the
mooring load for particular sea states. Conditional random
response wave and constrained new wave profiles are used
to study and support the predictions. Wave calibration and
the impact of wave breaking on the physical realisation
of response conditioned focus waves and extreme value
distribution (EVD) predictions are discussed.

Index Terms—WEC, Hinged Raft, Extreme Responses,
Reliability, Moorings.

I. INTRODUCTION

THE ability of floating offshore renewable energy
(ORE) devices, such as wave energy converters

(WECs) to survive extreme sea conditions has been
identified as an important area for design improve-
ments. The accurate prediction of the extreme loads
on a device is essential for reliability analysis and
reducing the levelised cost of energy (LCOE). This is an
area that has been studied extensively in ship design
and so methods developed in that field are potentially
very useful and have been applied in this work. In
the design process, loads with a specific probability
of occurrence which a device should be designed to
withstand need predicting, these are termed design
loads. They are often predicted using a contour method
where a design sea is identified and a particular per-
centile of the extreme value distribution (EVD) of the
response of interest read off. Predicting the EVD, the
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distribution of the single largest value in a 3hour
exposure time, of a response of a floating ORE device
is found to be more difficult than for fixed devices. The
EVD of the response in a specific sea state is sometimes
referred to as the short-term extreme response distribu-
tion (SERD). The EVD predictions are typically made
from long irregular wave time series and are likely to
require more data the more dynamic a case is.

Focus and constrained focus wave methods are ex-
amples of short design waves which have been applied
as a way of studying generic extreme responses e.g.
[1] or in the hope that they can be used to reduce the
amount of time required in the prediction of design
loads. They may be able to speed up the identification
of design loads if they can predict the EVD with a
shorter simulation time than that required using long
irregular waves with methods utilising large numbers
of constrained focus waves such as those developed
in [2], [3] or by studying the possibility of relating a
single run to a particular percentile response repre-
senting a design load e.g. [4]. The validity of response
conditioned focus wave methods is dependent on the
condition that the device responses are small pertur-
bations from those predicted by linear theory [5]. It
is recognised in ship design that it is not practical
to predict the EVD of a response using constrained
focus waves in physical tests because hundreds, if not
thousands, of runs would be required [6]. It is unlikely
then to be possible at all for the more dynamic ex-
amples of floating ORE, judging by the large variance
in responses produced by identical focus waves con-
strained into different irregular backgrounds reported
on in [1]. For these reasons no attempt is made in
this work to predict the design load or the EVD using
constrained focus wave methods as done in [2], [3].
However, constrained focus waves may still provide
useful data on how a device responds to extreme loads,
provide inputs to structural models and lend limited
support to the EVDs predicted from long irregular
wave time series. This paper explores the ability of
different constrained focus wave methods to produce
extreme responses at the high percentiles of the EVD
of the design sea state. For constrained focus waves to
be of practical use during physical scale model testing
they must be produced reasonably quickly and accu-
rately. The main aim of this paper is to investigate how
constrained focus waves may be used in physical scale
model testing to reproduce extreme loads predicted by
the EVDs. A discussion of the complicating effects of
snatch loading, wave calibration and wave breaking is
therefore undertaken in an attempt to provide useful
information to those considering the use of constrained
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Fig. 1. Subsurface view of model WEC and Lazy S mooring line -
experimental setup

Fig. 2. Sketch of the Lazy S mooring (not drawn to scale), distances
between masses and floats are constant and given from centre to
centre of each mass/float

focus waves in future.

II. DEVICE DESCRIPTION

A 1:20 scale model of Mocean Energy’s Blue Star
WEC was used to study extreme mooring loads. This
is a 2 body hinged raft type WEC which was moored
using a ‘Lazy S’ arrangement (Fig. 1) at a water depth
of 3m. The model did not contain any power take
off (PTO) in line with the envisaged survival strategy
that involves switching off the PTO (i.e. free hinge).
The Lazy S mooring consisted of 6 evenly spaced
1.6 × 10−5m3 floats and 5 evenly spaced 3.8g masses
with a line length between fairlead and tank bottom
of 4.5m. The line had a high axial stiffness and a
bending stiffness of 1.3×10−3N/m2. See Fig.2 for moor-
ing details. The device responses selected for study
were the mooring load and maximum relative pitch
angles (hogging and sagging). Only the mooring load
responses measured using a load cell at the fairlead po-
sition are presented in this paper with their magnitudes
obscured for commercial confidentiality. Further details
of a previous iteration of the device can be found in
[7].

III. CONTOUR METHOD

The contour method for predicting the design load
of a response involves searching the 1 in x year return
contour in Hs Tp space and identifying the sea state
for which the y percentile of the EVD gives the largest
response. This sea state is then defined as the design
sea state and the response at the y percentile the design
load. The percentile, y, would be taken as the median
(50th percentile) if the variation of the response were to
be neglected. However, as this variation is considered
important in offshore engineering a larger percentile
is selected. It is often estimated based on empirical
observations from the offshore engineering industry
according to the return period x [8]. The EVD is defined
here as the distribution of the 1 in 3 hour largest
values and is determined from a peak over threshold
(POT) method, where the peaks data is gathered using
long irregular wave time series. All irregular waves in
this study were generated using a JONSWAP spectrum
with gamma equal to one. The statistical uncertainty in
the EVD predictions reduce with the increased quantity
of peaks data collected; [9] recommends a minimum of
18 hours (full scale equivalent) but this amount of data
is rarely collected due to time constraints. The default
threshold used in this study is taken as the mean plus
1.4 times the standard deviation following [10]. This
contour process is recommended in various design
standards for use in physical model testing e.g. [11],
[12]. The contour method will be utilised in this work
as other more accurate long-term methods require too
much data to be collected to make them suitable for
use in physical modelling.

IV. CONSTRAINED FOCUS WAVES

Focus wave approaches seek to bypass the extensive
simulations required to study extremes when running
long irregular wave time series by only simulating the
single wave profile that leads to the extreme response.
The NewWave approach developed by Tromans et
al. [13] treats the generation of a sea state profile as
a Gaussian process and uses the spectral density to
generate the average profile of the extreme wave by
scaling the different frequency components according
to their energy contributions. The NewWave method
has been used extensively in the ORE WEC literature
and the governing equations described [14], [15], [16],
[17], and so they are not outlined here. More recently
response conditioned focus waves, such as the most
likely extreme response (MLER) method [18], have
been applied using CFD simulations [19], [20], [21],
[22]. The MLER wave is a response conditioned focus
wave which uses the magnitude and phase of the linear
RAO to estimate the average wave profile leading to
extremes for the response of interest. However, for
many types of floating ORE solitary focus waves are
found not to produce responses as large as those from
other methods [1], [20], [22]. This is largely due to his-
tory effects not being considered which are particularly
important for the mooring loads when there is a slow
surge drift. For this reason methods to constrain the
focus waves into random irregular wave backgrounds
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have been used in this study. Goteman et al. [23]
constrained NewWaves into regular wave backgrounds
and Hann et al. [1] constrained NewWaves into ran-
dom irregular backgrounds to study how the extreme
mooring loads of taught moored, bottom referenced
point absorber WECs are influenced by the background
waves. The natural progression would be to study
the effect of constraining response conditioned focus
waves into random irregular backgrounds which is the
focus of this work. The conditional random response
wave (CRRW) method developed in Dietz [3], the
result of which is a MLER profile constrained into a
short random irregular background, was applied in
this study.

The MLER and CRRW methods as set out in [3], [6]
are outlined below.

The surface elevation time series can be given as

ζ(t) =

N∑
n=1

aζ;n[Vn cos(−ωnt) +Wn sin(−ωnt)] (1)

Where N is the number of wave components, Vn and
Wn are independent standard normal random vari-
ables and aζ;n is the spectral amplitude. The method
follows a Slepian model process where the conditioned
values of Vn and Wn used to constrain the desired
response conditioned focus wave are Vn;c and Wn;c

Vn;c = Vn −
aM ;n

m2m0 −m2
1

(m2 − ωnm1)S1 cos(θM ;n)

−Mc(m2 − ωnm1) cos(θM ;n)

+ (ωnm0 −m1)S2 sin(θM ;n)

+ (ωnm1 −m2)S3 sin(θM ;n)

+ (ωnm0 −m1)S4 cos(θM ;n)

−McωM (ωnm0 −m1) cos(θM ;n)

(2)

Wn;c =Wn −
aM ;n

m2m0 −m2
1

[(m2 − ωnm1)S1 sin(θM ;n)

−Mc(m2 − ωnm1) sin(θM ;n)

− (ωnm0 −m1)S2 cos(θM ;n)

− (ωnm1 −m2)S3 cos(θM ;n)

+ (ωnm0 −m1)S4 sin(θM ;n)

−McωM (ωnm0 −m1) sin(θM ;n)]

(3)

S1 =

N∑
n=1

aM ;n[Vncos(θM ;n) +Wnsin(θM ;n)] (4)

S2 =

N∑
n=1

aM ;nωn[Vnsin(θM ;n)−Wncos(θM ;n)] (5)

S3 =

N∑
n=1

aM ;n[−Vnsin(θM ;n) +Wncos(θM ;n)] (6)

S4 =

N∑
n=1

aeM ;nωe;n[Vncos(θ
e
M ;n) +Wnsin(θ

e
M ;n)] (7)

Where aM ;n is the spectral amplitude of the response
spectrum, Mc is the target response amplitude and
ωM = m1

m0
. The conditioned values Vn;c and Wn;c are

then substituted in place of Vn and Wn in (1) to produce
the embedded wave time series. The solitary MLER
wave is obtained by defining Vn and Wn as Gaussian
random variables with zero mean and standard devi-
ation equal to aM ;n rather than one.

Typically a Rayleigh distribution is assumed for the
peaks and the focus wave amplitudes are scaled to the
most likely value of the EVD, this being the peak of
the distribution (the mode). For a Rayleigh distribution
this is roughly the 38th percentile [24] and is estimated
using

A =
√

2m0ln(n) (8)

Where n is the expected number of peaks in the 3
hour exposure time which is often assumed to be 1000.
To determine a more accurate amplitude to scale to, the
number of peaks and Rayleigh distribution are defined
below from the spectral moments;

An approximation of the expected number of peaks
for a non-narrow-banded spectrum, defined as ε < 0.9,
is

n =
1

4π

(
1 +
√
1− ε2√

1− ε2

)√
m2

m0
(9)

Where ε is the bandwidth parameter defined as

ε =

√
1−m2

2

m0m4
(10)

Where the spectral moments mk are

mk =

∫ k

0

ωkSr(ω)dω (11)

The EVDs of the wave and response amplitudes were
predicted assuming a Rayleigh distribution for the
peaks, the EVD is given by;

fX̃n(x) = n
( x
σ2
e−

x2

2σ2

)(
1− e−

x2

2σ2

)n−1

(12)

The CRRW and CNW profiles in this work were
scaled to the 99th percentile of the EVDs of the re-
sponse peaks and wave amplitude peaks, by substitut-
ing in the sea spectrum S(ω) in place of the response
spectrum for the CNWs in (11), respectively. For off-
shore engineering, in the absence of a response model,
the design load is commonly taken above the 70th
percentile [25]. However, to produce responses at these
high percentiles the wave and response amplitudes are
here scaled to the 99th percentile for several reasons;
- History effects are important but unaccounted for and
by using a higher percentile the profiles are more likely
to produce responses at the higher percentiles.
- The distributions of the extreme wave and response
amplitudes are based on linear theory and so likely to
be under predictions due to neglecting the nonlinear
evolution of waves. The Rayleigh distribution is found
to under predict extremes from field measurements
[26].
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Fig. 3. EMEC full scale site data, numbered sea states correspond
to those in table 1

- There are discrepancies between the target and phys-
ically realised wave amplitudes (experimental error)
and so a range of values around the target will be
generated in practice.

V. TEST SITE AND WAVE CLIMATE

The environmental characterisation was performed
on the EMEC site off Scotland using 30 years of
hindcast data. The estimation of the environmental
contour is based on the Inverse First Order Method
(IFORM), together with a Weibull distribution for Hs
and conditional log-normal distribution for Tp|Hs [27].
The significant steepness is defined as Sp = 2πHs

gT 2
p

and
the limiting steepness taken as Sp ≤ 1

15 [11], [28].
The limiting steepness defines the curve in Fig.3 to
the left of which wave breaking renders the sea states
unphysical. The closer a sea state is to this limit the
more difficult it is to physically reproduce the target
surface elevations of the constrained focus wave runs
due to an increased frequency of wave breaking as the
target focus waves may be unphysical. The increased
steepness also leads to greater deviations from linear
wave theory. 8 sea states along the contour were stud-
ied.

VI. WAVE CALIBRATION

It is important to assess the accuracy of the physical
realisation of the constrained focus waves and apply
some form of calibration. There does not seem to be
much on calibrating exact surface elevation time series
in the ORE literature as it is more often capturing
the statistics of the sea spectrum during long irregular
waves which is of interest. Where it has been tried a
frequency domain correction is usually applied using a
phase amplitude iteration scheme such as in [29]. This
is potentially very time consuming if a large number of
iterations is required. Preliminary tests suggested that a
single phase correction resulted in a large improvement
in the accuracy of the generated solitary focus wave
profile. The solitary NW and MLER profiles were
therefore calibrated in this way by taking a fast Fourier
transform (FFT) of the target and measured surface
elevations and adding the phase difference to the input
signal.

Two types of calibration were compared for CRRWs
scaled to the 80th percentile response of the Rayleigh
EVD in SS4 (Hs = 0.318m, Tp = 2.2s). The first method
tried, termed the individual calibration, was based on
a section of the surface elevation defined as the time
step of the focus wave, 52s, plus/minus 4s. This small
portion of the time series was selected for calibration
as it contains the embedded focus wave, the rest of the
time series is random and so it’s accurate reproduction
is less important. An FFT was then performed on this
section of the measured wave and compared to the FFT
of the corresponding section of the target wave. The
phase difference was then added to the input signal
and the wave rerun; this process needed repeating
for every individual CRRW and so increases the lab
time required relative to no calibration by a factor of
more than 2. The second method applied the phase
correction from the solitary MLER to the CRRW runs
and so did not increase the lab time needed, this is
termed the solitary focus wave calibration.

An important source of error affecting the device
response is the error between the target and physi-
cally generated wave surface elevation. Not only is
accuracy important but so too is the amount of time
required for the calibration. There does not appear to
be a standard way of assessing the accuracy of the
generated wave profiles. In this study it is the accuracy
of the focus wave constrained at 52 seconds which is
of most importance as the background is random. To
assess the improvement in the accuracy due to the
calibration method the surface elevation is analysed
from 52-Tt to 52s where Tt is the time step of the
trough preceding the focus time (52s). The mean square
error (MSE) of the uncalibrated and calibrated waves
are then calculated and the profiles shifted in time by
up to 1.5s so that the values are minimised. This time
shift was appropriate as the exact time that the focus
wave occurs was not important within a few seconds.
The Brier skill score [30] is then calculated to determine
whether the calibration has produced an improvement
on the uncalibrated wave. A positive value means the
calibration was a better fit to the target with a value
of 1 being an exact fit. A negative value means the
uncalibrated wave was a better fit.

BSS = 1− MSE(Y,X)

MSE(B,X)
(13)

Here the baseline prediction is taken as the uncal-
ibrated surface elevation so MSE(Y,X) is the mean
square error of the calibration to the target and
MSE(B,X) the mean square error of the uncalibrated
wave relative to the target.

VII. RESULTS AND DISCUSSION

A. Searching the contour

The full scale equivalent of a minimum of 3 hours
of irregular waves were run for sea states 2-7 shown
in table 1. SS5 was identified as the one most likely to
be the design state for the mooring load and 18 hours
of data (full scale equivalent) collected in line with [9].
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TABLE I
SURGE OFFSET BY SEA STATE AT MODEL SCALE

Sea state Hs Tp Mean surge position

1 0.072m 1s 1.15m
2 0.178m 1.4s 1.49m
3 0.254m 1.8s 1.41m
4 0.318m 2.2s 1.34m
5 0.369m 2.6s 1.32m
6 0.398m 2.9s 0.89m
7 0.413m 3.2s 0.65m
8 0.132m 1.2s 1.38m

Fig. 4. EVD force at fairlead. The full scale equivalent of 18 hours
of irregular wave data was used in the estimation of the EVD of SS4
and SS5, 3 hours for SS2, SS3, SS6 and SS7 and 1 hour for SS1 and
SS8.

Fig.4 gives the EVD predictions using all the irregular
wave data. Fig.4 can be understood in the context of
Table 1, SS5 produces the largest responses due to the
combination of large surge drift position and Hs. The
average surge position significantly reduces for SS6
and SS7. The EVD predictions for SS3-5 were larger
due to the presence of snatch loads which occurred
when the mooring line became taught, leading to much
higher loads.

B. Impact of preceding wave

By identifying a wave profile resulting in a snatch
load event and varying the amount of preceding wave
time series generated the importance of the history
effects and the surge drift position in particular can be
demonstrated, see Fig. 5. As the amount of preceding
wave generated is increased so too does the surge
drift position, there is not a significant increase after
around 35 seconds in the example shown. Here the
surge position is given according to the position of the
hinge connecting the rafts. To allow for the surge drift
to establish all the focus waves were constrained at
52s and each run lasted 57s. The drift has a significant
effect on the mooring loads and is a second order effect,
it illustrates why solitary focus waves do not produce
extremes, why any estimate of an EVD based on the
linear RAOs will be inaccurate and why the same focus

Fig. 5. Effect of varying the length of the irregular wave background
on the mooring load, the amount of preceding wave in seconds is
given by the legend. The first 7 seconds of each run consists of
paddle inactivity and ramp time. The surface elevation is given from
a wave gauge located at 1.47m from the zero surge position. The
surge position given is that at the hinge.

Fig. 6. Solitary MLER wave calibration SS5, scaled to the 99th per-
centile of the linear response EVD. The calibration method applied
was for the solitary focus wave outlined at the beginning of section
VI.

wave embedded in different backgrounds will produce
a wide range of mooring loads making it impractical
to predict design loads using constrained focus waves
for dynamic floating ORE.

C. Wave calibration

Fig. 6 shows that to produce accurately the profiles
with large amplitudes it is necessary to perform some
form of calibration. In the cases considered here the
extreme response occurs at 45 seconds so it is the
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Fig. 7. Brier skill score calibration comparison, 80th percentile CRRW
profiles for SS4.

accurate reproduction of the profile up to 45s which
is of primary concern.

It can be seen in Fig.7 that the calibration produced
an improvement (A BSS above 0) in 8/10 cases for the
individual calibration runs and 9/10 for the solitary
focus wave calibration runs. The instances where the
calibration was not an improvement were due to wave
breaking. There was no significant difference in the
improvement using the individual compared to the
solitary focus wave calibration but there was a sub-
stantial difference in the time requirement. Therefore
the solitary focus wave calibration method was used
for the constrained focus wave profiles.

D. Constrained focus waves
20 CRRW (black line Fig.8a) were first run for SS5

but it was apparent that the profile did not match the
average profile (red line Fig.8a and 8b) which led to the
extreme mooring loads from the long irregular wave
time series as can be seen in Fig.8a. The 18 hours of
irregular waves were split into six 3 hour runs and
the empirical profile was calculated from the average
of the profiles which resulted in the largest mooring
load from each of the six runs. 30 CNWs (black line
Fig.8b) were then run as they were found to more
closely resemble the empirical average profile Fig.8b,
a phase shifted CNW which was a better fit was also
tried but is not shown here as the loads generated
were not significantly different to those of the CNW.
The mooring loads generated by the CRRW, CNW and
empirical runs are compared to the EVD predicted
from the long irregular waves in Fig.9. It can be seen
that the CNWs produced a small number of extremes
at the higher end of the EVD. The effects of wave
amplitude on the mooring load generated are demon-
strated in Fig.10, the range of CNW amplitudes about
the 99th percentile target of 0.443m can also be seen.
There is no shared target surface elevation amplitude
for the CRRWs to compare with as the response peak
occurs after the surface elevation peak. The CRRWs
failed to produce extremes as large as the CNWs due
to the abrupt change in system behaviour brought on

Fig. 8. (a) 20 CRRW profiles with black giving the average and red
the average for the 6 empirical extremes from the 18hrs of irregular
waves. (b) 30 CNW profiles with black giving the average and red
the average for the 6 empirical extremes from the 18hrs of irregular
waves.

Fig. 9. CRRW, CNW, EVD comparison. CNW responses are given
by red dashed vertical lines, CRRWs black and the 6 empirical 1 in
3hr extremes from the long irregular waves are green. The EVD CDF
for threshold 1 is given in blue, threshold 2 is given by the solid red
curve. Threshold 2 uses a larger threshold. Force magnitudes have
been obscured by removing the x axis values.

by the snatch loads. The CRRWs are based on linear
RAOs and so because the system behaviour departs
from those RAOs, the CRRWs no longer produce the
extremes. This result serves as a reminder that response
conditioned methods are only as valid as the linear
RAOs they are calculated from.

The constrained new waves produced some higher
percentile responses on the predicted EVD. However,
considering the wave amplitudes were scaled to the
99th percentile of the predicted extreme wave ampli-
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Fig. 10. Largest mooring load vs largest wave amplitude for the 20
CRRWs and 30 CNWs occurring approximately at the selected time
step of the extreme (52s) and the empirical profiles producing the
largest responses for SS5.

tude distribution, few higher percentile values were
observed. This is likely due to the difficulty in pro-
ducing snatch loads as they are dependent on chaotic
history effects, but also because the snatch loading
complicates the prediction of the EVD as they likely
change the shape of the distribution above a threshold.
The EVD prediction for the sea state containing snatch
loads therefore would be improved by determining
the threshold to fit the distribution by the definition
of the snatch loads, as is done in [31]. Defining the
snatch load cases however is not straightforward. A
classification using the separation distance of the fair-
lead and anchor positions was attempted but it was
found that this distance being at a maximum was no
guarantee of a large mooring load. The definition of the
threshold then becomes somewhat arbitrary. Threshold
1 in Fig.9 is based on the mean and standard deviation,
the same as that used to compare the sea states in Fig.4.
Threshold 2 is taken at a larger mooring load chosen
to define the snatch loads as a high value which occurs
when the separation distance of anchor and fairlead is
at a maximum. Threshold 1 corresponds to the 96.7th
percentile of the data and so the EVD is calculated from
271 peaks, threshold 2 to the 98.6th percentile using 106
peaks. Threshold 2 therefore uses much less data in
the prediction of the EVD. The problem of threshold
selection is present even in the absence of a change
in system behaviour and it would seem prudent to
impose a mooring design criteria that precludes the
possibility of snatch loading to the greatest extent pos-
sible as they result in significantly increased mooring
loads. For these reasons the accuracy of the EVD is not
considered further here. To remove the complicating
effects of snatch loading a less extreme sea state with
the same Tp as SS5 but a much smaller Hs is studied
for comparison.

E. Smaller sea state

The full scale equivalent of 12 hours of irregular
waves and 30 CNW and 30 CRRW profiles were run

Fig. 11. CRRW CNW EVD comparison. CRRWs are black, CNWs
red and the 4 empirical 1 in 3hr extremes from the long irregular
waves are green. The EVD CDF is calculated based on the full scale
equivalent of 12 hours of irregular waves. The x axis is obscured.

Fig. 12. Largest mooring load vs largest wave amplitude for the 30
CRRWs and 30 CNWs occurring approximately at the selected time
step of the extreme (52s) and the empirical profiles producing the
largest responses for SS9.

for a smaller sea state with Tp = 2.6s,Hs = 0.1252m
which will be referred to as SS9. The EVD was cal-
culated based on the POT method using the thresh-
old calculated from the mean and standard deviation.
Fig.11 and Fig.12 demonstrate that the 30 CRRWs
produced mooring loads larger than the 30 CNWs
and at the upper percentiles of the EVD. The target
CNW amplitude was 0.151m. It can be seen from Fig.12
that even in the absence of snatch loads CNWs with
virtually identical amplitudes produce a wide range of
mooring loads due to the importance of history effects.

F. Wave breaking
It is worth mentioning that wave breaking in sea

states close to the steepness limit result in significant
problems for physical testing. The proximity of SS1,
SS8 and SS2 in particular, to the steepness limit made
it impossible to produce accurately any surface ele-
vation profiles for constrained focus waves in these
sea states. The profile of the wave producing the
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extreme response cannot scale up indefinitely due to
the occurrence of ever more wave breaking as the
amplitude is increased. The impact of wave breaking
on the prediction of the EVD is uncertain; there is
currently no upper limit and how to impose one is an
open question. Being able to accurately determine the
point at which a wave becomes unphysical would be
useful in attempting to solve these issues.

VIII. CONCLUSIONS AND FUTURE WORK

The CRRW profiles successfully produced extremes
at the higher end of the EVD in sea states where
snatch loading did not occur. However, the extreme
responses in sea states in which snatch loading did
occur were more successfully produced by CNWs. This
result serves as a reminder that response conditioned
methods are only appropriate when the behaviour of
the system is unchanging over the range of possible
wave sequences for the sea state. It is a likely constraint
on mooring design to minimise the risk of snatch
loading and so it is perhaps not worth spending too
much time on this problem. On the other hand, other
events which may cause abrupt changes in device
behaviour exist, snap loads of tension leg or catenary
moored platforms or the end stops of a PTO being
reached for example, which may make this kind of
event worthy of future study. Snatch loads have also
been found to produce extreme mooring loads for other
existing WEC devices and mooring arrangements [32].

This paper demonstrates how constrained focus
waves can be used during physical testing to produce
useful data on the extreme responses of ORE devices
around the design load. It also shows how they can
be used to lend support to EVD predictions in the
limited sense that if the constrained focus waves do
not produce responses at the higher percentiles of
the EVD then it is likely that either the prediction
of the EVD or the prediction of the average wave
profile leading to the extremes is incorrect. It is, to the
best of the authors’ knowledge, the first example of
using constrained response conditioned focus waves
in an ORE context. It is worth reiterating that the
EVD has a large associated uncertainty as does the
chosen percentile representing the design load and the
short wave profiles are not used in the EVD or design
load predictions. Therefore spending large amounts
of precious lab time on calibration to improve the
physical reproduction of the constrained focus waves
would seem unwise, particularly as the variation in
the response appears to have more to do with chaotic
history effects than with the errors in the physical
realisation of the target embedded wave profiles. This
is demonstrated most clearly by the range in responses
produced by similar amplitude CNWs in Fig.10 and
Fig.12. 20-30 profiles can be run in an hour using
the phase correction calculated from the solitary focus
wave calibration. Care should be taken when using
response conditioned methods as changes in system
behaviour, or wave breaking resulting in the target
profiles being unphysical, may render them invalid.
The effects of wave breaking on the prediction of the

EVDs and physical realisation of constrained focus
waves is an important area for future work.
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