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Abstract

The power performances of a point absorber wave energy converter (WEC) operating in a nonlinear multi-
directional random sea are rigorously investigated. The absorbed power of the WEC Power-Take-Off system has
been predicted by incorporating a second order random wave model into a nonlinear dynamic filter. This is a new
approach, and, as the second order random wave model can be utilized to accurately simulate the nonlinear
waves in an irregular sea, avoids the inaccuracies resulting from using a first order linear wave model in the
simulation process. The predicted results have been systematically analyzed and compared, and the advantages

of using this new approach have been convincingly substantiated.
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1 Introduction

Ocean wave energy refers to the harnessing of the herculean
power of ocean waves. Ocean waves hold a gargantuan amount
of untapped energy, some of which we can use to power at least a
portion of the world’s everyday electricity. The ocean wave en-
ergy has the advantages of being highly predictable, renewable
and eco-friendly. An engineering device utilized for exploiting
the ocean wave power is called a wave energy converter (WEC).
In order to successfully design a wave energy converter, accur-
ately simulating the random ocean waves in the WEC dynamic
analysis process is of uttermost importance. However, until
present, the majority of the people in the worldwide wave energy
research community have applied simple linear irregular waves
in their WEC dynamic simulation processes (Manuel et al., 2018;
Sirnivas et al., 2016; Tom et al., 2016, 2018, 2019). The linear ir-
regular wave model has the disadvantages that it can only gener-
ate unrealistic waves with horizontal symmetries, i.e., the gener-
ated waves have statistically symmetric wave crests and troughs.
This linear wave model is only suitable for approximately simu-
lating random waves from a very mild sea state in a very deep sea.
However, real world ocean waves will become statistically asym-
metric (i.e., having sharper and higher crests but smoother and
shallower troughs) in a harsh deep sea or at a shallow water
coastal site.

Fernandes and Fonseca (2013) has pointed out that most of
the proposed WECs will be installed and operated in shallow wa-
ter coastal sites where the water depths are less than 90 m. Be-
cause the ocean waves in these shallow water sites will become
statistically asymmetric, the linearly simulated statistically sym-
metric waves obviously should not be used as the inputs in the
analysis and design of most of the proposed WECs.

In order to generate shallow water random waves with statist-
ical asymmetries, Lindgren (2015) and Wang (2019) applied
quasi-linear wave models for simulating the movements of indi-
vidual water particles. However, the random wave simulations
presented in Lindgren (2015) and Wang (2019) assumed that
wave energy is traveling in only one direction (considered the
same direction as the wind). That is to say, Lindgren (2015) and
Wang (2019) had respectively performed their stochastic wave
simulations based on a uni-directional wave spectrum. Similarly,
when Wang (2018a, b) and Wang and Wang (2018) used nonlin-
ear wave models for studying the power performances of wave
energy converters, they also applied uni-directional wave spec-
tra during their stochastic simulation of asymmetric waves.

In the real world, however, wind-generated ocean wave en-
ergy does not necessarily propagate in the same direction as the
wind; instead, the ocean wave energy usually spreads over vari-
ous directions. Therefore, for an accurate description of random
seas, it is necessary to clarify the spreading status of energy. The
wave spectrum representing energy in a specified direction is
called the directional spectrum, denoted by S (@, #). Obviously,
the energy of a sea state characterized by the wave spectrum
S (w, 8) continuously varies as the wave frequency @ and direc-
tion & changes. However, to the best of this author’s knowledge,
in the current literature, there exists no research work that has
performed nonlinear wave simulations based on a multi-direc-
tional spectrum during the power performance analysis of wave
energy converters.

Motivated by the aforementioned facts, in this paper the
power performances of a WEC operating in a nonlinear random
sea characterized by a multi-directional spectrum S (@, #) will be
rigorously investigated. The absorbed power of the WEC Power-
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Take-Off system will be predicted by incorporating a second or-
der random wave model into a nonlinear dynamic filter. This will
be a new approach, and, as the second order random wave mod-
el can be utilized to accurately simulate the nonlinear waves in
an irregular multi-directional sea, avoids the inaccuracies result-
ing from using a first order linear wave model in the simulation
process. The predicted results in this paper will be systematically
analyzed and compared, and the advantages of using this new
approach will finally be substantiated.

The reminder of this paper will be organized as follows: In
Section 2 the theories behind the second order random wave
simulation based on a multi-directional spectrum will be elucid-
ated, and the measured wave elevation data from a multi-direc-
tional coastal sea will be utilized to validate the accuracies of the
second order nonlinear random wave simulation method. In Sec-
tion 3 the theoretical background of the nonlinear dynamic filter
of a wave energy converter will be provided. In Section 4 the cal-
culation results of some specific calculation examples will be
presented and discussed, with concluding remarks finally sum-
marized in Section 5.

2 The theories and validation of a second order random wave
simulation method

2.1 The theories of the second order random wave simulation
method

The fluid region is described by using the 3D Cartesian co-
ordinates (x, y, z), with x the longitudinal coordinate, y the trans-
verse coordinate, and z the vertical coordinate (positive
upwards). Time is denoted by t. The location of the free surface is
atz=1(x, y, t) at a specific time of .

For real fluid flows in the sea surface, it is reasonable to neg-
lect the effects of viscosity. Meanwhile, sea water has a low com-
pressibility, and therefore normally sea water flows are incom-
pressible. Considering the aforementioned facts, it is reasonably
accurate to assume that the fluids on the sea surface are ideal
(i.e., incompressible and inviscid). Furthermore, rotation of a flu-
id particle can be caused only by a torque applied by shear forces
on the sides of the particle. Since shear forces are absent in an
ideal fluid, the flow of ideal fluids is essentially irrotational. Then,
the velocity potential @ (x, ¥, z, ) exists. If the water depth d at the
sea bottom is constant, then for constant water depth d, the velo-
city potential & (x,y, z, t) and the free surface elevation #(x, y, t)
can be determined by solving the following boundary value prob-
lem:

V2P =0, 1
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In this study the following expansion is utilized to solve the
system (1)-(4):
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where ¢ is a small parameter which is typically proportional to
the wave steepness. For an irregular sea state characterized by a
specific wave spectrum S,; () in which @ denotes the angular
frequency, it can be shown that a first order linear solution of the
system (1)-(4) can be expressed as follows:

hik,(z+d) 0 ;
o (1 f) = Re igen 0057 i(nt—knx+en) 6
(x, Z o cosh k,d N ' ©
N
(1) =Re )y cpelnt—hrcten), 0
n=1

where N is usually chosen to be a sufficiently large positive in-
teger, i stands for the imaginary unit, ¢, denotes the sinusoidal
wave component amplitude, ¢, is the phase angle uniformly dis-
tributed in the interval [0, 21|, @, denotes the radian frequency
(w, =2nn/T, Tis the time interval) and k, denotes the wave
number. ®, and k, are related through the following linear dis-
persion relation:

,? = gk, tanh(k,d), ®)

where d and g are respectively the water depth and the gravita-
tional acceleration.

Equation (7) describes an ideal linear irregular sea model and
this model has been derived under the assumption that the wave
heights are small compared to the wave length. Then, the surface
elevation resulting from irregular ocean waves can be approxim-
ated as a superposition of multiple harmonic waves with differ-
ent amplitudes and phases. Furthermore, in this ideal linear ir-
regular sea model the random phase angles, ¢, are assumed to be
uniformly distributed between 0 and 2n. However, for modelling
shallow water nonlinear waves, the above linear irregular sea
model should be corrected by including second order terms as
follows:
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The terms P(w,, ), 'mn and Gmn in Eqs (9) and (10) are
called quadratic transfer functions, and there expressions are giv-
en as follows:
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where the Kroenecker delta (0_p »=1, if n+m = 0, 0 otherwise) is
introduced to avoid a singular P(®,, ®). The wave surface elev-
ations for the second order nonlinear waves can finally be ob-
tained by combining Eq. (7) and Eq. (10) as follows:

N
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The proposed second order random wave simulation meth-
od starts with taking a multi-directional spectrum S (w, §) and in-
tegrating the energy over all directions to give the total energy at
each frequency. The obtained equivalent frequency spectrum
S (w) is then utilized to generate a nonlinear wave elevation time
series by applying Eqs (8) and (14) at a specific site of the sea. Fi-
nally it should be pointed out that the coefficients ¢, (or ¢x) in
Eq. (14) are determined by using a given spectrum S (®) as fol-
lows:

¢ = V28 (w) Ao, (15)
where Aw = w¢/N, and @c is the upper cut off frequency beyond
which the wave spectrum S (@) may be assumed to be 0 for either
mathematical or physical reasons.

As we know, a wave spectrum is actually obtained from the
observed time series of water elevation. The transformation from
water elevation to wave spectrum is based on the assumption
that irregular waves can be treated as a combination of linear
waves with different amplitudes, different frequencies and differ-
ent phases. It would be better to give an explanation for how to
reasonably consider the nonlinearity of waves in the inverse
transformation (i.e., the transformation from the wave spectrum
to the nonlinear water elevation). In the following, we will raise a
specific calculation example of this inverse transformation.

This study shows as an example to use Eq. (7) to simulate the
linear Gaussian wave time histories of a sea state with a JON-
SWAP spectrum with a significant wave height Hs= 6 m, a spec-
tral peak period T,=8 s, a peakedness factor 7=1 and correspond-
ing to a water depth of 10 m.

Figure 1 shows our simulation of the linear part wave eleva-
tion time series n(l)(x, t) which contains 150 wave elevation
points (with an equal time distant of 0.1 s between two success-
ive points). A wave elevation point has two coordinates (the first
coordinate is time, and the second coordinate is the value of the
wave elevation above the mean water level). The computation is
based on Eq. (7) and the aforementioned JONSWAP spectrum.

Figure 2 shows our simulation of the second order correction
part wave elevation time series 7 (x, £) which contains 150 wave
elevation points (with an equal time distant of 0.1 s between two
successive points). The computation is based on Eq. (10) and the
aforementioned JONSWAP spectrum. This is precisely an ex-
ample for how to reasonably consider the nonlinear correction
part of waves in the inverse transformation (i.e., the transforma-
tion from the wave spectrum to the nonlinear correction part wa-
ter elevation).

In Fig. 3 the blue curve shows our simulation of the entire
n(x, t) (the linear part 7V (x, t) plus the second order correction
part 77(2> (x,t)) wave elevation time series which contains 150
wave elevation points (with an equal time distant of 0.1 s between
two successive points). The computation is based on Eq. (14) and
the aforementioned JONSWAP spectrum. In Fig. 3, the red curve
shows our simulation of the linear part wave elevation time series
,7(1) (x, t) which contains 150 wave elevation points based on the
aforementioned JONSWAP spectrum. In Fig. 3, the green curve
shows our simulation of the second order correction part wave
elevation time series r](2> (x, t) which contains 150 wave elevation

Elevation from mean water line/m

Time/s

Fig. 1. The simulation of the linear part () (x, £) which contains
150 wave elevation points.
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Fig. 2. The simulation of the second order correction part
7#® (x, t) which contains 150 wave elevation points.
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Fig. 3. The simulations of the blue curve entire nonlinear waves
n(x, t), the red curve linear waves () (x, t) and the green curve
second order correction waves ) (x, t), respectively, of 150
points of wave elevation time series.

points based on the aforementioned JONSWAP spectrum. We
can see that the wave crests of the entire nonlinear waves 7(x, t)
have become steeper and higher. This is a precise example for
how to reasonably consider the nonlinearity of the entire waves
in the inverse transformation (i.e., the transformation from the
wave spectrum to the entire nonlinear waves).

2.2 The validation of the proposed second order random wave
simulation method
In this sub-section, the accuracy of the proposed second or-
der random wave simulation method will be validated by a calcu-

S(w, 0)/(m?-s-rad?)
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lation example. Specifically, the proposed second order random
wave simulation method will be applied for calculating the wave
crest amplitude exceedance probabilities of a sea state with a
multi-directional wave spectrum based on the measured surface
elevation data at the coast of Yura. The measured surface eleva-
tion data at the coast of Yura were obtained at a location 3 km off
Yura fishing harbor facing the Sea of Japan. The observations
were carried out during the period from 11:10 am to 2:08 pm on
November 24, 1987 by the Ship Research Institute, Ministry of
Transport of Japan. Temporal sea surface elevations were meas-
ured with ultrasonic-type wave gages installed at three points in
42 m water depth. The sampling time interval during the meas-
urement was 1 s. Based on these measured Yura coast surface el-
evation data, a multi-directional wave spectrum was estimated
by using the Maximum Likelihood Method and is shown in Fig. 4.
Fig. 5 shows a part of the measured wave elevation time series by
the mid-point wave gage at this site.

In the field of ocean engineering, based on a specific wave
spectrum, an empirical (or theoretical) model or numerical sim-
ulation methods can be used to calculate the exceedance prob-
abilities of the wave crest amplitudes (which is directly related to
the occurrence probability of the extreme waves). In the follow-
ing, taking the multi-directional wave spectrum in Fig. 4 as a cal-
culation example, this study will test the proposed second order
random wave simulation method to calculate the exceedance
probabilities of the wave crest amplitudes, and compare its ac-
curacy with those of a theoretical model or a linear simulation
method.

Figure 6 shows the calculated wave crest amplitudes ex-
ceedance probabilities based on the multi-directional spectrum
shown in Fig. 4 and the measured Yura coast wave data. The con-
tinuous green curve in Fig. 6 represents the calculation results of
the wave crest amplitudes exceedance probabilities directly ob-
tained from the measured Yura coast wave data that contains 10 700
wave elevation points. This continuous green curves based on
the measured Yura coast wave data are used as the benchmark
against the accuracy of the results from the various numerical
simulation methods and from an existing theoretical wave crest
amplitudes model which is checked.

The continuous red curve in Fig. 6 represents the results of
the wave crest amplitudes exceedance probabilities obtained
from using the theoretical Rayleigh distribution model expressed
as follows:

1.0

0.5

Frequency/(rad-s™)

Fig. 4. A multi-directional wave spectrum from the measured data at the coast of Yura.
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Fig. 5. A part of the measured wave elevation time series at the
coast of Yura.
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Fig. 6. Comparison between the wave crest amplitudes ex-
ceedance probabilities from the linear simulation, from the
Rayleigh distribution, from the nonlinear simulation, and the
wave crest amplitudes exceedance probabilities results from the
measured Yura coast wave data.

P(Ac > h) =exp (—8(1?3)2) )

where h represents the wave crest amplitude, Hg represents the
significant wave height, A represents crest amplitude. The wave
crest amplitudes exceedance probabilities obtained from using
the theoretical Rayleigh distribution model deviate a lot from the
corresponding benchmark results obtained directly from the
measured Yura coast wave data. This is not a surprise because
the theoretical Rayleigh distribution is an ideal linear model and
the measured Yura coast wave elevation series are obviously
nonlinear. The continuous black curve in Fig. 6 represents the
results of the wave crest amplitude exceedance probabilities ob-
tained from using the linear simulation method based on the
multi-directional spectrum shown in Fig. 4. The linear simula-
tion process started with taking the multi-directional spectrum
shown in Fig. 4 and integrating the energy over all directions to
give the total energy at each frequency. The obtained equivalent
frequency spectrum was then used to generate a wave elevation
time series of 800 000 points by applying Eqs (7) and (8). Next,
the wave crest amplitudes time series were extracted from these
800 000 wave elevation points. Finally, the wave crests amp-
litudes exceedance probabilities were obtained by statistical and
mathematical processing the extracted wave crest amplitudes
time series. Obviously, the wave crest amplitudes exceedance
probabilities obtained from using the linear simulation method
also deviate substantially from the corresponding benchmark

(16)

results obtained directly from the measured Yura coast wave
data.

In order to more accurately calculate the wave crest amp-
litudes exceedance probabilities, the proposed second order ran-
dom wave simulation method was tried to use. In Fig. 6, a pink *
represents the result of the wave crest amplitudes exceedance
probability obtained from using the proposed second order ran-
dom wave simulation method based on the multi-directional
spectrum shown in Fig. 4. The proposed second order random
wave simulation process started with taking the multi-direction-
al spectrum shown in Fig. 4 and integrating the energy over all
directions to give the total energy at each frequency. The ob-
tained equivalent frequency spectrum was then utilized to gener-
ate a nonlinear wave elevation time series of 800 000 points by
applying Eqs (8) and (14). Next, the wave crest amplitudes time
series were extracted from these 800 000 wave elevation points.
Finally, the wave crests amplitudes exceedance probabilities
were obtained by statistical and mathematical processing the ex-
tracted wave crest amplitudes time series. Note that in the figure
legend the phrase “from nonlinear simulation” exactly means
“from second order random wave simulation”. The wave crest
amplitudes exceedance probabilities obtained from using the
proposed second order random wave simulation method fit quite
well with the corresponding benchmark results obtained directly
from the measured Yura coast wave data. The accuracy of the
proposed second order random wave simulation method is
therefore convincingly validated.

3 The theoretical background of the nonlinear dynamic filter
of a wave energy converter
In the practice ocean engineering, the power performances
prediction of a WEC is usually carried out by inputting simulated
ocean waves in a nonlinear dynamic filter and performing sub-
sequent time domain simulations. The mathematical equations
of the WEC nonlinear dynamic filter are written as follows:

MRB.%(I) =—

Pwave()+Pem(

/thr (7) de+

+Pv1sc() Ph57

an
where Mgg is the WEC rigid body inertia matrix and x (f) is the
WEC position. Meanwhile, A (co) is the WEC infinite-frequency
added mass matrix and K (¢) is the kernel function. Pyaye (£),
Pey (1), Puisc (t) and — Py, are the wave excitation, external, hydro-
dynamic viscous and hydrostatic loads (forces and moments) re-
spectively.

In the field of ocean engineering, the WEC hydrodynamic
memory effects are captured in Eq. (17) by the convolution integ-
ral term that is a function of x () and the kernel functions K (?)
which are related to the WEC radiation damping. Meanwhile in
Eq. (17), the external load Pex () represent the Power-Take-Off
system forces and moments.

However, up until present, the wave excitation load P,y ()
in the WEC dynamic filter are typically calculated by using lin-
early simulated irregular waves as inputs. As pointed out in Sec-
tion 1, the linear irregular wave model has the disadvantages that
it can only generate unrealistic waves with horizontal symmet-
ries. Even though some researchers (Lindgren, 2015; Wang,
2018a, b, 2019; Wang and Wang, 2018) had tried to use quasi-lin-
ear wave models or nonlinear wave models for simulating irregu-
lar waves with statistical asymmetries, all these researchers un-
fortunately performed their stochastic wave simulations based
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on some unrealistic uni-directional wave spectra. Therefore, Sec-
tion 1 illustrated the extension of these research work is needed
very much in order to study the power performances of a wave
energy converter in a multi-directional random sea. Motivated by
these facts, in the present study, the wave excitation load Pave (£)
was calculated by inputting nonlinearly simulated irregular
waves based on a multi-directional wave spectrum. In the next
section, some calculation examples regarding the power per-
formances of a point absorber wave energy converter operating
in a multi-directional random sea will be presented.

4 Some specific calculation examples and calculation result
discussion

4.1 The point absorber wave energy converter

Our specific calculation examples will be carried out regard-
ing a heaving two-body point absorber wave energy converter.
Figure 7 shows this specific wave energy converter modeled in
WEC-Sim (http://wec-sim.github.io/WEC-Sim/), an open source
computer software for simulating WEC performances. The di-
mensions of this specific wave energy converter are shown in
Fig. 8. This two-body point absorber WEC consists of a float and a
spar/plate. The float has a diameter of 20 m, a thickness of 5 m
and a mass of 727.01 t. The spar has a height of 38 m and a dia-

Fig. 7. The WEC-Sim model of the chosen heaving two-body
point absorber.

920 m

g 6m
— el

SWL

5m

38 m

@ 30m

Fig. 8. The main dimensions of the chosen heaving two-body
point absorber. SWL represents still water line.

meter of 6 m. The spar/plate has a mass 0f 878.3 t.

It should be emphasized that this two-body point absorber
WEC is installed in a coastal sea area with a water depth of only
49.5 m. Obviously, the random waves in this shallow water area
will be nonlinear according to the nonlinear random wave the-
ory in Ochi (1998).

4.2 Some specific calculation examples and calculation result dis-

cussion

In most wave energy exploitation engineering projects that
met in the real world, the only information knew beforehand re-
garding a sea state usually will be a specific wave spectrum. In
Section 2, the accuracy of the proposed second order random
wave simulation method was already demonstrated in generat-
ing irregular waves based on a measured multi-directional wave
spectrum. In the following calculation examples, the proposed
second order random wave simulation method was utilized for
generating nonlinear irregular waves for calculating the wave ex-
citation load P,y (¢)in Eq. (17). The absorbed power of the afore-
mentioned WEC Power-Take-Off system was predicted for some
specific sea states characterized with multi-directional JON-
SWAP spectra. Figure 9 shows one of these multi-directional
JONSWAP spectra with a significant wave height Hs=1 m, a spec-
tral peak period T,=12 s, a peakedness factor 7=1, and a cosine
squared spreading function with the spreading parameter equal
to 15. The mathematical expression of this multi-directional JON-
SWAP spectrum is as follows:

S(w,0) =S(w)D(0), (18)
where S(w) is a frequency spectrum and D (6) is a spreading
function.

The mathematical expression for the frequency spectrum
S (o) is as follows (Wang, 2014):

& Hs

S(w) :5.061Eﬁ (1 —0.2871n(y)) x

exp (5 (“’TP)4> yexp(_o‘s((%_ly)) . (19
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where 0 = 0.07, if w <2r/T,;0=0.09, if ® > 21/T,. ® is the
wave angular frequency.

7 = exp(3.484(1 — 0.197 5(0.036 — 0.005 6T,/+/Hs)T,*/Hs*)).
(20)

The mathematical expression for the spreading function D (6)
in Eq. (18) is as follows:

I'(s+1)

28 0
20 - ar i (3)

@n

where the spreading parameter s=15.

Figure 10 is a corresponding polar plot of the multi-direction-
al JONSWAP spectrum as shown in Fig. 9.

Next, the calculation results of the absorbed power of the
aforementioned wave energy converter were placed in an ideal
linear sea versus in a multi-directional nonlinear random sea.
Figure 11 shows the predicted WEC absorbed power time series
under the sea state of linear irregular waves based on a multi-dir-
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Fig.9. A multi-directional JONSWAP wave spectrum with Hs=1 m, T,,=12 s, 7=1, and a cosine squared spreading function with the

spreading parameter equal to 15.
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Fig. 10. A corresponding polar plot of the multi-directional JON-
SWAP spectrum as shown in Fig. 9.

ectional JONSWAP wave spectrum with Hs=12 m, Tp=12s, 7=1
and a cosine squared spreading function with the spreading
parameter equal to 15. Figure 12 shows the predicted WEC ab-
sorbed power time series under the sea state of nonlinear irregu-
lar waves based on the same multi-directional JONSWAP wave
spectrum with Hg=12 m, T,=12 s, v=1 and a cosine squared
spreading function with the spreading parameter equal to 15.
The calculation results in Figs 11 and 12 were obtained by solv-
ing the WEC nonlinear dynamic filter Eq. (17) in WEC-Sim.
However, WEC-Sim does not have built-in functions for generat-
ing nonlinear irregular waves for calculating the wave excitation
load Pex: (£) in Eq. (17). Therefore, this study externally generated
nonlinear irregular waves by using the proposed second order
random wave simulation method which imported into WEC-Sim.
The nonlinear irregular wave simulation was started by taking
the multi-directional JONSWAP wave spectrum (with Hg=12 m,
T,=12's, v=1) and integrating the energy over all directions to
give the total energy at each frequency. The obtained equivalent
frequency spectrum was then utilized to generate a nonlinear
wave elevation time series of 1 200 points by applying Eqgs (8) and
(14). The generated nonlinear irregular waves time series were
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Fig. 11. WEC absorbed power time series under the sea state of
linear waves with Hg=12 m.
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Fig. 12. WEC absorbed power time series under the sea state of
nonlinear waves with Hg=12 m.

saved as a.mat file and then imported into WEC-Sim for calculat-
ing the wave excitation load Pex (£) in Eq. (17) and subsequently
obtaining the WEC absorbed power time series in Fig. 12. For
comparison purpose, in this study, externally generated linear ir-
regular waves by using Eqs (7) and (8) were also imported into
WEC-Sim. The linear irregular wave simulation was started by
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taking the multi-directional JONSWAP wave spectrum (with
Hs=12m, Ty=12 s, 7=1) and integrating the energy over all direc-
tions to give the total energy at each frequency. The obtained
equivalent frequency spectrum was then utilized to generate a
linear wave elevation time series of 1 200 points by applying Eqs
(7) and (8). The generated linear irregular waves time series were
saved as a .mat file and then imported into WEC-Sim for calculat-
ing the wave excitation load Pex (?) in Eq. (17) and subsequently
obtaining the WEC absorbed power time series in Fig. 11. Having
obtained the prediction results as shown in Figs 11 and 12, the
statistical characteristic values were subsequently calculated
based on the time series shown in these two figures. Our calcula-
tion results are summarized in the last row in Table 1.

By carefully comparing and analyzing the calculation results,
the mean value of the 1 200 s WEC absorbed power under the sea
state of ideal linear irregular waves is smaller than the corres-
ponding mean absorbed power value when inputting nonlinear
irregular waves. In order to investigate the influences of choos-
ing different significant wave height values on the power per-
formances of wave energy converters, the aforementioned WEC
absorbed power values were sequently calculated under 11 other
sea states characterized with a multi-directional JONSWAP wave
spectrum with the following parameters respectively: Hs=1 m,
Ty=12s,v=1, s=15; Hs=2 m, T,=12's, 7=1, s=15; Hs=3 m, T)=12s,

v=1, s=15; Hs=4 m, T=12's, v=1, s=15; Hs=5m, T,=12 s, 7=1, 5=15;
Hs=6m, T)=12s, v=1, s=15; Hs=7 m, T=12 s, v=1, s=15; Hs=8 m,
Ty=12s,7=1, s=15; Hs=9 m, Tp=12 s, 7=1, s=15; Hs=10 m, T,=12s,
v=1, s=15; Hs=11 m, T,=12's, v=1, s=15. The calculation results
were also summarized in Table 1. By carefully comparing and
analyzing these calculation results, in all these 11 sea states, the
mean value of the 1 200 s WEC absorbed power under the sea
state of ideal linear irregular waves is always smaller than the cor-
responding mean absorbed power value when inputting nonlin-
ear irregular waves.

In order to further investigate the influences of using differ-
ent random seed numbers for generating irregular waves on the
power performances of wave energy converters, the aforemen-
tioned WEC absorbed power values were sequently calculated
when inputting 11 different irregular wave elevation time series
simulated based on the same multi-directional JONSWAP wave
spectrum (Hs=12 m, T,=12 s, 7=1, s=15) using different random
seed numbers. The calculation results were summarized in Table 2.
By carefully comparing and analyzing these calculation results,
in all these 12 sea states, the mean value of the 1200 s WEC ab-
sorbed power under the sea state of ideal linear irregular waves is
always smaller than the corresponding mean absorbed power
value when inputting nonlinear irregular waves. In one specific
case (No. 11) the predicted WEC absorbed power value with the

Table 1. Predicted 1200 s WEC absorbed power values at the sea states of 7,=16 s, y=1, s=15

Statistical =~ Mean value under Mean value under Standard deviation Standard deviation Sum value under sea Sum value under sea
measures sea state of linear  sea state of second value under sea state value under sea state state of linear state of second order
significant waves/W order nonlinear of linear waves/W of second order waves/W nonlinear waves/W
wave waves/W nonlinear
height/m waves/W
1 138 437.041 16 138 511.458 57 147 967.477 21 148 037.483 74 3.597 98x108 3.599 91x108
2 183 201.455 43 183 729.925 15 219 208.088 86 219 533.048 23 4.761 41x108 4.775 14x108
3 199 926.337 33 199 983.502 74 249 739.808 07 251 762.625 93 5.196 09x108 5.197 57x108
4 274 600.575 60 276 111.716 03 403 700.408 94 408 900.025 58 7.136 87x108 7.176 14x108
5 315 077.752 10 316 133.239 68 454 553.945 21 454 063.308 63 8.188 87x108 8.216 30x108
6 433 808.094 51 444 136.336 28 726 265.219 59 769 908.283 18 1.127 47x10° 1.154 31x109°
7 490 131.331 53 503 258.637 00 776 567.662 95 809 812.456 90 1.273 85x10° 1.307 97x10°
8 594 029.946 90 621 211.754 87 978 890.289 27 1.029 46x106 1.543 88x109 1.614 53x10°
9 796 963.826 65 874 346.209 99 1.342 61x106 1.532 51x106 2.071 31x10° 2.272 43x10°
10 767 280.020 13 825 077.575 89 1.171 64x106 1.302 27x106 1.994 16x10° 2.144 38x10°
11 1.149 2x106 1.258 1x108 2.218 24x106 2.683 45x106 2.986 80x109 3.269 80x109
12 1.098 6x106 1.191 8x106 2.539 72x106 2.643 26x106 2.855 25x10° 3.097 48x10°

Table 2. Predicted 1200 s WEC absorbed power values at the sea states of Hs=12m, T,=165, y=1, s=15

Statistical =~ Mean value under Mean value under Standard deviation Standard deviation Sum value under sea Sum value under sea
measures sea state of linear  sea state of second value under sea state value under sea state  state oflinear  state of second order
significant waves/W order nonlinear of linear waves/W of second order waves/W nonlinear waves/W
wave waves/W nonlinear
height/m waves/W
12 1.184 85x10° 1.380 75x10° 2.017 13x106 2.768 39x106 3.079 41x109° 3.588 57x109
12 1.122 70x106 1.222 33x10° 2.043 28x106 2.412 29x106 2.917 91x109 3.176 85x109
12 1.159 23x106 1.278 71x106 2.229 10x106 2.639 01x106 3.012 85x10° 3.323 36x10°
12 1.472 23x10° 1.583 50x106 2.690 01x106 3.280 96x106 3.826 32x10° 4.115 50%x10°
12 1.182 07x10¢ 1.314 31x10° 2.107 16x106 2.705 89x106 3.072 19x109° 3.415 88x109
12 1.064 10x106 1.120 36x106 1.740 52x106 1.805 26x106 2.765 60x10° 2.911 83x10°
12 1.328 98x106 1.444 81x106 2.554 03x106 2.812 90x106 3.454 03x109 3.755 06x10°
12 1.122 96x10° 1.310 56x10° 1.974 89x106 2.465 68x106 2.918 57x109 3.406 15x109
12 1.406 60x106 1.571 63x106 2.677 32x106 3.019 67x106 3.655 75x109 4.084 66x10°
12 1.103 65x10° 1.180 66x10° 1.760 90x10° 2.017 55x106 2.868 38x109 3.068 53x109
12 1.279 46x106 1.481 30x106 2.270 87x106 2.725 54x106 3.325 31x10° 3.849 90x10°
12 1.047 26x106 1.137 99x106 1.622 24x10° 1.927 67x106 2.721 84x10° 2.957 64x10°
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nonlinear irregular waves as inputs is 15.8% larger than that pre-
dicted with the linear irregular waves as inputs. All the aforemen-
tioned calculation results highlight the vital importance of using
the nonlinear irregular waves simulated based on a multi-direc-
tional wave spectrum when studying the power performances of
wave energy converters.

5 Concluding remarks

In the present study the power performances of a two body
point absorber WEC operating in a nonlinear multi-directional
random sea have been rigorously investigated. The absorbed
power of the WEC Power-Take-Off system has been predicted by
incorporating a second order random wave model into a nonlin-
ear dynamic filter. This is a new approach that is uniquely pro-
posed to ocean wave energy research community. It has been
demonstrated in this paper that the second order random wave
model can be utilized to accurately simulate nonlinear irregular
waves in a multi-directional sea. This will help us to avoid the in-
accuracies resulting from using a first order linear wave model in
the WEC simulation process. The predicted results in this paper
have been systematically analyzed and compared, and the ad-
vantages of using our proposed new approach have been convin-
cingly substantiated. The research findings in this paper high-
light the vital importance of using the nonlinear irregular waves
simulated based on a multi-directional wave spectrum when
studying the power performances of wave energy converters. In
the future if enough funding is secured, the proposed second or-
der random wave simulation method will also be compared with
the related WEC model physical test data in order to fully verify
the accuracy of the model.
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