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Abstract

Based on linear wave theory, two ways of simulatingR(z)
wave records from target spectral densities aré
implemented in order to assess their impact on thé
estimation of the mean power extracted from wawes b?

a resonant Wave Energy Converter (WEC). The first
one directly comes from the random Gaussian wavi
representation, while the second — widely used =
derives from this latter by abusively neglecting th .
random nature of the individual wave amplitudeshim |
frequency-domain. This study investigates the
consequences of such an abuse upon the deViC%bscripts
response estimation through the consideration of

auto-correlation function

time

time-simulation length

heave motion

sea-surface elevation

wave phase

standard deviation

frequency bin

simulation time-step
equivalent spectral bandwidth

various — linear and non-linear — numerical modats] | = frequency harmonic
the possible improvements of the simulationT = time-simulation over [0}
time/precision compromise for further WEC design i

projects. Superscripts

AN
Keywords: Wave signal simulation, Gaussian signals, Wave-

Energy Converter, Mean power estimation.

Nomenclature

a,b,u; = Fourier series frequency amplitudes
Cpro = PTO damping coefficient

E = variance spectral density

f,o = wave frequency

fayg = Nyquist frequency

Hmo = significant wave height (=4,*?)

Mo = ("order spectral moment, variance
N = number of time-simulation points
Prro = absorbed power by PTO
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-, <> = mean value (time, ensemble)

= parameter estimator
= time-series discrete point or ensemble elerment
= time first derivative

1 Introduction

Full-scale devices or prototypes monitoring da& ar
still rare to obtain although new near-shore prsjec
arose in the last few years installed some smédkt pi
units at sea (OEBuoy off the Galway Bay, Pelamis at
Agucadoura...). Numerical simulation models still are
— and will be — necessary to predict and/or complgm
the field data, namely prior to any situ deployment.

In most of these models, linear theory is invoked t
represent the undisturbed wave-field from which
energy is absorbed by the device. From spectral
densities (omnidirectional or directional) randame-



series of the elevation(t) are generated and used to Let us last add that some preliminary results o th
derive the excitation force exerted on the body (bywwork can be found in Riccet al [5]. Here, the
convolution product), allowing to solve the dynamicdispersion of the mean power estimator from time-
integro-differential equations system and to figore  domain simulations of the same linear and non-finea
its instantaneous motions along any parameterisedEC models as in that paper is observed, with only
degree of freedom (see Falnes, [1]). one simulation method though (the theoreticallyrect

In the following section (Section 2), two methods o one).
generating discrete random wave signglg) of finite
duration_T from discrete spectyal estimgtafi) are > \Wavesignal smulations
successively presented. The first one is the oag¢ th
should commonly be used in offshore engineeringf, th G
is, the one described by linear theory for Gaussian
random wave signals [2]. The second one referego t A Gaussian stationary (or steady-state) ergodic
widely — and abusively — applied one in numericalprocess is generally assumed to describe the @avat
simulations of offshore structures’ dynamics, whish of the sea-surface in timgt) at a given off-shore sea-
only correct if the number of frequency componentgoint. The property of ergodicity permits to corsid
tends to infinity. Such a method has been inheritethat, for instance, the mean value calculated on a
from the last decades of the Ocean Engineeringgealisationy(t) of the process over the interval TDis
throughout which the concerns of computing costsin unbiased estimation of its theoretical mearojz¢o
were more justified than nowadays (see Olagabal  which it should tend a$ — +w. This also holds when
[3]) The related mistake that is committed anceffect ~ considering instealll discrete realisations of finite (and
on wave group statistics has been already addréssedpossibly short) duration, @&— +oo.
Tucker et al [4] but in the authors’ opinion, it is Let us consider a centred Gaussian proo@3swith
necessary to remind researchers and developers theatriances,? and let us denote H(f) its corresponding
such an abuse in wave modelling has som&ariance spectral density. If one wants to genesate
consequences on the parameters’ statistics (extrerfigite realisationur(t) of u(t) as a sample made of a
values, groupiness). Indeed, according to Tueiteal, sequence of N; simulation points of lengthT
this method thcorrectly reproduces the distribution of (T = (N-1)At ~ N; At for N; >> 1), the theory states that
the lengths of wave groupshen the groupiness of the the signal should be constructed as the linear
waves tan have a profound effect on ships, mooredgsuperposition of a large numbgy (half of N;, up to the
structure$ and accordingly, on floating wave energy Nyquist frequency) of independent monochromatic
devices. componentd; (regularly spaced bxf = 1/T, asf; = iAf)

In Section 3, the time-domain numerical modelsas the Fourier series
used to assess the WEC performance are successively
presented. In particular, the heaving bodies are Ny )
designed so that wave directionality may be Ur (t)=_2& cod27ft) + by sin(27t) (1)
disregarded (axisymmetric shapes in the waterplane) =
while linear and non-linear power take-off devices

. . . wherea; andb, are the real amplitudes of the Fourier
respectively equip the converters (linear damped andecomposition which should be selected as normally
hydraulic circuit with gas accumulator respectiyely ;

In Section 4, wave statistics related to the estona zero-mean distributed random variables with vaganc

. T Ey(f)*Af. A well-known alternative formulation, using

of the variancem, (through the squared significant random modulus; and phases;, is
wave heightH.,¢) are drawn from the Gaussian wave ! "
theory and compared to numerical values calculated N,
various ensembles of fixed simulation time-lengthe u (t) = >u, cod27ft+¢,) (2
same work is carried out for the mean power estimat =
(related to the heave velocity variance) of thediry
damped buoy, for which the discrepancies in theegl whereu? = a° + b?, and tary; = —by/a,. It is shown [4]
resulting from both the wave signal modelling meiho that modulusy; can be selected &ayleighdistributed
are observed. In turn, the particular case of the-n random values with varianc&(f)*Af, and ¢; as
linear WEC model is investigated in the same way. uniformly distributed over [0/2. The more the

In Section 5, based on the behaviour of the hydraul frequencied; are densely packed, the more the modulus
model in some “target” sea-states, conclusions and will converge to the mearEg(f)* Af.
recommendations are formulated about the legitimacy In the following, and for the sake of simplicithig
and relevance of going on modelling input wavedirst method — the theoretically correct one —eiferred
“abusively” — and so getting quicker estimation®rif  to asmethod a
it is sometimes necessary to resort to the thexalbti
correct wave modelling that may extend the calautat The common practice (method b)
time but surely leads to physically more consistent
results.

aussian random signal generation (method a)

Instead of randomly selecting the modulus
following a Rayleigh law (or a centred Gaussianrie
considers the amplitudes and b;), a very common
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simplification is made by systematically taking the P, =C.. b’ =C., M,

deterministic valueu, = v 2 Ey(f)*Af, while ¢; is still o ) (5)
uniformly distributed over [0:8. Then, the simulated =Cpro [”Hm(a% E, (w)dw
process may not exactly reproduce the natural [ —

variability of a Gaussian one. Indeed, every single

realisation'u;(t) will have the same spectral shape and =Cero EﬂHi(f
variance as the target procegs), resulting in a very 0
particular ensemble in which, for instance, all the
spectral moments are equal (Parseval's theoreropaf | € omnidirectional spectrud(f) (E,(w)) is sufficient
considers the elevation procas®) = #(t), this means here since the system is axi-symmetrical : its beav
that all the time-series of the ensemble wouldMotions are not influenced by wave directionalitpe

theoretically have a similam, and therefore a similar ]tundamentzalls of such z rr}odeld (StOCha‘IS“C) in the
significant wave heightH,, In reality, a relevant re:quNency- omain can be found in Falnes [1] or
sample containing realisations of a random proo&ys alcao [6.7].

should be made of signals whose spectral shape an T|me -series simulated from the frebquency domdam
variance vary significantly from that of the target representatlon (Fourier series) can be compared to

process which still match on average though (i et|me -domain simulations obtained as the solutiomrof

<my> = my, for ut) = #(t)). Then, as the ensemble
increases (higher number of realisations and/ogdon

) E,(f )df

‘ 2

integro-differential  equation — the Cummins
equation [8]

simulation duratior), these variations are expected to m+ Ao IK t—1

decrease. (6)
In the following, for the sake of simplicity, this _

second method — the simplified one — is referredgo +pgSz(t) ext(z Z’t)_ Fe(t)

method b
The time-domain solution is based on a numerical

3 WEC numerical simulations: integration method, since the Cummins equation —

linear and non-linear modelling which is usually applied to these cases — cannot be
solved analytically in general. A previous stud$])[

The mechanical systems modelled in the followinghas compared and validated different numerical
are basically the same as those considered in &iai methods for this solution and proved that convoluti
[5] and are briefly presented here below. For moreeplacement methods guarantee good accuracy.

details, the authors therefore refer to [5]. The method applied to the solution of the time-
domain equations within the present paper is based
Linear WEC model the approximation of the convolution integral thgbua

sum of exponentials with complex coefficients and
xponents (see [9]). The resulting state-space hisde
hen described by an additional number of statesleq
qﬁ the number of exponentials required to repretent
emory function. The solution of the ODEs is ob¢alin

with the Matlab routine ODE45 that perform

that links the buoy to the sea-bed. Thanks to thﬁ]tegratlon with a B order Runge-Kutta method
floater's cylindrical shape, the waterplane areaukh defined by Dormand and Price.

not vary while the buoy is heaving. The hydrodyrami
coe_fflt_:lents of the floater (Illnear excitation and Non-linear WEC (Hydraulic PTO) model
radiation forces) are computed in the frequency-aom

thanks to a B.E.M. code under deep water assungption A frequently adopted configuration of PTO for
which then enable to form a complex transfer —floating WECs is the one composed by a hydraulic
impedance- function linking the heave velociffw) to  circuit that converts the motion of the device into

The first numerical model used in the present stud
is a one degree-of-freedom heaving axi-symmetric
buoy (Point Absorber) of radius = 5m and draft
h = 5m. The Power Take-Off (PTO) device is simulate
as a simple vertical linear damp&@p{o = 2.10 kg/s)

the wave excitation(w), as pressurized oil flow. There are several designgtity
system. Such kind of mechanism has been introduced,
2a)= Hz,,(a)“?(a) (3) for example, in the Pelamis machine (see [10]).

— Figure 2 shows the scheme we have considered for
our device. The circuit includes a hydraulic cyénda
high-pressure (HP) gas accumulator, a low-pressure
(LP) gas reservoir and a hydraulic motor. A comgabl
rectifying valve prevents the liquid from flowingub
[E”(w) from the HP accumulator and flowing into the LP
(4) reservoir. This simple PTO system has been extelysiv
studied by Falcdo [11], including the numerical
and finally, asPerq(t) = Cero*2(t), the mean extracted application of a phase control algorithm.
power in a given sea-stefig(w) is calculated as The dynamics can be described by a system of four
ODEs:

where w is the frequency in rad's Hence, the heave
velocity spectrum is simply obtained by
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z2=17
- j K(t-7)z(r)d7 - pgSz- max((pHP - pLP)’O)Spist + Fe(t)

m+ A,
vHP = Cmmspist2 max((pHP - pLP)'O) - Sp\s(z
VLP =S Z_Cmotsp\SIZ max((pHP - pLP)’O)

7=

pist

Since this model of hydraulic Power Take-Off is
practically non-linear, the application of frequegnc
domain methods is not possible. Therefore results
presented for this configuration are merely gemerat
through time-domain simulations performed by using
the same numerical method as mentioned before.

4 Effectsupon Wave and WEC
Performance

where St is the cross-sectional area of the piston

inside the hydraulic cylinder,C,, is a control
parameter that regulates the flow to the motor [gBe

Theoretical statistics about Hye” and P, and

and p andV stand for pressure and volume with thenumerical smulations

subscript “HP” and “LP” identifying the related

reservoir. Assuming the gas compression/expansiog

process inside the accumulators to be isentrqpie,
andp.p are given by:

14
— pHP,OVHP,O
Poe =0 —

V 14

—_ pLP 07 LP,0

- Vv 14

LP

and p,,

8

HP

where the subscripts 0 stands for initial condition

In this case we can distinguish between two differe
definitions of power. The instantaneous power afesdr
by the buoy is expressed by the relation:

R, () = max((Pre — Pre)0) Sy (1) ©)

In the following, we still consider a zero-mean
aussian procesgt) with energy spectral densiBy(f)

and draw some theoretical results about the statist
that can be obtained from an ensemble of realissitio
of the same process. It is shown (see Papoulis) [12]
that, u(t) being centred and Gaussian, the variance of
the value at the time-lag of the auto-correlation
functionR,(z) may be calculated as

ot =valR, ()= [IRe(0)+R.(0+1 R, 0~

(11)
Then, asR,(0) =u?(t) and using Parseval's theorem

(Ey(f) andRyy(z) constitute a Fourier pair), Eq.(11) may
be expressed far= 0 as

while the instantaneous power available to the
hydraulic motor is given by: 2= 1
T2,0) =T [RE.(6)d6 == [ EX(f )af (12)
Pmot(t) =( P~ pLP) Cmotspisf max(( Pip~ H_P)’O) - ) 0
(10) =1
The averages over a sufficiently long time interoél T A,
these two measures of the power should be

approximately equal. This is more likely to happgn
proper initial values for the pressures are cho3en.
find these right values it is sufficient to perforfiew
cycles of iteration of the numerical integratioringsat
every step the mean values of the pressures giyen
the previous iteration.

Hydraulic
cylinder

N

Figure 2. Simplified representation of a WEC with
hydraulic PTO
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where A, denotes thesquivalent spectral bandwidth
(Blackman & Tuckey, [13]) expressed in Hz, as
2

v, 1)

(f )df TEf(f)df

TEU(f)df

0

b
(13)

It then becomes clear that the estimation errothen
variancemy, is directly proportional to its theoretical
value and conversely proportional to the squaré¢ obo
the simulation lengtfi(s) times the equivalent spectral
bandwidthA, (Hz) [i.e. a number of frequency bins].

Now, let us replace(t) with eitheru,(t) = 45(t) and
U(t) = Ceror%(t) respectively, which are both zero-
mean Gaussian processes. In the first case, weenoti
that

R, (0)=u(t)=162(t) =16[R, (0) = 16
=16[0m,, = HZ,

(14)

In the second,



equal to the equivalent spectral bandwidth In that

R, (0)=u2(t) = Cpro @*(t) = Cpro (R, (0) =C,,, (> ~ VETy particular case the estimator's statistical
=2 - parameters match those of g-distribution and
= Coro My = Poro(t) = Porg therefore may be close to followyadistribution. On

(15 the other hand, selecting such a value for the Eamp

) . J
Thus, the estimator variance of both the squareffte Would not be convenient because the Nyquist
significant wave heigHt-Im02 and mean absorbed power requency then would never exqeeq a few hundreds of
from waves p._ are theoretically known from the MHZ (expectable range af,), which is far too low to

PTO ) ) study the dynamic behaviour of a floating offshore
energy spectral density of(t) and z(t) (Eq. (4)) as  gtrycture in time.

respectively Thus, it is not clarified which law is exactly
. followed by the estimatonSF,TO — neither the squared
o, =10m _ Hu (16) significant wave height estimator —, except in lifat
oo JTA VTA i
q where the number of elements of each ensemble is
an

infinite (say, large enough) and for which it ikelly to
= CeroMyo _ Poro (17) tend to a normal distribution.

Statistics of H > from simulations

where the parameterd and A, are calculated as in Both methodsa and b exposed in Section 2 are
Eqg. (13). applied to simulate wave signals following Eq. (3ix

Accordingly, provided the wave elevation signals ar ensembles of 300 realisations #f) of durationT =
correctly simulated, the distributions of both tIHao2 100, 300, 600, 1200, 1800 and 3600s in each are
and p,, estimators found within an ensemble of aformed following both simulations methods (with &m
sufficiently large number of simulations of length step At = 0.1s) for the Bretschneider target sea-state
should fairly agree with the theoretical mean valard  (Hmo ~ 2m, T, = 10s) depicted in Figure 2 below.
standard deviations respectively given throughou
Eq. (14), (15), (16) and (17). In case the sigrals !
simulated according tomethod b (almost) no st
dispersion should be found around the target mea
value.

Let us now have a few words about the powel
estimator's  distribution patterns obtained using
method afor the linear WEC model. As the simulated
process<(t) is Gaussian, one could think that since this
mean extracted power estimator is computed by

Target spectrum (Bret.)
Sirnulated spectrum

3tk

Energy spectral dengity(m?/Hz)

1,
PPTO = WZ IPPTO_T =
t i=1

N,
Coro X\ i 2 (18)
Z
-
Nt i=1 o L L I L |
0 oms 01 0s 02 0% 03 03

Freguency(Hz)
(1) being a discrete sequence of centred Gaussian Figure2: Bretschneider sea-state: target spectrum

random variables (of time-lengtf), this latter should (black line) withHyno ~ 2m andT, = 10s and example
be y*distributed withN, degrees of freedom. This is of simulated spectrum after smoothing (red line).
only correct though if the assumption of statidtica Distroution of 2y for simulatons vith T=100s (A=0.15)
independency of the variablés;] can be invoked. Yet 100 - - —

such an assumption is not of major evidence here anl

Indeed, if p,,, were »*-distributed as described in anl

Eq. (18), then its mean and variance would b 70}

respectively equal ta,  and 2p2 /N:.. On the other anl

hand, by denoting this latter tyy; _» one can show o

Occurrences

ot

from Eq. (17) that it is related tg:2 through the

PTO
3o0r

straightforward relation

ol 3
s _gz g 19
Pero Pero—si /\
3 0 1 2 3 4 i 6 7 i} a
Hg(m)
. . . . . 2 .
where fy,q denotes the Nyquist frequency (= W(p Figure 3: Distribution of theH,,o° estimator among a 300

simulations ensemble with = 100s for the target sea-state

. RN . :
with T ~ N At). Accordingly, both variances are equal depicted in Fig. 2 and simulated wittethod a

to each other only if the Nyquist frequency is take
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Distribution of H',znD for simulations with T=1800s (At=0.1s)
100

90+

Occurrences

2
Hglm*)

Figure 4: Same as Fig. 3 for= 1800s.

Theo. mean

< Sample mean
Theo. std deviation
< Sample std deviation ||

in

[pul{dxa 5 oawy) Dué_q UnIjElASp pUEpPUELS

m
T

=
T

{theo. & expj[m?]

Mean H2
md

|

o

m

2

L L L ! ! I
1500 2000 2500 3000 3500 4000

Sirnulation time T[s]

Figure 5: Absolute mean (left axis) and standard deviation
(right axis) values of thil¢> estimator against (method

! !
0 500 1000

The distributions of theH.,> estimator for each
duration and method are plotted in Figures 3&4 foi
T = 100s and 1800s respectively, and the correspgndir
statistics (mean and standard deviation) are suisetar
in Figure 5. In this last figure, the absolute eabf the
means (left axis) and standard deviations (rigi)as
added to the plot, where a nice agreement is foun
between theory and the simulation results using
method a

If one considers the results obtained witkthod b
no dispersion is expected according to the Parseval
equality. Numerically however, some small dispersio
and bias may be found due to the — possibly traadcat

numerical summation in Eq. (1). This dispersion and

bias are very negligible though when usinglaverse
Fast Fourier Transfornalgorithm for calculatingy(t).

Statisticsof P.__ from simulations:

PTO

Linear heaving WEC

The same study is led on the mean povgy,
estimated from simulations of a linear heaving wave

of
dynamic transient part, 200s, so that the system is
simulated ovefTgy, = T+200s) withmethod aas input
wave signal generation method. Here, the target sea
state still is Bretschneider withl,,, ~ 2m but with
mean energy periotl;p = m,/my = 7s, i.eT, ~ 8.17s.

power estimator will not result in distributions tiwi
negligible spreading. Let us therefore observe Huav
estimator ofp,  is distributed within large ensembles

realisations (after having removed the initial

Distribution of Pa for simulations with T=600s (method a)

I :irulation sarmnple
Gaussian dist

100

a0

80

o

B0

a0

Cccurrences

o0

3o0r

u=327
o=4.2

a0

34
Paiki)

Figure 6: Distributions of theﬁPTO estimator among a 300

15 20 25 30 40 45 a0 55 =il

simulations ensemble with = 600s for the linear model
and target sea-state Bretschneidigro(= 2m,T.;o = 75)
simulated withmethod anormal-law fitting from mean value
and standard deviation.

Distribution of Pa for simulations with T=600s (method b)

T T T T
I -iulation sample
— Gaussian dist.

100

g0+

op

60

501

Occurrences

a0+

nr

U=326
o=1.5

20

a0 85

35
Pakiiy)

Figure 7: Same as Fig. 6 withi = 600s usingnethod b

15 20 25 30 40 45 B0

Figures 6&7 show the distributions of the,

estimator in simulation ensembles suchTas 600s
with method aand b respectively and containing 300
elements each. In Figure 8, the expected statistios
theory (Eq. (17)) computed from the frequency-damai
analysis are confirmed by the time-domain simufetio
The expected power seems unbiased by using
method b and the related dispersion is significantly
lower than the theoretical one. Moreover, the raftio

energy device in time-domain by solving the Cummingyoth standard deviationSspro _§0ppro_adecreases db

equation (Eq. (6)), as described in Section 3.tFifs
all, let us stress that, unlike the case of the?

increases. It is tempting to fit thmethod bstandard
deviation with a power trend curve agaifstthe best

estimator obtained from frequency-domain wavefit (R?~0.996) is found fof *® (=~ 1/T). It then does not

modelling, the application afmethod bfor simulating

seem impossible to derive a simple empirical foemul

the sea-surface elevation and computing the mead account for the power estimator standard desviati
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reduction usingnethod b Yet, this is beyond the scope showed that the results were unbiased when using

of the present paper and not addressed in theniokp

1]

Linear model (methods afb) £ Bretschneider (2m,7s)

a0t

o]

.
=]

L

(o}
*

Sample mean (a)
Sarnple mean (k)

-+ Theoretical mean

(o}
*

Sample std deviation (a)
Sarnple std deviation (b)

— — — Theorstical std deviation H

14

method bfor modelling the wave signal (Fig. 8).
According to Figure 10, the mean values seem to be
still unbiased with method b Furthermore, as
previously, the standard deviation found witlethod b

is substantially lower than that found withethod a

For both, the decreasing trend is still noticeadel

|

v
@
! £
i AHRBRDE o B i
oot 2
5§ " 5
= 5 G
o R 5 2
+ Sy S
e
* T
10k * ‘Oﬁ-—-_‘q_g_“q_
+, g
4
0 . . X . . . L o
0 500 1000 1800 2000 2500 3000 3500 4000

Simulation time T[s]

Figure 8: Absolute mean (left axis) and standard deviation

(right axis) values of thg, | estimator against for the

linear heaving modehfethods dcircles] & b [stars]);
theoretical values (red curves).

Statistics of ETO from simulations:
Non-linear heaving WEC

seems to follow a T/*? law again withmethod a(see
next section) while the relative reduction again is
amplified againsT with method b

The look of the power estimator distributions for a
given simulation duratiofi is not depicted here for it is
found to be very similar to those in Figures 6&7.

5 Power estimation in real sea-states

Real sea-states are simulated as input to the
hydraulic wave energy device in order to obsene th
estimation results obtained in more realistic sea
conditions, i.e. for wave spectra exhibiting diéfet
energy levels and spectral bandwidths (with pogsibl
several peaks). Three spectral densities are thus
selected from a set of thirty-six representativa- se
states estimated by buoy measurements at Figuaira d
Foz (Portugal) which were proposed in the framéhef
E.C. WAVETRAIN Research Training Network

For the case of a more reglistic WEC - i.e.' whosgDeliverable n°5, [14], public domain). The spekttra
mechanical description is refined by accounting forcharacteristics of these sea-states are listecabieT1

non-linearities — it is interesting to see theliefice on

below (the value of spectral bandwidth has been

the mean power estimation of modelling waves withadded to the data) while the corresponding estinate

method binstead ofmethod a To this aim, the non-
linear numerical model described in Section 3 s a8
the previous linear model with both simulation

densities are plotted in Figures 10, 12, and 14e Th
respective mean power values and standard dewsation
obtained for each simulation ensemble (300 reaisat

methods, for a Bretschneider target sea-state Wity each again) and both wave simulation methods are
Hmo ~ 2m andT.;o = 7s for the same ensembles andgintly depicted in Fig. 11, 13, and 15.

transient part removal (200s).

Table 1: Data of simulated target buoy spectra ([14]).

1]

a0

£
=]
T

Mean P[KW]

20+

Morelinear (hydraulic) model (rmethods a8b) / Bretschneider (2m 7s)

]
=]
T

—&— Sample mean (a)
+  Sarnple mean (b)

—&— Sample std deviation (a) {

+  Sarnple std deviation (b)

L
o

L
o

[naAld wonelaep pepUElS

Ref. | 198310261200 | 198912070000 | 199404240900

Hmo(m) 0.93 1.86 2.35
T.10(9) 9.22 10.77 8.48
To(9) 9.41 13.33 8.70

& 0.286 0.342 0.368

K 0.615 0.492 0.354

A(H2) 0.081 0.087 0.137
Pu(kW/m) 4.0 19.6 23.8

1.4

FF 198310261200 (Buoy data)

+

L L L L L o
1500 2000 2500 3000 3500 4000

Simulation time T[s]

Figure 9: Absolute mean (left axis) and standard deviation

(right axis) values of thp, | estimator against for the

non-linear model in Bretschneider target sea-state
(methods 4circles] & b [stars]).

L L
u] 500 1000

The power estimator’s results found with both are
thus compared to each other (Fig. 9). The stake iser
major indeed because rifiethod bis found to result in
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Figure 10: Spectral density of sea-surface elevation

estimated at Figueira da Foz (Portugal) fiamsitu buoy
measurements on the®6f October 1983, 12.AM.

unbiased mean power figures also, then it may be
abusively but knowingly — used by developers tawobt
quicker power estimations. So far, the linear model
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Figure 11: Absolute mean (left axis) and standard deviation
(right axis) values of thgp, | estimator against for the

non-linear model in target sea-state FF 19831026120
(methods dcircles] & b [stars]).
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Figure 13: Same as Fig. 11 for target sea-state
FF 198912070000.

From the observation of these figures, it may be
concluded that the mean power estimation is untiase
by usingmethod b Moreover, as for the linear model,
the dispersion is significantly reduced, while the
decreasing slope is still abrupt for small valugs o
duration T. In Figure 16, the numerical equivalent
spectral bandwidth
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— related to the motion spectral contents of an
equivalent linear device, see Eq. (17) — is plotted
against simulation duratiom in the case of spectrum
FF 199404240900 (Fig. 14&15).
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FF 192404240900 (Buoy data)
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Figure 14: Same as Fig. 10 on the"24f April 1994, 9.AM.
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Figure 15: Same as Fig. 11 for target sea-state
FF 199404240900.
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Figure 16: Equivalent spectral bandwidtk, against
simulation duratioT obtained for the hydraulic model
in sea-state FF 199404240900ethods a&h

Method a results in Figure 16 exhibit quite a
constant value over time fok, — around 0.081Hz —



while it seems to increase with duration when usingeduction against is known by choosing this method
method bfor simulating input waves. This means thatinstead ofmethod b
the theoretical trend obtained for a linear PTOickev
may still be valid for the non-linear hydraulic PTO 4/ in most cases, the distribution of the ensemble
model as soon asethod ais adopted. The same is mean power values is undefined, though converging
observed for the two other estimated spectra (Figasymptotically to a normal law as the size of the
10&12) as well as the Bretschneider spectrumensembles increases.
(Hmo ~ 2m, T_1o = 7s), for which the equivalent spectral
bandwidth is respectively equal to 0.0535Hz (1983), 5/ when exclusively working on Gaussian processes
0.069Hz (1989), and 0.068Hz (Bret.). properties,method bdoes not allow to reproduce the
whole probability space and may distort all further
experimental wave parameter  statistics and
distributions (extremes, wave groupiness, ... ), as
It is for sure impossible to derive a clear anabiti stressed in the past by Tuclatral [4]. The same holds
expression of the power standard deviation (andnineafor assessing extreme values related to the dysaofic
obtained through both wave signal simulation meshodan offshore WEC. In such cases, resortingneghod a
for a non-linear wave-energy device such as the ongeems unavoidable.
considered in the last sections. Accordingly, théhaers
assume that on a few given numerical examplesasich 6/ the assumption of statistical independency of
the previous linear and non-linear WEC modelsdiscrete successive simulation points allowing tmle
(theoretical and realistic target sea-states, exisgtric  integrated random variables — such as tfeor@er
point absorber, given structure designs and PTGhoment of the signal — ag’-distributed is wrong.
devices) a precious first-guess about the impa¢h®f Simulation points are always correlated somehow,
wave signal simulation on the extracted poWelgycept in the limitN; — +o0 (T — +o0) which is never
estimation — somehow related to that of the sqoére reached in practice.
the response’s"Border moment — is provided and may
be valid for any other resonant WEC in given sea | et us remind that these conclusions are valid only
Conditions. The ﬁnal COhC|USi0nS and recommenmtio When Considering Gaussian |inear waves as input
to which the authors are lead through this work are  process. In any case, the inherent inconsistency of
o o method bis not to be forgotten by offshore — and a
1/ the precision of estimation of the mean powefkotiori wave-energy — engineers and researchers.
extracted by a WEC in a given sea-state appeaeto b
sensitive to three main characteristics (Eq. (27)
the absolute level of extracted power (kW), (2) the Acknowledgements
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