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Nonlinear �gand�ginternal �gcoupling �geffects�gin�goscillating �gdevices�goften�grequire�gadvanced�gand�gcomplex�gmodeling�gthat�g
goes�gbeyond�goverly-simplistic �glinear �gmodels�gsuitable�gfor�gearly�gdesign�gstage.�gAs�gocean�gtesting�gis�gcomparatively �g
expensive�gand�grisky,�gwave�genergy�gdevelopers�grely�gheavily �gon�gwave�gtank�gexperiments�gto�gtest�gdevice�gdynamics,�g
performance�gand�gsurvivability. �gNot�gall�gphysical�gprocesses�g� �gsuch�gas�gviscous�geffects�gor�gpower�gtake-off�gsystems�g� �g
scale�gwell. �gCareful�gdesign�gof�gphysical�gcomponents�gremains�gcrucial �gto�gensure�gthat�gresults�gfrom �gsmall-scale�gtests�g
reliably �grepresent�greal�gocean�gbehavior,�gmaking�gscaled�gexperiments�gboth�gtechnically �gchallenging�gand�gessential�g
for�gwave�genergy�gdevelopment.�gThis�gstudy�gpresents�gthe�gdesign,�gvalidation, �gand�gdynamic�ginvestigation �gof�ga�g1:10-
scale,�gdirect-driven �gpoint �gabsorber�gwave�genergy�gconverter�gmoving�gin�gsix�gdegrees�gof�gfreedom�gunder�gregular�g
and�girregular �gsea�gstates.�gA�gpassive�glinear �geddy-current�gbrake�gis�gimplemented�gas�gthe�gpower�gtake-off�gsystem�gto�g
emulate�ga�glinear �gdamper.�gThe�gresults�greveal�gthat�gmulti-degree�gof�gfreedom�ginteractions �gsignificantly �galter�gsystem�g
behavior,�gproducing�gcoupled�gpeak�gresponses�gthat�gdiffer �gfrom �gthe�gnatural �gperiod.�gSway�ginstabilities �gdriven �gby�g
parametric�gresonance�ghighlight �gthe�glimitations �gof�gmonochromatic �gtesting.�gIn�girregular �gsea�gstates,�gtheir �gimpact�g
on�gpower�gcapture�gprimarily �gaffects�glower-energy�gperiod�gsea�gstates�gthat�gare�gnot�gexcited�gin�gthe�gcoupled�gpeak�g
response.�gThe�gcapture�gwidth �gratios�greaches�gits�gmaximum �gof�g26%�gunder�gintermediate �gdamping�gin�gthe�gshortest�g
energy�gperiod,�gwhile �gthe�goptimal �gdamping�granges�gbetween�g123�gand�g314�gN�gs�gm* 1�gfor�gall�gconsidered�gsea�gstates.�g
A�greduced�g3-degree�gof�gfreedom�gnumerical �gmodel�gis�gvalidated�gand�gshown�gto�gperform �gwell �gin�gthe�gmost�glinear �g
sea�gstates,�gpredicting �gcapture�gwidth �gratios�gwithin �g0.84�1.12 �gof�gthe�gexperimental�gvalues�gdespite�gnot�gaccounting�g
for�gsway�ginstabilities.

1.�gIntroduction

Wave�genergy�gconverters�g(WEC)�ghave�gthe�gpotential �gto�gcontribute �gto�g
the�gglobal�geffort �gto�gmitigate �ggreenhouse�ggas�gemissions.�gTo�geffectively �g
gain�ga�gplace�gin�gthe�grenewable�gmix, �gthe�gunderstanding�gof�gWEC�gdynamics,�g
its�gpotential, �gand�gassociated�gdesign�gis�gcrucial. �gThis�gtask�gis�ghowever�gfar�g
from �gtrivial �ggiven�gthe�gcomplex�gwave�structure �ginteractions �g(WSI)�gtaking �g
place�gin�gWEC�gsystems.�gIn�gthis�gcontext,�gwhile �gnumerical �gmodeling�gis�g
a�gmajor�gtopic �gin�gthe�gfield �gof�gWEC�gdesign�gand�gcontrol, �gexperimental�g
validation �gis�gessential�gto�gpursue�gmodel-based�ginvestigation �gand�gdesign,�g
and�geventually, �gnecessary�gto�gachieve�grobust�gcommercialization �gof�gwave�g
energy.

A�gfull �gscale�gpoint �gabsorber�gWEC�gequipped�gwith �ga�gdirect-driven �glinear �g
generator�gwas�gdeployed�gand�gstudied�gon�gthe�gwest�gcoast�gof�gSweden�g(Lei-
jon�get�gal.,�g2008;�gLejerskog�get�gal.,�g2015).�gWhile �gthis�glong-term �gcampaign�g
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enabled�gthe�gvalidation �gof�gnumerical �gmodels�g(Sjökvist�get�gal.,�g2017),�gfull-
scale�gdeployments�gare�gvery�gcostly.�gFurthermore,�git �ghas�gbeen�gargued�g
in�gGuo�gand�gRingwood�g(2021)�gthat �ga�gtechnology�greadiness�glevel-based�g
development�gstrategy�gmay�gbe�gpartly �gresponsible�gfor �gthe�gslow�gemergence�g
of�gWEC�gtechnologies,�gand�gthat �ga�gtechnology�gperformance�glevel�gframe-
work �gcould�gbe�gmore�gappropriate. �gIn�gthis�gregard,�gscaled�gexperiments�gin�g
wave�gtanks�gprovide �ga�gvaluable�gtrade-off�gbetween�gcost-effectiveness�gand�g
fidelity �gwhile �goffering �ga�gcontrolled �genvironment �gfavorable�gfor �gdevice�g
investigation �gand�gexperimental�gdataset�ggeneration,�gthus�gconstituting �gan�g
essential�gstep�gprior �gto�gfull-scale�gdeployment.

Extensive�gscaled�gexperimental�gcampaigns�gwere�gpresented�gin�gFaedo�g
et�gal.�g(2023),�gVervaet�get�gal.�g(2025),�gStratigaki �get�gal.�g(2014)�gand�gPasta�g
et�gal.�g(2024),�gproviding �gcomprehensive�gdatasets�gfor �gboth�gsingle�gdevices�g
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and�gWEC�garrays.�gExperimental�gdatasets�gare�gleveraged�gfor �gmodel�gcalibra-
tion �g(McCabe�get�gal.,�g2006)�gand�gthe�gdevelopment�gof�gdata-driven�gmodels�g
(Saavedra�get�gal.,�g2025;�gZhang�get�gal.,�g2023;�gPasta�get�gal.,�g2025;�gCelesti�g
et�gal.,�g2025).

Besides�ghydrodynamic �gscaling�geffects,�gmechanical�gartifacts�gsuch�gas�g
friction �galso�glimit �gthe�gaccuracy�gof�gfull-scale�gextrapolation �g(Giannini �g
et�gal.,�g2020).�gEfforts�gshould�gbe�gconcentrated�gon�greducing�gmechanical�g
friction �gbetween�gmoving �gparts.�gWhile �glinear �gmotors�gare�gcommonly�g
used�gas�gpower�gtake-off�g(PTO)�gsystems�gdue�gto�gtheir �gcontrollability �gand�g
potential �gto�genable�greactive�gcontrol, �gthey�gexhibit �glimitations �grelated�g
to�gfriction �gand�gcogging�g(Faedo�get�gal.,�g2023;�gThomas�get�gal.,�g2018a,b).�g
Eddy�gcurrent �gbrakes�gprovide �gan�galternative �gPTO�gtechnology�gfor �gpassive�g
control, �gwith �gthe�gability �gto�gadjust�gthe�gdamping�gby�gvarying �gthe�gcurrent �g
in�gthe�gelectromagnets,�gwhile �gavoiding �gcogging�gand�gproviding �glower, �g
more�geasily�gadjustable�gfriction. �gThis�gpromising �gPTO�gapproach�ghas�gbeen�g
exploited �gin�gseveral�gworks�g(Shahroozi�get�gal.,�g2020;�gGiassi�get�gal.,�g2020;�g
Lopes�get�gal.,�g2009).

Scaled�gexperimental�gstudies�gare�galso�gessential�gto�greveal�gunexpected�g
responses�gbeyond�gstructural �gresonance.�gSuch�gphenomena�garise�gfrom �g
wave-induced,�gtime-varying �gparameters�gincluding �gbuoyancy,�gstiffness,�g
and�gmass�gdistribution. �gUnder�gspecific�gexcitation �gfrequencies,�gthese�gperi-
odic�gvariations �gcan�gtrigger �ga�gresonance�gmechanism�gknown �gas�gparamet-
ric �gresonance�g(PR),�gwhich �gis�gcharacterized�gby�glarge-amplitude �gsubhar-
monic�goscillations.�gSeveral�gstudies�gnot�gprimarily �gfocused�gon�gPR�ghave�g
nonetheless�greported�gits�gexperimental�gobservation,�gas�gin�gGiassi�get�gal.�g
(2020),�gwhile �gothers�ghave�gexplicitly �ginvestigated�gthis�gphenomenon.�gDif-
ferent�gmodeling�gapproaches�ghave�gbeen�gdeveloped�gto�gaccount�gfor �gsuch�g
instabilities. �gFor�ginstance,�ganalytical �gformulations �gbased�gon�gMathieu-
type�ginstability �gequations�gwere�gused�gto�gexamine�ginstabilities �gof�ga�gsix�g
degrees�gof�gfreedom�g(DOF)�gpoint �gabsorber�g(Orszaghova�get�gal.,�g2019,�g
2020).�gWhile �ganalytical �gmethods�gare�gefficient �gand�gprovide �gfundamental�g
insight, �gthey�gare�glimited �gto�gregular�gwave�gconditions. �gGiorgi �gand�gRing-
wood�g(2018)�gdemonstrated�gthe�ginfluence�gof�gviscous�gdamping�gon�groll �g
instability �gand�greported�greduced�gparametric�gexcitation �gunder�girregular �g
waves�gusing�ga�gnumerical �gmodel�gthat �gaccounts�gfor �ginstantaneous�gwet-
ted�gsurface�gvariations. �gMore�grecently,�gGöteman�get�gal.�g(2026)�gapplied�g
various�gdata-driven�gtechniques�gto�gpredict �gsway�ginstability �g(SIn)�gunder�g
both�gregular�gand�girregular �gsea�gstates.�gA�grecent�greview �gon�gPR�gin�goffshore�g
renewable�genergy�gsystems�ghighlighted �gthe�gexisting�gknowledge�ggap�gcon-
cerning�gPR�gbehavior�gunder�girregular �gwave�gconditions�g(Davidson�get�gal.,�g
2025).

To�gnarrow �gdown�gthe�gabove�gmentioned�gknowledge�ggaps,�gthis�gstudy�g
develops�gan�ginnovative �gPTO�gmodel,�gand�guses�git �gto�ginvestigate�ga�gpoint-
absorber�gWEC�gacross�ga�gwide�grange�gof�gwave�gconditions. �gA�g1:10�gscale�g
prototype �gof�gthe�gUppsala�gUniversity �gWEC�gconcept�g(Eriksson�get�gal.,�g2007)�g
is�gdesigned�gwith �ga�gpassive�glinear �geddy-current�gbrake�gPTO,�gproviding �g
a�gconsistent�gvelocity-proportional �gforce.�gThe�gresponse�gof�gthe�g6-DOF�g
moored�gpoint-absorber�gWEC�gis�ginvestigated�gunder�gboth�gregular�gand�g
irregular �gwave�gconditions�gand�gfour �gdamping�glevels,�gwith �gparticular �g
attention �gto�gobserved�gsway�gmotion �ginstabilities. �gA�greduced�g3-DOF�gnu-
merical�gmodel�gis�gshown�gto�gaccurately�gcapture�gsystem�gdynamics�gand�g
power�gabsorption�gcharacteristics.�gThe�gstudy�gcontributes�gto�gexperimental�g
method�gdevelopment,�ginsights�gon�gthe�gnonlinear �gresponse,�gWEC�gper-
formance�gcharacterization, �gand�gvalidation �gof�gnumerical �gpredictions.�gIts�g
main�gfindings �gare�gsummarized�gas�gfollows:

(i) Experimental�gcharacterization �gof�gthe�gmulti-DOF�gresponse�gfor �g
different �gdamping�gvalues,�ghighlighting �gdeviations�gfrom �gconven-
tional �gheave-only�gassumptions�gand�gemphasizing�gthe�gneed�gto�g
consider�gsway,�gsurge,�gand�gpitch �gfor �gaccurate�gPTO�gmotion �gand�g
associated�gpower�gassessment.

(ii) Comparison�gof�gSIn�gin�gregular�gand�girregular �gsea�gstates,�ghighlight-
ing�gthe�glimitations �gof�gregular�gsea�gstates�gin�gexaggerating�gresponse�g
patterns�gand�gthe�gdetrimental �gimpact�gof�gSIn.

(iii) Validation �gof�ga�g3-DOF�gweakly�gnonlinear �gnumerical �gmodel,�gdefin-
ing�gits�grange�gof�goperation�gand�gprimary �glimitations, �gnamely�gnon-
linear �gslack�gconditions�gand�gsmaller�gsea�gstates�gwith �gdominant �gSIn�g
mode.

Table �g1
Wave�gtank�gand�gmeasurement�gsystems�gparameters.

�gParameters Value Unit �g
�gBasin�gdimension 35�g• �g15.65 [m] �g
�gWater�gdepth 3 [m] �g
�gQualisys�gsampling�gfrequency 128 [Hz] �g
�gWave�ggauges�gsampling�gfrequency 128 [Hz] �g
�gWave�ggauges�gnumber 4 �g
�gLoad�gcell�gsampling�gfrequency 1612 [Hz] �g
�gLoad�gcell�gcapacity 444.8 [N] �g

Table �g2
Buoy�gparameter�gvalues.�gThe�gtotal �gmass�gincludes�gthe�gfloater �gand�gauxiliary �gbuoy�g
components�g(Qualisys�gmarkers�gand�gthe�ghooking�gsystem).�gThe�gmoments�gof�g
inertia �gwere�gcomputed�gusing�gSolidWorks.

�gParameters Value Unit �g
�gShape Hollow �gquasi-ellipsoid �g
�gOuter�gradius 0.242 [m] �g
�gInner�gradius 0.028 [m] �g
�gEllipsoid �gheight 0.140 [m] �g
�gDraft 0.120 [m] �g
�gTotal�gmass 4.582 [kg] �g
�gCenter�gof�ggravity 0,�g0,�g* 0.0046 [m] �g
�gHook�gheight 45.6 [mm] �g
�gTotal�gplate�gheight 8.7 [mm] �g
�gMoments�gof�ginertia 0.62,�g0.62,�g0.89 [kg �gm2] �g

(iv) Derivation �gof�ga�gpower�gmatrix �gfrom �ginterpolation �gof�g11�girregular �g
sea�gstates�gfor �gthree�gdifferent �gdamping�gcoefficients.

The�gremainder�gof�gthe�gpaper�gis�gas�gfollows: �gSection�g2�gdetails�gthe�g
methodology�gof�gthe�gexperimental�gcampaign,�gfollowed �gby�ga�gdescrip-
tion �gof�gthe�gWEC�gmodeling�gin�gSection�g3.�gThe�gresults�gare�gdiscussed�gin�g
Section�g4,�gand�gconclusions�gare�gsummarized�gin�gSection�g5.

2.�gExperimental �gmethodology

This�gsection�gdescribes�gthe�gwave�gtank�gexperimental�gsetup�gin�gdetail, �g
such�gas�gthe�gexperimental�gfacilities, �gthe�gsea�gstates�gand�gthe�gWEC�gchar-
acteristics.�gThe�gexperimental�guncertainties�gare�galso�gdiscussed�gin�gthis�g
section.

2.1.�gExperimental�gsetup

2.1.1.�gWave�gtank
The�gexperiments�gwere�gconducted�gin�gthe�gOcean�gBasin�gof�gUniversity �g

of�gPlymouth's�gCOAST�gLaboratory,�gexamining�gthe�gdynamics�gof�ga�g1:10�g
scaled�gmodel�gbased�gon�gthe�gUppsala�gUniversity �gWEC�g(Eriksson�get�gal.,�g
2007).�gThe�gwaves�gwere�ggenerated�gby�g24�g• �g2�gm�gtall �gdry �gbacked�gbottom �g
hinged�gwave�gpaddles�gand�ga�gparabolic�gabsorbing�gbeach�gto�gminimize �g
wave�greflections.�gThe�gmeasurement�gsystem�gconsisted�gof�ga�gQualisys�g
optical �gmotion �gtracking �gsystem�gcomprising�gsix�gcameras�gto�gtrack�gand�gesti-
mate�gthe�gbuoy�gand�gPTO's�gmovement�gin�gsix�gDOF,�ga�gload�gcell�gbetween�gthe�g
PTO�gand�gthe�gline �gto�gcapture�gforce�gdata,�gand�gfour �gwave�ggauges�gto�grecord�g
the�gfree�gsurface�gelevation�g(FSE).�gThe�gexperimental�gsetup�gis�gshown�gin�g
Fig.�g�g1,�gwith �gparameters�greported�gin�gTable�g�g1.�gUnless�gotherwise�gstated,�g
all �gvalues�gmentioned�gin�gthis�gpaper�gare�gscaled�gvalues�gcorresponding�gto�g
the�gexperiment.

2.1.2.�gBuoy
The�gbuoy�ghad�ga�gquasi-ellipsoidal �gshape�gto�greduce�gvortex�gshedding�g

formation �gassociated�gwith �gviscosity�gloss�g(Jin�get�gal.,�g2019;�gZang�get�gal.,�g
2018).�gThe�gconnection�gbetween�gthe�gbuoy�gand�gthe�gPTO�gwas�genabled�gby�g
a�ghigh�gstiffness�g3�gmm�gpolymer �gDyneema�grope�gthrough �gtwo �glow �gfriction �g
ball �gbearing�gpulleys.�gThe�gfirst �gpulley �gwas�gfixed�gon�gthe�gseabed�gdirectly �g
below�gthe�gbuoy�gand�gthe�gsecond�gone�gwas�ginstalled �gon�gthe�gtop�gof�gthe�g
PTO�glinear �gguide.�gThe�gbuoy�gcharacteristics�gare�gfound�gin�gTable�g�g2,�gand�gits�g
shape�gis�gshown�gin�gFig.�g�g2.�gIt �gshould�gbe�gmentioned�gthat �gthe�gmeasured�gdraft �g
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Fig.�g1.�gThe�gexperimental�gset-up:�gwave�gtank�gexperiment�gschematic�g(a).�gThe�gbuoy�gand�gPTO�gare�gnot�galigned�gwith �gthe�gwave�gpropagation�gdirection �gso�gthe�gbuoy�gdoes�g
not�gcollide �gwith �gthe�grope�gduring �gthe�gexperiment.�gSide-view�gof�gthe�gbuoy�gand�gPTO�gin�gthe�gwave�gtank�g(b),�gand�gPTO�glinear �gguide�gand�geddy�gcurrent�gbrake�g(c).

Fig.�g2.�gBuoy�ghollow �gquasi-ellipsoidal�gshape�gin�g3D�gview.

would �gvary�gslightly �gdue�gto�gthe�gPTO�gfriction �gand�gdamping.�gHowever,�gthis�g
variability �gis�gconsidered�gnegligible, �gwith �ga�gstandard�gdeviation �gof�gonly �g
1.79%�gof�gthe�gbuoy�gdraft.

2.1.3.�gPower-take-off
Designing�gappropriate �gmodels�gof�ggenerators�gto�gbe�gused�gin�gscaled�g

experiments�gis�gan�gacknowledged�gchallenge.�gFriction, �gair�ggap�glimita-
tions,�gand�gnonlinear �gdamping�goften�goccur�gin�gscaled�gmodels,�gand�glimit �g
their �grepresentation�gas�gfull-scale�gPTOs.�gIn�gthis�gwork, �ga�gPTO�gsystem�g
consisting�gof�ga�glinear �geddy-current�gbrake�gwas�gdesigned,�gwhere�gan�g
aluminum �gtranslator �g(rod) �gwas�gmoved�gvertically �gwithin �ga�gtime-invariant �g
electromagnetic�gfield �gproduced�gby�gpairs�gof�gneodymium �gmagnets.�gThe�g
magnetization�gdirection �gof�gthe�gmagnets�gwas�gperpendicular �gto�gthe�grod.�g
A�gnumber�gof�g36�gbearings�gmounted�gon�ga�glinear �gguide�gwere�gemployed�g
to�grestrict �gand�gensure�gsmooth�gvertical �gtranslation �gof�gthe�galuminum �g
rod.�gA�gpicture �gof�gthe�gphysical�gPTO�gis�gshown�gin�gFig.�g�g1,�gand�gthe�gPTO�g
characteristics�gare�gfound�gin�gTable�g�g3.

The�gPTO�gis�gdesigned�gto�gmimic �ga�glinear �gdamper.�gAs�gthe�galuminum �g
rod�gmoves�gthrough �gthe�gpermanent�gmagnetic�gfield, �geddy�gcurrents�gare�g
induced�gin�gthe�grod�gfollowing �gFaraday's�glaw�gof�ginduction. �gThe�geddy�g
currents�gcirculate �gin�ga�gspecific�gdirection, �ginducing �gan�gopposing�gmagnetic�g
field. �gThis�gresults�gin�ga�gvelocity-inversely-proportional �gforce�gvector,�g𝐅𝛾 ,�g
opposing�gthe�grod�gmotion �g

𝐅𝛾 .𝑡/ = * 𝛾d 𝝃̇7.𝑡/, (1)

where�g𝛾d�gis�gthe�gPTO�gdamping�gcoefficient �gand�ġ𝜉7.𝑡/�gis�gthe�gPTO�gvelocity �g
vector.�gThe�geddy�gcurrents�gare�geventually �gdissipated�ginto �gheat,�gremoving�g
energy�gfrom �gthe�gsystem�gand�gacting�glike �ga�gdamper�g(Sodano�gand�gBae,�g
2004).�gIn�gtheory,�gthis�gforce�gremains�glinear �gwith �gthe�gtranslator �gvelocity �g
as�glong�gas�gthe�gactive�garea�gof�gthe�gtranslator �gand�gthe�grod�gconductivity �g
remain�gconstant.�gWhile �gthe�gformer �gwas�gensured�gthroughout �gthe�gexper-
iment, �gthe�glatter �gwas�gnot,�gas�geddy-current-induced�gheating�gchanged�g

Table �g3
Power�gtake-off�gparameters.

�gParameters Value Unit �g
�gMass 9.008 [kg] �g
�gRod�gdimension 2.8�g• �g0.120�g• �g0.010 [m] �g
�gLinear�gguide�glength 1 [m] �g
�gMagnet�gtype Neodymium�ggrade�g40�gMGOe �g
�gMagnet�gdimension 100�g• �g56�g• �g8 [mm] �g
�gAir �ggap [1.0; �g1.1] [mm] �g
�gBearing�gtype 608�gRS�gsteel�gball�gbearing �g
�gBearing�gouter�gradius 22 [mm] �g
�gBearing�ginner�gradius 8 [mm] �g
�gBearing�gwidth 7 [mm] �g
�gStroke�glength 1.80 [m] �g
�gLine�gtype High�gstiffness�gDyneema�gpolymer �g
�gLine�gthickness 3.0 [mm] �g
�gPulley�gtype Low�gfriction �g608RS�gsteel�gball�gbearings �g
�gPulley�gnumber 2 �g

the�grod�gtemperature�gand,�gin�gturn, �gits�gelectrical �gconductivity �g(Putra�g
et�gal.,�g2022).�gConsequently,�git �gis�gimportant �gto�gemphasize�gthat �gthe�glinear �g
relationship �gdescribed�gin�gEq.�g�g(1)�gis�gan�gapproximation, �gwhose�gvalidity �g
is�gnot�ginvestigated�gin�gthis�gwork. �gIn�gtotal, �gfour �gPTO�gconfigurations �gwere�g
tested:�gone�gwithout �gmagnets�g(no�gdamping),�gand�gthree�gwith �g3,�g6,�gand�g9�g
pairs�gof�gmagnets,�gdenoted�g𝛾d0

,�g𝛾d1
,�g𝛾d2

�gand�g𝛾d3
,�grespectively.

2.1.4.�gScaling
Scale�gmodeling�gin�gwave�gtanks�gtypically �gpreserves�gthe�gdominant �g

balance�gbetween�ginertial �gand�ggravitational �gforces�gthrough �gFroude�gscal-
ing.�gAs�gthe�gmodel�gscale�gdecreases,�gthe�gReynolds�gnumber�gis�greduced�g
and�gviscous�geffects�gbecome�grelatively �gmore�gsignificant. �gBecause�gboth�g
Reynolds�gand�gFroude�gsimilarity �gcannot�gbe�gsatisfied�gsimultaneously,�g
scaled�gexperiments�gmay�gexhibit �gviscous�gscale�geffects�gthat �gare�gnot�gfully �g
representative�gof�gfull-scale�gbehavior.�gThis�gscaling�geffect�ghas�gbeen�gstud-
ied�gby�gWindt �get�gal.�g(2021),�gwhere�gnumerical �gwave�gtanks�gwere�gused�gto�g
compare�gpure�gFroude�gscaling�gwith �gcombined�gFroude�Reynolds�gscaling�g
on�gthe�gWavestar�gdevice�gat�gfull, �g1:5,�gand�g1:20�gscales.�gWhile �gneglecting�g
Reynolds�gscaling�gled�gto�gsignificant �gdiscrepancies�gin�gviscous�gshear�gstress�g
� �gespecially�gat�gsmaller�gscales�gand�glarger�gmotions�g� �gthe�goverall �ghull �g
load�gremained�glargely�gunaffected,�gbeing�gdominated�gby�ginertial �gand�g
gravitational �gforces.�gSimilarly, �gPalm�get�gal.�g(2018)�ginvestigated�gscale�g
effects�gon�ga�gmoored�gheaving�gpoint �gabsorber�gby�ganalyzing�gits�greso-
nance�gresponse.�gThey�gshowed�gthat �gheave�gmotion �gis�gmainly �ggoverned�gby�g
scale-independent�ginduced�gdrag,�gwhereas�gviscous�geffects�gsignificantly �g
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influence�gsurge�gand,�gto�ga�glesser�gextent,�gpitch, �gaffecting�gforce�gampli-
tudes�gand�gdrift. �gThese�gresults�gsupport�gscale�gextrapolation �gin�gheave�gbut�g
highlight �gscale-dependent�geffects�gin�gother�gdegrees�gof�gfreedom.�gThese�g
findings �gsuggest�gthat �ghydrodynamic �gscaling�geffects�gare�gnot�gdetrimental �g
for �gthe�gexperimental�gsetup�gconsidered.�gIndeed,�gthe�gheave�gnature�gof�g
the�gPTO�gmakes�git �gmost�gsensitive�gto�gthe�gbuoy�gheave,�gless�gconcerned�gby�g
scale-dependent�geffects�gas�gother�gDOF�g(Palm�get�gal.,�g2018).

Scaling�geffects�gare�galso�gdriven �gby�gmechanical�gartifacts,�gsuch�gas�gun-
wanted�gfriction, �gwhich �gcan�gbe�gthe�gmain�gsource�gof�guncertainty. �gFriction �g
forces�gare�gnot�gstraightforwardly �gscalable�gand�gremain�gdifficult �gto�gpredict �g
at�gthe�gdesign�gstage.�gMoreover,�gcontrolling �gfriction �gcan�gbe�gchallenging�g
with �goff-the-shelf�gcomponents�gsuch�gas�glinear �gmotors.�gTherefore,�gGian-
nini �get�gal.�g(2020)�grecommend�gminimizing �gunwanted�gfriction �gas�gmuch�gas�g
possible.�gThe�gfriction �gparameters�gof�gthe�gPTO�glinear �gguide�gand�gpulleys�g
are�gidentified �gin�gSection�g3.4.1.�gIf �gfriction �gcannot�gbe�gfully �geliminated, �gthe�g
custom-made�gPTO�gallows�gfuture �giterations �gto�gmodify �gbearing�gtypes�gand�g
numbers�gin�gan�gattempt�gto�gfurther �greduce�gfriction.

Last�gbut�gnot�gleast,�gthe�grelatively �glarge�g1:10�gscale�gratio �gprovides�gan�g
additional �gargument�glegitimating �gresult�gextrapolation �gto�gfull-scale.

2.2.�gSea�gstates

Both�gregular�gand�girregular �gsea�gstates�gwere�gconsidered.�gFor�gclarity, �g
sea�gstates�gare�gqualified �gas�gempty�gbasin�gsea�gstates�gwithout �gthe�gWEC�g
present�gin�gthe�gbasin,�gexperimental�gsea�gstates�gwith �gthe�gWEC�gin�gthe�gbasin,�g
and�gtheoretical�gsea�gstates�gfor �gnumerical �gFSE�gfed�gto�gthe�gwave�gmakers�g
as�ginput. �gThe�gwaves�gwere�gmeasured�gby�ga�gwave�ggauge�glocated�g1.67�gm�g
beside�gthe�gbuoy,�gincluding �galso�gthe�gradiated�gwaves�gfrom �gthe�gbuoy�g
motion. �gMoreover,�gdue�gto�gthe�gabsence�gof�gwave�gabsorption�galong�gthe�gside�g
walls�gof�gthe�gwave�gbasin,�gcross-wave�gtrapping �gcan�gresult�gin�ga�gnodal�gwave�g
pattern.�gThis�ghas�gbeen�gfound�gto�gbe�gmost�gsignificant �gfor �gregular�gwaves�g
around�g1.50�gHz�gand�g1.75�gHz�gperiod,�gwhich �gare�gabove�gthe�gfrequency�g
band�gcovered�gin�gthis�gstudy.�gAs�ga�gresult,�gthere�gcould�gbe�ga�gslight �gdifference�g
between�gthe�gFSE�gmeasured�gat�gthe�gside�gprobe�gand�gat�gthe�gmodel�glocation.

2.2.1.�gRegular�gwaves

The�gWEC�gresponse�gin�gregular�gwaves�gwas�gstudied�gfor �gwaves�gwith �g
amplitude �g𝐴𝜂 = 0.05�gm�gand�gperiods�gbetween�g𝑇 = 0.77�gs�gand�g𝑇 = 5.00
s,�gwith �gan�gincrement�gof�gd𝑓 = 0.1�gHz,�gand�gincreased�gresolution �gnear�g
the�gpeak�gresponses.�gNote�gthat �gunplanned�gexperimental�gevents�gshortened�g
the�gtesting�gschedule,�gaffecting�gthe�gcompletion �gof�gthe�gexperimental�gcam-
paign.�gIn�gparticular, �gregular�gwave�gperiods�gdiffered �gacross�gthe�gPTOs,�gand�g
no�gregular�gwave�gtests�gwere�gperformed�gfor �gdamping�g𝛾d3

.�gThe�gtheoretical, �g
experimental,�gand�gempty�gbasin�gFSE,�grespectively�gnoted�g𝜂theo.𝑡/,�g𝜂exp.𝑡/
and�g𝜂empty.𝑡/,�gfor �gthe�gregular�gwaves�gwith �gperiods�gof�g5.00�gs,�g3.34�gs�gand�g
1.67�gs�gare�gcompared�gin�gFig.�g�g3.�gThe�gsignals�gagree�gwell �gfor �gthe�gobserved�g
frequencies,�gvalidating �gthe�ggenerated�gregular�gwaves.

The�gwave�gsteepness�g𝜖�gis�gcomputed�gas�gin�g(LeMéhauté,�g1969),�g

𝜖 =
𝐻
𝑔𝑇 2

. (2)

The�gwave�genergy�gflux �g𝐽 �gfor �gregular�gwaves�gis�gdefined�gas�gin�g(Falnes,�g
2002),�g

𝐽 =
𝜌𝑔2

𝑄
𝐻2𝑇 , (3)

where�g𝑇 �gis�gthe�gwave�gperiod,�g𝐻 = 2𝐴𝜂�gis�gthe�gwave�gheight�gand�g𝑄 = 32𝜋
for �gregular�gwaves�gand�g𝑄 = 64𝜋�gfor �girregular �gsea�gstates.�gThe�gexperimental�g
regular�gwaves�gare�gran�gwith �g𝛾d1

�gare�gshown�gin�ga�g[𝑇 ;𝐻 ] �ggrid �gfashion�gin�g
Fig.�g�g4�g(left), �gand�gtheir �glinearity �gis�gexpressed�gvia�gthe�gmodeling�gdomains�g
shown�gin�gFig.�g�g4�g(right), �greplicated�gfrom �gLeMéhauté�g(1969),�gwhere�gℎ�gis�g
the�gwater�gdepth.

Fig.�g3.�gComparison�gof�gtheoretical, �gexperimental�gwith �gdamping�g𝛾d1
,�gand�gempty�g

basin�gFSE.

2.2.2.�gIrregular�gwaves
The�girregular �gsea�gstates�ginvolved �gin�gthe�gexperiment�gwere�ggenerated�g

according�gto�gthe�gBretschneider�g(Bretschneider,�g1959)�gand�gJONSWAP�g
spectrum�g(Hasselmann�get�gal.,�g1973).�gThe�gexperimental�gwave�gspectra�g
realizations�gare�gpresented�gin�gTable�g�g4,�gwhere�g𝑇e�gand�g𝐻s�gare�gthe�gwave�g
energy�gperiod�gand�gthe�gsignificant �gwave�gheight�grespectively,�gused�gto�g
compute�gthe�girregular �gwave�gequivalent�g𝜖e�gand�g𝐽e�gof�g𝜖�gand�g𝐽 .�gThe�g
wavelength�g𝜆e�gis�gdetermined�gby�gsolving�gthe�glinear �gwave�gdispersion�g
relation; �gThe�gempty�gbasin�girregular �gwaves�ghave�gbeen�gconducted�gfor �g
Bretschneider�gsea�gstates�g𝐵1,�g𝐵5,�g𝐵8�gand�g𝐽1.�gOnly�gJONSWAP�gsea�gstates�g
𝐽1�gand�g𝐽3�gwere�grun�gwith �g𝛾d3

.�gThe�gparameters�gin�gTable�g�g4�gare�gcom-
puted�gusing�gexperimental�gFSE�gwith �g𝛾d1

.�gThe�gexperimental�girregular �gsea�g
states�gand�gtheir �glinearity �gare�galso�gshown�gin�gFig.�g�g4.�gWave�gbreaking�gwas�g
observed�gunder�gthe�gsteeper�gsea�gstates.

It �gis�gobserved�gthat �gall �girregular �gsea�gstates�gfall �gwithin �gthe�gStokes'�g
second�gand�gthird �gorder�gregimes,�gindicating �gthat �ga�glinear �gpotential �gflow �g
approach�gcannot�gcompletely�gcapture�gthese�gwaves.�gSeveral�gsea�gstates,�g
namely�g𝐵6,�g𝐵5,�g𝐽1,�g𝐽2,�g𝐵1�gand�g𝐵2�gare�gvery�gclose�gto�gthe�gStokes�gthird �gorder�g
regime,�gimplying �gaccentuated�gnonlinearities. �gThe�gclosest�gsea�gstates�gto�g
the�glinear �gdomain�gare�g𝐵10�gand�g𝐵7.�gThe�gexperimental�girregular �gsea�gstates�g
spectral�gdensity�gare�gderived�gusing�gthe�gWelch's�gmethod,�gwhich �greduces�g
spectral�gleakage,�gavoiding �gnoisy�gspectra�gby�gapplying �ga�gHamming�gwin-
dow�gto�goverlapping �gsignal�gsegments�g(Welch,�g1967).�gGiven�g𝐻s�gand�g𝑇e
derived�gfrom �gthe�gexperimental�gspectrum,�gthey�gare�gsubstituted�ginto �gthe�g
analytical �gexpressions�gto�gobtain �gthe�gcorresponding�ganalytical �gspectra.�g
The�gcorresponding�ganalytical �gspectra�gare�gobtained�gfrom �gthe�ganalytical �g
expressions.�gThe�gempty-basin,�gand�gexperimental�gspectra�gare�gcompared�g
with �gthe�ganalytical �gequivalent�gin�gFig.�g�g5,�gfor �gsea�gstates�g𝐵1,�g𝐵5,�g𝐵8,�gand�g
𝐽1�gwith �g𝛾d2

.�gWave�gcalibration �gwas�gnot�gcarried�gout�gto�gcorrect�gspectral�g
inaccuracies�gcaused�gby�gdeviations�gfrom �glinear �gwave�gtheory;�ghowever,�g
the�gspectral�gamplitudes�gagree�gvery�gwell �gfor �g𝐵5�gand�g𝐵8.�gThe�gpeak�gvalue�g
is�gsmaller�gfor �g𝐽1,�gmost�glikely �gdue�gto�gthe�gwave�gbreaking�gphenomenon.�g
The�gspectrum�gof�g𝐵1�gdoes�gnot�gexactly�gmatch�gpeak�gfrequencies�gbetween�g
analytical, �gexperimental�gand�gempty�gbasin�gwaves.�gThis�gtranslates�ga�g
slightly �gdeficient �grealization �gof�gthe�gBretschneider�gtype�gspectrum,�gmost�g
likely �gdue�gto�gthe�gnonlinear �gcontent�gof�gsea�gstate�ggiven�gby�gcombination �g
of�gthe�gparticular �g𝐻s�gand�g𝑇e.�gOverall,�gthe�gBretschneider�gand�gJONSWAP�g
spectra�gshapes�gare�gwell �gmatched�gwith �gthe�ganalytical �greference�gfor �gall �g
presented�gsea�gstates,�gvalidating �gthe�gsea�gstates�grealization �gin�gthe�gwave�g
tank.
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Table �g4
Wave�gtank�gexperiment�girregular �gsea�gstates�gand�gcorresponding�gparameters�gcomputed�gfrom �gexperimental�gFSE�gwith �g𝛾d1

.

�gWave Spectrum 𝛾 Depth 1:10�gscaled Full�gscale 𝛾d �g
�g 𝐻s 𝑇e 𝐻s 𝑇e 𝜖e 𝜆e 𝐽e �g
�g [m] [s] [m] [s] [�] [m] [W �gm* 1] �g
�g𝐵1 Bretschneider � Deep�gwater 0.12 1.26 1.2 3.98 0.0076 2.28 8.49 𝛾d1

,�g𝛾d2
,�g𝛾d3

�g
�g𝐵2 Bretschneider � Deep�gwater 0.17 1.32 1.7 4.17 0.0102 2.71 18.99 𝛾d1

,�g𝛾d2
,�g𝛾d3

�g
�g𝐵3 Bretschneider � Intermediate 0.14 2.11 1.4 6.67 0.0032 6.92 19.54 𝛾d1

,�g𝛾d2
,�g𝛾d3

�g
�g𝐵4 Bretschneider � Intermediate 0.23 2.08 2.3 6.57 0.0055 6.73 54.54 𝛾d1

,�g𝛾d2
,�g𝛾d3

�g
�g𝐵5 Bretschneider � Intermediate 0.32 2.13 3.2 6.73 0.0073 7.00 106.16 𝛾d1

,�g𝛾d2
,�g𝛾d3

�g
�g𝐵6 Bretschneider � Intermediate 0.44 2.21 4.4 6.98 0.0091 7.51 201.92 𝛾d1

,�g𝛾d2
,�g𝛾d3

�g
�g𝐵7 Bretschneider � Intermediate 0.15 3.07 1.5 9.70 0.0016 13.16 33.54 𝛾d1

,�g𝛾d2
,�g𝛾d3

�g
�g𝐵8 Bretschneider � Intermediate 0.25 3.05 2.5 9.64 0.0027 12.98 92.75 𝛾d1

,�g𝛾d2
,�g𝛾d3

�g
�g𝐵9 Bretschneider � Intermediate 0.35 3.05 3.5 9.64 0.0039 16.22 181.85 𝛾d1

,�g𝛾d2
,�g𝛾d3

�g
�g𝐵10 Bretschneider � Intermediate 0.15 3.68 1.5 11.63 0.0011 16.93 39.38 𝛾d1

,�g𝛾d2
,�g𝛾d3

�g
�g𝐵11 Bretschneider � Intermediate 0.26 3.75 2.6 11.85 0.0019 17.45 123.51 𝛾d1

,�g𝛾d2
,�g𝛾d3

�g
�g𝐽1 JONSWAP 3.3 Intermediate 0.33 2.09 3.3 6.60 0.0077 6.83 107.88 𝛾d1

,�g𝛾d2
,�g𝛾d3

�g
�g𝐽2 JONSWAP 1.1 Intermediate 0.32 2.03 3.2 6.41 0.0079 6.39 97.98 𝛾d1

,�g𝛾d2
�g

�g𝐽3 JONSWAP 3.3 Intermediate 0.28 2.52 2.8 7.96 0.0045 9.56 96.01 𝛾d1
,�g𝛾d2

,�g𝛾d3
�g

�g𝐽4 JONSWAP 1.1 Intermediate 0.29 2.43 2.9 7.68 0.0049 8.96 95.85 𝛾d1
,�g𝛾d2

�g
�g𝐽5 JONSWAP 3.3 Intermediate 0.25 3.07 2.5 9.70 0.0027 13.15 94.57 𝛾d1

,�g𝛾d2
�g

�g𝐽6 JONSWAP 1.1 Intermediate 0.25 2.93 2.5 9.26 0.0030 12.21 86.46 𝛾d1
,�g𝛾d2

�g

Fig.�g4.�gVisualization �gof�gexperimental�gsea�gstates�gutilized �gfor�g𝛾d2
.�gOn�gthe�gleft, �gthe�gexperimental�gsea�gstate's�gwave�gheight�g𝐻s, 𝐻�gand�genergy�gperiod�g𝑇e, 𝑇 �gare�gshown�g

as�gcoordinates,�gwhile �gsteepness�g𝜖e, 𝜖�gis�gshown�gvia�gcolor�ggradient�gand�gthe�genergy�gflux �g𝐽e, 𝐽 �gis�gproportional �gto�gthe�gmarker�gsize.�gOn�gthe�gright, �gthe�gsea�gstates�gare�g
classified�gby�gmodeling�gdomains�gretrieved�gfrom �gLeMéhauté�g(1969).

Fig.�g5.�gComparison�gof�ganalytical, �gempty-basin�gand�gexperimental�gwave�gspectra�g
with �g𝛾d1

�gfor�gsea�gstates�g𝐵1,�g𝐵5,�g𝐵8,�gand�g𝐽1.

3.�gModeling �gmethodology

In�gthis�gsection,�gthe�g3-DOF�gtime-domain �gWEC�gmodel�gdeveloped�gin�g
WEC-Sim�g(Ogden�get�gal.,�g2022)�gis�gdescribed.�gThe�gPTO�gforce�gis�galso�g
identified �gempirically, �gand�gthe�gsystem�gcharacteristics�gare�gpresented.

3.1.�gLinear�ghydrodynamics

Considering�ga�gfloating �gbuoy,�gthe�ggeneral�g𝑛-DOF�gequation�gof�gmotion �g
in�gthe�gtime �gdomain,�gbased�gon�glinear �gpotential �gflow �gtheory�g(Falnes,�g
2002),�gis�ggiven�gby�gthe�gwell-known �ghybrid �gfrequency�time �gdomain�g
Cummins�gequation�g(Cummins,�g2010),�g

.𝐌 + 𝐌Ø / 𝝃̈.𝑡/ + ∫

𝑡

*Ø
𝐊.𝑡 * 𝜏/ 𝝃̇.𝜏/ 𝑑𝜏 + 𝐂 𝝃.𝑡/

= 𝐅e.𝑡/ + 𝐅l,b .𝑡/ + 𝐅𝑁𝐿

(4)

where�g𝝃.𝑡/,�ġ𝝃.𝑡/�gand�g̈𝝃.𝑡/ Ë R𝑛•1 �gare�gthe�gbuoy�gposition, �gvelocity �gand�gaccel-
eration�gvectors�grespectively,�g𝐌 Ë R𝑛• 𝑛�gis�gthe�gbuoy�gmass�gmatrix, �g𝐌Ø Ë
R𝑛• 𝑛�gis�gthe�gadded�gmass�gmatrix �gat�ginfinite �gfrequency,�g𝐊.𝑡/ Ë R𝑛• 𝑛�gis�gthe�g
radiation �gforce�gkernel�gmatrix �gand�g𝐂 Ë R𝑛• 𝑛�gis�gthe�ghydrostatic �gstiffness�g
matrix. �gThe�gwave�gexcitation �gforce�gvector�gis�g𝐅e.𝑡/ Ë R𝑛•1 ,�g𝐅l,b .𝑡/ Ë R𝑛•1

is�gthe�gline �gforce�gvector�gon�gthe�gbuoy�gside,�gand�g𝐅𝑁𝐿.𝑡/ Ë R𝑛•1 �grepresents�g
complementary�gnonlinear �ghydrodynamic �gforces�gfor �gweakly�gnonlinear �g
modeling.�gThe�gradiation �gforce�gexerted�gby�gthe�gradiated�gwaves�gfrom �gthe�g
moving �gbody�gis�gdefined�gby�ga�gconvolution �gterm�gand�gan�gadded-mass�g
inertial �gterm�gas�g

𝐅r .𝑡/ = * ∫

𝑡

*Ø
𝐊.𝑡 * 𝜏/𝝃̇.𝜏/𝑑𝜏 * 𝐌Ø 𝝃̈.𝑡/. (5)
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The�gconvolution �gproduct �gcan�gbe�gapproximated�gby�ga�glinear �gstate-space�g
realization �gfor �geach�gDOF�gas�gin�gYu�gand�gFalnes�g(1995),�gconsequently�g
improving �gthe�gcomputational �gspeed�gof�gthe�gsimulations,�g
{

𝐗̇r .𝑡/ = 𝐀𝐫𝐗r .𝑡/ + 𝐁𝐫 𝜉̇.𝑡/
∫ 𝑡

*Ø 𝐾.𝑡 * 𝜏/𝜉̇.𝜏/ 𝑑𝜏 ù 𝐂𝐫𝐗r .𝑡/ + 𝐃𝐫 𝜉̇.𝑡/,
(6)

where�g𝐗r Ë R𝑚•1 �gis�gthe�gradiation �gstate�gvector�gof�g𝑚�gstates,�g𝐀𝐫 Ë R𝑚• 𝑚,�g
𝐁𝐫 Ë R𝑚•1 ,�g𝐂𝐫 Ë R1• 𝑚�gand�g𝐃𝐫 Ë R�gare�gradiation �gstate�gspace�gmatrices.

The�gwave�gexcitation �gforce�gis�gdefined�gin�gthe�gtime �gdomain�gby�ga�g
convolution �gproduct �gbetween�gthe�gvector�gof�gexcitation �gforce�gkernels�g
𝐡 Ë R𝑛•1 �gand�gthe�gFSE�g𝜂.𝑡/�gas�g

𝐅e.𝑡/ = ∫

Ø

*Ø
𝐡.𝑡 * 𝜏/𝜂.𝜏/𝑑𝜏, (7)

where�git �gis�greminded�gthat �gthe�gundisturbed�gFSE�g𝜂.𝑡/�gis�gan�gapproximation �g
of�gthe�gundisturbed�gFSE�gat�gthe�gbuoy�glocation, �gas�gdiscussed�gin�gSection�g2.�g
The�gmatrix �gin�gEq.�g�g(4)�gyields�gthe�g3-DOF�gequations�gof�gmotion �gfor �gthe�g
wave-excited�gsurge,�gheave,�gand�gpitch �gresponses,�gdenoted�gby�g𝜉1,�g𝜉3�gand�g
𝜉5�grespectively.

Recalling�gFig.�g�g4�g(right), �gthe�gconsidered�gsea�gstates�glie�gbeyond�gthe�g
linear �gpotential-flow �gregime,�ginherently �glimiting �gthe�gmodel�gaccuracy.�g
However,�gseveral�gremain�gwithin �gthe�gWEC�goperating�grange�gfor �gen-
ergy�gabsorption,�gwhile �gthe�gmore�gextreme�gconditions�ghelp�gdefine�gthe�g
operational �glimits �gof�gthe�gproposed�gmodel.�gIn�gaddition, �gthis�glinear �ghydro-
dynamic�gformulation �gdoes�gnot�gaccount�gfor �gseveral�gnonlinear �gtransient�g
loads�goccurring �gon�gthe�gbuoy�ghull. �gThese�gloads�ginclude�gturbulent �gloads�g
and�gsurge�gslamming�gtriggered�gby�gabrupt�gwater�gpressure�gspikes,�gboth�g
caused�gby�gwave�gbreaking,�gand�govertopping �gwhen�gwave�gheights�gsurpass�g
device�gdimensions,�gresulting �gin�gelevated�gstructural �gloads.

3.2.�gLine�gforce

The�gbuoy�gis�gcoupled�gto�gthe�gPTO�gthrough �gthe�gline �gforce�g𝐅l,b .𝑡/�gwhich �g
can�gbe�gdecomposed�ginto �gthe�gsurge�gand�gheave�gforce�g𝐹l,b1

�gand�g𝐹l,b3
,�gand�g

the�gpitch �gmoment�g𝑇l,b5
,�gas�g

𝐅l,b =
⎡

⎢

⎢

⎣

𝐹l,b1

𝐹l,b3

𝑇l,b5

⎤

⎥

⎥

⎦

=
⎡

⎢

⎢

⎣

* 𝐹l,b sin.𝜃 + 𝜙/
* 𝐹l,b cos.𝜃 + 𝜙/

* 𝐹l,b1
𝑙 cos.𝜉5/ + 𝐹l,b3

𝑙 sin.𝜉5/

⎤

⎥

⎥

⎦

, (8)

where�g𝑙�gis�gthe�gdistance�gbetween�gthe�gline �gpoint �gof�gfixation �gon�gthe�gbuoy�g
side�gand�gpoint �gof�gapplication �gof�gforces�gand�gmoment,�g𝜙�gis�gthe�gangle�g
between�gthe�gbuoy's�gequilibrium �gposition �gand�gits�gdynamic�gposition �gand�g
𝜃�gis�gthe�gangle�gbetween�gthe�gsegment�g𝐷,�gthe�gsegment�gbetween�gthe�gbottom �g
pulley �gand�gthe�gbuoy�gCG,�gand�g𝐿,�gthe�gsegment�gbetween�gthe�gbottom �gpulley �g
and�gthe�gbuoy's�gloop.�gThe�gdetailed�gdescription�gof�gthe�gsystem�gcan�gbe�gfound�g
in�gFig.�g�g6,�gwhere�gthe�gdifferent �gdistances�gand�gforces�gapplied�gon�gthe�gbuoy�g
and�gPTO�gcan�gbe�gvisualized.

The�gangles�g𝜙�gand�g𝜃�gare�gexpressed�gas�g

𝜙 = tan*1
(

𝜉1

𝐿0 + 𝑙 + 𝜉3

)

(9a)

𝜃 = sin*1
(

𝑙 sin.𝜙 * 𝜉5/
𝐷

)

, (9b)

where�g𝐿0�gis�gthe�gdistance�gbetween�gthe�gbottom �gpulley �gand�gthe�gline �gpoint �g
of�gfixation �gon�gthe�gbuoy�gside�gwhen�gthe�gbuoy�gis�gat�gequilibrium, �gand�g
𝐷 =

√

.𝐿0 + 𝑙 + 𝜉3/2 + 𝜉2
1.�gOn�gthe�gPTO�gside,�gthe�gline �gforce�g𝐅l,PTO.𝑡/

is�gconstrained�galong�gthe�gheave�gdirection. �gIn�gthe�gideal�gcase�gwhere�gthe�g
line �gremains�gtaut,�gis�ginfinitely �gstiff, �gand�gslides�gwithout �gfriction, �gthe�gline �g
force�gon�gboth�gbuoy�gand�gPTO�gwould �gbe�gequal.�gHowever,�gthe�gtwo �gpulleys�g
introduce �gfriction �gin�gthe�gsystem,�gthus�gthe�gtension�gvaries�galong�gthe�gline �g
and�g𝐹l,b ≠ 𝐹l,PTO.�gThe�gline �gvector�gforce�gon�gthe�gbuoy�gside�gcan�ghence�gbe�g
expressed,�ggiven�gthe�gpulley �gfriction �gvector�gforce�g𝐅p�gand�gthe�gPTO�gside�g
line �gvector�gforce�g(provided �gin�gSection�g3.4),�g

𝐅l,b = * 𝐅l,PTO * 𝐅p. (10)

3.3.�gPulleys�gforce

Friction �gsystems�gcan�gbe�gdescribed�gunder�gmany�gmodeling�gapproaches,�g
from �gsimple�gto�gmore�gadvanced,�glinear �gto�gnonlinear �gand�gstatic�gto�gdy-
namic.�gIn�gparticular, �gthe�gfriction-velocity �grelation �gis�gapplication-,
temperature-,�gmaterial- �gand�gwear-dependent.�gA�gdescription�gof�gfriction �g
systems�gis�gfound�gin�gOlsson�get�gal.�g(1998)�gand�gmore�gextensively�gin�g
Altpeter �g(1999).�gThe�gselection�gof�gthese�gmodels�gdepends�gthe�gtype�gof�g
friction, �gavailable�gexperimental�gdata�gand�gdesired�gaccuracy.�gThe�gpulley �g
friction �ghas�gbeen�gwell �gdescribed�gin�gprevious�gstudies�g(Katsidoniotaki �g
et�gal.,�g2023;�gShahroozi�get�gal.,�g2021,�g2022)�gusing�gthe�gwell-known �g
Coulomb�gfriction, �gused�galso�gin�gthis�gwork. �gThe�gCoulomb�gfriction �gforce�g
term�g𝐹C�gis�gproportional �gto�gthe�gnormal �gload�gwith �grespect�gto�gthe�gbearing�g
motion �gdirection, �g𝐹C = 𝜇𝐹N,�gwith �g𝜇�gas�gthe�gapplication-dependent�g
friction �gcoefficient. �gAssuming�gthat �gthe�gline �gis�gorthogonal �gto�gthe�gbearing�g
displacement,�gthe�gnormal �gload�gcan�gbe�gapproximated�gby�gthe�gline �gforce�g
𝐹N ù 𝐹l,b .�gAs�ga�gresult,�gthe�gpulley �gforce�gis�gexpressed�gas:�g

𝐅p = 𝜇p𝐹l,b tanh
( ̇𝝃7.𝑡/

𝜈C,p

)

, (11)

where�g𝜈C,p = 𝜈brk,�gp_10�gis�gthe�gpulley �gCoulomb�gvelocity �gthreshold,�g𝜈brk,�gp
the�gpulley �gbreakaway�gfriction �gvelocity, �gand�g𝜇p�gis�gthe�gpulley's�gbearing�g
friction �gcoefficient. �gThe�gvalue�gof�gthe�gbearing�gcoefficient �g𝜇p�gis�gtaken�g
equal�gto�g𝜇p = 0.06�gbased�gon�gChoi�get�gal.�g(2017)�gand�gprevious�gstudies�g
using�gthe�gsame�gpulleys�g(Katsidoniotaki �get�gal.,�g2023),�gand�gvalidated �g
experimentally �gwith �gdecay�gtests.�gThe�gbreakaway�gvelocity �g𝜈brk,�gp = 0.049
m�gs* 1�gis�gchosen�gconsistently�gwith �gthe�gPTO�gguide�gfriction �gidentification �g
described�gbelow.�gThe�gcontinuity �gof�gthe�gfriction �gforce�gis�genabled�gby�gthe�g
hyperbolic �gtangent�gwhich �galso�gserves�gas�ga�gphysical�gtransition �gmemory�g
term.

3.4.�gPower�gtake-off�gforces

The�gPTO�gequation�gof�gmotion �gis�gexclusively�galong�gthe�gvertical �gdirec-
tion �gand�gwritten �gas,�g

𝑚PTO𝝃7.𝑡/ = 𝐅l,PTO.𝑡/ + 𝐅𝛾 .𝑡/ + 𝐅f .𝑡/ + 𝑚PTO𝐠, (12)

where�g𝑚PTO�gis�gthe�gPTO�gmass�gand�g𝐅f �gis�gthe�gfriction �gforce�gvector�ginduced�g
by�gthe�glinear �gguide�gbearings.�gAssuming�gno�gline �gstretching�gand�gno�gslack-
line �goccurrence,�gthe�gPTO's�gposition �gonly �gdepends�gon�gthe�gbuoy's�gposition �g
and�gcan�gbe�gexpressed�gas�g𝜉7.𝑡/ ù 𝐿 * 𝐿0,�gwith �g

𝐿 =
√

𝐷2 + 𝑙2 * 2 𝐷𝑙cos.𝜙 * 𝜉5/. (13)

The�gline �gforce�gon�gthe�gPTO�gside�gcan�ghence�gbe�gdetermined�gfrom �gEq.�g�g(12),�g
after�gwhat �gthe�gline �gforce�gon�gthe�gbuoy�gside�gcan�gbe�gdeduced�gusing�gEq.�g
(10).

3.4.1.�gFriction�gforce
The�gfriction �gforce�gacting�gon�gthe�grod�gis�ginduced�gby�gthe�gset�gof�grota-

tional �gball �gbearings�gmounted�gon�gthe�glinear �gguide.�gThe�gfriction �gmodel�g
used�gto�gdescribe�gthe�glinear �gguide�gfriction �gforce�gis�gan�gimprovement �gof�gthe�g
Coulomb�gforce,�gmotivated �gby�gbetter�gfitting �gto�gexperimental�gdata.�gThis�g
improvement �gconsiders�gthe�gstatic�gfriction, �goccurring �gwhen�gthe�gobject�g
is�gat�grest.�gStatic�gfriction �gforce�gis�gconsidered�ghigher�gthan�gthe�gCoulomb�g
force.�gThe�gtransition �gfrom �gstatic�gto�gdynamic�gfriction �ghas�gbeen�gobserved�g
to�gbe�gcontinuous,�gknown �gas�gthe�gStribeck�gfriction �geffect�g(Stribeck,�g1902).�g
The�glinear �gguide�gfriction �gforce�gis�gmodeled�gaccordingly, �gand�greads�g

𝐅f = *

(

𝐹C,PTO tanh
( ̇𝝃7

𝑣C,PTO

)

+
√

2𝑒 .𝐹brk * 𝐹C,PTO/
̇𝝃7

𝑣St,PTO
exp

(

*
𝜉̇2

7

𝑣2
St,PTO

) ) (14)

where�g𝐹C,PTO = 10�gN,�g𝐹brk = 15�gN�gis�gthe�gbreakaway�gfriction �gforce�gand�g
𝑣St,PTO =

√

2𝑣brk ,PTO�gis�gthe�gStribeck�gvelocity, �gwith �gidentified �gbreakaway�g
velocity �g𝜈brk ,PTO = 0.049�gm�gs* 1.�gThe�gfriction �gforce�gparameters�gare�g
determined�gempirically �gby�ga�gseries�gof�gundamped�gdrop�gtests,�gi.e,�gno�g
magnet�gis�gpresent�gin�gthe�glinear �gguide,�gwhich �gis�gequivalent�gto�g𝛾d0

.
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Fig.�g6.�gRepresentation�gof�gthe�gmodeled�g3-DOF�gforces�gapplied�gto�gthe�gtwo-body �gWEC�gin�gan�gupward�gmotion.

Table �g5
Eddy-current�gbrake�gpower�gtake-off�gcharacteristics.

�gMagnet�g# 𝛾d�g[N �gs�gm* 1] Symbol�g
�g0 0 𝛾d0

�g
�g3 123 𝛾d1

�g
�g6 217 𝛾d2

�g
�g9 314 𝛾d3

�g

3.4.2.�gDamping�gforce
As�gmentioned,�gthe�gPTO�gemulates�ga�gdamping�gforce�gon�gthe�gsystem,�g

formulated �gin�gEq.�g�g(1).�gThe�gassociated�gdamping�gcoefficient �g𝛾d�gis�ga�g
function �gof�gthe�gnumber�gof�gpermanent�gmagnets�gand�gis�gidentified �gvia�ga�g
series�gof�gdamped�gdrop�gtests�gfor �geach�gPTO,�gthat �gis�gdamping�g𝛾d1

,�g𝛾d2
,�g

and�g𝛾d3
,�gand�greported�gin�gTable�g�g5.�gThe�gpotential �gimpact�gof�gheat�gon�gthe�g

damping�gcoefficient �ghas�gnot�gbeen�gconsidered�gin�gthis�gstudy.
A�gsimple�glinear �gfit �ggives�ga�gdamping�gcoefficient �gincrease�gof�g𝛿𝛾d = 34.5

N�gs�gm* 1�gper�gmagnet.

3.5.�gWEC-sim�gimplementation

The�gWEC�gis�gmodeled�gand�gsimulated�gin�gWEC-Sim�g(Ruehl�get�gal.,�g2024).�g
The�gWEC-Sim�gmodel�gis�gbuilt �gusing�gthree�gforce-response�gWEC-Sim�gPTO�g
blocks,�gone�gfor �geach�gdegree�gof�gfreedom,�gas�gin�gShahroozi�get�gal.�g(2022).�g
The�ginput �gforces�gand�gmoment�gto�geach�gPTO�gblock�gcorrespond�gto�gthe�g
line �gforce�gcomponents�gon�gthe�gbuoy�ggiven�gin�gEq.�g�g(8)�gand�gcomputed�gin�g
a�gseparate�gcustom-built �gblock.�gThe�ghydrodynamic �gquantity �gkernels�gand�g
coefficients�gnecessary�gto�gsolve�gthe�gbuoy's�gequation�gof�gmotion �gEq.�g�g(4)�gare�g
obtained�gfrom �gthe�gBEM�gsolver�gWAMIT�gusing�ga�gdiscrete�gpanel�gmethod�g
(Lee�gand�gNewman,�g2013),�gwhere�gthe�gellipsoidal �gbuoy�ggeometry�gis�gde-
fined�gby�g4674�gpanels.�gThe�gsimulations�gare�gsolved�gusing�gthe�gfourth-order �g
Runge�Kutta �gscheme�gwith �ga�gfixed�gtime �gstep�gof�g0.01�gs.

3.6.�gViscous�gdrag�gforce

One�gof�gthe�gmain�gassumptions�gof�gthe�gWEC�glinear �gmodeling�gformu-
lation �gis�g̀̀ small''�goscillations�garound�gequilibrium �gat�gstill �gwater�glevel�g
(SWL).�gAccordingly, �gthe�gmean�gwetted�gsurface�gis�gconsidered�gfor �gboth�g
the�ghydrostatic �gand�gthe�gdynamic�gFroude�Krylov �g(FK)�gforce,�ginstead�g

of�gthe�ginstantaneous�gone.�gWhile �gWEC-sim�gallows�gfor �gnonlinear �gstatic�g
and�gdynamic�gFK�gformulation, �git �gis�gnot�gconsidered�gin�gthis�gstudy�gdue�gto�g
the�guse�gof�gthe�gexperimental�gFSE,�grather�gthan�gthe�gtheoretical �gharmonic�g
components�gwhich �gare�gnecessary�gfor �gthis�gimplementation. �gHowever,�g
the�gcontroller �ginvolved �gin�gthis�gwork �gis�ga�gpassive�gdamper�gwhich �gyields�g
limited �gexcursion�gfrom �gthe�goperating�gpoint �gcompared�gto�greactive�gcon-
troller �gor�glatching �gpolicies.�gFurthermore,�gGiorgi �gand�gRingwood�g(2017b)�g
showed�gthat �geven�gin�gthe�gcase�gof�glarge�gvariation �gof�gwetted�garea,�gthe�g
importance�gof�gnonlinearity �gin�gthe�gFK�gforce�gis�gconsiderably�greduced�gin�g
realistic �gsystems�gwhere�gviscosity�gloss�gcompensations�gare�gconsidered.�g
This�gis�gexplained�gby�gthe�grestraining �gof�gthe�gdevice�gmotion �gto�gan�gextent�g
that �gthe�gvariation �gin�gwetted�gsurface�gare�glimited. �gHence,�gin�gan�gattempt�g
to�gincrease�gthe�gmodel�gaccuracy,�ga�gviscous�gdrag�gforce�gis�gdefined�gas:�g

𝐅𝜈𝑖 = *
1
2
𝐶𝜈𝑖𝜌𝐴𝜈 𝝃̇𝑖|𝝃̇𝑖|, 𝑖 Ë ^1,3,5` , (15)

where�g𝐴𝜈 �gis�gthe�gcharacteristic�garea,�gcorresponding�gto�gthe�gprojection �gof�g
the�ginstantaneous�gwetted�gsurface�gonto�gthe�gplane�gnormal �gto�gthe�gflow �gof�g
interest,�gand�g𝐶𝜈𝑖 �gdenotes�gthe�gdrag�gcoefficient �gfor �gthe�gDOF�g𝑖.�gDespite�g
its�gsimple�gformulation, �gthe�gdetermination �gof�g𝐶𝜈𝑖 �gis�gchallenging�gas�git �g
depends�gon�gthe�gflow �garound�gthe�gdevice�gand�gits�ggeometry.�gFor�gsimple�g
geometries,�gvalues�gof�g𝐶𝜈𝑖 �gcan�gbe�gfound�gin�gthe�gliterature �gsuch�gas�gin�g
Caballero�get�gal.�g(2014),�gwhere�gdrag�gcoefficients�gare�gdetermined�gas�ga�g
function �gof�gthe�gReynolds�gnumber�gfor �gdifferent �gshapes.�gIn�gcase�gof�gheaving�g
floating �gWEC,�gwhere�gthe�gdevice�gis�goscillating, �ga�gmore�gappropriate �g
dimensionless�gnumber�gis�gthe�gKeulegan�Carpenter�gnumber�g𝐾𝐶 = 𝜋𝐴

𝑅 ,�g
where�g𝐴�gis�gthe�gexcursion�gamplitude �gof�gfluid �gparticles�gin�goscillatory �gflow �g
(Molin ,�g2002).�gHowever,�gthe�gexistence�gof�gthe�gfree�gsurface�gitself �gdivides�g
the�gdomain�ginto �gdistinct �gfluid �gregions�g(air �gand�gwater) �gand�gits�gtemporal�g
variation �gintroduce �gsignificant �gcomplexity �gin�gthe�gdescription�gof�gthe�gfluid �g
regime�gand,�gin�gturn, �gin�gthe�gdefinition �gof�gthe�grelevant�gdimensionless�g
numbers.

In�gthis�gwork, �ga�gviscous�gdamping�gfor �gboth�gsurge�gand�gheave�gis�gim-
plemented�gfollowing �gEq.�g�g(15).�gA�gunique�gsurge�gand�gheave�gcoefficient, �g
𝐶𝜈1

�gand�g𝐶𝜈3
�grespectively,�gcommon�gto�gall �gsea�gstates,�gis�gused.�gDue�gto�gits�g

relatively �gsmall�gcontribution �gto�gthe�gPTO�gresponse,�gthe�gpitch �gdrag�gcoef-
ficient �g𝐶𝜈5

�gis�gnot�gpart�gof�gthis�goptimization �gto�greduce�gthe�gcomputational �g
effort. �gThe�gcoefficients�gare�gidentified �gwith �gregards�gto�gthe�gdevice�gmotion �g
responses,�gselecting�gthe�gcoefficient �g𝐶𝜈1

�gand�g𝐶𝜈3
�gthat �gyields�gthe�gsmallest�g

error �gbetween�gthe�gmodel�gprediction �gand�gthe�gexperimental�gvalue.�gThe�g
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Fig.�g7.�gFull�gWEC�gsystem�gheave�gdecay�gtest�gwith �gdamping�gcoefficient �g𝛾d0
.�gThe�g

test�ghas�gbeen�grepeated�gthree�gtimes.

PTO�gresponse,�gdespite�gbeing�gthe�gone�grepresenting�gabsorbed�gpower,�gis�g
not�gconsidered,�gas�gthe�gfitting �gcould�gbe�gcompensating�gfor �gother�gforces�g
from �gthe�gPTO.�gThis�gcould�glead�gto�gstronger�gdiscrepancies,�gfor �gexample,�g
in�gthe�gcase�gwhere�ganother�gPTO�gis�gimplemented.�gFor�gthe�gsame�greason,�g
only �gthe�gmost�glinear �gwaves�gare�gused�gfor �gthe�gidentification, �gin�gorder�gto�g
avoid�gcompensation�gfor �gnonlinear �geffects�gof�gthe�gmore�gextreme�gwaves,�g
and�gthe�gidentified �gcoefficients�gare�gqualified �gas�gequivalent�gdrag�gcoefficient,�g
as�gproposed�gby�gGiorgi �gand�gRingwood�g(2017a).

3.7.�gEmpirical�gsystem�gcharacteristics

3.7.1.�gNatural�gfrequency
The�gundamped�gnatural �gperiod�g𝑇𝑖,n�gof�gthe�gDOF�g𝑖,�gcan�gbe�gdetermined�g

experimentally �gby�gperforming �ga�gdecay�gtest,�gwhere�gthe�glogarithmic �g
decrement�g𝛿�gbetween�gtwo �gconsecutive�gdamped�goscillation �gpeaks�g𝜉𝑖,p1
and�g𝜉𝑖,p2

�gis�g

𝛿 = ln

(

𝜉𝑖,p1

𝜉𝑖,p2

)

, (16)

where�g𝑇d�gis�gthe�gdamped�goscillation �gperiod,�gmeasured�gbetween�gtwo �g
successive�gpeaks.�gThe�gdamping�gratio �g𝜁 �grelates�gto�g𝛿�gas�g

𝜁 =
𝛿

√

4𝜋2 + 𝛿2
. (17)

The�gnatural �gperiod�gis�gfinally �gfound�gto�gbe�gequal�gto�g

𝑇n = 𝑇d

√

1 * 𝜁2. (18)

Dedicated�gdecay�gtests�gwere�gperformed�gfor �gheave,�gwhile �gsurge�gdecay�g
was�gobtained�gby�gisolating �gthe�gfree-decay�gmotion �gin�gregular�gwaves�gafter�g
the�gexcitation �ghad�gceased.

3.7.2.�gResponse�gamplitude�goperator
The�gempirical �gresponse�gamplitude �goperator�g(RAO)�gis�gdefined�gdiffer-

ently �gfor �gregular�gand�girregular �gwaves.�gFor�gregular�gwaves,�gthe�gperiodic �g
nature�gof�gthe�gsignals�gallows�gthe�gRAO�gto�gbe�gobtained�gfrom �gthe�gratio �gof�gthe�g
absolute�gpeak�gamplitudes,�gwith �gthe�gempty�gbasin�gfree�gsurface�gelevation�g
(FSE)�gas�ginput �gand�gthe�gexperimental�gWEC�gmotion �gas�goutput, �gexpressed�g
as,�g

|𝑖.𝑇 /| =

1
𝑁

∑𝑁
𝑗=1 𝐴𝜉𝑖 , 𝑗 .𝑇 /

𝐴𝜂 .𝑇 /
, (19)

where�g𝑁�gis�gthe�gnumber�gof�gpeaks,�g𝑗,�gafter�gremoval�gof�gthe�gtransient�g
response.�gTo�gtake�ginto �gaccount�gthe�gbias�gin�gresponse�gintroduced �gby�g
operating�gmagnitudes�g𝜉<

𝑖 = 𝜉𝑖
𝐴𝜂

,�gwhere�ḡ𝜉𝑖�gis�gthe�gmean�gposition �gof�g𝜉𝑖,�gthe�g
relative �gRAO�gis�gdefined�gas:�g

|𝛥𝑖.𝑇 /| = |𝑖.𝑇 /| * 𝜉<
𝑖 . (20)

The�gphase�gis�gcomputed�gfrom �gthe�gtime �gdelay�g𝛥𝑡𝑖�gbetween�gthe�gFSE�gand�g
WEC�gresponse�gup-crossings,�gaccording�gto�gÚ𝑖.𝑓 / = 360𝛥𝑡𝑖

𝑇 .�gPhase�gvalues�g
were�gwrapped�gto�gthe�ginterval �g[*180 ◦, 180◦]�gfor �gstandard�ginterpretation.

For�girregular �gwaves,�gthe�gRAO�gis�gobtained�gfrom �gthe�gratio �gof�gthe�g
experimental�gmotion �gand�gFSE�gspectral�gamplitude, �gnoted�g̃𝐴𝜉𝑖 �gand�g̃𝐴𝜂
respectively,�gas,�g

|̃𝑖.𝑇 /| =
𝐴̃𝜉𝑖 .𝑇 /

𝐴̃𝜂 .𝑇 /
. (21)

The�gspectral�gamplitudes�gare�gderived�gusing�gWelch's�gmethod�gwith �ga�gHam-
ming�gwindow, �gwhere�gthe�gresulting �gpower�gspectral�gdensity�gis�gconverted�g
into �gamplitude �gas�g̃𝐴.𝑓 / =

√

2𝑆.𝑓 /𝛥𝑓 ,�gwith �g𝑆.𝑓 /�gdenoting�gthe�gpower�g
spectral�gdensity�gand�g𝛥𝑓 �gthe�gfrequency�gresolution.

3.7.3.�gAbsorbed�gpower
The�gmean�gpower�gabsorbed�gfrom �ga�gwave�gof�gduration �g �gby�gthe�glinear �g

damper�gPTO�gis�g

𝑃abs =
1
 ∫



0
𝛾d 𝜉̇

2
7.𝑡/ 𝑑𝑡. (22)

The�gWEC�gcapture�gwidth �gratio �g(CWR)�gis�gan�gefficiency �gmetric �gdefined�g
as�gthe�gratio �gof�gthe�gmean�gabsorbed�gpower�gto�gthe�gincident �gwave�gpower�g
available�gacross�gthe�gdevice�gcrest�gfootprint, �gwhich �gis�gtaken�ghere�gas�gthe�g
buoy�gdiameter.�gIt �gis�ggiven�gby�g

CWR =
𝑃abs

2𝑅𝐽e
• 100~ , (23)

where�g𝑅�gis�gthe�gbuoy's�gradius.

4.�gResults �gand �gdiscussion

4.1.�gExperimental�gresults

The�gfull �gWEC�gsystem's�gnatural �gand�gdamped�gheave�gperiod�gare�gderived�g
from �gdecay�gtests�gcarried�gout�gwith �g𝛾d0

,�gillustrated �gin�gFig.�g�g7,�gusing�gEq.�g
(18),�gand�gfound�gequal�gto�g𝑇3,n = 0.77�gs�gand�g𝑇3,d = 0.81�gs.�gNote�gthat �g
although �gonly �gtwo �gdecay�gpeaks�gcould�gbe�gclearly�gidentified, �gthe�gnatural �g
period�gcomputed�ganalytically �gfrom �gthe�gsystem�ginertia �gand�gstiffness�gis�g
consistent�gwith �gthe�gdecay�gtest�gresults.�gFor�gsurge,�gthe�gobtained�gnatural �g
and�gdamped�gperiods�gare�gequal�gto�g𝑇1,n = 𝑇1,d = 3.50�gs.�gNote�gthat �g
decay�gtests�gwith �gPTO�gdamping�gwere�galso�gperformed�gbut�gresulted�gin�g
overdamped�gresponses�gthat �gcould�gnot�gbe�greliably �ganalyzed.

4.1.1.�gRegular�gwaves
The�gnormalized�grelative �gRAO�gand�gphase�gresponses�gacross�gall �ginves-

tigated�gregular�gwave�gperiods�gare�gpresented�gin�gFig.�g�g8.�gInterestingly, �gthe�g
maximal �gin�gheave,�gsurge,�gand�gpitch �grelative �gRAO�goccurs�gat�gthe�gcommon�g
peak-response�gperiod�gat�g𝑇 = 3.34�gs,�gnamed�g𝑇n,�gfor �gall �gtested�gdamping�g
cases.�gWhile �git �gis�gvery�gfar�gfrom �gthe�gnatural �gheave�gperiod�g𝑇3,n = 0.77�gs,�g
which, �gdespite�gbeing�gvisited�gwith �g𝛾d0

,�gdoes�gnot�gdisplay�gany�gresonant-
like �gbehavior,�git �gis�gclose�gto�gthe�gsurge�gnatural �gperiod�g𝑇1,n = 3.50�gs.�gThis�g
discrepancy�gis�gattributed �gto�gcoupling �geffects�gwith �gsurge�gand�gpitch, �gas�g
they�gare�gthe�gother�gwave-excited�gDOFs,�gwhich �gare�gnot�gactivated�gduring �g
the�gheave�gdecay�gtest.�gHence,�gthe�gimpact�gof�gmulti-DOF�gmotion �gand�g
excitation �gon�gthe�gdevice�gclearly�gredistributes�gits�gresponse�gproperties.�g
This�gis�gcrucial �gfor �gdesign�gpurposes�gand�gstrongly�glimits �gthe�grelevance�gof�g
the�gsimplified �gbut�gcommon�gheave-only�gstudies�gfor �gthis�gtype�gof�gdevice.

Non�gwave-induced�gmotion �gcan�gbe�gobserved�galong�gsway,�gat�gperiod�g
𝑇n�gand�garound�g1

2
𝑇n,�gapproximately �gbetween�g𝑇 = 1.60�gs�gand�g𝑇 = 2.00

s.�gThis�gis�ga�gcommon�gfeature�gof�gPR�gwhich �gtypically �goccurs�gfor �gexternal�g
excitation �gat�gthe�gresonant�gperiod�gand�ghalf �gthe�gresonant�gperiod�g(Giorgi �g
and�gRingwood,�g2018).�gIt �gis�gknown �gthat �gfor �gsystems�gwhere�gthe�gPTO�g
is�gtriggered�gvia�gmooring �gsystems,�gthe�ginstability �gtakes�gplace�gin�gthe�g
sway�gdirection �g(Davidson�get�gal.,�g2025).�gGiven�gthe�gheave-only�gPTO,�gits�g
damping�gis�gexpected�gto�gprimarily �gaffect�gthe�gbuoy's�gheave�gmotion �grather�g
than�gother�gDOFs.�gHowever,�gthe�gSIn�gamplitude �gsignificantly �gdecreases�g
with �gdamping�gat�g𝑇n,�gwhich �gcan�gbe�gexpected�gas�gdamping�gwas�gfound�g
to�greduce�gPR�g(Giorgi �gand�gRingwood,�g2018;�gGomes�get�gal.,�g2017).�gIn�g
contrast,�gdamping�genhances�gthe�gresponse�gin�gthe�g1

2
𝑇n�gregion,�gwhere�ga�g
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Fig.�g8.�gExperimental�gnormalized�grelative �gRAO�g|𝛥𝑖|
< = |𝛥𝑖|_ max.|𝛥𝑖|/�g(left) �g

and�gphase�gresponse�g(right) �gfor�gbuoy�gsurge,�gsway,�gheave�gand�gpitch �g(first �gto�g
last�grow), �gfor�gall�gdamping�gexcept�g𝛾d3

.�gFor�geach�gdegree�gof�gfreedom,�gthe�grelative �g
RAO�gis�gnormalized�gby�gits�gmaximum �gvalue�gacross�gall�gPTO�gconfigurations. �gThe�g
empty�gmarkers�grepresent�gthe�gnormalized�goperating�gpoint �gmagnitude�g𝜉<

𝑖 .�gSince�g
the�gsway�gresponse�gfrequency�gis�gsubharmonic�gfor�g𝑇 = 1.67�gs�gand�g𝑇 = 2.00�gs,�gthe�g
phase�gis�gnot�greported.

strongly�gdamping-dependent�gamplitude �gis�gobserved.�gThis�gindicates�gthat �g
PTO�gdamping�gplays�ga�gkey�grole�gin�gcontrolling �gSIn,�gwith �gan�gantisymmetric �g
behavior�gbetween�gthe�g1

2
𝑇n�gand�g𝑇n�gregions.

The�gFSE,�gsway�gand�gsurge�gmotion �gspectral�gamplitudes�gfor �gwave�gof�g
periods�g𝑇n�gs�gwith �gdamping�g𝛾d0

�gand�g1
2
𝑇n�gs�gwith �gdamping�g𝛾d2

,�gare�gshown�g
in�gFig.�g�g9.�gIn�gagreement�gwith �gthe�gtheory�gof�gMathieu-type �ginstabilities �g
(Orszaghova�get�gal.,�g2019),�gthe�gsway�gresponse�gfor �gwave�gexcitation �gat�g
1
2
𝑇n�gis�glargely�gdominated�gby�gperiods�garound�g𝑇n.�gHowever,�gin�gthe�gcase�g

of�gwave�gexcitation �gat�g𝑇n,�gthe�ginstability �gresponse�gis�gonly �gobserved�g
around�gthe�gsame�gperiod�gwith �ga�grelatively �gsmaller�gamplitude �gthan�gthe�g
1
2
𝑇n�gcase.�gAs�ga�gcomparison,�gthe�gsurge�gresponse�gexhibits�ga�gnon�gnegligible �g

subharmonic�gcomponent�gwhen�gexcited�gat�g1
2
𝑇n,�gbut�gremains�gdominated�g

by�gthe�gexternal�gexcitation �gfrequency.
The�gSIn�gfor �gregular�gwave�gof�gperiod�g𝑇 = 2.00�gs�gand�gwith �gdamping�g

𝛾d2
�gis�gfurther �gvisualized�gin�gtime-domain �gin�gFig.�g�g10.�gOne�gcan�gappreciate�g

the�gtwo �gdifferent �gmotion �gmodes,�gwith �gand�gwithout �gSIn,�gas�gthe�gsway�g
mode�gtakes�gabout�g30�gregular�gwave�gperiods�gto�gfully �gdevelop.�gThe�gsway�g
mode�ghydrodynamics�ginduced�gcoupling �gis�gclearly�gseen,�gwith �gnotably �ga�g
reduction �gof�gthe�gheave�gresponse.�gThis�gconfirms�gthe�gpattern�gobserved�gin�g
Fig.�g�g8,�gwhere�gunder�gSIn,�gthe�gbuoy�gheave�gresponse�gis�greduced�gcompared�g
to�gneighboring �gperiods.�gIn�gfact,�gPR�gactivates�gan�ginternal �gexcitation �g
mechanism�gthat �gamplifies�gindirect �gexcitation, �gdiverting �genergy�gfrom �gthe�g
primary �gDOF�gto�gother�gmodes.

The�gsway�gmotion �gmay�galso�gbe�gwave-induced�gthrough �gcross-waves�g
generated�gby�gradiated,�gdiffracted �gand�greflected�gwaves.�gHowever,�gvery�g
little �gchange�gin�gthe�gexperimental�gFSE�gbefore�gand�gafter�gthe�gonset�gof�gthe�g
sway�gregime�gis�gobserved�gin�gFig.�g�g10,�gsuggesting�gthat �gthe�gcontribution �gof�g

Fig.�g9.�gFSE,�gsway�gand�gsurge�gmotion �gspectral�gamplitude �gfor�gregular�gwave�gof�g
periods�g𝑇 = 𝑇n = 3.34�gs�gwith �gdamping�g𝛾d0

�gand�g𝑇 = 1
2
𝑇n = 1.67�gs�gwith �gdamping�g

𝛾d2
.

Fig.�g10.�gSway�ginstabilities �gvisualization �gvia�gnormalized�gtime�gtraces�gof�gempty�g
and�gexperimental�gFSE,�gsurge,�gsway�gand�gheave�gmotion �gin�gregular�gwave�gof�gperiod�g
𝑇 = 2.00�gs�gand�gwith �gdamping�g𝛾d2

�g(row �g1�4), �gand�gin�girregular �gsea�gstates�g𝐵3�gwith �g
𝛾d3

�g(bottom). �gThe�gnormalized�gFSE�gerror�gis�gshown�galongside�gthe�gdifferent �gFSE�g
(top).
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Fig.�g11.�gSpectral�gamplitude �gof�gFSE�g(first �grow), �gand�gbuoy's�gsurge,�gsway,�gheave,�gand�gpitch �g(second�gto�glast�grow) �gin�girregular �gsea�gstates�g𝐵1,�g𝐵3,�g𝐵7�gand�g𝐵10�gfrom �gleft �g
to�gright, �gwith �gdamping�g𝛾d1

,�g𝛾d2
�gand�g𝛾d3

.�gThe�gRAO�g|̃3|�gis�galso�gshown�gfor�gthe�gbuoy's�gheave.�gNote�gthat�gthe�gRAO�gis�gnot�gdisplayed�gin�gregions�gwithout �gwave�gexcitation.

cross-wave�gexcitation �gto�gthe�gsway�gresponse�gis�grelatively �gsmall.�gAddition-
ally, �gthe�gnormalized�gerror �gbetween�gthe�gempty-basin�gand�gexperimental�g
FSE,�g𝑒𝜂 =

𝜂exp* 𝜂empty

𝐴𝜂
~ ,�gremains�gsmall,�gwith �ga�gmean�gof�gonly �g0.0013�gm.�g

This�gindicates�gthat �gthe�gdifferent �gbody-induced�gwaves�ghave�gonly �ga�gminor �g
influence�gon�gthe�gFSE�gprofile, �gdespite�ga�gslight �gincrease�gonce�gthe�gsway�g
response�gis�gfully �gdeveloped.�gAlthough �gseveral�gmechanisms�gfor �gthe�gsway�g
response�gcan�gbe�gidentified, �git �gremains�gunclear�gwhich �gtriggers�gits�gonset,�g
which �ggoverns�gthe�gsteady-state�gresponse,�gor�gwhether�gboth�gstem�gfrom �gthe�g
same�gmechanism.�gFor�ginstance,�ga�gpotential �gsource�gof�gdirect �gsway�gexcita-
tion �gis�gvortex�gshedding,�gwhich �gcan�ginduce�gtransverse�gforces�gon�gthe�gbuoy�g
and,�gin�gturn, �goscillatory �gmotion �g(Gunnoo�get�gal.,�g2016).�gThe�ginvolvement �g
of�ga�gnon�gwave-induced�gresponse�goriginating �gfrom �gPR�ginstability �gwas�g
nevertheless�ginferred �gin�gGiorgi �gand�gRingwood�g(2018),�gas�gother�gpotential �g
excitation �gsources,�gsuch�gas�gvortex�gshedding�gand�gcross-waves,�gwere�gnot�g
considered.

4.1.2.�gIrregular�gwaves
The�gWEC�gresponse�gin�gthe�gsmallest�gsignificant �gwave�gheights�gsea�gstates�g

𝐵1,�g𝐵3,�g𝐵7�gand�g𝐵10�gis�gshown�gin�gFig.�g�g11�gby�gmeans�gof�gthe�gbuoy�gsurge,�g
sway,�gheave�gand�gpitch �gspectral�gamplitudes,�gwith �gdamping�gvalues�g𝛾d1

,�g
𝛾d2

�gand�g𝛾d3
.

First�glooking �gat�gthe�gheave�gRAO�g(red�gcurves)�gabove�g𝑇 = 2.00�gs,�git �g
becomes�gflat �grather�gthan�gexhibiting �ga�gdistinct �gpeak.�gThis�gplateau�gre-
mains�gjust�gunder�gunity, �gwhich �gis�glower �gthan�gfor �gregular�gwave�gexcitation. �g
This�greduction �gmay�garise�gfrom �gthe�gmore�gcomplex�gand�gchaotic�gnature�g
of�gpan-chromatic�gexcitation, �gwhere�gthe�gfully �gdeveloped�gcoupled�gpeak�g
response�gis�gnot�gconsistently�gachieved.�gMoreover,�gin�gcase�gof�g𝐵7�gand�g𝐵10
this�gplateau�gextends�guntil �g𝑇 = 5.00�gs,�gwhereas�gunder�gregular�gwaves,�g
the�gresponse�gdecreases�gbeyond�g𝑇n.�gIn�gcase�gof�gperiods�gbelow�g𝑇 = 2.00�gs,�g
the�gheave�gRAO�gis�greduced�gfor �g𝐵1�gand�g𝐵3�gcompared�gto�g𝐵7�gand�g𝐵10.�gOn�g

the�gother�ghand,�gwhile �gall �gsea�gstates�gcover�gthe�gSIn�gtriggering �g1
2
𝑇n�gperiod�g

region,�g𝐵1�gand�g𝐵3�gexhibit �gthe�glargest�gSIn�gamplitude �grelatively �gto�gthe�g
wave�gamplitude �gat�gthese�gperiods.�gThis�gsuggests�gthat, �gwhen�gthe�gsystem�g
is�gprimarily �gexcited�gnear�gthe�gcoupled�gpeak�gresponse�gperiod,�gthe�gpeak-
response�gmode�gregime�gdominates�gand�greduces�gthe�gSIn�gregime�gtriggered�g
by�gthe�g1

2
𝑇n�gregion.�gThis�gis�ga�gsignificant �gcharacteristic�gof�gthe�gsystem�gthat �g

is�gnot�gcaptured�gby�gmonochromatic �gsea�gstates.�gThis�gprovides�ginsights�ginto �g
potential �gstrategies�gfor �gmitigating �gSIns,�gwith �gimplications �gfor �gcontroller �g
design�gand�gthe�gselection�gof�gtarget�gwave�gclimates�gfor �gdeployment.

However,�geven�gfor �gSIn�gmode�gdominated�girregular �gsea�gstates�g𝐵1�gand�g
𝐵3,�gthe�gsway�gamplitudes�gare�gsmaller�gthan�gin�gthe�gcase�gof�gregular�gwaves.�g
This�gis�gconfirmed �gby�gthe�glast�grow �gof�gFig.�g�g10,�gwhere�gin�g𝐵3�gwith �gdamping�g
𝛾d3

,�gsea�gstates�gwith �gthe�glargest�gsway�gresponse,�gthe�gsway�gamplitudes�gare�g
far�gsmaller�gthan�gfor �gregular�gwaves.�gThis�gcan�gbe�gexpected�ggiven�gthe�g
necessary�gtime �gfor �gthe�gsway�gmode�gto�gfully �gdevelop,�gas�gobserved�gfor �g
𝑇 = 2.00�gs,�gwhere�gthe�gSIn�gis�gfully �gdeveloped�gonly �gafter�g30�gperiods.�g
Consequently,�gfully �gdeveloped�gSIn�gare�gless�glikely �gto�goccur�gin�girregular �g
sea�gstates,�gand�gonly �gpartial �gSIn�gwith �gsmaller�gamplitudes�gare�greached.�g
This�gultimately �gresults�gin�gdifferent �gsway�gregimes�gwith �gdistinct �geffects�g
on�gthe�goverall �gWEC�gresponse.�gAnother�gnoticeable�gdifference�gis�gthe�g
relatively �glarge�gsubharmonic�gsurge�gamplitudes�gfor �g𝐵1�gand�g𝐵3,�gwhich �gare�g
even�glarger�gthan�gsway,�gunlike �gin�gSIn�gin�gregular�gwaves,�grecalling �gFig.�g�g9.

These�gimportant �gresponse�gdiscrepancies�gbetween�gregular�gand�girreg-
ular �gwaves�glimit �gthe�gpractical �grelevance�gof�gregular�gwaves�gfor �gcharac-
terizing �gthe�gdevice�gresponse�gunder�girregular �gconditions. �gHowever,�greg-
ular �gwaves�gremain�gnecessary�gfor �gaccurately�gidentifying �gthe�gexcitation �g
frequencies�gresponsible�gfor �gSIns.

4.1.3.�gInduced�gPTO�gresponse
The�gbuoy-induced�gPTO�gresponse�gis�gfirst �ginvestigated�gvia�gthe�gmod-

ified �gPTO�gRAO�grelative �gto�gthe�gbuoy�gheave�gRAO�gin�gregular�gwaves,�g
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A.�gDupuis�get�gal.

Fig.�g12.�gPTO�gand�gbuoy�gheave�gRAOs.�gTop�grow: �ginduced�gPTO�grelative �gRAO�g(left), �gand�gbuoy�gheave�gand�gsurge�gphase�gdifference�g(right), �gin�gregular�gwaves�gwith �gdamping�g
𝛾d0

-𝛾d2
.�gRemaining�grows:�girregular �gwaves�g𝐵1,�g𝐵3,�g𝐵7�gand�g𝐵10�g(left �gto�gright) �gwith �gdamping�g𝛾d1

-𝛾d3
�g(top�gto�gbottom). �gThe�gPTO�gand�gbuoy�gmotion �gspectral�gamplitudes�g

are�galso�gshown�gfor�girregular �gwaves.

Fig.�g13.�gBuoy�gDOF�gconstructivity �gin�gregular�gwaves:�gThe�gtime�gshare�gof�gcon-
structive�ginteraction �gis�gplotted �gagainst�gwave�gperiod,�gwith �gthe�ginduced�gPTO�g
relative �gRAO�grepresented�gby�gthe�gmarker�gsize�gand�gcolor,�gfor�gall�gdamping�gvalues�g
(top). �gBottom�gpanels�gshow�gits�grelationship �gwith �gthe�gconstructive�gtime�gshare�g
via�glinear �gfits�gfor�gthree�gperiod�granges:�gall�gperiods�g(left), �gthe�gsway�ginstability �g
region,�g𝑇 Ë [1.6,2.1]�gs,�gwhere�g𝛾d0

�gruns�gare�gexcluded�gfrom �gthe�gfit �g(center),�gand�g
𝑇 Ë [2.6,5]�gs�g(right). �gThe�gfitted �gequation�gand�gPearson�gcorrelation �gcoefficient �g𝑟
are�galso�greported.

defined�gas�gthe�ginduced�gPTO�grelative �gRAO�g𝛥|𝛥37|
< = |𝛥7|

< * |𝛥3|
<.�g

A�gpositive�gvalue�gindicates�gthat �gthe�gbuoy's�gDOFs�ginteract �gconstructively �g
in�gterms�gof�gPTO-induced�gmotion, �gotherwise�gdestructively. �gThe�ginduced�g
PTO�grelative �gRAO�gis�gshown�gin�gthe�gfirst �grow �gof�gFig.�g�g12,�galongside�gthe�g
heave�surge�grelative �gphase,�gÚ13 = Ú3 * Ú 1.

Constructive�ginteractions �goccur�gin�gthe�gvicinity �gof�gthe�gcoupled�gpeak�g
response�g𝑇 Ë [𝑇𝑛 * 0 .5, 𝑇𝑛 + 0.5]�gs,�gwhere�gthe�grelative �gphase�glies�g
approximately �gbetween�g50◦�gand�g* 20◦.�gThe�gsame�gbehavior�gis�gobserved�g
for �g𝑇 < 1�gs,�gwhere�gthe�grelative �gphase�gre-enters�gthis�ginterval �gand�g
the�ginteractions �gagain�gbecome�gconstructive.�gIn�gcontrast,�gdestructive�g
interactions �gdominate�gover�gthe�gremaining �gwave�gperiods,�gcorresponding�g
to�grelative �gphases�gexceeding�g50◦�gor�gfalling �gbelow�g* 20◦.�gMoreover,�g
the�gdestructive�ginteractions �gare�gsubstantially �gstronger�gwithin �gthe�gSIn�g
region�gfor �gthe�gconcerned�gdampings.�gThis�gclearly�gdemonstrates�gthat �gthe�g
relative �gphase�gbetween�gthe�gbuoy's�gdominant �gDOFs�g(heave�surge�gor�g
heave�sway) �gis�ga�gkey�gfactor�ggoverning�gthe�gnature�gof�gthe�ginteractions �g
in�gregular�gwaves.�gImportantly, �gthe�grelative �gphases�gare�gnot�gimpacted�g
by�gthe�gdamping.�gThis�gis�gexpected�gas�gthe�gPTO�gdoes�gnot�gactuate�gthe�g
different �gDOF�gindividually, �gin�ga�gdecoupled�gmanner,�gand�ghence�gcannot�g
influence�gon�gthe�grelative �gphase�gand�gconstructivity. �gIt �gis�gremarkable�g
that �gthe�gmost�gconstructive�ginteraction �goccurs�gconcurrently �gwith �gthe�g
coupled�gpeak�gresponse�gand�gnear-zero�grelative �gphase�gacross�gall �gDOFs.�g
This�gmay�gindicate �gthat �gconstructive�ginteractions �gare�gnot�gonly �gbeneficial�g
for �gthe�gPTO,�gbut�galso�genhance�gthe�gindividual �gDOF�gresponses,�gwith �gboth�g
effects�greinforcing �geach�gother�gunder�gappropriate �gphase�galignment. �gThis�g
behavior�gpoints�gtowards�ga�gcoupled,�gsystem-level�gresponse�grather�gthan�g
independent�gmodal�gcontributions.

To�ggain�gfurther �ginsight, �gthe�gconstructive�gshare,�g𝑡+ ,�gis�gdefined�gas�g
the�gpercentage�gof�ga�gregular�gwave�gcycle�gduring �gwhich �gthe�gPTO�gvelocity �g
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A.�gDupuis�get�gal.

Fig.�g14.�gCWR�g(in �gdark�gblue)�gfor�gall�gregular�g(top) �gand�girregular �gwaves�gwith �g𝐻s ù 0.15�gm�g(𝐵1,�g𝐵3,�g𝐵7�gand�g𝐵10,�gmiddle), �gand�g𝐻s ù 0.25�gm�g(𝐵2,�g𝐵4,�g𝐵8�gand�g𝐵11,�g
bottom), �gfor�g𝛾d1

,�g𝛾d2
�gand�g𝛾d3

�g(from �gleft �gto�gright). �gThe�ghypothetical �gCWR-heave,�gbased�gon�gthe�gabsorbed�gpower�gcomputed�gfrom �gthe�gbuoy�gheave�gvelocity �galone,�gis�g
included�gfor�gcomparison�g(light �gblue).�gThe�grelative �gdifference�gbetween�gthe�gstandard�gCWR�gand�gthe�gCWR-heave�gis�galso�gshown�g(in �gred).

exceeds�gthe�gbuoy�gheave�gvelocity. �gThe�gfirst �grow �gof�gFig.�g�g13�gpresents�g
𝑡+ �gas�ga�gfunction �gof�gthe�gregular�gwave�gperiod�galongside�gthe�ginduced�g
PTO�grelative �gRAO�gfor �gall �gdamping�gcases.�gTheir�grelationship �gappears�g
complex,�gwhere�ga�gsimilar �glevel�gof�gconstructive�gshare�gcan�gresult�gin�g
either�gdestructive�g(red)�gor�gconstructive�ginteraction �g(blue), �gindicating �g
that �gthe�gconstructive�gshare�galone�gis�ginsufficient �gto�gdetermine�gthe�goverall �g
interaction. �gThe�grelationship �gis�gfurther �gquantified �gin�gthe�gsecond�grow �g
of�gFig.�g�g13�gvia�ga�glinear �gregression.�gAlthough �gthe�gcorrelation �gis�gweak�g
when�gthe�gentire�gdataset�gis�gconsidered�g(left), �ga�gstrong�glinear �grelationship �g
emerges�gwithin �gspecific�gperiod�granges.�gIn�gparticular, �gthe�gSIn�gregion,�g𝑇 Ë
[1.6,2.1]�gs,�gand�gthe�glonger-period �grange,�g𝑇 Ë [2.6,5]�gs,�gexhibit �gPearson�g
correlation �gcoefficients�gof�g0.99�gand�g0.91,�grespectively.�gThis�ghighlights �g
that �gall �ginteractions �gdo�gnot�gequally�gweigh�gin�gthe�gdetermination �gof�gglobal�g
constructivity, �gwith �gtheir �gcontribution �gdepending�gon�gperiod�gregions�gor�g
hydrodynamic �gmodes,�gsuch�gas�gSIn.

For�girregular �gsea�gstates�gwith �ga�gdominant �gSIn�gmode,�gFig.�g�g12�gindicates�g
that �gthe�gPTO-induced�gresponse�gis�galways�gconstructive�gor�gat�gleast�gneutral, �g
with �ga�gsignificant �gincrease�gfor �gperiod�gcomponents�glarger�gthan�g2.00�gs.�g
Hence,�gunlike �gregular�gwaves,�gno�gdestructive�geffects�goccur.�gInstead,�gthe�g
transfer�gof�gbuoy�gheave�genergy�gto�gother�gDOFs�gat�glarger�gperiods�gleads�g
to�ga�gsmall�gbut�gnon-negligible �gPTO�gresponse�gin�gthis�gregion,�gindicating �g
constructive�ginteractions �gbetween�gDOFs.�gIn�gcase�gof�gsea�gstates�gdominated�g
by�gthe�gpeak-response�gmode,�gthe�gDOFs�gexhibit �gconstructive�ginteractions �g
for �gperiods�g𝑇 < 𝑇n,�gand�gdestructive�ginteractions �gat�glarger�gperiods.�gAl-
though�gthe�gorigin �gof�gthese�gdiscrepancies�gremains�gunclear,�gthis�gbehavior�g
is�galso�gnot�gconsistent�gwith �gregular�gwaves.�gOverall,�gpeak-response�gand�g
SIn�gmodes�ghave�gsimilar �gconstructivity �gpatterns�gfor �gperiods�g𝑇 < 𝑇n,�gbut�g
differ �gfor �glarger�gperiods,�gwhere�gthe�gtwo �gmodes�glead�gto�gnearly�gopposite�g
patterns.�gThis�ghighlights �gthe�ginfluence�gof�gSIn�gon�gthe�grelative �gphases�g
between�gDOFs.

The�gimpact�gof�gdamping�gis�gsimilar �gfor �gthe�gpeak-response�gand�gSIn�g
modes,�gwith �gthe�gconstructivity �greducing�gwith �glarger�gdamping.

4.1.4.�gPower�gabsorption
The�gCWR�gin�gregular�gand�girregular �gwaves�gis�gpresented�gin�gFig.�g�g14�gfor �g

all �gavailable�gdamping.�gTo�gillustrate �gthe�ginteraction �geffects,�gthe�ghypo-
thetical �gCWR-heave,�gcorresponding�gto�gthe�gabsorbed�gpower�gcomputed�g

from �gthe�gbuoy�gheave�gvelocity �galone,�gis�galso�gincluded. �gFurthermore,�g
the�grelative �gdifference�gbetween�gthe�gstandard�gCWR�gand�gthe�gCWR-heave,�g
defined�gas�gthe�gadded�gCWR,�g𝛥CWR= CWR𝜉7* CWR𝜉3

CWR𝜉3
~ ,�gis�galso�gintroduced. �g

As�gexpected,�gfor �gregular�gwaves�gthe�gSIn-induced�gdestructive�ginteraction �g
leads�gto�ga�gnegative�gadded�gCWR�gof�g* 18%�gand�g* 60%�g𝛥CWR.�gThe�gCWR�g
has�gdifferent �gpeak�gperiods�gwith �ga�gpeak�gat�g15%�gfor �g𝑇 = 1.67�gs�gand�g
𝑇 = 1.25�gs�gwith �gdamping�g𝛾d2

.�gThis�gis�gmathematically �gexplained�gby�gthe�g
decrease�gin�gPTO�gmotion �gamplitude �gfor �gperiods�gaway�gfrom �g𝑇n�gbeing�g
balanced�gby�gthe�gfrequency�gincrease�gand�gsmaller�gwave�genergy�gflux �g
moving �ginto �gthe�gsmaller�gperiods�gregion.�gNevertheless,�git �gis�gunexpected�g
to�gobtain �ga�gpeak�gefficiency �gunder�gthe�goccurrence�gof�gSIn.�gGenerally,�gthe�g
CWR�gis�gincreased�gwith �gthe�gdamping.�gIn�girregular �gsea�gstates�gthe�gDOFs�g
interaction �gremains�gpositive�gacross�gall �gdamping�gvalues�gand�gsignificant �g
wave�gheights.�gGiven�gthe�gdestructive�gDOFs�ginteraction �gat�glarger�gperiods�g
for �gpeak-response�gdominated�gsea�gstates,�gthis�gsuggest�gthat �gconstructive�g
periods�gcompensate�gover�gdestructive�gones�gin�gthe�gexcitation �gspectra.�gThe�g
largest�gcontribution �gfrom �gthese�ginteractions, �gand�gthus�gfrom �gsecondary�g
DOFs,�gexceeds�g30%�gadditional �gpower�gin�gthe�gcase�gof�g𝐵2�gwith �gdamping�g
𝛾d2

.�gThis�gis�gexpected�gas�git �gcoincides�gwith �gSIn-induced�gconstructive�ginter-
actions�gin�g𝐵1,�gwhere�gthe�glower �gheave�gresponse�gincreases�gthe�gproportion �g
of�gPTO�genergy�gcontributed �gby�gsecondary�gDOFs�gat�glarger�gperiods.�gFor�g
non�gSIn�gmode�gdominant �gsea�gstates,�gthe�glargest�g𝛥CWR�gis�glower �gwith �g
almost�g14%�g𝛥CWR�gfor �g𝑇e = 3.07�gs�gwith �g𝛾d1

.�gNote�gthat �git �gis�ghigher�gfor �g
regular�gsea�gstates�gwith �gnearly�g20%�gadded�gCWR�gat�g𝑇 = 2.85�gs,�gconfirming �g
the�gregime�gamplification �gin�gregular�gwaves.

As�gfound�gpreviously, �g𝛥CWR�gdecreases�gwith �gincreasing�gdamping�g
for �gsea�gstates�gwith �gdominant �gpeak-response�gmode,�gand�gincreases�gwith �g
significant �gwave�gheight,�gexcept�gin�gthe�gcase�gof�gdamping�g𝛾d3

.�gThe�glatter �g
may�gbe�gexplained�gby�gthe�gincreased�goccurrence�gof�gslack-line�gevents,�g
which �gdisrupt �gconstructive�ginteractions �gas�gthe�gPTO�gbecomes�gtemporar-
ily �gdecoupled�gfrom �gthe�gbuoy.�gIf �gthis�gis�ga�gnon�gnegligible �gsource�gof�g
added�gpower,�gcaution�gis�grequired�gwhen�gassessing�gthe�gadded�gvalue�gof�g
secondary�gDOFs�gfor �gpower�gabsorption,�gas�gthe�gindividual �ghydrodynamics�g
responses�gare�ginherently �gcoupled.�gA�gheave-constrained�gdevice�gmay,�g
for �ginstance,�gexhibit �ga�glarger�gprimary �gresponse,�gwhich �gcould�gbe�gmore�g
beneficial�gfor �gpower�gcapture�gthan�gthe�gcontribution �gof�gsecondary�gDOFs.�g
This�ghypothesis�grequires�gfurther �ginvestigation.
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A.�gDupuis�get�gal.

Fig.�g15.�gExperimental�gcontour�gof�gmean�gabsorbed�gpower�g(top) �gand�gCWR�g(bottom) �gfor�g𝛾d1
,�g𝛾d2

�gand�g𝛾d3
�g(from �gleft �gto�gright), �gand�gmean�gvalues�gover�geach�gPTO.�gThe�g

experimental�gcoupled�gresonant�gperiod�gderived�gfrom �gregular�gwaves,�g𝑇n = 3.34�gs�gis�gindicated�gby�ga�gvertical �gline.

Fig.�g16.�gResult�gof�gsurge�gand�gheave�gequivalent�gviscous�gdrag�gcoefficient �gsearch.�g
The�g𝑧-axis�gvisualization �gis�genhanced�gwith �gcolor�ggradient�gand�grepresents�gthe�g
fitting �gerror�gof�gthe�gmodel.

Additional �ginsights�ginto �gpower�gabsorption�gand�gefficiency �gare�gpro-
vided�gthrough �gthe�gexperimental�gWEC�gpower�gmatrix �gand�gCWR�gcontours�g

shown�gin�gFig.�g�g15�gfor �gall �gdamping�gconfigurations. �gThe�gobserved�gdecrease�g
in�gCWR�gwith �gincreasing�genergy�gperiod�gis�gconfirmed �gacross�gthe�gfull �g
range�gof�gsignificant �gwave�gheights.�gThe�gobserved�gincrease�gin�gCWR�gwith �g
significant �gwave�gheight�gappears�glimited �gto�gthe�gsmallest�gstudied�gen-
ergy�gperiods,�gconsistently�gacross�gall �gdamping�gconfigurations. �gThe�gCWR�g
ranges�gbetween�g26%�gand�g2.9%,�gwhere�gthe�gmaximum �gis�gobtained�gwith �g
the�gshortest�genergy�gperiod�gand�gSIn�gmode�gdominated�gsea�gstate�g𝐵2�gand�g
intermediate �gdamping�g𝛾d2

,�gand�gthe�gminimum �gwith �gthe�glongest�genergy�g
period�g𝐵11�gwith �gdamping�g𝛾d1

.
In�gterms�gof�gabsorbed�gpower,�git �ggenerally�gincreases�gwith �g𝐻s,�gand�g

slightly �gdecreases�gwith �g𝑇e.�gThe�gdamping�g𝛾d2
�gyields�gthe�ghighest�gpower�g

absorption�gacross�gmost�gof�gthe�gconsidered�girregular �gsea�gstates,�gexcept�g
for �gthe�glargest�genergy�gperiods�g𝐵7,�g𝐵8,�g𝐵10,�gand�g𝐵11,�gwhere�gthe�ghighest�g
damping�glevel,�g𝛾d3

,�gresults�gin�gslightly �ghigher�gpower�gabsorption.�gCon-
sequently,�gthe�goptimal �gdamping�g𝛾<

d �glies�gbetween�g𝛾d1
�gand�g𝛾d3

�gfor �gall �g
sea�gstates,�gexcept�gthose�gwith �gthe�glargest�genergy�gperiods.�gOverall,�gthe�g
absorbed�gpower�gvaries�gbetween�g10.5�gW�gfor �gthe�ghighest�gsignificant �gwave�g
height�gand�g0.6�gW�gfor �gthe�glowest�gsignificant �gwave�gheight,�gas�gwell �gas�gfor �g
both�gthe�glongest�gand�gshortest�genergy�gperiods.�gThe�gdamping�g𝛾d2

�gyields�g
increases�gof�g20%�gand�g9%�gin�gpower�gcompared�gto�g𝛾d1

�gand�g𝛾d3
,�grespec-

tively. �gSelecting�gthe�gbest�gindividual �gdamping�gwithin �gthe�gconsidered�gset�g
results�gin�gonly �g2.8%�gincrease�gin�gpower�gcompared�gto�ga�gconstant�g𝛾d2

.

4.2.�gNumerical�gmodeling

This�gsection�ginvestigates�gand�gvalidates�gthe�gnumerical �gmodel�gagainst�g
the�gexperimental�gresults.�gAs�gthe�gproposed�gmodel�gdoes�gnot�gaccount�gfor �g
sway�gmotion, �gthe�grelevance�gof�gthis�gsimplification �gto�gthe�gmodel's�gability �g
to�greproduce�gthe�gmain�gWEC�gdynamics�gand�gpower�gabsorption�gwhile �g
maintaining �ga�glower �glevel�gof�gcomplexity �gis�galso�gexamined.

4.2.1.�gEquivalent�gviscous�gdrag�gidentification
The�gequivalent�gviscous�gdrag�gcoefficient �gsearch�gis�gconducted�gover�ga�g

finite �gsample�gset�gvisualized�gin�gFig.�g�g16,�gusing�gthe�gmean�gsquare�gerror �g
(MSE)�gas�gthe�gfitting �gmetric. �gOverall,�gboth�gsurge�gand�gheave�gare�gmost�g
sensitive�gto�gthe�gequivalent�gsurge�gviscous�gdamping,�gwhereas�gthe�gequiv-
alent�gheave�gviscous�gdamping�ghas�ga�gnegligible �geffect,�gemphasizing�gthe�g
sensitivity �gof�gthe�gheave�gresponse�gto�gsurge�gmotion �gthrough �gthe�gmooring �g

Applied Ocean Research 176 (2026) 105241 

����  



A.�gDupuis�get�gal.

Fig.�g17.�gGOF�gof�gestimated�gresponse�gof�gbuoy's�gsurge,�gheave,�gpitch �gand�gPTO�gto�gexperimental�gvalues,�gfrom �gleft �gto�gright, �gin�girregular �gsea�gstates.�gThe�gdamping�gvaries�g
with �gthe�grows,�gfrom �g𝛾d1

�g(top) �gto�g𝛾d3
�g(bottom). �gThe�gmean�gGOF�gover�gthe�gsea�gstates�gfor�geach�gdamping�gand�gDOF�gis�gindicated. �gNote�gthat,�gin�gcase�gof�gheave�gand�gPTO�g

motions,�gthe�goutlayer �gsea�gstate�g𝐵1�gis�gremoved�gfrom �gthe�gmean�gcomputation.

line. �gThe�gerrors�gare�glargest�gwhen�gthe�gequivalent�gsurge�gviscous�gdamping�g
is�gneglected�gand�gdecrease�grapidly �gto�ga�gminimum �gat�gthe�gsuboptimal�gvalue�g
.𝐶𝜈1

= 0.25/.�gFor�glarger�gvalues,�gthe�gerror �gincreases�gvery�gslowly, �gindi-
cating�gthat �git �gis�gbetter�gto�goverestimate�gthe�gequivalent�gviscous�gdamping�g
than�gunderestimate�git, �gwhich �gis�gconsistent�gwith �gGiorgi �gand�gRingwood�g
(2017a).�gGiven�gthe�ggreater�gcontribution �gof�gthe�gheave�gmotion �gcompared�g
to�gsurge�gin�gthe�gPTO�gexcitation, �gthe�gheave�gresponse�gis�gprioritized, �gleading�g
to�gselected�gequivalent�gviscous�gdrag�gcoefficients�gof�g𝐶𝜈1

= 0.25,�g𝐶𝜈3
= 1.

4.2.2.�gDynamics�gin�girregular�gwaves
The�gmodel�gvalidation �gis�gquantified �gusing�gthe�ggoodness-of-fit�g(GOF),�g

defined�gas�g

GOF = .1 * 𝑒r / • 100~ , (24)

where�g𝑒r �gis�ga�gnormalized�gerror �gbetween�gtrue�g𝑦�gand�gestimated�ĝ𝑦�gscalar�g
or�garray�gelement�gvalues.�gIn�gthis�gwork, �g𝑦�gand�ĝ𝑦�gare�gdiscrete�gtimeseries�g
array,�gand�gthe�gnormalized�groot �gmean�gsquare�gerror �gis�gelected�gas�gthe�gerror �g
metric, �gand�gis�ggiven�gby�g

𝑒r =

√

1
𝑁

∑𝑁
𝑖=1 .𝑦𝑖 * 𝑦̂𝑖/2

norm
, (25)

where�gthe�gnormalization �gterm�gnorm�gis�ghere�gchosen�gas�gthe�grange�gof�gthe�g
true�gvalue�gdefined�gby�gnorm = max.𝑦/ * min.𝑦/.�gNote�gthat �gthe�gresulting �g
values�gmay�gbe�goverly �goptimistic �gin�girregular �gsea�gstates,�gas�gthe�grange�g
can�gbe�ggoverned�gby�gisolated�gextreme�gresponses�gthat �gare�gnot�gstatistically �g

representative�gand�gare�gsensitive�gto�gthe�gphase�gseed�grather�gthan�gthe�gsea�g
state�gitself.

A�gquantitative �gview �gof�gthe�gWEC�gmodel�gaccuracy�gis�gshown�gin�gFig.�g
17.�gOverall,�gthe�gGOF�gvaries�gbetween�g66%�gand�g98%,�gwhere�gclearly�gthe�g
buoy�gpitch �gmotion �gpresents�gthe�gworst�gfitting, �gwhich �gis�grecurrent �gin�g
point �gabsorber�gmodeling.�gThe�gother�gDOFs�gand�gPTO�gconfigurations �gshow�g
better�gaccuracy,�gwith �gthe�gbuoy�gheave�ggenerally�gproviding �gthe�gbest�gfit, �g
followed �gby�gthe�gPTO�gand�glastly�gthe�gsurge.�gExcept�gfor �gthe�gpitch �gangle,�gthe�g
GOF�ggenerally�gdecreases�gas�gwave�gsteepness�gincreases.�gThis�gis�gexpected,�g
as�gwave�gsteepness�gis�gan�gindicator �gof�gnonlinearity, �gthereby�gviolating �gthe�g
assumptions�gof�glinear �gpotential �gflow �gtheory.

The�gsea�gstate�g𝐵1�gexhibits�gsignificantly �glower �gbuoy�gheave�gand�gPTO�g
GOF�gunder�gdamping�g𝛾d1

�gand�g𝛾d3
,�gand�gappears�gas�gan�goutlier. �gIt �galso�ghas�g

poorer�gfit �gthan�gthe�gsteeper�gsea�gstate�g𝐵2.�gWhile, �git �gmay�gbe�grelated�gto�gthe�g
local�gphase�gincrease�gin�gregular�gwaves�garound�g𝑇 = 1.6�gs�gfor �g𝛾d1

,�gvisible �g
in�gFig.�g�g8,�gthe�gjustification �gremains�gunclear.�gFor�g𝛾d3

,�ga�gvertical �goffset�gis�g
believed�gto�gbe�gresponsible�gfor �gthe�gincreased�gerror. �gThis�goffset�gis�gevident�g
in�gFig.�g�g8�gwhen�gexamining�gthe�gmean�gheave�gposition �g𝜉<

3�gin�gthe�gSIn�gexciting �g
region�garound�g𝑇 = 2.0�gs.�gAs�gSIn�gincreases�gwith �gdamping,�gthe�gresulting �g
offset�gbecomes�gespecially�gpronounced�gunder�gthis�gdamping�gcondition.

In�gthe�gcase�gof�gother�gsea�gstates,�git �gis�gseen�gthat �gthe�gmodel�ghandle�g
relatively �gwell �gthe�glargest�gand�gsteepest�gwaves,�gwith �ga�ghigh�gGOF�gfor �g
the�gbuoy�gheave�gand�gPTO.�gTo�gstudy�gthe�gdamping�ginfluence�gon�gthe�g
model�gaccuracy,�gthe�gmean�gGOF�gover�gall �gsea�gstates�gfor �geach�gDOF�gand�g
damping�gis�gcomputed.�gNote�gthat �gthe�gsea�gstate�g𝐵1�gis�gnot�gincluded �gin�gthe�g
mean�gcomputation �gdue�gto�gbeing�gan�goutlier. �gAs�ga�gresult,�git �gis�gseen�gthat �g
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Fig.�g18.�gTime�gseries�gsnippet�gand�gspectral�gamplitude �gof�gthe�gnumerical �gmodel�gestimation�gagainst�gexperimental�gdata�gfor�g𝐵10,�g𝐵2�gand�g𝐵6.�gThe�gbuoy�gheave�gresponses�g
from �gall�gdifferent �gdampings�gare�gshown�gfor�gcomparison.�gThe�gstarting�gpoints�gof�gtwo �gselected�gslack�gevent�gare�gindicated�gby�gthe�gred�gmarker�gfor�g𝜉7�gand�g𝐹l,PTO.
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Fig.�g19.�gAbsorbed�gpower�gratio �gbetween�gnumerical �gestimation�gand�gexperimental�gmeasurement�gacross�gall�gBretschneider�gsea�gstates,�gfor�gdamping�g𝛾d1
,�g𝛾d2

�gand�g𝛾d3
.�g

The�gpredicted�gabsorbed�gpower�ĝ𝑃𝑎𝑏𝑠�gis�gunderestimated�gfor�gvalues�ginferior �gto�g1�g(blue), �gotherwise�goverestimated�g(red).

buoy�gheave�gand�gPTO�gGOF�ggenerally�gdecreases�gwith �gincreasing�gdamping.�g
This�gcould�gbe�gexplained�gby�gthe�gincrease�gof�gSIn�gand�gslack�gevents�gwhen�g
the�gdamping�gis�ghigher�gwhich �gis�gnot�gconsidered�gin�gthe�gmodel.�gAs�gthe�g
numerical �gscheme�gestimates�gthe�gPTO�gposition, �gvelocity �gand�gacceleration�g
from �gthe�gbuoy�gposition �gusing�gEq.�g�g(13),�gwhile �gassuming�ga�gstiff �gline �gat�gall �g
time, �gthe�gline �gforce�gon�gthe�gPTO�gis�gdeduced�gnegative�gwhen�gthe�gbuoy�g
moves�gdownward �gfaster�gthan�gthe�gPTO.�gThis�gis�gconfirmed �gin�gFig.�g�g18�g
for �g𝐵6,�gwhich �gshows�gthe�gestimated�gWEC�gresponse�gtime �gseries,�gwhere�g
the�gnumerical �gPTO�gis�gobserved�gto�gdescend�gfaster�gthan�gthe�gphysical�gone�g
during �ga�gslack�gevent.�gThis�gclearly�gshows�ga�glimitation �gof�gthe�gmodeling�g
approach�gwhen�gsea�gstates�gor�gdamping�gconditions�glead�gto�gthe�goccurrence�g
of�gslack�gevents.�gQualitatively, �gthe�gestimated�gresponse�gfor �g𝐵10�gis�gvery�g
accurate,�gexcept�gfor �gthe�gpitch �gangle�gwhich �gis�goverestimated.�gDespite�g
the�glarge�gsignificant �gwave�gheight�gand�gassociated�gnonlinearities �gin�g𝐵6,�gas�g
well �gas�gthe�ghigh�gsteepness�gin�g𝐵2,�gthe�goverall �gWEC�gbehavior�gis�greasonably�g
well �gcaptured.�gFinally, �gthe�gmodel�gprediction �gspectral�gamplitudes�gsuggest�g
overestimated�gpitch, �gotherwise�gvery�ggood�gagreement�gfor �gthe�gremaining �g
degree�gof�gfreedom�gexcept�gfor �gsurge�gand�gPTO�gresponse�gin�gSIn�gdominant �g
sea�gstates,�gdiscussed�glater�gin�gSection�g4.3.

4.2.3.�gPower�gabsorption
The�gpower�gabsorption�gestimation�gof�gthe�gmodel�gis�galso�gtested�gfor �g

all �gsea�gstates�gand�gdamping�gvalues.�gThe�gratio �gbetween�gthe�gmeasured�g
physical�gvalue�gand�gthe�gmodel�gestimation�gis�gshown�gin�gFig.�g�g19.�gOverall�gthe�g
model�gpredicts�gwell �gthe�gabsorbed�gpower�gin�gthe�gmost�glinear �gsea�gstates,�g
for �gall �gdamping,�gwith �gcorresponding�gratios�gbetween�g0.84�gand�g1.12.�gThis�g
corresponds�gto�g2.0 ≤ 𝑇e ≤ 4.0�gs,�gand�g𝐻s ≤ 0.25�gm.

The�gshare�gof�goverestimated�gabsorbed�gpower�gincreases�gwith �gthe�g
damping.�gThis�gcan�gbe�gexplained�gby�gthe�gincreased�goccurrence�gof�gslack�g
events,�gpromoted�gby�gincreased�gwave�gheight�gand�gdamping.�gAs�gdiscussed�g
previously, �gduring �gslack�gevents�gthe�gnumerically �gnegative�gPTO�gline �gforce�g
artificially �gexcites�gand�gaccelerates�gthe�gPTO,�gresulting �gin�gadditional �g
power�gthat �gdoes�gnot�gexist�gphysically.

On�gthe�gother�ghand,�gthe�gunderestimation �gof�gpower�gmay�gbe�gexplained�g
by�glimitations �gin�gthe�gpulley �gand�gPTO�gfriction �gmodels,�gor�gin�gthe�gasso-
ciated�gparameters�gidentification �gmethodology.�gAs�gcan�gbe�gobserved�gin�g
Fig.�g�g18,�gsmall-amplitude �gmotion �gripples�gseem�gto�gbe�gfiltered �gout�gby�gthe�g
numerical �gWEC�gmodel,�gpossibly�gbehaving�gas�ga�glow-pass�gfilter. �gOveres-
timated �gfriction �glosses�gwould �gbe�gmore�gdetrimental �gin�glower �gsignificant �g
wave�gheight�gsea�gstates�gbecause�gthe�gfrictional �gforce�gwould �grepresent�ga�g
larger�gproportion �gof�gthe�gtotal �gforces�gacting�gwithin �gthe�gsystem.�gThis�gis�g
observed�gfor �g𝐵1�gand�g𝐵3,�gwhich �gare�gthe�gmost�gunderestimated�gsea�gstates,�g
consistently�gfor �gall �gdampings.

4.3.�gImplications�gof�gneglecting�gsway�gmotion

Based�gon�gexperimental�gobservations�gin�girregular �gwaves,�gthe�gdif-
ferences�gintroduced �gby�gthe�gSIn�gmode�gare�ga�greduced�gheave�gresponse�g
replaced�gby�ga�glarge�gsurge�gand�gsway�gsubharmonic�gresponse.�gImportantly, �g
the�gconstructivity �gpattern�gis�gfairly �gsimilar �gbetween�gthe�gtwo �gdescribed�g
modes.�gThis,�gin�gtheory,�gsupports�gthe�gnumerical �gmodel�gassumption,�g
where�gthese�gSIn-induced�geffects�gcompensate�gfor �geach�gother�gin�gterms�gof�g
absorbed�gpower.�gIn�gterms�gof�gindividual �gdynamics,�ghowever,�gthe�gabsence�g
of�gsway�gmodeling�gis�gevident�gin�gFig.�g�g18,�gthrough �gthe�gPTO�gand�gbuoy�gsurge�g
spectral�gamplitudes�gfor �gthe�gSIn-dominated�gsea�gstates�g𝐵2�gand�g𝐵6.�gThis�gis�g
also�greflected�gin�gthe�gGOF�gresults�gin�gFig.�g�g17,�gwhere�gthe�glowest�gsurge�gand�g
PTO�gGOFs�goccur�gfor �gshorter�genergy�gperiod�gsea�gstates�gdominated�gby�gSIn.�g
However,�gthese�gvalues�gremain�gclose�gto�gthose�gof�gthe�gother�gsea�gstates�gand�g
do�gnot�gappear�gas�goutliers.

Overall,�ga�gclear�gevaluation �gof�gthe�gimpact�gof�gneglecting�gsway�gis�gmade�g
difficult �gby�gthe�gcombined�gpresence�gof�gseveral�gother�gmodeling�glimita-
tions,�gincluding �gslack-line�geffects,�gand�ga�gsimplified �gPTO�glinear �gguide�g
friction �gmodel.�gTheir�gindividual �gcontributions �gto�gthe�gdiscrepancies�gwith �g
the�gexperimental�gresults�gremain�gdifficult �gto�gisolate,�gand�gcompensating�g
effects�gmay�goccur�gbetween�gthem.�gThe�gunderestimated�gpower�gat�glower �g
energy�gperiods�gand�gsignificant �gwave�gheight,�g𝐵1�gand�g𝐵2,�gillustrates �gwell �g
this�gchallenge.�gNevertheless,�gthe�gproposed�gmodel�gperforms�gwell �gfor �g
the�gmost�glinear �gsea�gstates�gand�gprovides�ga�gsuitable�galternative �gto�gmore�g
complex�gmodels�gwithin �ga�grelevant�grange�gof�gsea-state�gconditions.

5.�gConclusion

Nonlinear �gmulti-degrees�gof�gfreedom�gcoupling �gin�gwave�genergy�gcon-
verters�gis�goften�gunconsidered�gat�gearly�gdesign�gstages,�gwhere�gsimplified �g
single-degree�gof�gfreedom�gmodels�gare�gused.�gThese�gcoupling �gcan�gaffect�g
the�gdevice�gresponse�gcharacteristics�gand�gcan�galso�glead�gto�gparametric�gin-
stabilities �gof�gunexcited�gdegrees�gof�gfreedom,�gtaking �gthe�gform �gof�glarge�gos-
cillations �gseen�gas�ginstabilities. �gThe�gimpact�gof�gthese�ginstabilities �gremains�g
an�gunder�gsolved�gquestion,�gnotably �gin�grealistic �girregular �gsea�gstates.

In�gthis�gwork, �gthe�gdynamics�gand�gpower�gabsorption�gof�ga�g1:10�gscaled�g
6-degrees�gof�gfreedom�gmoored�gpoint �gabsorber�gwave�genergy�gconverter�g
has�gbeen�ginvestigated�gin�gboth�gregular�gand�girregular �gsea�gstates�gin�gan�g
experimental�gcampaign.�gThe�gdifferent �gmulti-degrees�gof�gfreedom�gcou-
pling �gmodes�gwere�gidentified �gand�gstudied,�ghighlighting �gcoupled�gpeak�g
response�gmode�gand�gparametric�gresonant�gmode�gin�gthe�gform �gof�gsway�g
instabilities. �gThe�gdevice�gpower�gmatrix �gunder�gdifferent �gdamping�gwas�galso�g
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derived.�gA�gpassive�glinear �geddy�gcurrent �gbrake�gpower�gtake-off�gwas�gimple-
mented�gto�gemulate�ga�glow-friction �glinear �gdamper.�gExperimental�gresults�g
confirm �gits�geffectiveness,�gwith �gdifferent �gdamping�gcoefficients�gachieved�g
by�gvarying �gthe�gnumber�gof�gpermanent�gmagnets.�gThis�gapproach�gprovides�g
a�gfoundation �gfor �gfurther �gdevelopment,�gsuch�gas�greplacing�gpermanent�g
magnets�gwith �gelectromagnets�gfor �geasier�gor�gactive�gdamping�gcontrol. �g
Finally, �ga�glinear �greduced�g3-degrees�gof�gfreedom�gmodel�gwith �gviscous�g
damping�gcalibrated�gusing�gconsolidated�gpractices�gfrom �gthe�gliterature �g
was�gproposed�gto�ginvestigate�gits�grobustness�gto�gmulti-mode �ginteraction �g
and�gassess�ghow�gwell �git �gcan�grepresent�gthe�gdynamics�gof�ga�g6-degrees�gof�g
freedom�gwave�genergy�gconverter.�gThe�gassociated�gmain�gcontributions �gand�g
conclusions�gdrawn�gare�gsummarized�gbelow.

(i) The�gsystem�gresponse�gis�ggoverned�gby�gtwo �gmain�gmodes:�ga�ggen-
eralized�gpeak-response�gmode,�gwhich �greaches�gits�gmaximum �gat�g
𝑇n = 3.34�gs,�gand�ga�gsway�ginstability �gmode,�gwhich �gis�gdominated�g
by�gexcitation �garound�g1

2
𝑇n.�gThis�gbehavior�gcannot�gbe�gcaptured�gby�g

common�gheave-only�gcharacterization, �gthereby�gunderlining �gthe�g
impact�gof�gmulti-degrees�gof�gfreedom�gcoupling �gon�gthe�gtotal �gsystem�g
response.

(ii) The�gsway�ginstability �gmode�ginduces�gan�ginternal �genergy�gtransfer�g
from �gheave�gto�gsecondary�gDOFs,�gincreasing�gthe�gshare�gof�gPTO�gre-
sponse�gassociated�gwith �gthese�gmotions.�gThis�geffect�gis�gsignificantly �g
reduced�gwhen�gthe�gexcitation �gis�gdominated�gby�gthe�gsystem's�gpeak�g
response�gperiod.�gThe�gdamping�ghas�gan�gantisymmetric �geffect�gon�g
the�gsway�ginstability �gamplitude: �ghigher�gdamping�gincreases�gthe�g
response�garound�g1

2
𝑇n,�gwhile �greducing�git �garound�g𝑇n.

(iii) Relative�gphases�gbetween�gdegrees�gof�gfreedom�gand�gthe�g̀̀quality'' �gof�g
their �ginteraction �gare�gmore�gimportant �gthan�gthe�gproportion �gof�g̀̀con-
structive �gtime'' �gand�gmotion �gamplitude �gin�gdriving �gan�genhanced�g
power�gtake-off�gresponse.

(iv) The�gimpact�gof�gsway�ginstability �gin�gregular�gsea�gstates�gcan�gbe�g
misleading,�gparticularly �gregarding�gits�geffect�gon�gthe�gdegrees�gof�g
freedom�ginteraction, �gas�git �gis�gpredominantly �gconstructive�gin�gir-
regular�gsea�gstates,�gwhile �gbeing�glargely�gdestructive�gin�gregular�g
waves.

(v) A�greduced�glinear �g3-DOF�gmodel�gachieved�gGOF�gvalues�gabove�g95%�g
and�gabsorbed-power�gdeviations�gbelow�g10%�gin�gthe�gmost�glinear �gsea�g
states,�gbut�gshowed�greduced�gaccuracy�gin�gsea�gstates�gwhere�gsway�gin-
stability �ghas�ga�gstronger�ginfluence�gon�gthe�gresulting �gpower�gtake-off�g
response�gand�gwhere�gslack-line�gevents�goccur�gmore�gfrequently.

(vi) A�gpower�gmatrix �gfor �gdifferent �gdamping�gconfigurations �gunder�greal-
istic�girregular �gsea�gstates�gwas�gconstructed.�gThe�gmaximal �gcapture�g
width �gratio �gwas�gfound�gequal�gto�g26%�gwith �ga�gdamping�gof�g217�g
N�gs�gm* 1.

While �gthe�greduced�gnumerical �gmodel�gperforms�gwell �gwithin �gthe�gmost�g
linear �gsea�gstates�gconsidered,�gfuture �gwork �gshould�ginvestigate�gthe�gin-
clusion�gof�gsway�gmotion �gto�gdetermine�gwhether�gthe�greduced�gaccuracy�g
observed�gat�gshorter�gperiods�gcan�gbe�gimproved, �gand�gconsequently�gextend�g
the�gmodel�grange�gof�goperation�gtowards�gshorter-period�gsea�gstates.�gThis�g
could�gbe�gachieved�geither�gthrough �gfirst-principles �gmodeling�gor�gthrough �g
a�gdata-driven�gapproach�gleveraging�gthe�gpresent�gexperimental�gcampaign.�g
In�gaddition, �gaccounting�gfor �gslack-line�gconditions�gcould�gfurther �gimprove �g
the�gmodel�gaccuracy,�gespecially�gat�ghigher�gdamping�glevels.

To�grobustly �gassess�gthe�gbenefit�gof�gsecondary�gdegrees�gof�gfreedom,�g
and�gpotentially �gsway�ginstability, �gequivalent�gexperimental�gor�gnumer-
ical�gstudies�gshould�gbe�gconducted�gfor �ga�gheave-only�gdevice.�gIndeed,�g
while �gthis�gwork �gdemonstrates�gadditional �gpower�gcontributions �gfrom �g
secondary�gdegrees�gof�gfreedom,�gcomparison�gwith �ga�gheave-only�gsystem�gis�g
not�gstraightforward, �gas�ga�gheave-only�gdevice�gmay�gin�gsome�gcases�gabsorb�g
more�gpower�gthan�gthe�gtotal �gcontribution �gof�ga�g6-degrees�gof�gfreedom�g
device.

While �gthe�gproposed�gPTO�goffers�ga�ggood�gcompromise�gbetween�glow-
accuracy�gfriction-based�gPTOs�gand�gnoisier,�ghigher-friction �gmotor-based�g
PTOs,�gits�glinearity �gis�gaffected�gby�gtemperature�gvariations. �gThis�geffect�g
should�gbe�gcharacterized�gin�gfuture �gwork �gto�gimprove �gthe�gPTO's�gfidelity �g
and�gthe�greliability �gof�gsubsequent�gstudies.

Last�gbut�gnot�gleast,�gthe�gpresent�gstudy�gdoes�gnot�gconsider�gyaw�gand�g
roll �gmotions,�gdespite�gtheir �gpotential �gcoupling �gwith �gother�gDOFs,�gpar-
ticularly �gsway.�gFuture�gwork �gshould�gprioritize �gtheir �ginclusion, �gas�gthey�g
may�gprovide �gfurther �gvaluable�ginsight �ginto �gthe�gtriggering �gand�gimpact�gof�g
parametric�gresonance.
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