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Nonlinear ghd @ternal €upling €fects g Gkcillating @pvices §ften Gquire flvanced ghd mplex Godeling Gat J
goes Beyond Gverly-simplistic Ghear Ghodels Slitable @r Early Gesign §age. s Gcean @sting § Epmparatively g
expensive Ghd €kky, Gave Ghergy Gevelopers @ly Beavily Gh Gave Gnk Experiments @ @st Gevice Gynamics, J
performance ghd €hirvivability. ot gl Ghysical ffocessesy §Jich & Gscous €ffects § Gpwer Gke-off §stemsg J
scale @ell. Jareful Gsign 6F Bhysical pmponents @mains Gucial @ Esure Gat Psults Gom §mall-scale Gsts
reliably @ppresent @al Gcean Behavior, Ghaking €caled Experiments Both @chnically Ehallenging @hd ssential J
for @ave €hergy Gevelopment. This §udy ffesents@e Gesign, Ghlidation, &hd Gynamic Pvestigation 6f §G10-
scale, @irect-driven @oint gbsorber Gave @nergy Gonverter @hoving G Eix Gegreesdf Geedom gnder Ggular g
and Gregular €pa€}ates. § Passive Chear €ddy-current Brake § Ghplemented & Ghe Gower Gike-off §ystem @ g
emulate §lthear @amper. The @sults @veal Gat Gulti-degree 6f Peedom Gteractions §gnificantly Gter §stem g
behavior, @roducing Gpupled Geak Gsponseshat Giffer Gom Gpe Batural Geriod. way Gstabilities Griven By J
parametric @sonance@ghlight Ge Onitations G Gonochromatic @sting. G Gegular Epa§ates, Geir Ghpact J
on @ower Epapture @rimarily @ffects @wer-energy @eriod Eea Eates that @re ot Excited G Ghe Goupled @eak g
response. fhe Eppture Gidth Ghtios Gpaches@ Bhaximum 6F P6% Ghder Btermediate Gamping © Ghe Ehortest J
energy @griod, Ghile Ge Gptimal Gamping Ginges Between O3 hd G4 § Y6 @r g! Epnsidered Epaflates. g
A €duced @-degree 6f Geedom Gumerical Ghodel § Galidated @nd €hown @ Gerform @ell G Ge Ghost Ghear g
sea§lates, fredicting Chpture @idth Ghtios @ithin §J84 1.12 6f Ge Ekperimental Ghlues Gespite Gpt Bccounting §
for §vay [stabilities.

1. @ntroduction

enabled Ghe @hlidation ©f Gumerical Ghodels 5jokvist €k @., g017), Wll-
scale @eployments @re @ery @ostly. Gurthermore, ¢ @as @een @rgued g

Wave gnergy Gonverters QVEC) Bave the @otential @ Gontribute @ g
the Qlobal gffort @ @hitigate Greenhouse @as gmissions. Jo gffectively g
gain gglace @ Be Gnewable Gix, Ge Ghderstanding 6f YECGynamics, J
its @otential, @nd gssociateddesign § Grucial. Phis Gisk § Gowever Gur g
from @vial @jven Be ¢pmplex Gave structure iGteractions GVSI) @Gking g
place th QVEC gystems.@h this @ontext, @hile gumerical ¢hodeling @ g
a @hajor @pic ¢h the Geld @f QVEC @esign @nd @ontrol, @xperimental g
validation §§ gssential @ Qursue ghodel-based Hivestigation @nd design, g
and @ventually, Gecessary® @chieve @bust pmmercialization ©f Gave J
energy.

Ayl ralegpint @pbsorber WEC€Quipped @ith gdjrect-driven ighear g
generator @as @eployed gnd §tudied Gn Ghe Gest Goast &f Gweden(-ei-
jon € @l., go08; Dejerskog €t 6., Go15). While this Bng-term Gampaign g

< Corresponding @uthor.

in Guo gnd §ingwood (R021) hat g @chnology @adiness @vel-basedg
development §jrategy Gyay B partly @sponsible @r Ge §ow gnergenced
of @/EC @chnologies, gnd that g Gchnology @erformance @vel @ame-
work Gould Be @hore @ppropriate. G Ghis @Ggard, §caled Gxperiments & g
wave Ginks grovide g @nluable Gade-off Between pst-effectivenessand g
fidelity @nhile @ffering @ gontrolled gnvironment Gavorable ¢r gevice g
investigation ghd gxperimental @ataset @eneration, Gus Eonstituting & g
essential Gtep @rior @ @il-scale Geployment.

Extensive gcaled gxperimental Gampaigns @ere @resented @) §aedo(
et gl. R023), Gervaet gt gl. 025), Gtratigaki gt gl. R014) gnd Gastaly
et . (P024), groviding Gomprehensive Gatasets®r Both §ngle Gevices g
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and WECg@rays. Bxperimental @atasets@e lgveraged {§r godel Chlibra-
tion QvicCabegt @l., g006) @nd Ghe development Of Gata-driven ghodels g
(Saavedragt gl., g025; ghang @t gl., §023; Gastagt gl., g025; Qelesti g
et gl., g025).

Besides@ydrodynamic @caling gffects, Ghechanical grtifacts §uch gsg
friction @lso @mit Ghe @ccuracy @f Gull-scale @xtrapolation @Giannini g
et gl., g020). gfforts ghould ge goncentrated @n @ducing €hechanical g
friction @etween @hoving @arts. §Vhile @Jnear @gnotors Gre Gommonly g
used gs gower Gike-off PTO) gystemsgue G Cheir Gontrollability gnd g
potential @ @nable Geactive @ontrol, Ghey @xhibit gmitations @elated g
to @iction @nd Qogging @-aedo @t gl., §023; Ghomas gt gl., g018a,b). g
Eddy @urrent Brakes grovide @n @ternative BTO @chnology @r fassiveg
control, @ith Ghe gbility @ gdjust the damping 8y Garying the Qurrent g
in ¢he @lectromagnets, @hile @gvoiding @ogging @nd @roviding (hwer, g
more Gasily gdjustable fiiction. This gromising BTO gpproach bas Been g
exploited On Geveral orks g5hahroozi 6t gl., g020; Giassiét gl., g020; g
Lopesét @l., g009).

Scaled gxperimental fudies @re @lso gssential @ Gveal Gnexpected g
responses@eyond @tructural gesonance.uch @henomena @rise Grom g
wave-induced, @me-varying @arameters @hcluding @uoyancy, gtiffness, g
and @phassdjstribution. Qnder §pecific gkcitation fequencies, Bhese Peri-
odic @ariations ¢an gigger g @sonance@echanism ghown @s Paramet-
ric @esonance(PR), @hich & Oharacterized 8y Girge-amplitude §ubhar-
monic @scillations. Geveral Gtudies got @rimarily ¢cused gn §R gave g
nonetheless @eported @s gxperimental gbservation, gs th Giassi@t gl. g
(2020), ghile gthers bRave gkplicitly @vestigated Ghis Bhenomenon. Oif-
ferent ghodeling gpproaches@ave @een geveloped @ gccount @r Guch g
instabilities. Gor ghstance, gnalytical Grmulations @asedgn Yathieu-
type @hstability @quations @ere gsed @ @xamine Ghstabilities gf g gix g
degrees@f @reedom @OF) @oint @bsorber §Orszaghova@t @l., @019, g
2020). @hile ghalytical ghethods ge €fficient gnd grovide fjindamental g
insight, they gre Gmited @ @egular @ave Gonditions. Giorgi @nd ing-
wood @r018) gemonstrated he ghfluence @f giscous @amping gn €oll g
instability @nd @ported @duced @arametric gxcitation gnder @regular g
waves @sing g gumerical ¢hodel ¢hat gccounts @br Ghstantaneous @et-
ted Gurface @ariations. §lore @cently, Goteman @t gl. R026) gpplied g
various @ata-driven @chniques @ @redict §way Ghstability ¢5In) gnder g
both @gular gnd Gregular Seafates.§ Gcent Gview O BR® Offshore g
renewable ghergy §lystemsfjghlighted The éxisting Khowledge Gap €pon-
cerning §R Behavior gnder @regular Gave Gonditions ¢Pavidson 6t §l., g
2025).

To garrow gown €he gbove Ghentioned Gnowledge Gaps, this Gtudy g
develops gn Ghnovative §TO @hodel, gnd Qsesl @ Gpvestigate g Qoint-
absorber QVEC gcross@ @ide gange gf ave gonditions. @ @:10 gecaleg
prototype €f the QppsalaQniversity YWECEpncept @riksson € ., gP07) g
is designed @ith @ @assivelinear gddy-current @rake @TO, @roviding g
a @onsistent @elocity-proportional @prce. Jhe Gesponse@f the §-DOFJ
moored @oint-absorber QVEC @ Ghvestigated @nder @oth @Gegular @nd g
irregular @ave @onditions @&nd Gour @amping (evels, Qvith @articular g
attention @ @bserved §way @hotion Gistabilities. @ @educed G-DOF gu-
merical @hodel @ ghown @ gccurately @apture gystem @ynamics gnd g
power gpsorption €haracteristics. Ghe gfudy €pntributes @ €kperimental g
method @evelopment, ghsights @n Ghe gonlinear Gesponse, VEC @er-
formance Gharacterization, gnd @alidation ©f Gumerical gredictions. s g
main @hdings @re Gummarized @s Bllows:

(i) Experimental @haracterization @f @he @nulti-DOF @esponsedor d

different @amping @alues, gighlighting geviations @om gonven-
tional Gheave-only Gssumptions Gind @mphasizing Ghe Geed @o g
consider @way, gurge, gnd @itch @r gccurate @TO @nhotion gnd g
associated@ower gssessment.

(i) Comparison 6f §In @ Gegular gnd Gregular Seaffates, Gighlight-
ing Ge Omitations Of Ggular Seaftatesy Exaggerating Gesponsed
patterns gnd the Getrimental Gnpact af gin.

(iii) Validation Of g8DOF@geakly gonlinear gumerical godel, gefin-
ing @s Gange Of Gperation @nd @rimary @mitations, @Gamely @on-
linear gack gonditions gnd §mnaller gpagfates@ith Gominant gin g
mode.
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Table g

Wave Gnk @hd Gheasurement §fystemsfarameters.

Garameters Value Unit
Basin Gmension 35 g 0h.65 m g
Qvater @ppth 3 m g
@ualisys Eampling Bequency 128 [Hz] 9
@vave Ghuges Epmpling Bequency 128 [Hz]
@vave Ghuges Bimber 4 g
Uoad Il Ghmpling Gequency 1612 [Hz]
Uoad EpIl Bhpacity 444.8 Nl O

Table @

Buoy Garameter Ghlues. The @tal B)assifcludes e fpater ghd Guxiliary Buoy J
components @ualisys Gharkers @nd Ghe Gooking Gystem). Jhe Ghoments @f J
inertia @ere Epmputed Gsing GolidWorks.

Garameters Value Unit g
Ghape Hollow @iasi-ellipsoid g
@uter Bdius 0.242 [m] g
Ghner Bdius 0.028 [m] g
Gllipsoid Bpight 0.140 [m] g
Oraft 0.120 [m] g
Gotal Bass 4.582 [kg] g
@enter 6 Gavity 0, 0 €0.0046 [m] g
Giook Bight 45.6 [mm] ¢
Gotal fJate Bpight 8.7 [mm]
®roments €f Pertia 0.62, J62, QJ89 kg 6?1 0

(iv) Derivation of @ @ower @hatrix @lom Gpterpolation Of @1 @Gregular g
sea@ates @r Opree different Gamping Cpefficients.

The gemainder @f Ghe Gaper G5 @s Gpllows: Gection G details the g
methodology @f Ghe @xperimental @ampaign, @llowed @y @ @escrip-
tion @f €he QVEC Ghodeling th Gection G. Ghe Gesults gre discussedth g
Section @, @nd Gonclusions @re ummarized @ Gection g.

2. Gxperimental @hethodology

This gection gescribesthe @ave ¢ink gxperimental getup G Qetail, g
such gs the gxperimental ¢hcilities, the geagtatesgnd the QYEC ghar-
acteristics. @he @xperimental gncertainties @re glso giscussed@h ¢his g
section.

2.1. Gxperimental§etup

2.1.1. @vave Gink

The gxperiments @ere gonducted Gy the Qcean Gasin gf Oniversity g
of @lymouth's GOAST@aboratory, gxamining the dynamics @f g @:10 g
scaled ghodel Gased@n the Uppsala @niversity QVEC Qeriksson @t gl., g
2007). Ohe @aves Gere Generated By @4 € g 6h Gl dry Backed Bottom g
hinged @vave @addles @nd @ @arabolic @bsorbing Geach @ Ghinimize g
wave @eflections. ghe gneasurement @ystem @onsisted @f G Qualisys g
optical @otion Gacking gystemEpmprising §x Cpmeras® Gack &nd €pti-
mate Ghe Buoy @nhd BTO'sBovement @ §Jx DOF, gi@ad €kl Between Ge g
PTO ghd the ihe © CGapture rece Gata, Ghd Hur Gave Gauges® Gcord g
the @ee Gurface glevation FSE). Jhe gxperimental getup & ghown ¢h g
Fig. gg@ith @arameters @eported @h Jable ggQnless gtherwise Gtated, g
all galues ghentioned Gy his Gaper gre Gcaled Galues Gorresponding G J
the gxperiment.

2.1.2. Guoy

The Quoy @ad g guasi-ellipsoidal §hape @ €duce gortex ghedding g
formation @ssociated@ith @iscosity @ss @Jin €t gl., g019; Gang gt gl., g
2018). he Gonnection Between the Buoy @nd the §TO Gas Gnabled By J
a bigh giffness g him Polymer Qyneema ppe Ghrough Gvo @w Biction g
ball @earing @Qulleys. @he @rst @ulley Gas @xed gn the Geabeddirectly g
below the Quoy @nd the Gecond @ne @as hstalled gn the ¢p gf the g
PTOhear guide. Ohe Buoy Gharacteristics ge fpund @ Table goand s g
shape@ ghown @ gg. B9y should Bk Gentioned Hat Ge Geasured@faft g
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Fig. § dhe Ekperimental €pt-up: Gave Gnk Ekperiment Echematic ). The Buoy @hd GTO @re fpt Bigned @ith Ghe Gave Propagation Grection €p Ghe Buoy Gpes g
not Epllide @ith e Bpe Guring Ge Experiment. Fide-view 6f Ghe Buoy Ghd GTO § Ge Gave Gnk @), Bhd GTO Ghear Guide Gnhd Eddy Current Brake @).

Fig. @ Guoy Bpllow Guasi-ellipsoidal €haped 8P Gew.

would gary §lightly ue ©® Ge BTOMjiction ghd Gamping. However, Bis g
variability @ @onsidered @egligible, @ith @ gtandard geviation @f @nly g
1.79% of the Quoy Qraft.

2.1.3. Gower-take-off

Designing @ppropriate ghodels @f @enerators @ Qe gsed th gcaledg
experiments ¢ @n @cknowledged @hallenge. riction, @ir Gap Umita-
tions, gnd @onlinear @amping @ften @cecur G Gcaled Ghodels, gnd it g
their @epresentation @s @ull-scale @TOs.h ¢his Grork, @ @TO GystemJ
consisting @f G @inear @ddy-current @prake @vas @esigned, Gvhere Gin g
aluminum @anslator @od) @as @oved ertically @ithin g@ne-invariant g
electromagnetic @eld @roduced @y @airs @f geodymium @hagnets. Ghe g
magnetization @irection @f the Ghagnets @as @erpendicular @ the @hd. g
A gumber gf @6 @earings @hounted @n g Gnear guide Gere gmployed g
to @estrict @nd @nsure @mooth gertical @anslation @f ghe Gluminum g
rod. @ @icture @f ¢he ghysical @TO ¢ ghown ¢h gig. gggnd ¢he §TO Qg
characteristics gre @und 0 Jable gg

The @TO & Qesigned @ €himic g Gnear Gamper. @s the gluminum g
rod ghoves Ghrough The @ermanent Ghagnetic feld, gddy Qurrents gre g
induced @h Ghe god @pllowing Earaday's hw @f ¢hduction. Jhe @ddy g
currents grculate i@ gspecific @rection, Gducing & Gpposing Gagnetic g
field. This eesults B g Gelocity-inversely-proportional  @rce @ector, §,, g
opposing the Gd Ghotion g

Fy.l‘/z* }’dé7.f/, (1)

where @ @ the §TO @amping goefficient gnd .t/ @ the §TO Gelocity g
vector. Ghe €ddy gurrents gre gventually @jssipated @to Beat, @moving g
energy fom €he Gystem@nd gcting ke @ damper gSodano@nd Gae, g
2004). Gq Gheory, this @rce @mains Ghear @ith the Ganslator Gelocity g
as ®ng gs the gctive grea df the Ganslator gnd ¢he ¢pd gonductivity g
remain Gonstant. @hile the Grmer Gas gnsured Groughout the Gxper-

iment, @he Chtter @vas Got, @s @ddy-current-induced Geating Ghanged g

Table g

Power Gke-off Garameters.

Garameters Value unit
Mass 9.008 kgl O
QGRod mension 2.8 § 0120 g go1o m g
inear Gide @ngth 1 m g
Magnet Gpe Neodymium Gfade @ §GOe g
Magnet @mension 100 g 65 96 [mm] J
Qir Ghp [1.0; O1] [mm] J
Bearing fJpe 608 gs §Jeel Bhll Bparing g
Gearing Qliter Gdius 22 [mm] J
Bearing @ner Bdius 8 [mm] J
Bearing @idth 7 [mm]
Gtroke @ngth 1.80 m g
Uine Gpe High §Jiffness Oyneema Eplymer g
@ine Gickness 3.0 [mm] Q
Quilley Jpe Low fction EP8RS Eeel Bhll Bparings g
Qulley Bimber 2 g

the @od @emperature @nd, Gh Qurn, @s @lectrical Gonductivity @Putra g
et 8., g022). Gonsequently, § § Bhportant @ gmphasizehat Ge hear g
relationship gescribed @ §q. g0 & @n gpproximation, @hose @alidity g
is got Mvestigated @ Ghis Gork. Oy Btal, ur GTO Gonfigurations Gere g
tested: gne @ithout Ghagnets tho Gamping), @nd Ghree @ith g, 6, Gnd g9 g
pairs Of Ghagnets, denoted @, @,, @, 8nd @, Gspectively.

2.1.4. Gcaling
Scale@nodeling ¢h @vave Ganks Qypically @reservesthe @ominant g
balance Between fyertial @nd Gravitational @rces Ghrough Groude gcal-
ing. @s the Ghodel Gcale gecreases,the QReynolds Gumber @ Geduced g
and @iscous @ffects gecome gelatively ghore gignificant. Gecausegoth g
Reynolds @nd @Froude Gimilarity @annot @ye Gatisfied Gimultaneously, g
scaled gxperiments @hay gxhibit giscous gcale gffects that gre got @illy g
representative f @ill-scale Behavior. Fhis Ecaling gffect Bas Geen Gud-
ied By Qindt 6t @l. 2021), Ghere Gumerical ave Ginks Gere Gsed @ J
compare @ure groude §caling @ith gombined roude Reynolds gcaling g
on the Bvavestar gevice gt Qill, @:5, gnd @:20 Gecales.While Geglecting g
Reynolds §caling Bd © §fgnificant @iscrepancies@ gscous Shear §fressg
@specially @t @maller gcales@nd farger Ghotions g the @verall Gull g
load @emained Qprgely @naffected, Geing @ominated Gy Ghertial Gnd g
gravitational @rces. Gimilarly, @alm @t @l. g2018) thvestigated Gcaled
effects @n @ @noored Geaving Goint Gbsorber By @nalyzing @s Geso-
nance @sponse.They showed that Beave gGhotion G Gainly Governed By g
scale-independent thduced grag, @hereas @iscous @ffects gignificantly g
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influence @urge @nd, @ @ Wpsser@xtent, @itch, @ffecting Grce @mpli-
tudes @nd @rift. Jhese@esults Gupport §cale Gxtrapolation G Geave Qut g
highlight gcale-dependent@ffects th @ther gegreesdf Geedom. Jheseg
findings guggestthat Bydrodynamic §caling gffects gre @ot Getrimental g
for @he @xperimental Getup @onsidered. ghdeed, Ghe Yeave Gature @f g
the §TO @hakes @ @Ghost Gensitive @ the Quoy Beave, @ssoncerned Gy J
scale-dependent€gffects @s Gther QOF gPalm 6t gl., g018).

Scaling gffects gre @lso @riven @y Ghechanical grtifacts, §uch gs gn-
wanted @jiction, @hich gan Be Ghe Ghain Gource Gf gncertainty. Briction g
forces gre gt §raightforwardly €falable §hd @main gffficult @ Predict g
at the @esign gtage. §loreover, gontrolling @iction gan @e ghallenging g
with @ff-the-shelf Gomponents guch gs Ghear @hotors. Jherefore, Gian-
nini € §. (¢020) @commend Ginimizing Ghwanted Biction & Guch & g
possible. §he @iction @arameters @f the §TO Ghear guide gnd @ulleys g
are gentified @ Gection g4.1. § fHiction Cannot B Wily ¢iminated, Ge J
custom-made §TO @lows fiture @rations @ Gpodify Bearing §pes gnhd g
numbers O @n @ttempt @ @irther Gduce Giction.

Last Qut got @ast, the elatively Girge @:10 §cale Gatio @rovides gn J
additional grgument @gitimating @sult gxtrapolation @ @ill-scale.

2.2. Geagates

Both @egular gnd gregular geaGtates @ere Qonsidered. or Garity, g
sea@tates @re @ualified @s @mpty GasinGeaGtates @ithout Ghe QVECJ
present® e Basin, Gxperimental§pasfates@ith the WECH e Basin, g
and @heoretical@ea@tates Gpr Gumerical GSEGd @ the Yave Ghakers g
as Ghput. Jhe Gaves Gere theasured Py g Gave gauge @cated @.67 th J
beside the ®uoy, Ghcluding @Iso Ghe Gadiated Qvaves Grom Ghe Guoy g
motion. Poreover, Gue © Be Gosencedf Gave ghsorption ong Ge §de g
walls 6f the ave basin, goss-wavelapping €an Gsult @ gdpdal Gave g
pattern. Jhis @as geen Gund @ Ge Gost Eignificant Gr Ggular Gaves g
around @.50 @iz gnd @.75 @iz @eriod, @hich gre gbove the Gequency J
band ¢pvered i Bis Sudy. s gEsult, Gere Cpuld Be g¢gight @jfference g
between the BSEGyeasured g The §jde probe gnd &t Ghe Ghodel Bcation.

2.2.1. Regular@aves

The QVEC @esponseth @egular Gaves Gas Gtudied @pr Graves Gith g
amplitude @, = 0.05 @ gnd @eriods getween @ = 0.77 ggnd g = 5.00
s, @ith @n @hcrement @f df = 0.1 §iz, @nd Ghcreased @esolution Gear g
the peak @sponses.Jote Bat Ghplanned €kperimental €vents ghortened g
the @sting §chedule, gffecting Ghe Gompletion Of Ghe Experimental €am-
paign. B Garticular, @gular @ave geriods dfffered gcrossthe GTOs,ghd g
no @gular Gave @sts Gere gerformed @r Gamping @, . Ghe Beoretical, g
experimental, gnd gmpty @asin §SE,gespectively goted Gneot/, Goxp-t/
and @mpyy-t/, @r e Gegular @aves @ith Geriods gf §.00 §,§.34 §gnd g
1.67 g@re Gompared B gig. §oUhe ggnals ggree Gell @r the Gbserved g
frequencies, @alidating Ghe generated Gegular aves.

The gave gteepnessg§ Gomputed @s @ ¢.eMéhauté, 969), g

H

= 7 @

The Qrave @nergy Gux g €r @egular Graves @ defined @s th @ralnes g
2002), 9

_ 08’

J= 0 H°T, (3)
where g § the Gave Qeriod, & = 24, § the Gave Beight gnd @ = 327
for @gular @avesghd g = 64x ©r @egular Seagiates.The €xperimental g
regular @aves gre Gan @ith @, @re hown O g Or'; H] grid Gishion th g
Fig. gdleft), @nd their Ghearity & gxpressed@a the Ghodeling Gomains g
shown O Gig. @dffight), Eplicated flom geMéhauté (L969), Ghere g § J
the @ater @epth.
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T =5.00s
5 f T m .

W—T)theo

Tempty
== Texp W Ydy

Fig. 8 @omparison & Georetical, Ekperimental Gith Gamping g , &hd Empty g
basin §SE.

2.2.2. gregular @aves

The Gregular geattates@volved B Ghe Gxperiment Gere Generated g
according @ The @retschneider (Bretschneider, §959) gnd JONSWAP(Q
spectrum @Hasselmann@t gl., d973). @he @xperimental Gave gpectragd
realizations gre @resented @h gable gg@here @, gnd @ gre the Gave g
energy @eriod @nd ¢he gignificant Grave @eight Gespectively, gsed @ J
compute @he Gregular @vave @quivalent @, @nd J. @f @ @gnd g. ghe g
wavelength g, @ @etermined @y Golving Ghe PYnear Yrave @ispersion g
relation; @he @mpty @asin @regular Graves Gave Geen gonducted Gpor g
Bretschneider §eatates @, Bs, Bs @nd @;. Pnly JONSWAPEGeagtatesg
J1 @nd g3 Qrere @un Gith @y,. Jhe @arameters ¢h Jable gggre gom-
puted gsing Gxperimental GSE@ith @ . Ghe Gxperimental Gregular Seag
states @nd Gheir Ghearity gre glso shown O §ig. ggWave Greaking Fas g
observed gnder the §teeper Seafates.

It @ @bserved Ghat @Il @regular Gea@tates Ghll Githin The Gtokes'g
second@nd Ghird Qrder @gimes, Bhdicating Chat @ Ghear Gotential Gow J
approach @annot gompletely @apture these $aves. Geveral §ea@tates, J
namely G5, 8s, &, B, 8; 8hd 8, &e Gry gose® Ye GtokesBird @der g
regime, gnplying @ccentuated gonlinearities. Jhe glosestgeatates® g
the Bhear @omain &e G, @hd G,. The Experimental Gregular Spagfatesq
spectral @ensity gre gerived gsing the Welch's @hethod, @hich @ducesg
spectral @akage, gvoiding goisy gpectra By gpplying g amming @in-
dow @ Qverlapping Gignal §egments@Nelch, §967). Given @ gnd @,
derived @om @he gxperimental gpectrum, they @re Gubstituted Gito Ghe g
analytical @xpressions@ @btain ¢he gorresponding gnalytical gpectra. g
The @orresponding gnalytical gpectra gre @btained @om Che @nalytical g
expressions.Jhe gmpty-basin, @nd gxperimental §pectra @re Gompared g
with @he @nalytical gquivalent G gig. G0@r Geabtates @, G5, Bs, Gnd g
J1 @ith ¢y,. Yave Galibration @as got Garried gut @ Gorrect gpectral g
inaccuracies @aused @y Qeviations ¢om @near Gave theory; gowever, g
the §pectral gmplitudes ggree Gery Gell ®r G5 @nd Bs. Jhe Peak Galue g
is gmaller @r g, ghost Gkely due @ the Gave greaking ghenomenon. g
The gpectrum @f @, does ot gxactly ehatch geak Gequencies Between g
analytical, @xperimental Gind @mpty @asin @vaves. Jhis Granslates G
slightly @eficient gpalization @f the retschneider @pe gpectrum, @host g
likely gue @ the gonlinear gontent gf gea@tate given Gy Gombination g
of Ghe @articular @ @nd g,. Qverall, the Gretschneider gnd JONSWAPJ
spectra §hapesgre @ell @hatched @ith ¢he gnalytical eference ¢pr gll g
presented gea@tates, @alidating ¢he gea@tates Galization @h the Gave g
tank.
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Table g
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Wave @nk Experiment Bregular €pa Efates @hd Eprresponding Garameters Gpomputed Gom Ekperimental GSEGith g, .

@vave  Spectrum Y Depth 1:10 E}aled Full €kale 74 g
g Hy Te Hy Te €e Ae Je g
g [m] [s] [m] [s] [] [m] w g g
[¢:X Bretschneider Deep @ater  0.12 126 12 3.98 0.0076 228  8.49 v, 9,6, 9
@&, Bretschneider Deep @ater  0.17 132 17 417  0.0102 271 18.99 1, 9,9, 9
[¢:3 Bretschneider Intermediate  0.14 211 14 6.67 00032 692  19.54 v 9, @, 9
&, Bretschneider Intermediate  0.23 208 23 657  0.0055 6.73  54.54 v, 9,6, 9
[¢:3 Bretschneider Intermediate  0.32 213 32 6.73  0.0073 7.00 106.16 v 9, @, 9
[¢:5 Bretschneider Intermediate  0.44 221 44 6.98 0.0091 751  201.92 v, 9,6, 9
@5 Bretschneider Intermediate  0.15 3.07 15 9.70  0.0016 13.16 33.54 1, 9,9, 9
[¢:3 Bretschneider Intermediate  0.25 3.05 25 9.64  0.0027 12.98 92.75 v, 9, @, 9
[¢:5 Bretschneider Intermediate  0.35 3.05 35 9.64  0.0039 16.22 181.85 v, 9,6, 9
(¢ 278 Bretschneider Intermediate  0.15 3.68 15 1163 0.0011 16.93 39.38 v 9, @, 9
G Bretschneider Intermediate  0.26 375 26 11.85 0.0019 17.45 12351 v, 9,6, 9
gl JONSWAP 3.3 Intermediate  0.33 209 33 6.60 0.0077 6.83 107.88 Ydyr gz, ga g
oA JONSWAP 1.1  Intermediate  0.32 203 32 6.41 00079 639  97.98 va, 9, g
g3 JONSWAP 3.3 Intermediate  0.28 252 28 7.96 0.0045 9.56 96.01 Y gz, g3 g
g4 JONSWAP 1.1 Intermediate  0.29 243 29 7.68 0.0049 8.96 95.85 Ydy» g2 g
s JONSWAP 3.3 Intermediate  0.25 307 25 9.70  0.0027 13.15 94.57 v, 9, g
ge JONSWAP 1.1 Intermediate  0.25 293 25 9.26 0.0030 12.21 86.46 Y gz g
€y €[— x1073 . I I !
) , = S L\ ¢ irrcgulas
@ regular SToKES 57 ORDER
T T T T T 0.01F @ -
[ )
0.6 T T T T T T T
irregular s
regular ; w
g Bo‘ - 0.001}
04t 7 B <
= J2 5 J.
= Tigd B, B '
T B, N o Js BsJs 1% LINEAR WAVE THEORY
T O.Q—BBiQ‘ By B; By |
ee bo 0.0001 | | 1
/SHALLOW WATER INTERMEDIATE DEPTH _ DEEP WATER
- :
N 15 5 25 3 35 4 15 5 0.0001 0.001 0.01 0.1
. : : : h h
Te, T'[s] 7 g [

Fig. @ @isualization 6 Gxperimental €pa Efates Gilized @r @, . Gn Ge @ft, Ge Ekperimental Eeaate’s Gave Beight Y, H Gnd Gnergy Geriod @, T Ge Ghown g
as Epordinates, @hile €eepnessgl, ¢ @ Ghown Ga Eplor Gradient Gnd Ghe Gnergy Gux 0., J § Groportional @ Ghe Gharker §ze. On Ghe €ght, Ghe Eeablates @re J

classified By Ghodeling Gomains Gtrieved Gom GeMehaute (1.969).

Bs

. x1073

- ana.
= Texp W Vd,

Tempty

0 2 4 6 8 0 2 4 6 8

wlrad/s] wlrad/s]

Fig. § @omparison §f @halytical, gmpty-basin ghd Ekperimental Gave §pectra J
with g,l @r Epafatesd,;, Gs, g, Ghd G .

3. Wodeling @hethodology

In €his gection, the §-DOF @me-domain QVEC ghodel geveloped th g
WEC-Sim@Ogden @t @l., @022) @ @described. Jhe GTO Gorce @ @lso g
identified g@mpirically, @nd the 8ystem Gharacteristics @re gresented.

3.1. ginear Gydrodynamics

Considering g floating Buoy, the general 8-DOF gquation @f Ghotion g
in Ghe gme @omain, Gased @n PYnear Gotential Fow Gheory @ralnes g
2002), G @iven @y Ghe @vell-known Gybrid @requency time @lomain g
Cummins gquation gCummins, g010), g
t

M+ M@/éf.t/+/ K.t* ¢/ Etldr+ CEal
. @

=Fetl+ Fiytl+ Fyp

where g1/, g1 ghd §:/ E R™! gre e lguoy @psition, Gelocity ghd gecel-
eration @ectors gespectively, §I E R™ " @ the fuoy Ghass@atrix, Yy E
R™" @ the gdded Gassatrix gt Gfinite Gequency, .1/ E R™" § the g
radiation @rce Gernel ghatrix gnd @ E R™ " § the gQydrostatic §fiffness g
matrix. Jhe @ave gxcitation @rce Gector § §e.1/ E R™1, § .1/ E R™?

is the he @rce Gector gn the Guoy §de, @nd B, .1/ E R™ gepresentsg
complementary @onlinear gydrodynamic €prces €pr @eakly gonlinear g
modeling. Jhe Ghdiation @rce gxerted By Ghe Ghdiated aves Gom e g
moving Gody ¢ defined Gy @ @onvolution Germ @nd @n @dded-massg
inertial @rm @sg

1
F .1 =* /
0

K.t* lé.xldr* My E.1l. 5)
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The @onvolution @roduct gan @e gpproximated @y g Ghear Gtate-spaced
realization @por @ach @OF @s ¢h Ju @nd Falnes@L995), @onsequently g
improving e Gomputational gpeeddf the §mulations, g

X,.tl = A X,.t/ + B &1l
{ r r (6)

Jog Kt* tlézldrt C.X, .t + D éual,

where §, E R™! § the ¢hdiation §tate gector of @ Gtates, g, E R™™, g

B, ER™!, g, ERY" gnd D, E R gre thdiation Efate gpaceatrices.
The @vave @xcitation Gorce @5 @lefined Gh Ghe Gme Gomain Gy G g

convolution @roduct Getween Ghe ector @f @xcitation Gorce Gernels g

h ER™ gnd @he §SEg+/ @sg

@
Fe.1l = / h.t* z/p.7ldz, )
@

where @ § ¢minded that Ghe gndisturbed BSE@+/ § g @pproximation g
of Ghe gndisturbed GSE@t the Buoy @cation, Es discussedlh Gection g. g
The @hatrix ¢h §qg. g9 gields the G-DOF @quations @f ¢notion €r €he g
wave-excited urge, Beave, @nd gitch @sponses,denoted By €, €& gnd g
&5 Gpspectively.

Recalling Gig. gdfright), the @onsidered ea@tatesfle @eyond the g
linear @otential-flow @egime, thherently @miting €he €hodel gccuracy. g
However, Geveral @emain @vithin Ghe QVEC @perating gange dor @n-
ergy @bsorption, @hile the ghore gxtreme @onditions gelp define ¢he g
operational gnits ©f Ghe Proposed Godel. B gddition, s Ghear Bydro-
dynamic @rmulation goes got gccount Gr Geveral gonlinear Gansient g
loads @ccurring @n the guoy Gull. Jhese ®ads Gclude @irbulent @ads g
and @urge @lamming @iggered @y @brupt @ater @ressure gpikes, goth g
caused by @ave breaking, @nd Gvertopping @hen @ave Beights Surpassg
device @imensions, Gesulting O gevated §tructural Gads.

3.2. gine @rce

The Buoy @ Goupled @ the GTO Ghrough Ghe he @rce B, .t/ Ghich g
can fe gecomposed@ito the Surge gnd Geave Grece G, @nd Gy, BNd 9
the gitch Goment §;,., 8sg

[Fl,bll [ * Fpsin.o+ ¢/
Fip=|Fip, = * Fp cos0 + ¢/ , (8
Tibs * Fip, [c0sés/ + Fyp, I'sin.gs/
where g8 the distance Getween the Ghe @oint Of @xation gn the Guoy J
side gnd @oint @f gpplication @f @rces gnd homent, @ G Che @ngle g
between the Guoy's gquilibrium @osition @nd s Aynamic @osition @nd g
0 i@ Gye angle Between Ghe Segment @, Be SgmentBetween Ghe Bottom g
pulley ghd e Buoy gG, ghd g, the Segmentbetween Ge Bpttom pulley g
and Be Buoy's Igop. The @ktailed @escription ¢f Be §YstemEan Be Gund g
in gig. g0@here the different @istances@nd Brces @pplied gn the Huoy g
and §TO Gan Be Gsualized.

The @ngles @ @nd @ Gre gxpressedgs g

. &
¢ = tan (—Lo oy 53> (9a)
0= sin <W> , (9b)

where @y § Ohe distance Between Ghe Bottom Pulley @nd Ghe Ghe Point g
of @xation @n Ghe Guoy Gide Qrhen Ghe Guoy G @Gt @quilibrium, @nd g
D = [.Lo+1+&/%+ & @n the @TOGide, the Une Gporee ) pro.1/
is gonstrained glong the Geave @irection. th the @leal Gase@here ¢he g
line @mains Gt, @ Dfinitely §iff, gnd gJides Githout Biction, The Ghe g
force on Both Buoy @nd BTO Gould Be gqual. However, the Gvo pulleys g
introduce @iction O Ghe Bystem, Gus the @nsion Garies @long the Ghe g
and @, # F pro- §he Ghe Gector Gree gn the Quoy §de Gan Gence ge g
expressed,given the @ulley @iction gector €prce g, gnd the §TO §ide g
line @ector rce (provided O Gection §.4), g

Fip =* Fipro* Fp. (10)
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3.3. Qulleystprce

Friction §ystems€hn e @escribed ghder @any Godeling &pproaches, g
from @imple @ @hore gdvanced, gnear @ gonlinear gnd @gtatic @ gy-
namic. gn Qparticular, ghe griction-velocity Qelation ds Ghpplication-,
temperature-, Ghaterial- gnd Gear-dependent. @ @escription gf @iction g
systems@ @Gound Gh @Plsson @t Gl. §1998) Gind Gnore @xtensively Gh g
Altpeter @1999). @he @election @f Ghese Ghodels @epends Ghe Gype @f g
friction, @vailable gxperimental Gata gnd Gesired gccuracy. Jhe @ulley g
friction @as Geen Gell @escribed ¢h @revious Gtudies @Katsidoniotaki g
et Gul., @023; Gphahroozi Gt Gil., @021, @022) @sing Ghe Gvell-known g
Coulomb @iction, gsed @lso @h this @ork. Jhe Goulomb @iction @rce g
term @ § Proportional @ Ghe Gormal @ad Gith Gspect® he Bearing g
motion @irection, & = wuFy, Qiith @ @s Ghe Gpplication-dependent g
friction pefficient. §ssuming Ghat the Ghe § Orthogonal @ Ghe Bearing g
displacement, €he gormal @ad gan ge gpproximated gy the Ghe Grece g
Fy U Fy. 8s@@sult, the gulley Grece § gxpressedds: g

Fp = upFip tanh <§7—t/> ,
VC,D

where @, = Vi, g_log Oye pulley Goulomb gelocity Gireshold, @y
the gulley greakaway @iction @elocity, gnd g, & the @ulley's gearing g
friction @oefficient. @he Galue @f the Yearing Goefficient @, & Gaken g
equal @ @, = 0.06 gasedgn Ghoi gt gl. 017) gnd @revious Etudies g
using @Ghe Game @ulleys @Katsidoniotaki @t @l., @023), @nd Galidated g
experimentally @ith gecay @sts. Ghe breakaway @elocity @y 6= 0.049
m § 1 § chosen gonsistently @ith @he §TO guide @iction @entification g
described felow. Jhe Gontinuity of the Giction @rce § gnabled By the g
hyperbolic Gingent @hich glso gerves@gs @ @hysical gansition Ghemory g
term.

(11)

3.4. @owerGhke-off rces

The BTO gquation Of Gotion § gxclusively glong the Gertical irec-
tion gnd @ritten @s,J

mpToé}.t/ = F|’p-|—o.t/+ Fy.t/"' Ff.l/+ mpT08, (12)

where @pto 8 Ghe BTO Ghass@nd B; @ Ghe Giction rce Gector Pduced g
by e hear Quide Bearings. §ssuming Go Bhe §fretching gnd Go §ack-
line @ccurrence, the GTO'sPosition Gnly GependsOn the Buoy's Position g
and Gan Be Gxpressed@s €1/ 0 L* Lg, @ith g

L= \/D2 + 12 * 2 Dicos¢* &. 13)
The he ©rce on the GTO §de Ean Bence Be Getermined Gom Bg. 0F), 9

after @hat ¢he Gne @rece gn the Guoy gide gan ge geduced gsing §q. g
(10).

3.4.1. @riction @prce
The @iction €rce gcting gn the ¢pd @ Ghduced @y the get gf epta-

tional @all @earings ghounted @gn the Gnear guide. Fhe @iction €hodel g
used® @escribe Bhe hear Guide fiiction ©rce @ gh Ghprovement Of Ge g
Coulomb @rce, @hotivated @y Getter Gitting @ @xperimental gata. Jhis g
improvement @onsiders ¢he @tatic giction, gccurring @hen the gbject g
is gt est. Gtatic @iction @rce § gonsidered gigher ¢han ¢he Goulomb g
force. Jhe @ansition @jom €fatic @ dynamic fliction Bas Been gbserved g
to B €pntinuous, Khown s the Gtribeck Bjiction €ffect Cptribeck, §002). g
The Ghear Quide @iction @rce § Ghodeled gccordingly, @nd Geads g

Fy=* FC,PTOtanh( & )
UcpTO

& &
+ V2e.Fyy * Feprd expl * —
' UstpTO v
StPTO

where §cpro =10 §, Gk = 15 0 § the Qreakaway @iction @rce @nd g
UstpTO = V2 vk, pTo 1§ Be Btribeck gelocity, @ith @gentified eakaway g
velocity Gy pro = 0.0490n G 1. ghe iction @orce Garameters gre g
determined @mpirically @y @ Geries @f gndamped @rop @sts, ge, o J
magnet § gresent i the hear Quide, Ghich § gquivalent @ @, .

(14)
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Fig. 6 @epresentation 6f Ghe Godeled G-DOF @rces Goplied @ Ghe Gvo-body WECH G Goward Ghotion.

Table §

Eddy-current Bfake @ower Gke-off Characteristics.

Mnagnet g 7 O 9671 Symbol J
Q 0 Y4, g
g 123 r, 9
] 217 Y4, g
[¢] 314 Y4, g

3.4.2. @amping®rce

As ghentioned, he §TO gmulates g gamping ¢prce gn the Gystem, g
formulated Gh GEq. @d). g he @Gssociated@amping Goefficient Gy G5 G g
function @f ¢he Gumber @f @ermanent Ghagnets gnd G @lentified gia §J
series@f @amped grop @ests Gpr Gach @TO, that G Gamping @y, . G,. 9
and g, gnd ported B Jable §gPhe Potential Gnpact Gf Geat Gn the g
damping Goefficient Bas ot Been Gonsidered G Chis Sfudy.

A §mple hear fif gjves 8@amping Epefficient GYcrease 6f &4 = 34.5
N g ! ger Ghagnet.

3.5. @QVEC-sim@hplementation

The WECE godeled ghd §mulated § YWEC-Sim@Ruehl € 8., g024). g
The QVEC-Sim@hodel § uilt gsing Ghree @rce-response@EC-SimgTO(QJ
blocks, @ne @r gach @egree gf Geedom, gs O §hahroozi gt gl. (R022). g
The ghput @prces @nd ghoment ¢ @ach @TO Glock @orrespond ¢ the g
line @rce Gomponents gn ¢he Quoy Given G §q. 08 gnd omputed G g
a geparate Gustom-built Block. Phe Bydrodynamic Quantity Rernels gnd g
coefficients Gecessary® gplve Ge Buoy's €nuation 6f Gotion Bag. G Ge g
obtained @om the GEM golver VAMIT Qsing § Giscrete @anel Ghethod g
(Lee gnd §ewman, g013), @here the @llipsoidal guoy geometry & Ge-
fined By g674 panels. Ohe §mulations e §plved Gsing te fPurth-order g
Runge Kutta §cheme@ith @ @ixed Gme €tep of .01 §

3.6. ¥iscous@rag prce

One df the ghain gssumptions @f the QVEC Ghear Ghodeling prmu-
lation @ Jsmall" @scillations @round @quilibrium @t gtill Qater Gevel g
(SWL). @ccordingly, €he Ghean Getted Gurface @ @onsidered ¢pr Goth g
the @ydrostatic @nd Ghe @ynamic Groude Krylov @FK) @rce, Ghstead g

of he Ghstantaneous @ne. Gvhile GVEC-sim@llows ¢pr gonlinear Gtatic g
and @ynamic gK @rmulation, @ @ got Gonsidered G this tudy Gue G J
the gse gf the gxperimental GSE,Gather than the theoretical Garmonic g
components @vhich @re gecessary@pr this gnplementation. Glowever, g
the gontroller Gvolved G this Gork & g @assive Gamper Ghich gields g
limited @xcursion @om €he gperating @oint Gompared @ @Gactive Gon-
troller ©r Btching Policies. Burthermore, Giorgi ghd Bingwood (2017b) g
showed that @ven ¢h ¢he @asedf Garge Gariation @f Getted grea, the g
importance @f gonlinearity @ the K @rce @ gonsiderably gduced @h g
realistic @ystems@here @iscosity ¢hss gompensations @re @onsidered. g
This @ gxplained @y the @straining @f the device Ghotion @ gn gxtent g
that the Qariation G @etted Gurface gre Gmited. Eence, B gn gttempt g
to Gicrease the Ghodel gecuracy, @ Gscous Grag Prece & Gefined @s: g
1

F, =* 3C,pA81E I i EMLBE,

where @, § the Gharacteristic grea, Gorresponding @ @he @rojection 6f g
the @pstantaneous @etted Gurface gnto the Plane Gormal @ Ge fow of g
interest, gnd @, genotes the grag doefficient §r the POF @ Yespite g
its gimple @rmulation, ¢he getermination @f @, & @hallenging gs@ g
depends@n the @ow ground the gevice gnd @s geometry. Gor gimple g
geometries, §alues @f @, @an Ge Gund ¢h the QYterature Guch@s@h g
Caballero @t gl. ¢2014), @here grag doefficients gre getermined gs @ J
function ©f ®ye Beynolds @umber ©r @jfferent ghapes.B €asedf paving g
floating QVEC, @vhere @he @levice @ @scillating, G Gnore Gppropriate g
dimensionless @umber @ the Geulegan Carpenter gumber §C = %, g
where @ @ the excursion gmplitude ©f fuid Particles @ Oscillatory fpbw g
(Molin, g002). gowever, the gxistence of the GQee Surface felf Givides g
the @Gomain Gjto distinct @uid @gions Gir @nd Gater) @nd @ Gmporal g
variation igtroduce §jgnificant ¢pmplexity i@ e description 6f Ge id g
regime @nd, ¢h @urn, ¢h Ghe @efinition @f ¢he @elevant @imensionlessg
numbers.

In this @ork, @ giscous @amping ¢r goth gurge gnd Geave @ gn-
plemented @llowing @q. gop). @ Onique Gurge gnd Geave oefficient, g
C,, @nd g,, Gspectively, jommon @ @il Seaftates, gsed. Que @ s
relatively gmall Gontribution @ he §TO Gesponse,the @itch Arag Goef-
ficient g,, & got gart of Ghis Gptimization @ Geduce the Gomputational g
effort. Jhe cpefficients gre entified @ith Gegards ® Ghe Gevice Ghotion g
responses,gelecting the gpefficient g,, @nd g,, that gelds Ge gnallestg
error @etween the @hodel @rediction gnd the gxperimental Galue. Ghe g

(15)
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Fig. @ Gull G/EC Eystem Beave Gecay @st @ith Gamping Epefficient g, . Jhe g
test Bas Been @peated Gree Gnes.

PTO @:sponse,@espite geing the @ne Epresenting gbsorbed Gower, & g
not gonsidered, gs @he @tting Qould @e Gompensating €¢r @ther ¢rces g
from @he §TO. Jhis gould Gad @ 6tronger discrepancies, @r gxample, g
in @he Gase@here gnother GTO & Gnplemented. gor the Game Eason, g
only @he @host Ghear @aves gre gsed @r the @entification, G Grder @ J
avoid gompensation @r gonlinear gffects gf the Ghore gxtreme Gaves, g
and @e @entified Cpefficients &e Qualified g guivalentdfag gpefficient g
as groposed By Giorgi @nd Bingwood P017a).

3.7. Gmpirical §ystemBharacteristics

3.7.1. Qlatural @equency

The @ndamped Gatural @eriod @; , of the QOF g ¢an Be determined g
experimentally @y @erforming G @lecay @est, Qvhere ghe gogarithmic g
decrement g getween @vo Gonsecutive §amped gscillation geaks@,

and g0, B89

§=1In (5’ ”1>
Sipy

where @y @ Ghe @amped @scillation @eriod, Gheasured Getween @vo J

successive@eaks. Jlhe damping @htio ¢ @Glates ® 6 8sJ

(== @7)

The @atural geriod § Gnally Gund @ Be gqual @ J

T, =TyV1* (2

Dedicated @ecay @sts @ere gerformed @r Beave, ghile §urge decay g
was @btained By Bolating the fJee-decay Ghotion B Gpgular Gaves @fter g
the gxcitation fad Geased.

(16)

(18)

3.7.2. Respons@mplitude Qperator

The gmpirical @sponse@mplitude gperator (RAO) & Gefined giffer-
ently @r @gular gnd @regular @aves. gor @egular Gaves, the @eriodic g
nature ¢f Ge §gnals glows e BAO © Bk Gptained om e Gitio f Be g
absolute geak gmplitudes, @ith Ghe mpty Hasin Gee Gurface glevation g
(FSE)@s Bpput gnd the gxperimental @/EC ghotion s Qutput, Expressedd
as,g
¥ et Ag T

A,.T/

where vV @ Ghe Gumber @f @Qeaks, g, @fter Gemoval @f the Gransient g
response.go @ake Ghto @ccount Ghe Bias th Pesponse@htroduced Gy g
operating @agnitudes g = ‘5’ , @here § § the Ghean Position of €, the g
relative BAO §§ defined gs: g

|AG,.TI| = |G;.TI*
The ghase ¢ gomputed @om €he @me Qelay @r; getgveen the §SEgnd g

WEC gsponse(p-crossings, @ccording @ J¢,. f/ = ==—L. Ghase@alues g
were @rapped @ Ohe Biterval [J180°, 18C°] @r gandard Dterpretation.

|G;,. T/ = (19)

(20)
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For @regular @aves, Ghe RAO @k @btained Gom Ghe Gatio @f Ghe g
experimental @notion @nd GSE@pectral @mplitude, goted gi. @nd g,
respectively, gs,0

Ag . TI
An.T/
The gpectral gmplitudes gre derived gsing Yelch's Gethod ith gBam-
ming @indow, @here Ghe @sulting Gower pectral Gensity § Converted g
into gmplitude gsd.f/ = /2S.f/Af, Gith §.f/ genoting the Gower g
spectral @ensity gnd g/ Ghe Gequency Gsolution.

IC,.TI| = (21)

3.7.3. @bsorbedgower

The ghean gower gbsorbed flom g@ave Of duration g By Ghe bhear g
damper gTO3 g

-
Pas= 3 [ il (22)
The QVEC @apture @idth @atio GCWR) & @n @fficiency @netric gefined g
as (he eptio df the Ghean gbsorbed Gower @ the Gicident Gave gower g
available gcrossthe Qevice @rest @otprint, @hich @& Giken gere gs the J
buoy giameter. O3 gvenbyg

CWR = * 100~ 23
2RJ 23)

e

where @ § Ghe Buoy's Gadius.
4. GResults @nd discussion

4.1. Gxperimental@sults

The Il WEC§ystem's@hatural @hd Gamped Beave Beriod &e Gerived g
from gecay Gests @arried gut @ith g, , Blustrated ¢ Gig. gggsing Ga. g
(18), gnd Gpund gqual @ g5, = 0.77g@nd J; 4 = 0.81¢. Ylote hat g
although gnly @vo decay @eaks Qould Be gearly @entified, the Gatural g
period gomputed gnalytically om €he gystem fhertia gnd @tiffness § g
consistent @ith @he @ecay st Gesults. gor §urge, the gbtained @atural g
and gamped @eriods @re @qual @ d,, = T4 = 3.50G. Qlote Ghat g
decay @ests @ith @TO @amping ere glso @erformed @ut Gesulted ¢h g
overdamped @sponses@hat ¢ould got be Geliably gnalyzed.

4.1.1. RRegular@aves

The @ormalized @lative BAO @nd @hase Gesponsesgcross@ll fives-
tigated @gular @ave Qeriods @re @resented B gig. §00nterestingly, the g
maximal @ Beave, §urge, ghd Pitch @lative BAO Gccurs & Ghe ommon g
peak-response@eriod gt @ = 3.34 §, @amed @,, Gr gll @sted Gamping g
cases.@hile @ & Gery Gur om Ghe gatural geave geriod @z , = 0.77§,J
which, @espite @eing gisited @ith ¢, , goes got gisplay gny gesonant-
like Gehavior, @ B Qose @ Ghe §urge Gatural @eriod @, , = 3.50 § Fhis g
discrepancy @ @ttributed @ goupling gffects @ith gurge gnd @itch, gsg
they @re he gther @ave-excited QOFs,@hich gre @ot @ctivated Guring g
the Gleave @ecay @est. Bence, Ghe @npact @f Ghulti-DOF ghotion Gnd g
excitation @n ¢he device @learly @edistributes @s @esponse@roperties. g
This § ¢rucial @r gesign Qurposes@nd gfrongly Omits the Gelevance of g
the gmplified Gut Gommon Beave-only gfudies @r this Gpe Of device.

Non @ave-induced @hotion @an ge gbserved glong Gway, gt geriod g
T, gnd ground QTH, gpproximately @etween @ = 1.60§gnd @ = 2.00
s. §his @ g Gommon @ature gf GR @hich @pically gccurs @pr gxternal g
excitation gt the @sonant @eriod gnd @alf the Gsonant Geriod ¢Siorgi J
and @Qingwood, g018). ¢ @ @nown Ghat Gor gystems@here the FTOJ
is @riggered @ia Ghooring Gystems,@he Ghstability @akes @lace Gh Ghe g
sway @irection ¢Pavidson €t gl., g025). Given the geave-only §TO, @s g
damping § expected ® grimarily gffect Ghe Buoy's Beave Ghotion Gither g
than gther @OFs.@lowever, the §In gmplitude @ignificantly gecreasesg
with @amping @t @,,, @hich @an @e @xpected gs @amping @as ¢phund g
to @educe @R @Giorgi @nd GRingwood, @018; Gomes@t @l., go17). th g
contrast, §amping gnhancesthe @sponse@h the ng €egion, Ghere § g
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Fig. 8 Gxperimental Gprmalized @lative §AO QIG;|~ = |4G;| _max|AG;|/ @eft) O
and @hase @sponseight) Gr Guoy Gurge, Gway, Geave @nd @itch irst @ J
last @w), ©r g Gamping Ekcept @, . Bor €ach Gegree Of Geedom, Ge Glative J
RAO @ Bormalized By @ Gpaximum Galue Gcross@l GTO Gpnfigurations. The J
empty Garkers @present Ghe Gormalized Gperating Ppint Gagnitude €f. Fince J
the §vay @sponseffequency § §ibharmonic ©@r g =1.67 §ahd g =2.00 § Be g
phase  fpt Gported.

strongly @Gamping-dependent mplitude § gbserved. Ohis Hdicates that J
PTO @amping plays gkey @le i cpntrolling §In, @ith & ghtisymmetric g
behavior Between the ng and @, @gions.

The §SE,gway gnd gurge @hotion gpectral gmplitudes ¢pr Gave gf g
periods @, §@ith damping g, @nd ng §gith damping @,,, 8re Shown g
in §ig. @gth ggreement @ith the Cheory gf Glathieu-type @hstabilities g
(Orszaghova@t gl., g019), the Gway Gesponsepr Gave @xcitation gt g
%Tn & Gugely gominated @y @eriods ground @,. gowever, G the Gased
of @Qvave @xcitation Gt d,,, Ghe Ghstability Gesponse@s @nly @bserved g
around the §ame @eriod @ith g €elatively gmaller gmplitude ¢han the g
%Tn Chse. Qs g pmparison, Bhe surge Gsponsegxhibits §Gon Gegligible g
subharmonic gomponent hen gxcited Gt ng, But @mains Gominated g
by the gxternal gxcitation @ equency.

The GIn @r Ggular @ave gf @eriod @ = 2.00 §gnd @ith Gamping g
rd, § @rther gsualized @ @me-domain B ig. §Y Gne Gan Gppreciate g
the @vo @ifferent @nhotion @hodes, Gith gnd ithout Gin, gs the Gway g
mode Gikes @bout G0 @gular Gave @eriods @ @illy develop. Jhe gway g
mode @ydrodynamics Ghduced Goupling & Gearly geen, @ith @otably § 0
reduction Of Ghe Beave @sponse.This Gonfirms the Pattern Gbserved @ g
Fig. goghere gnder gin, the Buoy Beave Gsponse Geduced Gompared g
to @eighboring @eriods. ¢h Gact, R @ctivates @n Ghternal @Xxcitation g
mechanism fat gnplifies Pdirect Excitation, @fverting nergy lom te g
primary QOF @ Other @hodes.

The gway @hotion €nhay glso ge @ave-induced through @ross-wavesg
generated gy Cadiated, Qiffracted gnd @flected Gaves. Glowever, gery J
little Ghange B Ghe Gxperimental GSEPefore gnd @fter the Gnset Of the g
sway Gegime § Observed ® gig. 00, Suggestingthat Ghe Gontribution Of g
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Fig. . GSE,8wvay @nd Gurge Ghotion pectral @mplitude @r Ggular Gave 6f J
periods g = T, = 3.34 §@ith Gamping g, &hd g = %Tn =1.67 g@ith Gamping g
Yg,-

Fig. @0. Gway Pstabilities Gsualization Ja Gormalized Gne Gaces 6f §mpty J
and €kperimental ESE,§hirge, §vay &hd Geave Gotion i@ @gular Gave §f Geriod J
T =2.00 §€hd gith Gamping @, Gow 04), &hd @ Gegular fpaflates@; Gith g
74, @ottom). Ghe Gormalized gSEGror § Ghown Glongside Ghe Gifferent GSEQ
(top).
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Fig. QL. Gpectral Gnplitude 6F GSEQirst Gw), @hd Buoy's §urge, §vay, Beave, Ghd fich Gecond @ Gst @w) § Gegular Spafatesd,, ;. G, Ghd G, Gom Bit J
to @ght, @ith Gamping g, . @, €hd g, . The BAO @:| § @so shown ©r Ge Bloy's Beave. ote Bat Ge HAO § bt Gsplayed [ Bgions Githout Gave Ekcitation.

cross-wavegkcitation @ Be §vay @sponseld @latively §nall. §ddition-
ally, the gormalized grror getween the gmpty-basin gnd gxperimental g
FSE.g@, = "epr—"emmym gmains gmall, @ith g ehean gf gnly §.0013 . g
This @dicates tynnat e gjfferent Body-induced Gaves Bave Gnly gapinor g
influence @n the §SEQ@rofile, despite g glight thcrease gnce ¢he gway g
response@ filly developed. 8lthough §everal Ghechanisms{@r the §vay g
response@an e @entified, @ Gemains dnclear @hich Giggers @s gnset, g
which @pverns @je §teady-state@sponse, Ghether Igpth emom Ge g
same @echanism. Bor §stance, ggptential §ource 6f Gjrect Fvay Ekcita-
tion @ @rtex ghedding, ghich €an Pduce Gansverse Yrces on Ge Buoy g
and, © @rn, Gscillatory Gotion @5unnoo € &., g016). The Pvolvement g
of g gon Gave-induced Gesponse@riginating Gom @R thstability @as g
nevertheless@ferred i@ Giorgi &d Bingwood (R018), & 6ther Potential g
excitation §ources,§uch @s gortex shedding @nd gross-waves,gere got J
considered.

4.1.2. gregular @aves

The WEC@sponsed Bhe gnallest §gnificant Gave Beights Spagfatesg
By, @, @, §nd @1, G §hown @ Gig. 0g Gy Geans gf Ghe Guoy Gurge, g
sway, geave gnd gitch gpectral gmplitudes, @ith Gamping galues @, . 9
¥, Ond @,

First gfoking gt the geave RAO @red gurves) gbove @ = 2.006, G 9
becomes@at @ather han @xhibiting @ @istinct @eak. @his @lateau G-
mains st Ghder Ghity, @hich @ i@wer than @r Ggular Gave €xcitation. g
This @eduction ghay grise Gom €he Ghore Gomplex gnd ghaotic Gature g
of @an-chromatic @xcitation, @here ¢he @lly geveloped Qoupled @eak g
response( ot Gonsistently gchieved. floreover, B Gasedf §; aGnd B,
this @lateau gxtends gntil @ = 5.00 g, Yhereas gnder @gular Gaves, g
the @esponse@ecreasesfeyond @,. O Gasedf Periods Below g =2.00§ J
the @eave BAO § Gduced @r @, @nd G; Gompared @ @, gnd @,o. On g

the @ther Band, Ghile gl §eagfates gover the §in Giggering ng Period g
region, @, gnd @, gxhibit he Girgest GIn gmplitude Eelatively @ the g
wave gmplitude @t these @eriods. Jhis §uggeststhat, hen the GystemJ
is @rimarily @xcited gear the Qoupled @eak @sponse@eriod, the Qeak-
response@iode Gegime @ominates gnd @GducesTe §in G:gime Giggered g
by Gye ng gpgion. This § g §jgnificant Characteristic of the SystemGpat g
is @pt Cpptured By Gonochromatic geagiates. This Provides Psights iPto g
potential §frategies@r Gpitigating GIns, @ith Bnplications @r ¢pontroller g
design @nd Ghe 8election @f Girget Gave gimates @r Geployment.

However, gven @r §in ghode Gominated @regular eaftates@, gnd g
Bj, the §vay gmplitudes gre gmnaller than B Ghe Casedf Gegular Gaves. g
This @ ¢pnfirmed By Ghe @st @w Of Gig. 00 Ghere § G, Gith Gamping g
Y4, SEafates@ith Ge Brgest gvay Gsponse, the Gvay gmplitudes gre g
far @maller ghan @r @egular Graves. Jhis @an @e @xpected @iven the g
necessary@me €r the Gway Ghode @ Gully develop, gs @bserved ¢por g
T = 2.00g, @here the GIn @ Cully geveloped @nly @gfter GO @eriods. g
Consequently, @lly @eveloped §In gre @sslkely @ gccur Gh @regular g
sea@tates, gnd gnly @artial GIn @ith gmaller gmplitudes gre gached. g
This gltimately @esults th different §way @egimes @ith gistinct gffects g
on Ghe @verall QVEC gesponse.@nother Gpoticeable @ifference @ Ghe g
relatively @rge ghbharmonic §urge @mplitudes §r g, @hd 83, @hich &e g
even @rger than gway, Gnlike B §In & Ggular Gaves, Gcalling gig. 99

These@nportant @sponsediscrepancies Between ggular gnd Greg-
ular @aves @Imit the @ractical Gelevance gf @egular Gaves Ghr gharac-
terizing Ghe Gevice Gesponse@nder @regular Gonditions. gowever, Gg-
ular @aves ¢main @ecessary@r gccurately @lentifying the gxcitation g
frequencies @sponsible @r gins.

4.1.3. Ghduced8TO Gesponse
The @uoy-induced §TO gesponse @rst Gvestigated Gia the Ghod-
ified PTO GRAO Gelative @o Ghe Guoy Geave RAO Gh Gegular @vaves, J
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Fig. 0. @TO ghd Bloy Bpave BAOs. Qop @w: Gduced BTO @lative BAO (kft), &hd Bloy Beave ghd §lirge Ghase @fference @ght), g @gular Gaves @ith Gamping g
V4,74, §emaining @ws: Gregular Gaves @y, G;, §; Ghd G, Qeft @ Goht) Gith Gamping @, -7y, Gop @ Bpttom). The GTO Ghd Buoy Ghotion Epectral Gmplitudes g

are @so hown @r Gregular Gaves.
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Fig. @3. Guoy QOF Gonstructivity € €gular Gaves: §he @me Ghare 6f Gon-
structive @hteraction @ @lotted ggainst Gave @eriod, Gith The Ghduced GTOJ
relative §AO @presented By Ge Garker §Jze &nhd Eplor, ©r Gl Gamping Galues J
(top). Gottom @Ganels Ghow @s Glationship Gith €he Gonstructive @me Ghare J
via Ghear @s @r Gree Geriod €hnges: @Il Geriods Jeft), Ghe vay Gstability g
region, @ E [1.6,2.1] § @here @, @ins ge Excluded Gom Ge 6 Q@enter), ghd 9
T E [2.6,5] §@ight). The Gited Equation @hd Gearsonprrelation Epefficient g
are @so Gported.

defined gs the Ghduced GTO €elative QAO @|AG4,|= = 4G,|°* |4G5°. 0
A Qositive @Galue fpdicates that the Guoy's DOFsBteract Gonstructively g
in @rms @f GTO-induced @hotion, Gtherwise @estructively. The Ghduced g
PTO gelative @AO G ghown Gh the @rst @pw df Gig. @G, glongside ¢he g
heave surge @lative ghase,J¢,3=U¢;*U ¢;.

Constructive @teractions gccur G the gicinity 6f the Goupled @eak g
response@ E [T, * 0.5,T, + 0.5] @, @vhere Ghe Gelative Phaseles g
approximately Getween §0° @nd §20°. Jhe ame Behavior § gbserved g
for @ < 1@, @uhere Ghe gelative @hase ge-enters Ghis Ghterval Gnd g
the @nteractions @gain @ecome @onstructive. §h Gontrast, @estructive g
interactions @ominate @ver Ghe @maining Gave Qeriods, Eporresponding g
to @elative @hases@xceeding G0° @r Galling Gelow @ 20°. Woreover, g
the @estructive ghteractions gre ubstantially gtronger @ithin the §Ing
region @r the Goncerned Gampings. Jhis Pearly Gemonstrates that the g
relative @hase Getween ghe Guoy's @ominant POFsgheave surge Gr g
heave sway) & @ gey €hctor governing the @ature gf ¢he @hteractions g
in @egular Graves. gmportantly, e @elative Ghases@re got gnpacted g
by @he @amping. Jhis @ @xpected @s the PTO Goes ot @Gcetuate Ghe g
different @OF Ghdividually, @ g @ecoupled Ghanner, @nd Gence gannot g
influence @n @he Qelative Ghase @nd Gonstructivity. ¢ @ Gemarkable g
that @he @host @onstructive Ghteraction @ccurs @oncurrently @ith Ghe g
coupled @eak gsponse@nd gear-zero Gelative ghase gcrossgll POFs.g
This Ghay Ddicate That Constructive Bteractions @re ot Only Beneficial g
for Ghe BTO, But gso Gnhance the Midividual QOF Gsponses @ith Both g
effects @inforcing gach Gther gnder gppropriate Phase @lignment. This g
behavior @oints @wards g goupled, gystem-level @esponse€hther than g
independent ghodal Gontributions.

To @ain @urther @hsight, Ghe @onstructive Ghare, @, , ¢ @efined @sg
the Percentage Of @ Gegular @ave Gycle Quring Ghich Ghe §TO Gelocity g
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Fig. @4. QWROn Gark Gue) @r @I Bgular Gop) Gnd Gregular Gaves Gith G b 0.15 G B, Gs, G, 8nd Gy, Ghiddle), Gnd G 1 0.25 G OB,, B4, G5 Gd B, 9
bottom), @r ¢, , @, 8nd @, Grom @ft @ Gght). Ghe Gypothetical GWR-heave Based Gn Ghe Gosorbed Gower Gomputed Gom Ghe Guoy Geave Gelocity gone, G g
included @r Emparison (ght Gue). Ghe Glative Gfference Between Ghe ffandard JWR ghd e JWR-heaved @so Shown Gh Gd).

exceedsthe Quoy Geave elocity. Jhe Grst Gow @f Gig. dg Presentsg
t, @s@ Gunction @f Ghe Gegular Qvave Geriod @Glongside Ghe Ghduced g
PTO gelative RAO pr @Il gamping @ases.@heir Gelationship @ppearsg
complex, @vhere @G @imilar @evel @f Gonstructive Ghare @an gesult ¢h g
either @estructive @red) @r gonstructive @hteraction @plue), Ghdicating g
that @he €pnstructive ghare one @ Psufficient © Getermine Ge Gverall g
interaction. @he @elationship @ urther quantified ¢h ¢he gecond@w J
of ig. dg gia @ Unear @egression. @lthough The @orrelation @ Yeak g
when the gntire Gataset @ Cpnsidered Jeft), g¢§frong hear Glationship g
emerges@ithin §pecific Geriod Ginges. [ Earticular, Ge §in Ggion, J E
[1.6,2.1] g, gnd the Bnger-period gange, @ E [2.6,5] §, gxhibit Gearsong
correlation @oefficients gf .99 gnd §.91, @espectively. ghis gighlights g
that gl @teractions @p ot €qually Geigh ij Ge @Getermination 6f Gobal g
constructivity, @ith @heir Gontribution @epending @n QGeriod @gions @r g
hydrodynamic @hodes, Such @s gin.

For @regular gpagfates@ith gdominant §in Ghode, Big. gY Ddicates g
that @je BTO-induced @sponseld gways €pnstructive ¢ & lgast Geutral, g
with @ gignificant @hcrease @r @eriod gomponents Girger ¢han @.00 §.9
Hence, gnlike @gular Gaves, @o destructive gffects Gceur. Ghstead, the g
transfer gf Quoy @eave gnergy @ @Gther @OFs@t Garger @eriods @ads g
to @ gmall gut gon-negligible §TO gesponselh this Gegion, hdicating g
constructive @teractions Between QOFs. Casedf Shagfates@ominated g
by the geak-responsefhode, the DOFs@xhibit Gonstructive fjteractions g
for @eriods @ < T,,, gnd @estructive Ghteractions gt Girger @eriods. gl-
though the Origin Of Bhese discrepancies@mains gnclear, Gyis Behavior g
is glso got Qonsistent @ith @egular Gaves. Qverall, Geak-responsegnd g
Sin Ghodes Bave §milar Gonstructivity @atterns @r Qeriods g < 7,,, Gut g
differ @r Grger @eriods, @here the Gvo Ghodes Bad @ Gearly gpposite g
patterns. @his @ighlights €he Ghfluence @f GIn @n the Celative Qhasesg
between QOFs.

The @gnpact @f gamping @ @imilar @r ¢he Geak-response@nd Gin g
modes, @ith Ghe Gonstructivity Gducing @ith Grger Gamping.

4.1.4. GPower@bsorption

The GWR D Ggular gnd Bregular Gaves § gresented @ 8ig. gg @r g
all gvailable gamping. o @lustrate ¢he Ghteraction @ffects, ghe gypo-
thetical @WR-heave@orresponding @ the @bsorbed gower gomputed g

from Ghe Quoy Geave Gelocity @lone, @5 @lso Ghcluded. Gurthermore, g
the @lative @ifference Between the gandard \%WR and the GWR-heaved
defined @ Be gdded QWR, GCWR= L =TR5 - ' gfso Groduced. g
As gxpected, @r @gular gaves the gln-indué3ed Gestructive Opteraction g
leads @ @ @egative gdded GWR gf §18% gnd §60% gCWR. Jhe GWRQ
has @ifferent Qeak @eriods ith @ Qeak @t 5% @r g = 1.67g@nd g
T = 1.25g@ith damping @;,. Fhis § thathematically gxplained By the g
decrease@h @TO gotion @mplitude or Geriods gway Gom g, Qeing g
balanced @y @he Grequency Ghcrease Gnd Gmaller Gvave @nergy Gux g
moving Oito the §maller @eriods @gion. Jevertheless, § gnexpected g
to gbtain @ Geak gfficiency gnder the Gecurrence of §in. Generally, the g
CWR @ Ohcreased @ith the damping. th gregular gea@tates the @OFsg
interaction @mains @ositive gcrossgll Gamping galues gnd @ignificant g
wave Beights. Given the @estructive QOFsiteraction @t Grger @eriods g
for @eak-responsefominated Gea@tates, this §uggestthat gonstructive g
periods €pmpensate@yer @estructive Ghesiy) Ghe Excitation §pectra. Ghe g
largest @ontribution @om hese Ghteractions, gnd ¢hus om Gecondary g
DOFs, gxceeds@0% gdditional @ower Oh the Gasedf @, @ith Gamping g
¥d,- Uhis § xpected &g Cpincides @ith §in-induced ¢pnstructive Gter-
actions @ @,, Ghere Ghe Bwer Beave Gsponselcreasesthe proportion g
of @TO gnergy gontributed @y gecondary @QOFs@t Girger @eriods. or g
non &In ghode gominant Gea@tates, the thrgest gCWR @ Ghwer @ith g
almost §4% gCWR &r @, = 3.07 §@ith @, . gote that g & Gigher &r g
regular Spagiates@ith gearly 20% &dded QWR& Q = 2.85 § ¢pnfirming g
the @egime @mplification @ Gegular Gaves.

As Gound @reviously, JCWR @lecreases@vith Ghcreasing @amping g
for gea@tates @ith Gominant @eak-response@hode, gnd Gicreases@ith g
significant @ave geight, gxcept & the Gasedf damping @,,. Jhe Gitter ¢
may Ge @xplained @y Ghe Ghcreased @ccurrence @f Glack-line @vents, g
which @isrupt gonstructive teractions @s the §TO Becomes@mporar-
ily @ecoupled @rom @he Guoy. 0f Ghis G G Gon Gegligible Gource @f g
added @ower, @aution & €equired @hen gssessingthe gdded galue gf g
secondary QOFsfgr gower @psorption, & e @dividual Bydrodynamics g
responses@re Ghherently @oupled. G\ Gieave-constrained @evice Ghay, g
for @hstance, gxhibit g Gwrger @rimary @esponse,@hich gould @e ¢hore g
beneficial @r gower Gapture than the Gontribution ¢of Gecondary QOFs.g
This Bypothesis @quires @irther Bivestigation.
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Fig. @5. Gxperimental Epntour 6f Ghean Gosorbed Gower Fop) @hd QWR Gottom) @r @, @, nd @ Grom @ft @ Gght), @nd Grean Galues Gver Gach TO. The g
experimental €pupled @sonant Geriod Gerived Gom Ggular Gaves, g, = 3.34 § Ddicated By g Gertical Ghe.

Fig. §6. Qesult §f §lirge Ghd Beave uivalent Gscous Grag Cpefficient parch. g
The @-axis @isualization @ @nhanced @ith Golor Gradient gnd Eepresents the g

fitting €ror Of Ghe Ghodel.

Additional @hsights @hto @ower gbsorption gnd @fficiency gre @ro-
vided through Ghe gxperimental @/EC gower Ghatrix Gnd GWR Gontours g

shown © Big. g5 9r gl Gamping €pnfigurations. The Gpbserved Gecreased
in @WR @vith @nhcreasing @nergy @eriod @ @onfirmed @crosshe Gull g
range @f ggnificant Gave Beights. Jhe gbserved Bicrease Bh JWR@ith g
significant @vave @eight @ppears@mited @o Ghe Gmallest Gtudied @n-
ergy Qeriods, Gonsistently gcross@ll Gamping gonfigurations. Jhe GWR(J
ranges getween g6% @nd @.9%, Ghere the Ghaximum § @btained @ith g
the ghortest gnergy @eriod gnd §In hode gominated Geatate @, gnd g
intermediate amping @,,, gnd the Ginimum @ith the @ngest gnergy g
period @y; @ith damping @, .

In @erms @f gbsorbed Qower, @ @enerally thereases@ith @, @nd g
slightly decreases@ith @.. Jhe Gamping @, gields the gighest gower g
absorption gcross@host gf the gonsidered @regular gea@gtates, gxcept g
for Ghe Grgest gnergy Qeriods @, Bg, B1o. Gnd G1,, Ghere the Gighest g
damping Gvel, @y,, Gesults @h glightly gigher ower gbsorption. Gon-
sequently, Ghe @ptimal @amping g Ues Getween @y, @nd @y, Gor @ll g
sea@tates, gxcept those @ith ¢he Grgest gnergy geriods. @verall, the g
absorbed gower Ghries Between 0.5 @/ ©r Ge Bighest §gnificant Gave g
height gnd 0.6 W/ @r the @west gfgnificant Gave Beight, @s @ell §s@r g
both the @ngest gnd ghortest gnergy Geriods. Jhe Gamping ¢, gields g
increases@f g0% gnd §% @ gower gompared @ @, gnd @;,, Gespec-
tively. Gelecting the Best Bdividual @amping @ithin e Gonsidered §et g
results & gnly ©.8% Bicrease & Gower Gompared @ @ Gonstant g, .

4.2. (lumerical Ghodeling

This gection Hvestigates gnd Galidates the Gumerical ghodel ggainst g
the @xperimental @esults. gs the @roposed ghodel goes got gccount Gr g
sway @hotion, Ghe Blevance Of Ghis §mplification @ Ghe Ghodel's @bility J
to @eproduce Ghe Ghain QVEC @ynamics @nd Gower @bsorption @vhile g
maintaining @ @wer @vel of Gomplexity § @lso Gxamined.

4.2.1. Gquivalent@scousdrag @entification

The gquivalent giscous @rag Qoefficient §earch @ Gonducted Qver § 0
finite §ample Get gisualized ¢h §ig. dg, gsing the Ghean gquare @rror g
(MSE) gs the @tting @hetric. @verall, goth Gurge gnd feave gre ¢host g
sensitive @ the gguivalent gurge giscous Gamping, Ghereas the gquiv-
alent geave @iscous gamping gas g gegligible gffect, gmphasizing the g
sensitivity of Ghe Beave Gsponse® 6urge ghotion Ghrough the Ghooring g



A. Qupuis €} 6.

Applied Ocean Research 176 (2026) 105241

%
70 75 80 cor 85 90 95
I T T T T T T
0.5 & & & &
¢ GOF = 88.8% PN GOF = 95.7% ‘B%}OF =751% PN GOF = 94.4%
0.4
- o o By K
E 4 . 2 :
o 0.3 ¢ ¢ " ‘J Js Yd,
o ¢ oo 0, o ¢
0.2
0.1 :Bl o5, #7545 :B ¢ 0 : : ¢ 0t
00 . GOF = 88.9% . GOF = 95.7% . GOF = 76.1% N GOF = 93.8%
0.4
= ¢, ° ., ’ o, L
0.2
¢ ¢ ¢
ile ¢ L 2K 4 ¢ ¢ L 2K 2 ¢ ¢ ¢ L 2K
00 . GOF = 89.3% . GOF = 95.1% . GOF = 78.1% . GOF = 92.6%
0.4
£l ‘ ¢ ‘ ¢ ’ 4 ‘ ¢
= o . ° . B
N I M o ¢ o o ¢
MEEEEIIMNEEEX N NIEEEX
0'11 2 3 41 2 3 41 2 3 4 1 2 3 4
T.Js T.ls T.fs] T.fs]

Fig. 7. GOF @F €stimated @psponse 6f Buoy's Eurge, Beave, Gtch Ghd GTO @ Ekperimental Galues, Gom @ft @ Oght, § Gegular Epaffates. Ohe Gamping CGharies g
with Ge @ws, Gom @, Gop) @ @, Gottom). Fhe Grean GOF Gver Ghe Spalates Gr Gach Gamping Grd QOF § Bjdicated. Yote Ghat, ) Case Of Geave Ghd GTOQ

motions, fe Gutlayer Epa€fate @, § Gmoved Gom Ghe Bean Epmputation.

line. Qhe grrors Gre @rgest Ghen Ghe Gquivalent Surge Gscous Gamping g
is Geglected @hd @ecrease@pidly © &@inimum & Be Suboptimal Chlue g
.C,, = 0.25/. gor Gurger galues, the grror Gcreases@Pery glowly, thdi-

cating Ghat @ § Detter @ Qverestimate Ghe gquivalent Gscous Gamping g
than gnderestimate @, @hich @ gonsistent @ith Giorgi gnd §ingwood g
(2017a). Given the greater Eontribution Of the Beave Gotion Gompared g
to §hirgeig Ge PTO Excitation, Be Beave @sponsed grioritized, Gading g
to Belected gquivalent gscous Grag Gpefficients of g,, =0.25 g, = 1.

4.2.2. @ynamics® Gregular aves
The Ghodel galidation & Quantified @sing the Goodness-of-fit JSOF),
defined gs g

GOF = .1* ¢,/+100~, (24)

where ¢ & g gormalized grror @etween Gue @ gnd gstimated § §calar g
or grray glement galues. th this @ork, ¢ gnd § gre discrete Gmeseries g
array, §hd Gye Gormalized @ot Gean Shuare gror @ €ected & Ge ror g
metric, @nd & Given By g

1 N N
VN Zise it 2
o= YN (25)

norm
where fhe gormalization @rm @orm § Gere chosen@s the Gange Of the g
true @alue defined By Gorm = max.y/* min.y/. Jote Mhat the Gsulting g
values @hay @e @verly @ptimistic th @regular gea@tates, gs the gange g
can Be governed By Golated gktreme Gesponsestihat ge Got fatistically g

representative gnd gre gensitive @ the @hase g§eedtather than the geag
state {@self.

A guantitative @iew @f the QVEC ¢hodel gccuracy  ghown ¢h Gig. g
17. Qverall, the GOF Garies Getween §6% gnd 8%, Ghere Gearly the g
buoy @itch @hotion @resents Ghe Gorst Gtting, @hich @ Gecurrent ¢h g
point gbsorber godeling. The cther QOFsghd BTO €pnfigurations ghow g
better gccuracy, @ith ¢he guoy geave generally groviding he Gest @, g
followed By Ge BTO ghd Gstly Ge §hrge. Bxecept@r Bhe Pitch @hgle, e g
GOF generally @ecreasesgls @ave Sfeepnessiicreases.This § gxpected, g
as @ave §feepnessg gn Gydicator of Gonlinearity, Ghereby Golating Ghe g
assumptions Of fhear Qotential @ow Cheory.

The gea@tate @, gxhibits @ignificantly @wer guoy geave gnd GTOQ
GOFgnder gamping @;, @nd @;,, 8nd @ppears@s @n gutlier. § @lso Jasg
poorer {if Ghan the §eepercpafiate @,. While, @ thay be Glated @ Te g
local ghase Gicrease @ Gegular @aves ground @ = 1.6 §@r @, , Ysible g
in gig. ggthe @stification gemains gnclear. gor g, @ Gertical Offset § g
believed @ Be @sponsible @r the Gereased gror. This Offset § gvident g
in Gg. §@hen ekamining Ge Gean Beave gosition & Y Ye §in xciting g
region ground @ = 2.0 § @s §In Bcreases@ith Gamping, the Gsulting g
offset Becomes@specially gronounced gnder this Gamping gondition.

In @he Qase@f Qther GeaGtates, § & Geenthat ¢he Ghodel Gandle g
relatively @ell ¢he Chrgest @nd Gteepest@aves, Gith @ gigh GOFtpr g
the @uoy Geave @Gnd PTO. Jo Gtudy Ghe Gamping Ghfluence @n Ghe g
model gccuracy, the ¢hean GOF gver gll gGea@tates ¢pr gach QOF gnd g
damping @ @omputed. Jote Ghat the Seattate @, § Got Bicluded O Ghe g
mean Gomputation Que @ @eing gn Qutlier. @s g Gsult, § § Geenthat g
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Fig. OB. Jime Epries hippet ghd pectral @nplitude 6f Ghe Bumerical Godel Estimation @painst Ekperimental Gata @r @,,, G, 8hd Gs. Ghe Buoy Beave Gsponsesy
from @I Gfferent Gampings @e Shown @r Epmparison. The ffarting Points 6F Qvo Elected ack Gvent e Gdicated By Ghe Gd Gparker Gr € Ghd G pro.
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Fig. @9. @bsorbed Gower Gatio Getween Gumerical Gstimation @nd Gxperimental Gieasurement cross @l Gretschneider Gea Gates, @r Gamping ¢ . @, 8nd g,.. 9
The fyedicted @psorbed Gower @,,, § Ghderestimated @r Ghlues Bferior @ @ Blue), Btherwise Gverestimated @ed).

buoy Beave ghd BTO GOF@enerally @ecreases@ith @creasing Gamping. g
This gould @e gxplained By the Gcrease 6f §In @nd Elack gvents hen g
the damping @ @igher @hich @ got gonsidered th ¢he hodel. @s the g
numerical §chemeé€stimateste BTO Gosition, Gelocity ghd gcceleration g
from Ghe Buoy Position gsing Bg. JCB), Ghile gssuming g ¢}iff Ghe at gl g
time, €he One Gprce gn the GTO @ geduced egative Yhen the Guoy J
moves @ownward @hster han ¢he @TO. Ghis @ @onfirmed ¢h Gig. dg§ 9
for @, @hich ghows the gstimated QVEC gesponse@me Geries, @here g
the Gumerical BTO § gbserved @ descendlaster than Ghe ghysical Gne g
during g glack gvent. ghis glearly ghows g gmitation @f the ehodeling g
approach ghen gpagjates@ @amping ¢ponditions Gad © e Gccurrence g
of glack gvents. Qualitatively, €he gstimated gsponsepr B,o & Gery g
accurate, @gxcept @pr ¢he @gitch @ngle @hich @ @verestimated. @espite g
the Grge §gnificant Gave Beight ghd Gssociated@onlinearities @ Gg, 87
well gste Bgh Sfeepnessy B,, Ge Gverall YECBehavior g Gasonably g
well ¢aptured. Einally, ®e ®odel grediction gpectral §nplitudes §higgestg
overestimated gitch, gtherwise @ery good @greement @r the Gmaining Jd
degree of Geedom gxcept r Surge @nd GTO Gsponseld §in Gominant g
sea@lates, @iscussedf@ter B Gection @.3.

4.2.3. Gower@bsorption

The @ower @bsorption @stimation @f €he ¢hodel @ @lso Gested Gor g
all gea@tates@nd gamping @alues. Jhe gatio Getween Ghe Gheasuredg
physical ghalue ghd Be Godel €stimation g ghown @ Gg. 0g Qverall e g
model @redicts @ell the gbsorbed gower G the @host (hear Geaftates,g
for gl Gamping, @ith Eprresponding Gitios Between @84 ghd §12. This g
corresponds® g90<7, <406 @nd G < 0.25ah.

The Ghare @f @verestimated Gibsorbed Gower Ghcreases@ith Ghe g
damping. @his gan @e gxplained @y the Ghcreased gecurrence gf glack g
events, gromoted By Hcreased @ave Beight ghd Gamping. Gs @iscussedd
previously, @uring §Jack gvents the Gumerically Gegative BTO he ©rce g
artificially @xcites Gind Gccelerates@he @TO, @gesulting Gh @Gdditional g
power Ohat does got gxist ghysically.

On tpe Other Band, Ghe Gnderestimation Of Gower Ghay Be Explained g
by @mitations @h the @ulley gnd §TO Fiction €nhodels, gr th the gsso-
ciated @arameters @lentification @nhethodology. @s @an @e gbserved ¢h g
Fig. g8, §mall-amplitude @hotion @pples Geem@ Oe Gtered Qut By the g
numerical QEC @hodel, gossibly @ehaving gs § @w-pass @fter. Qveres-
timated @iction ®sses@ould fe Ghore Getrimental O Gwer §gnificant g
wave geight Gea@tates gecausethe @ictional Grce Gould Gepresentg g
larger @roportion @f the @tal Grces gcting @ithin the Gystem. Fhis G g
observed @r @, @nd @5, @hich @re Ghe ghost gnderestimated Seafates, g
consistently @r @ll dampings.

4.3. gmplicationsof @eglectinggway ghotion

Based@n @xperimental @bservations @h @gregular @vaves, the @if-
ferences ghtroduced @y the GIn Ghode @re @ Geduced Geave Gesponsed
replaced By gi@rge ghirge ghd §vay §ibharmonic @sponse.ghportantly, g
the @onstructivity @attern & Guirly gimilar getween ¢he gvo gescribed g
modes. Jhis, Gh @Gheory, Gupports ghe Gumerical gnodel Gissumption, g
where hese gIn-induced gffects Gompensate@r gach gther B @rms of g
absorbed gower. i @rms 6f @dividual @ynamics, Bowever, Be gosenced
of §vay Godeling i@ €vident i@ Bg. 08 Grough the GTO ghd Buoy shrge g
spectral @mplitudes ®r the gIn-dominated geatfates @, Gnd Gg. This § J
also @pflected @ Ghe GOFG@sults B §ig. g0 Ghere the Bwest §urge ghd g
PTO GOFsgccur ©r shorter gnergy Period Spagtates@ominated By gIn. g
However, these Galues Bemain ¢Jose @ Those Of the Other Spaftatesgnd g
do got @ppear gs Qutliers.

Overall, g¢ear gvaluation 6f Ghe @npact Of Geglecting §vay § Ghade g
difficult @y @he gombined @resencedf Geveral gther ghodeling gmita-

tions, @hcluding @lack-line @ffects, gnd @ gimplified @TO gnear @uide g
friction @hodel. Their Gdividual Cpntributions © Che gfscrepanciesdith g
the @xperimental @sults @emain gifficult @ Golate, gnd Gompensating g
effects Ghay gccur Getween them. Jhe gnderestimated Gower gt Gwer g
energy Periods gnd §jgnificant Gave Beight, @; 8nd @,, Qustrates Gell g
this @hallenge. QNevertheless, Ghe @roposed Ghodel Gerforms @vell Gor g
the @host (hear Gea@tates@nd @rovides g Guitable glternative @ @hore g
complex Ghodels @ithin g @levant Ginge Of §ea-state@onditions.

5. @onclusion

Nonlinear @ulti-degrees @f Geedom goupling @ @ave gnergy gon-
verters @ dften gnconsidered gt garly gesign gtages,@here gimplified g
single-degree @f @feedom @hodels gre gsed. Jhesegoupling gan gffect g
the @evice Gesponsegharacteristics @nd gan @lso @ad @ @arametric G-
stabilities Of gnexcited gegrees@f Geedom, Gking the ®rm Of Grge Os-
cillations geen@s Mstabilities. The Ghpact Of Hhese Pstabilities Gmains g
an gnder gplved guestion, @otably O @alistic Gregular Seaftates.

In this @ork, the gynamics gnd @ower gbsorption gf g @:10 Gcaled g
6-degrees@f Greedom gnoored @oint gbsorber ave @nergy gonverter g
has @een Ghvestigated th @oth Gegular gnd @regular geatatesth gn g
experimental gampaign. @he gifferent ghulti-degrees @f ¢feedom @ou-
pling @hodes Yere @lentified @nd Gtudied, Gighlighting @oupled @eak g
response@ode @nd @Qarametric gesonant ghode th Ghe Gorm @f Gway g
instabilities. The @evice Gower Gatrix Ghder dffferent Gamping Gas &so g



A. Qupuis €} 6.

derived. g passivehear gddy Gurrent Brake gower Gike-off @as @nple-
mented @ @mulate g @w-friction Ghear Gamper. xperimental €sults g

confirm @s @ffectiveness, @ith @ifferent Gamping QGoefficients gchieved g
by Garying the Gumber Of Germanent Ghagnets. Ghis gpproach grovides g
a @pundation @pr Gurther @evelopment, uch @s Geplacing Germanent g
magnets @vith @lectromagnets @or @asier @r @ctive @amping @ontrol. g
Finally, @ @near geduced @-degrees@f Greedom @nodel @vith @iscous g
damping @alibrated @sing @onsolidated @ractices Gom @Ghe (Jterature g
was @roposed ¢ Ghvestigate @s @bustness@ @hulti-mode hteraction g
and gssesgjow @ell @ gan €present the dynamics gf g §-degreesgf g
freedom @ave énergy €pnverter. Ohe gssociated@ain pntributions ghd g
conclusions @rawn @re ummarized Below.

(i) The gystem @sponse@ @overned @y @vo Ghain ghodes: g gen-
eralized @eak-response@hode, @vhich @eaches@s ghaximum @t g
T, = 3.34 ¢, gnd g gway Ohstability ghode, @hich § gominated g
by @xcitation @round ng. Ohis Behavior gannot Be Gaptured By J
common @eave-only @haracterization, ¢hereby @nderlining ¢he g
impact of Gulti-degrees of fleedom Goupling On the Htal ystemg
response.

(i) The gway Ghstability €hode @hduces gn @hternal gnergy gansfer g
from @eave @ Gecondary QOFs, Bicreasing the ghare of §TO G-
sponse@ssociated@ith Mhese Ghotions. This gffect § §gnificantly J
reduced @hen @he gxcitation & Gominated By Ghe §ystem's@eak g
response@eriod. @he gamping gas gn gntisymmetric @ffect @n g
the @way @hstability @mplitude: @igher @amping ¢hcreases@he g
responseg@round ng, @hile Gducing @ ground @,.

(iii) Relative phasesetween @egrees6f fieedom ghd Ghe Jquality" 6f g
their i@teraction &e Gore Gnportant Yan Be Eroportion 6f Ycon-
structive gme" @nd @hotion gmplitude @h driving @n @nhancedd
power Gike-off @sponse.

(iv) The gmpact @f Gway Ghstability Gh Gegular GeaGtates Gan Ge g
misleading, @articularly @garding @s @ffect @n the degrees@df g
freedom hteraction, @s@ & @redominantly @onstructive th @-
regular Gea@tates, @hile @eing Gargely @estructive ¢h Gegular g
waves.

(v) A gduced hear 8-DOF @hodel gchieved GOF Galues @bove g5% g
and gpsorbed-power @eviations Gelow §0% i Be Gost thear ag
states, But howed Gduced &ccuracy i Spagfates@here §vay -
stability Bas g §fronger Gfluence on Ghe Gsulting Gower Gike-off g
response@nd @here gJack-line gvents Gceur Ghore Gequently.

(vi) A gower Gatrix ©@r @ifferent @amping gonfigurations gnder Gal-
istic gregular Gea@tates @as gonstructed. Jhe Ghaximal Gapture g
width @atio @vas Gpund @qual @ §6% With @ @amping @f @17 g
Nga" L.

While @he @duced Gumerical ghodel @erforms @ell Githin e Ghost g
linear Gea@tates @onsidered, Guture @vork @hould Ghvestigate Ghe h-
clusion @f gway @notion @ @etermine @hether ¢he @educed @ccuracy g
observed @t horter geriods ¢an Be Bnhproved, @nd Gonsequently gxtend g
the @hodel @ange @f @peration Gwards Ghorter-period Geagtates. Fhis g
could ge gchieved gither @hrough @rst-principles @hodeling @r ¢hrough g
a @ata-driven @pproach @veraging the present gxperimental Gampaign. g
In gddition, @ccounting @r §ack-line gonditions Gould @irther Gnprove g
the ghodel gccuracy, gspecially gt Bigher Gamping @vels.

To @obustly @ssessthe Genefit @f Gecondary @egrees@f @feedom, g
and @otentially @way @hstability, @quivalent @xperimental @r Gumer-
ical Gtudies Ghould @he @onducted dor G Gheave-only Gevice. Gndeed, g
while @his @vork @lemonstrates Gdditional @ower @ontributions Grom g
secondary @egreesof fleedom, Gomparison gith @ Beave-only §ystem@ g
not §traightforward, @s @ geave-only Gevice Ghay B Gome Gases@bsorb g
more @ower Ghan Ghe Gotal @ontribution @f @ G-degrees@f Geedom g
device.

While ¢he @roposed @TO dffers g good Gompromise getween Gw-
accuracy @iction-based @TOs@nd Qoisier, gigher-friction @hotor-based g
PTOs,@s Qnearity @ @ffected @y @emperature Gariations. Jhis @ffect g
should @e @haracterized @h @iture Gork @ @nprove the §TO'sfdelity g
and Ohe Gliability Of ubsequentudies.
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Last Qut @ot Cpast, the @resent Gtudy goes got @onsider Gaw @nd g
roll ghotions, @espite Gheir Gotential Goupling Gith @ther POFs, ar-
ticularly gway. Guture @ork ghould @rioritize @heir @hclusion, gs they g
may @rovide @irther @aluable Bisight Gito Ghe Giggering @nd Bnpact 6f g
parametric @esonance.
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