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achievements| Alnvestigating and refining applie . N

i . for the evaluation ani
analysis methodologies ualification rocess o
A Identifying further research anﬂ , b ¥
development needs. oating substructures
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hydrodymamiicsg | ine daeampgel sg cvhhbéberegiiseg ued
uni gue val ues (ddheitm a RtOIRel bgnal ysi s

1.2.2. Moti vati on

The exXiOWTis®g hnol ogy has gapsdbgt veessgprecaa@add g mi
i nt egreataapdd, dynami c per fBarsmaln coen prheed iacbtoiveen .di s
an i nnovbhaatsievde ,MeS ADEE b e e ni p rtohpi Dss etidly eitehires . | n

wi nd i ndoypdti tniFeEddiine si gns t ot lar bughe$SADAvVvted achi

ab etmeetrlod d mai b tsaa fne nogp EOWTisrRc o mpl ex sea state.

1.23. Aim and objectives

The work present epd oipno steh iasmetihlfemtdihven ta ipmes mi ¢ e d
design anpgerdiyonramaincce pr eldasedidoenctiind R OYW s
addi Figbw2Zshows the wor kf | ow rdoyTacntggc htiheev ee ntth ir s

aim, the fodljlecwiiveskeay e i dentified:

9 To propose an Abased methqdSADA, which uses artificial neural network
technology to fit the experimental results and the numerical resudsBivind

to optimisethe dynamic performance prediction of #@WTs

1 To expand theSADA methodbased ondeepreinforcement learning and the
concept ofKDPs (thedata transmission interfage® optimisethe design and

dynamic performance predictiaf the FOWTs

 To conductcasestudiesto verify the feasibility of the SADA method by using basin

experimental data of a spape FOWT.

1 To extend theSADA application tooptimise the dynamic performance of a

Hywind FOWT by using fultscale measurement data.



1 To carry out irdepth qualitativeresearch onKDPs in termsof boundary
conditions categoriesimpact etc., to help other scholars better unders&ahidA

andthe characteristics of KDPs

Il SADA Method

> Literature

: DARwind } ; : :
fovictw win Al technology Programming / KDPs analysis

a coupled aero- Matlab Artificial

Challenges on hydro-servo-elastic  Supervised learning | (0 © KDP and boundary
FOWTs' experiment  in-house program Reinforcement Toolbos condition analysis
apd nun_lcncal for dynamic learning Fortean and Python Correlation analysis
simulation analysis of FOWTs.

mixed programming

=]
e k=
S

Figure 1.2 Workflow during the entire PhD program.

124. OQutline of the thesis

The research contheesstiesas tFa wgdid.&lo r @f stpleics f i

t he gseocespf aleach chapter is arranged as fo

Chaptd@&r | Rterature review of FOWTs O exper
condumntaedi $hehagveaent ages and dAGWdse aing mg
ander i fi cataireem mmatThheedhda.l | enlges basin exper
FOWTasr e di scusBhea dev edlectpamelsat mwlf a thniuame r a © @

approachiensnaarnesed as wel |l

Chap3XEmis chapter introduces the ovtehreal |
whodteructure afdlle met dhod»sSOAghymethhepdemiss mtee d
i n dien atkr ms of expeni memealsuaprd ©Hath c

technol ogy i mplantation.



Chap4Arnovel oEDRistelpe SADA met hodi si sc hparpotpeors.e d
The deter mKb®iss oone faft htthh e prh6 A i e thhdb d .

concept oifnvonldve@dD®@&smnd t heir I mpactshaptein ntr od:
i n terms of EnDiigoingiRiretread| y SHKEERPSS,D me exampl es

are given to illustrate the details of these

Chaph5An essenti al basi sshodsda hprDdgRbBaAmmies t h o d [
i ntroduced Thetbompichapitem. process -and theor
domai n coupDARwif gadONJasrpeane senit mdl udi ng the calc
process of each functional modul endt hdhecoupl i

progwy aacto mp.osi ti on

Chap&GEmal gorithms arMdaappl ntabtdbngtdeh8pPt er
adoriarmdn DRL med rteohdeo | ogrye o fTh aihrn s s tcrheampgtelrs an
weaknesmbés neldA Rwiwnhd | be sSTuhmneaeraii aechg model s al

i ntroduced: discretendagdneint edo mtoidredous model

Chaptelrhi 8: chapter conducts caswsibmgednes for
experiment al dat a. TheypecRkRROWTalbadarheaielxpenf m

briefly.introduced

Chapt€hi 8: chapt eroftondliuecs sf cowrasteltse S ADA met hod
s@l e measurement tdkeywiScdlt | @ode Thh d deafitaari m

t he wi nd farm wil|l heec hcithaad eaga,s abdd fudhe
measurement will be summari sedema@oweéeld. tBi nal

conducaseéehstudi es

ChaptE&hi §: chaptef uaxmaldywsitss of KDPs in the SAD/
main Iissues regKbBsngnthbec8ADApmebhod are in
chaptwhat (physical g u akhD Rigni eéshek@avBd @lg | uded i n



Wh a 't i's the influenKRPPadff editfifngr @ mte mMymhae
FOWPE3What is the influen&K®Pasff bouindagrthe
resporh®@@&WP®4How to adjust t heKDBism drag syp acnosne

specifi @ situations

Chapi@rhis chapter concludes t het preewelnt
aspects which help this work to evolve &

directions and possarbe |Iditsiceuss sfeod. f ut ur e |

Introduction

[Litcrature review (Chapter 2)]

[ Methodlogy of SADA (Chapter 3) ]

v v v
[ KDPs (Chapter 4) ] [ DARwind (Chapter 5) ] [Machjnc Learning (Chapter 6)]

- -

[ Case of study with basin Application of SADA with full-

experimental data (Chapter 7) scale Hywind data (Chapter 8)

I |
v

[ KDPs Analysis (Chapter 9) ]
I

[ Numbers ] [Boundary conditions] [ Guidance ] [ Correlation analysis ]

Figure 1.3 The content of this thesis.

125. Overvinewedfti es

Based on the abovenowedda rachs s@a mioeeamtt , b et h

summari zed as foll ows:



1) Optimize existing programBPARwindand combine Al technology to create a

novel methodology SADA using big data and numerical simulation.

2) Comprehensive use of aehngdro-serveelastic theories of FOWTs to build an
integrated coupled dynamic moddh addition put forward the concept of

interdisciplinary KDPs involved in the prediction of a falaleHywind FOWT.

10



Chapter2. Li t eratur ew

Thiaptéart eariinmtsi cal | yc omarhihsetres ft eaaerdt appr oach
the horizont al axis FOWTs design and val
footstone for proposing a more efficient
Fistly, a brief inteoldnoictabni sSsuwesgswudaly i hW@W
problem and rotor simul at iTédm ysdohnyeb ansu nme rmo
codes of FRalpsl iawrdadhhy om i d basiar eexplemmaneins
Fiad,| yt he Al f eoffflsehmogtenear i ng awadsnwirmd uicred u

211l nt roduTddmhmi odl i ssues

There are still some <chall engepsr eidagefedi nc
FOWTasnd Vv alnindoait -faudlle soomeepthi gh coudmpleismeg
chal lheanvgeecsei ved significant abhywenhi acadanc
and i nmguesntgryatal edpmodekent s, numerd acalle si
measuremeatr aasgondablee methods to demonst
FOWTE€heent (a200.290bmma rsa wseeirdah ea lealtl enges and
t echningutehnsese threeArkasehabdmpameit onsof

i provi Haeldle n

Table 2.1 Comparison of three different methods

Methods Advantages Disadvantages

Limit published data

Difficult to measure.
Expansive cost and high risk
Time-consuminghigh resources
required

High fidelity of the model

Full-scale More accuracy
measurement | The actual sea state

N_umerl_cal Faster, Cheape€onvenient | Hard to simulat@onlinear
simulation
phenomena
Nonlinear phenomena o
Model scale Scaling issues
) Better controls and repeatal . - i _
experiment High specific facilitiesarerequired

environmental conditions

11



21.1. Fullsc aneasur @mEOWST s

Forllsfc alheeasur,eomet € xi sting

summaitl Madd2d Chetn, alRO0RPHege

promotedt emm deoewngl lokpond wit nidn fd u Botrer xya mp h e

commer cwiand sfeaddk $ inn & é&Eg210ANIOOr),s h2oFw g Ait.re

UNITED
KNG D OM

Figure 2.1 Location ofHywind Scotland Pilot ParkEquinor, 2019)

Table 2.2 Some prototype projects of FOWTs

Project Company | Capacity and Site
Semk WindEloat Principle 2MWin Agucadoura, Portugal (2011
submersible Power andKincardine, Scotland (2018)
Damping 2MW in Le Croisic, France (201&nd
Barge Pool Ideol 3MW in Kitakyushu, Japan (2018)
Spar Hywind Equinor 2.3MW in Karmgy, Norway (2009)
TLP Blue H Blue H 2.4 MW in Brindisi, Italy (2009)
Ot her countri éawaaedéemdmrmanived y

eenkld gy ng

not apprlcej mavasn al yhed dynami c FOWEphornosheg hd h
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experiments and .nuTneeseomessd mma rmail adtniakpoefait war
source mwsrav@rn dmbl e now, but they are not
difficulty of credibl e ver.iTfthiea gtf idsngdsll eby
measurement data i s oHoewephf® itoh ec ognipssrs ebll tes
from nuimmaul @il oss andwibfalsdidna | eex preerdis e nktnse n
make the sofdesenewbhodi@WTisnduisst rsyt i | | a si
chal l|Temigse chall enge is mainly reflected
foundatdoons baséore wind turbines or treé

necessarily fully applicable to highly c¢

Nonet hel essmarnpudiwe ckh s eohod ud dealad udaet a i n
due to busineda hadarfdiad een tmeaalsiutrye ment pr o]
FOWTtshey bleawe wi dédlry ducdfefdscieolr engasteel dg
For exdarw | elenetBo(@dM @W5)scussed the i mport
environment al conditions and platform d
technoVMaotgete $a210.28pl ored the sl owubmerenbl
platform by moni toring the frequency sy
considering the resonant rol | -camdcpittyc hs e
submersi blGar-Pl aetlg@m.aB8) tiheedext ur al Cl as
Net wor k ATGQNONA t ampfocess Synthetic Apert L
int he Gulf of TMaNXNsAtbuctar ehesrmilar envir
as wind s pceoends iaflreee eadlhsea@r index of the ve
height of the HhabaegiaE2I@pdB®Pporswidndyt he ai rf
height on the Nor tMae 64 2I10d8f)s mede t hhlea tpfhem
Aswingo i 8 cdlhe rmeaglerfedatpirnog et @doamtei, o n .
of fl oeBBH@dchedyl so tshhachvanges i n enviroalment
measurement need dpmt ibmeiosteed ee dni wetdh andadi

Zhoeut (2I10aAplybBeddynamic rmreceréaPdS®Omoobr it ug r
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forces under Syemho ¢a?d 0 2wv@eavtiheewa d t u dadec afl wel |
measurement of the wakG®Gaetf (IOl 89 r ottthhee e vi nd t
physical testing, teraataipadm matnbenanaoastafl| atis

turbines

Earrlegseam dhle comparison ofi melastuec dr elsap @an saensd ¢
Hy widrednonstrataanbprtHbapnesadin( 2I0. They used HAWC2
(Larsen and,6 HamM@BCcne,a n220nE@M)EZEXKYy |l | i ng and Soeda
199t500 cotmpeamde rbendi ng moment ssunplietrs hénmtee r ol |
termclaead with st aTthies tciocnap a rpi asre@anm eotrbenndseast u r a | f
dynami c sbowensgeosod agr d dime mu lha tandeegwerm,c y

el astic re9pp e@ddsSa tnicse udhdew avsa voebt ai ned bet ween J
and AR@niod, did not wawdéondle Memwmse meoiftfiecati on
Hy wipmdt capypeenndhe wor ks ( 8k ebdr, me2r0altbue €©Dr i scol |
al . 2016 ) J &panmncemi ya&l0.A3 X empt ed t ol ne xtpHh e@irre mor
veri furmadedin onhe Typ,hotnh & amibggh g slt2 1wi)nd speed and
height reached 35. 68/ mi bad €eeSxepal racibnsepdarnet i vel y.
det atihlei t af dt swmeotmiayal 1 4 et TaRdDR D )

I n genwhat her it is the acquisition of measur
softwatde previous ver,jficmhtanicamsedabyr endny
chal lkorgeasct ual omé a$s heewpetnhia, hi gihs ag@cuelaatyi vely
straightforwardat aeeanlvd erraahtmbodna.d $Tdhet i ng wi nd f &
are moch compl i chaaseedd tvhidimdel fammddes ced f orces ca
be computed in the time domandi $thawamteltdhe wa:
at t he sittheec twhkawee vheeri,ght acti ng comltlheengfilnogat i n
tobtain, especialflyrimorn st loe loyol tgeahtais it dolr diud @& n t

wind field througdandi fsfteart a rsttciomeddisnsaesdeanett er s

notabl vy, the wind forces acting voemt tédre t ower
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effects. Therefore, the detiem meaalp oinanbf
al so a cthaaslkl efnogri ntghe .Thwak ¢ veeff fwié @WT ss piese da |
consideration for .wWion de sdtphaesadweankeea slud & snavn |
resource disonsbuutcononfatbea will obne imeeas
wind spletead faRB®BE9)Y he servicebhagtorsdyeame
analysiswoll FOQWasvhgea | ot due to the defo
bl ades and marine growth onlilnhhaddaipomen
growth on the mabtemgdamagses thmhd sthectu
hydrodygyhamiacbéritdtei components hesluonmat e

these factors wildl affect the design and

212. Experi ment al research of FOWTs

The expetihseealte orhiometowi tbl | edaébei sermen
an essenti al validation step of ntomé iqeal
phenomena, extreme and de{({BachgnsbBAHE6 AN
For exampl e, extreme wa-varmaemt vistcewusc tli
floating moored steumtbamedet ei nmpasnei blc
i hhceurreftSasedatacR 01 bherefore, experi ment al
preliminary pl at &ondono r itaug bl Mmeee e avrtadradagbedrred
and r el i satbhd ep tmbod iloobtch | dynamic responbkbe of
overall design and validatiohn paadd iefiisnoern |
effi andhsksessancentbean whedwi demonstratin
repeatabl e environmental rcwmdritdalnssiamul

fuddal e me @G hueetre, naeknOt 1 8 )

Nonet heless, there are criticalsofEDaMTlkenggce
The i mpossibility of applprogedsianig titewn

directly forf @MWTSsl itsetsetdi nrge aisson s :
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1 Scaling issues:Froude number 'O and Reynolds number Y cannot be
satisfied simultaneously in the basin model te6stFOWTs However, the
aerodynamic performance and hydrodynamic performand¢eOdtTs are both
essentialand neither can be neglected. Coupling effects betweerhgdro and
structural dynamigresponses are alsignificant Thus, fultscale performance
cannot be obtained by transferring mesetle data usinthpetraditional method,

which usually neglectsY And uses O as the unique dominating factor.

9 Blade pitch control strategies: Simulation of pitch controfor FOWTSs is
challengingto conduct under basin testisgenarioglue to the mass sensitivity

and signal delay.

1 Experimental facilities and calibration methods: There are also some other
challenges, including mass property simulation, installation of measurement

devices and winavave generator techniques.

Toaccur atel yc onemisaus ggo ntshee of a &rOMIy nuanndiecr | oad ar
hydrodynami ¢ sl madessary ta aoerstirgnl laanbdl enawiunf da c:
anwlave generators andHowaevveeelblsionngd, ngwvadeyi aeas

curr emstanmeet ttihmee $ins evxepreyr icrheantl enging. This chal

hi gh requiremenftascifddirttittelsse expaace memd al site.

Most wind generation systems gemermadtyvalgl evii nwh |
speeds in differemset dblk ecargeanefmilotweady er

t hneovirnmgnge of swi Mdtkh @@ gb é sDauaaent h( &2k0flabsa ) a n

exampl e,.gemer avtiinlg system consists of 9 indep
square array. |l ts helighdaddietaisdmd| taciaoh yo#d wmes
wi ndoimp | iacnede gd | r e sc camp coonmeatAriidgshe n s/ii tt-wi rheo t
anemomaeatemrdeids t o meas wroe tvwiand tshppeenmeasured i ns:

speed can enter the computer acquisition and
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The simulation of wav ebse requii psppesdc tvliket hiva
gener atwawasgb saonrdb i nHjo ieewamcreasnt has a signif
waverFmr exampl e, the curr dretn gitiwenhedf losgramme
whitlheeur rent i n the opposite direction wi
basbefhore simul at itnhge isrpraeqgruédirand dsvpdeieede,ct i on
be generated first. Sliordad as il mutlhaetni soinme | & 1

i rregulnaeredwavieos be modi fied accordingly.

SchoHamede many semmarnrtithcce amelp erailmeanntd numer
prog(r®tseswart and .WMabklalidpsp,A d2i 6clebstiyfse di f f er
met hfoadr®o nd wtgte experi méotr otumEOWEsal met ho
bet ween accuracy and speeds¢admesrieadta toino nf
evaluating the FRHOWTEmMmiec | i eepgamseeanofg umaed hod
in the prelimi.harpwddebbkeampré¢hopgdbasaee -suita
moder at e desi gvravseti nt wicntttu eornasc t (i emg . usmm\Beerutz se)x.t
and Atchegawe d2026) ed ftehxep Iparniantciiopnl es and
numer i cal met hods and r eTldad & oexn@ et ihieme nt
specific | ssusagced rmhadr nehiko adkeesxi agnmpel (eNi cdheoslisg
et , akR@he@) gui ReInéeth ga 2 OHloOWe  dimey mer i c a l fid
di fferent software i s stiolplt i umndeetrth iotaeos|toi gnic

computational efficiency, and accuracy.

22.Scaliismq es

The first significantchallenges the scaling issudbat extendo blade design problems

and control strategies caused by dissimilar low Reynolds. This involves the consideration
of the dynamic similarity criteriarGenerally, the exact simulation of hydrodyma and
aerodynamic forces depends on the similarity"Of and Y , respectively.Scaling

incompatibilityisinduced by these two factors. The appropriate scale rule and eliminating

17



the scale effect as much as possible can be regardadsigmificantpoint to obtain a
reasonable overall dynamic response of the whole syskarly scholars have
summarisedhecurrentexperimentsn response to these existing challen§tewart and
Muskulus (2016b)eviewednine experiments of FOWTsn detail as a preliminary
preparation for the Integrated Research Program on Wind Enérgyhe seven
experiments they discusg the difference in scaling using Froude is mainly due to the
size of the basin facility. And one of the main differences is how aerodynamic loads are
applied. Three of the experiments used wind fields generated by fans. The rest of the
experiments usedraple constant forces to simulate steady thrust or discs instead of rotors.
Althoughthese simulated aerodynamic actuators provide dynamic feedback and correct
scaling, they are limited by aerodynamic simulatddsiller et al. (2014) listed some
representative basin experiments and projects in the past and put forward a methodology
for the existing problems byedesigningmodel scale rot@r However, aerodynamic
torque and gyroscopic momentum are not scaled correctlythaih Softwarein-the-

Loop (SIL)procedure. Alternatively, rotating scaled mass was used to represent the rotor

inertia to match the gyroscapeffects.The concept of SIL can be seerFigure 2.2.

Basin systen |«
Green = model data
Turbine Wind file
configuration
—» Full-scale time +
.Tlll’bll?e Loads
simulation
N Floating unit i
kinematics v
Orange = Real- Turbine Blue = Processes
. controller (Software)
time data

Figure 2.2 SIL operating principléAntonuttiet al, 2020)
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In the SIL model, thesimulation of the virtual software will be regarded as a very
important part, especially whenis combined with the model experiment. Using virtual
software to simulate hydrodynamic or aerodynamic doe@h solve scalg issues
However, this method based on the SIL maso sacrifices theouplingresponse of

the original complete FOWT system under different loads.

22.1. Hydrodynamic simul ati on

For the basin model experi ment esfc atl lee i ts
usually the prioritcyesbaeaaaustehteh ambap anchaésa cotn

hydr ody ntahfel oat efr rat her Thteh aghwr avviistcaotuiso nfad r

forces in the wave force components can «k
external | oads fferhos ki e sdamretatdlye & thirrugs t o ff
replicatednstsamigzoant al force correspondi

Ut sunemi(@R&O.MY hert (2l104&)f or med caal le/ ITOLOP pl at
2011. As further work intRB6O6aWhe Theyt oeapl
val i dat eeltasat olgyedfrt at g e e d i-LfefBeuroeyn t( TTLeBn)s ifol n
compar ed ws te khvyade loaasetr ioc simul ation a ool

s mpliftledalle 80TLP wreopdeerlf obr@eetdimeegte ( &210.1 3)

under the wultimate | imit state, therefor
weme de.lSleedhur aman and cVWenndwgea petedd cad 121€/dE3030t e p
spar basin experiment Tahtrsit hey Ubeveesitagpt
l i neartihtei en®@or i ng Ipionens amodrtimeg fcownrf i gur a
significant reduBase®ch o m psnhee dpehss imat ono ol € |

GueydoncdrmnOiléd out t he vallwiod antuinoerr i(cvailt hhoou
established to exami ne -stchael ed ecsoi ngsnt rcuogntceedp t
mat ched at operating speed,r attH®wese r ,a ntdh ess
experiments focused amdiiyd onno th ycdornosdi ydnearmitch
off he rotor, bl ade. Thereforaendydh@®ncotupl e

presenbgdbnwalalldluerd mplt abhor m
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222. Aerodynamic simulation

Th& i s usually adopted in wind tunnel tests 1tc
bl ade andmietsprnt 0206 8ure tlkat anle i wiestcoas F or
the correct airflow fiéeYlwilclanbédeo mdbamu ol ds mallol
the basin experitneendtsadaé !l EQOWTorYmaamplteduthke
to 1/ 350t rmaded alHeRIOl, al2.0 1edrhef orYec ar heat be
considered simubDiandedd®WSIsy ,ekpbeht meanhs difficu
replicating t he-hceyaodupol idnygy GlBeatevdd, aank ©adesr)o

I f the simditannoy bé shmul ated by inappropri a
on the aerodynamic performance such as bl ade
aerodynmmincg ,dar esul ting in dissimilar thrust
response performance of thies esttiilrle asdepteend IC
experi ment of FOWTs to simulate t,Wwhicbrrect w
are also the pr¥é¥miBer rabhihercompositthe model t e
dynamic viscositwaruenfl itkhed yaitrof Isoiwnuél iaggtedd Des pi
aerodypnraonpiecr t i es &f fectedabgl yi wWee frledcattsi otntseéh i Ip

bet ween the viscous (Mamrde naAROBANyesméusi @ hieor

ef fiescstualelgy ected in the model test to equal th
and -sfcuallle to satisfy the gravitational and i ne
Thmost <critical and siggyfosmmmpe mteumn dymnamust |
foraared torque. | dhdseatbkréransmitt,evdhi chom t he

mai nrleypr esaemdédynami c (Mardmnmal2O0& Gy r oscopi C
momentum canbybat iodfthbali dedpelit dpdert toffge a v(ICO E

andottiang spetebd &EndeMbeayscalhel ars have studied
effecteff@Wmngai and Ni s hiaenu,ral 0 1210;1 0Bta,hradg.miwaasr|la
2018; eChal 02 ITéh)ee fofyercot of -rodatedgybadWwadesi on |
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been prooovtedr educe generAatxagprerponeert @amar pnl
simul ati-emhf e€t Ggmocoupl esb edeynn adrouncel aldays @lo.n s
(20,ahtdhdeer i vati or oppyfr d vaamquilasdampi ng and |
t hedegree of DPF)egdiams®n( in the frequency
in terms of aerodynamic | oads (Semin) t hmo
reseaBlchsodau andnBPahtredei(RRNQ.K®E) i mi rad (2
demonstrated the instability of FOWTs, d

coupl ed-ebyeGyro

I f the thrust and torquee arequiorn e memtrs cft
simulating the correspmpamdieng | me laatdii d n i, |
determine the priority relationship betw
satisfied simultaneeecsly. tThenstmintusetd ftor d
significantthey whmplaec tsyngt emacdhreeetf loy escal
forceories acazredsf basi bl e scirnictfeioctadg lgaikea li sd
respoMaesti, mR01M4n t het lcea smo twhhite M@nrsd edardi wd s
rotation axiTkeopl athfeeshdD@BErerdhet gons under

wind and@hwawnesddywmamifc the wind turbine a
the platform. AMtottolbe theme ltaitrheo,r m hes i ndu
rotor to change the flow field. Unsteady
adj astc®r ditnlgd yr o tAar rotates continuously

change with the rotationalaffpsesitsi qore,ri acad

varying | oad. Therefore, platform motion
This cooubpllemgpaosres a chall enge foriltahe de
received much attention in recen$elyaatrisan

and Lackmaemltfy@B@ad2)r action between the rot
under the pitch motion of thebthhlatkoonynk
| osscdaused by the platform pSietbcahsitn ga nmaatnido r
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(20aB3o®sutmealt the platform motions caused an |
the aerodynamic | oads of fixed, and studied t
di fferent iodymuemices rupddesiré orJdne é@io r(@KO.1 4)
alaovaltyledeffecthsmoti pn using Fareravigiratlex | att
(20d4dd4npried out exognertihree natearlo dryensaenaircc hper f or manc
pl atfor m, measured the |l oad and wake state of
should reduce the longitudinal motion to avoil
Roclkel (210084 pudied the influencenofonthdédepwakfor
through wind todrmree mdtOdesinst helT hfel oating body n
compl i catWuetth eIl & G mput all udwad MCE P

met hod to study t he effects of pl atformsd s
aerodynamic | oads of t he whoelde wiathort haen dv eslion
di stribution of the disk surcfaaacdeg dgpndatwak en P c
moti on. The analamsd st wease calran ggalsmpwitltlankde con
chall enges in the study @afndcentrremlgtdsy s tHoms,v egt
studies are only for the degree of freedom of

analysis and comparison of the 6DOF.

23.Rot or si mul gtiitacrh & oBlt a dbd

The dissimilarisgalbifngi acemntnhog e lovimadcens ¢ he aer od
perf or manc eSeavse reaxiparcd lreelrrs have propoesed a mor
geometrical 0 tsoc advimmigd atplpea odiicshc.usNew -Hi csdeni | a
scal sandt dhfaavdee been r edefstpgmédrmanmake edpcti o
the aerodynamictheape@r mndat | i mgcWarei ngl dr ag di
(20ab@er met (&I0aMp di f i-Raly d mlwdwiati m femnll ar ged chor
|l endtDhuatn, akOtlooagnl!l y frdtd ehheatulsg d € o Rectd,deelr .

2013; etowdPerl13; ede aRi0Oddler Make, 2014)
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231. Drag di sk

Principle PowetlBcahduamioee@!| ata@s67in the

(Cermel,laiR009; etCeablon)si deex amgs g4 ihweex i dompo:
simulation contr ol execution, a compr omi .
bl ades to get enoYdgqst tbreeesnt . welln 220 ,c otmke
bl adasi qqa e famidl sroughened MaeadnnpngNaad ipm a l

Renew&bdrdaypwor dNPPBE)lYMW bl ade was tthat pKFrod wd
scale rotort hwihnedy sipnecerde atsoe dmab a h & thaee-r @ h r u
hydro dynami d hfewd e€le dredPndeleind wismp2i@1i3s s ec
round testing was cdrygpleichpefdat,laandddne dry ba i
combination of potenti al fwaoswo ntsh edoerrye da nc
specific experiment. The detail ed par ame:i
andsplkeei fication oliabesthapt aaiird epda isanasvioerr
l'imited experiment al res@bt s Réd snee abr sttfe e ru t pe
Net hertleamtdessd FOWTs equi pped witdandutchhe Yol we

only apepéetmmd mepsdablFer m unetnidedt.hi s proj ec

Based on Ph&die nl ¥ ad®fd 10 ted e oll iacddaetse t he t h
conductt mcall/el 2@o d e | test undeWo tsitooncsh acsft i
pl atform and rotating orsatadri cef, f eecxtciitmdli w
waves) , radiation (outgoing), and nonlir
for,cesv)e been discussed in their researcl
(STC) prtohsmmsevd gatan University (MFNWBWWaernce
et,ak01B6t,wWdanl16t, waabhd)wemd enertgypeanwav ¢
energy congeuvaiterald BF4;) Wit ¢ RaLiOlliede, sGR®D 16 ;
Mi chaetl j dakB®t6)been studied by model tests
on EU FP7 MARI NA Platform project. They :
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to replicate the mean thrusthensthectrot ak bete

of STCeurder sgea states.

23.2. Redeign rotor and bl ade

I n 2014catéreeiaci ods hgpogordetChtakpabarti, 1998
Frosadal ed wi fdomknaiveR20 ddhsMairsesterflad210.1 4)
Hansdn(a&/0.§4 yadi eld 200t h scaptisdPowi &hdahow
through an alternat Dvweetp ( @10.bc6oan)dgulcea edi sat rli/bButti
scal ¢ ypepamaebsdtelcomparing the testing results of
di fferent envi rDomtmeal0éa®qg miomaeld tsiomisl.ar geomet ri
aer of osihloswil yg24. 3%T b ®ytth eninteserdghertu.st f,orce of t
and the | ift anabtdabamghRAd & Mmet hemd v évdh eb li ange
referemcwkeed®lOn 83 bedbdgnamec performance t han
geometrical LVhisshemi eai nbl ade with the target
compensates for the inabilitbysofmut heegebmet of
perfor mancAhkg aassiat atcelaywd unsteady met hodol ogy
Salehyar anhdnidlyhweea®GI®)dynami &l dhssgphaMA&hNef f
and $BVvVe taken relevant Yremedi altr-metheaumwees$ oat
parts (suchdataitlowea sf)l maaatd above the water su
unwanted extra thrust. To axnsaur & htrlues t ¢ o rtrhec ta

coll ection of other aewasyalamdoheadds, such a

Ahn and SboomdyQtOdd )@a3lle/gl 2cBatsemalrey spread moor

with a delta connection. The water depth of t
experimentally iniwalrudiursg cwimbd, han dorat art r ot
pl atf or m plréhref ovranhaindciet.y of the numeri cal si mul

assurcampbayr i ng t he sirgaip damgi@intpredmR(RAO® and

with conventional uandoi t hegsimaha dwbstyazree, Dhe b
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corrected for the thrust f owicsee asnudr fsaiaeg eo
bl ade modelmawacsh t hei onlpyoj ect. For this
as another optitmael cooalsutraucali®doexperai nsematl

mo d e |

I n general, the gemwmeor i ef dewnisvel nwgalof e
the scal(iJregt nRafld.the s hi s met hod, gyroscopic
by a correct mean thrustisponoéengndHaweo e

it is a drag disk or a modi fi etdhlbd sadkreen

consi dtehpeaviienw experi ment . More dbt¢taislked
if the torque, rotor bladesd | oad, scal a
speadd advanced bl ade pitch control cann
233. Bl agliet ch control strategies

Howo si mulod tagfi totmlkee r ot or i s related to c

bl apdiet ch angle and gteherasegnuibepeatiss i an
tur b(iPhaecos and Johwbhboh 280&lJdi scussed above

di fferent wind speed, the control strateq

1 Wind speed < rated: The maximum power is the priority, and the generator

torque will adjust (pitch angle keeps 0).

1 Wind speed > rated:The generatdr torque constant by adjusting pitch angle to

maintainstable power output.

It i s appropbaaed hod boohtiagdtypes. Ho
of FOWTs, thbkeasedndandr bobhndtoheefl eatcagr
bl ade @dloekmag, | 2OAB) eangtehd ocontroll er o]
pl at,ivhr mhmanitdhle f | oateesrpewcnatldlyl ewvhen t he
controldreaa t mbdet he ¢$SmeebapdwaddhPedhinsg
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igrecmesretiiyoned aboope ohet polyt force on the r
control strategies for active turbtiinen bl ades
of FOWMms | unhii mg aiprpirrogpr i ate rotating speed ani
(Pardal a0183 wel | as reducing the m®motions an
(Savenije and Peemgiemgadadh20mé)ti onsyof the f1l oa
t hseuper striulcgonmnte ol b etr s wil Jwhiiectheuahese tTtohbept ked

effects.

Many sdholearcomuwmersdcuwsditehsesspeeci f-pct bhadentr ol

stratNeagmieks .and pProvi de20d3detailed review of f
Savenije andpPeverderdaa(BbiLd) review of contro
and compared fourinmddalfdcecirreqqat FRfolna aftollo(aktr,ged pi
ECNIl and (without modifirecasttiabacthpvasdi §E@NkIdoathe
activeiblcadeontr ol and generator control bas:
FOWT(sBr edanos&@R 017 ;e 8doupCklert;, a0 1At hough s ome
bl apdiet ch contr ol systems have beesmpeicnvestigat
restlews ref eawvaictesbletthe costaok somédiegide wi t

retailme hybrid experiment, especially the infl

Jose® (20prdposed anothmerf apmebaahé/ 86st of sen
type FOWTs. They applied a ducted fan to prov
was controkbtliende vniuamea i ce@adl s i muollast,i oint wsittihl la ch:e
l i mited ramping rate and result Soumpeetegr ated w
all20ddmpared campaigns using apged metmancal | vy
mat chheeedp Cwi nd model (OC4 Phase I 1) conducted i
a corrective mewaisimoee @ athoe owitnad ns peheed correct m
in the 201ltleampedyglméomasti ¢c response in region
bl ade piwehesbet,nobh 2828uted in 2011.
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Yuet (&0t @ hducteBBcal @/ 50i ple Spar fleater
buoy s@md bmert gfiil boldeteesrt ed wi t h -parnt céa&ciclbwmd r lol
Denmar k for the first ti me. The aerodyne
wi nd and wapviet cahn dc obnl tardoel are discussed in
time active heomiode@ll . erl n t hd en tcraorp agatrenso d
related to negative aerodynamic damping :
the possibility of a | ow Reyadojludsshbelnagd e r
pi tanlgl e. The calibration of téée dueutatil

and dr ag ,c aefrfoidygiseamtdscdr i vetrain mechanic

234, Summamy rotor simulati on

The model size .ofhiehleed | males ithisel \asragmed | tiigr
needs to bear vatreotust awi maeetl oawfsf ii ai & rhte s
invol ves bl ade manlthfea cutpupreirn gs ttreuccht nuorleo goyf.
|l ight weaght hangd dairme moisthe compl i cated part
i nstalnedd o nt. omdtnert,alclontrhesecto nmphoen enrutb ,f arheee
the accelerometer se,ed,co0, Mhlee owgreicdu sy ec Gr

i nvokwnnhgol sthhaad egoretsr @alndt echni ques.

Il n summary, the maspitadlj upshymeindalofmad del bl
a wind speedhespirmantair g Alc stohsei dceoruaptliitoimg e f
controll er induced dynamic behaviour i n
(Goupee al20aln7d) extra aerodynamic damping
phemenolnar sen and Hanson, 2007 whTtedhagtr b|

not thhmheveconcl usi on, because of the | imite
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24Experi ment al facilities and calibration met|

To accurately measure the coupling response
aerodynamic and bmydr owdy caomita olld edsywtae chsf i el d
neetde be specially designed for the experi me
uni f or migteywerWitndon techni @uens onmpaey Mdaetsiilme f easi
al .201d9pecially for | ess advanced facilities.

been pr Copaugedi(RYONEWtean( 2104 BRIh i |e tppPal0.1 3)

Before the exptakmens, adéehentl pbranétduencing t

exper,i memvol ving tuning the platform, tower ,
turbine geometirgs, massopyoadam®mi ¢c | osses and dr i\
in simulatedmoosboubddbbl adami ned. Decay tes

det ertraegmer oxi mate constants otfhdeecayi niesital ther
stiffnessdderhsmasamn,d t he moment of inertia and
system canStheware{radlf & 2edr.o wreitn ga2l10.p4 pposed a

met hddedcdlurther decay tests and also gave som

(physical aTnhde nhuameme rc atlest can test .the natur
Rotor and nacell e parts are not included in t
the sensor and cable is not negligible.

For this reason, the amalsdidfhetbacwi hdomut hen:
value in the Yvatsi(&#I0hd@elkdimas 21088 Vv scussed

calbration partly in Baseedr epwarhkd poadnt c@dmpai gn
(20 16dt) (2I0ABYposed an i mproved deficient thru:

t hmded the windr atohelri vlkan htehe ommotror .
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25.Re dli me HApbprrioda c h

Under the premise mentioned above, many
aerodynamic issues when studymaignltyhef aodcywn
on the effectfsorodadijymgoodyngminal di sk to
thst force in a much easier way. With th
practices were popul avreriya deecavmi Il ¥ haveabel:
open to Byhei nputhheaoacngt i c al & numer ireals emdo d

computational (R® avle mEy btrApep r RPTaHtAleese n  pr op o s

recently. I't consists of physical sand vi |
Har d watr® opHI.L)A numeri cal mo d e | i n HIL s
transient and degr adetdhsecas pome deg ] thteuf

actudttomusnmer, ThOBG6)presented met hod appl
components (thrust force and torque)id&r ¢

previous si milsaat icshtayrips go nfsqgqr oe.l y

Il n RTHwi,nd hteur bi ne or rfelpdatmen g cp luathfn@rnm sw

a full rangehydsgarevioast ieatdyawramsastctubated
numer i cal mo d e tt i samemu Iwa tltil o mbeei maopdpe la lebdy t h e s
A thorough introduction of the working m

structures and prapes éoshe FtOsWTiss eéh aivre Ithasinn
Chabauda/0.DB) f eisu@aht numer i cal ,sndnudynamings
undesired <ioompehsatiadotn ewhanthveneappr-oaech
controlled facility was seHe&ltk da RtOdl 4e muHad
al . 20628 and Goupweayd Babddt,easRP 014; eBopalk as
2014; d&ti|JabpbpbAhelaesrtd c response of the t
negl ect eadxpenr ibnaksoivnever, these can be si mt

softwar e (B iaHge nBMoMTe n Thuemanyd beam bending
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RTHA. tAdadial | y, this mettd odolcwe awwierdd agie reearsat ovra

at model s caanlde reeflfaeyd twievi eyhi gsmiemgelr i ¢ desi gns

251. Code Devel opment

The rapid devel opment of soft warMorteeocvhenro,l ogy |
hardware andedsiodgniwfaireanptl ayol es in the experi
neces®oamwnywyerview numerhrciad i &sg unsusl .ant & WRAT ldoetf loy ,e

researchers have been exploitiamadnfuuwmgelr ous num
scale ,WOWEB can be cl| as s(ilete,daldnitfo) etquuoe nccayt e g o
domain -dodat nmanatgeseentngwansmemaag! si mul at.
have beeanndrmoasttedr el at ed e x p & rgiondeen tesro acroed eu nder
ex pneernit validati on, eesxppeecriian@® hyit si nsbehcit b foing whi d sl i

i ntroduce darhce snwmmari icaad simul ation tool s.

2511.Fr equdeomayi n anal ysi s

Gl awarotpobBeEAMT t o apply the aerodynamic forces
on o meei mensi onal mo Hansem, tAR&@&®5Qbirrdd et mand

Jonkman, (BBEBMTI) i s an aerodynamic model curr e
aerodynamic | oads. Howeversfreéebeetpiaogens miarc e of
FOWTs makes the flow field around the blade m
Therefore, researchers have propoésadseany cor

et,aR006; HaPrsadimilp 2I0d$9 corGleaxcu e otnd & catcitmmr. and

The calculation of the hydrodymenmtcr dotadr e fo fF
the floatdry.péomrtteaakopfarsydr odynamic | oads i s
coupling problem that requires consideration
flow radiat i adcdrabbksipel nMo r iashodnr rmudpenoi val t he

hydrodynamic | oad calculation of the floatin
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W i

Thi

ma

Mo

del youandl yéhey dayoldiymdiefFiad tli masdceat, , dB®B4) V
is formula is also the earliest model f
i nl y aapnpalliyesddmtgod y nami c | oads of offsho
rison formula is primari-$gyalsaistaablet dmo

nores the memory eff ea&ltomogfv et haep pfrroexei msaL

i mpl i fy tpreobdliegm.r akltli otnhese make tthe Mot

rsgeal e structuresnumatecal theakr®BWEsed h:e
eqguencuyn ddeormatihne | i near assumpti on.
rr linear systems, when a spearpipddiecd Itooa dt

ch as a floating body under the action
a single fidgeteney. i Th e hAID roaxcckiatni emali
based on-otultipsitl ihrygeart leiecrgp Wwthteo r esponses
the wave excitation |l oad. Therefore, f

nction can be sadalowed nby adicrud catt i forne g we pc

e floati ngawe de/x aintddsarti ,daiPed lavgdwe ver , f or
S normal operating statl tilse sawase caf ttou
tating at a specific speed, the wave |
siimgplueg . At the same ti me, a single fre
mul tiple frequency responses. This no

—+

ation effect of the bl ade amidt albkd ®rytsrt
onlemamaROrh®E) ef ore, 6ygst EDWItsor ewsabveen seex c i
nnot directly solve the frequency-func
main equation. Secenpydlteméowheadspedsdgt iv
citategowmpbet &ei on of the wind turbine, t
d the wind | oad effect, cannot be ig
aracteristibemaél|Otthse rmMOWTes, only the re

e wave | oad are considered. The foreca:
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Inspi rterde btyechnol ogies of offshore ©&6& i1industr
have stdgnadharhaect eri stics of-doFnmaWTns aunsa lnygs ifsr e
tool s. F oLre ee x(a2anp@&ey, man (220 @&y f or med a seri es
i nvestigati oamnsal greaBlrBawaredd barge and the MI T/
respedMainge l[(RIOp7dPposed -domaienuapmyadtaicsde t o

coupling effects of FOWTs. Howeverar EOWTs ar e
not capable of modelling, involves the influe

structur al elmanoi modefor mati on, a

2512.Ti Meomai n anal ysis

I'n traditional ocean engineering, the floatin
which can be used to establish the dynamic eq
mu st have no rel ahieveeamobiuen maassween nts i nsi

However, wheanmoep dea FtiOMWg sr ot or rofTasekatonmei nuou
motion between the rotor, ,Wwhiadlk,doasendte mdetu
conditions f olrodtyh ed ysnianngilce trhiegoirdy . Therefore,
regarded as a -hfyudlyleoyevlocaosutpilce dmoadeerlo by sol vi ng
equations ofsinuméeot §md® OBOFMaofn. FOWTs® systems
mooring system) mainly are:

1 6DOF motiors of thesupportingplatform.

1 Modal coordinates of the elastic deformation of the tower in all directions.

1 Therotationof the nacelle relative to the top of the tower.

M Therotationof the rotor relative to the nacelle.

9 Therotationof each bladés relative tothe hub of the end of the transmission

rotor.

I Modal coordinates of the elastic deformation of each blade.
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To study a simple system consisting of a
and feasible tad unee honyg meookagegeager al me c |
needs t o bfeoresa amllurséhleidty of rigid bodi e:
bodiSesmebj ects ar e ass ume d rbtioldtyib es, yrsatmedmdss & m
thimgst c e h a Hetifeocr mat i on. The mechantcal

flexi bbedynudytst em.

The traditional hybrid coordinates model
considering the cotplailmreg rh gt e elno dtyh emolt a
frequenciyc edleaf or mati on motion of.ldiheedt lex
uses the analysis resul ts suitable for
dynami cs. It is not only wunable to deal |
by tmhme dr body motion to the flexible bod
phenomenon wshceal & hrei diad geody moti on i s ve
|l ong, which affects the solution of the f
length of t he nfolreex iplrideh@uepdneech drmeenon of dyr
and the &elastic defoo m@alti mg el eecrduefedd
def ormati eesrcadred rligrngle body moftoont sé@olbbadc
shder fl exs blMTdesterd etdema iénh ea ntailnyesi s met hod

mai nstream gradually.

Kar i mi r ad ancdo nMlouacnt e(d2 Oelxlt)r e mandt fattguall
spaype FBOaIyents ka210.4 8 5 e atrrcehresdi ent -@évmaits i
anal ysi s. ulnn oasled&rda voenl otR@&Opt s o me rhesweaer c
made i mproveme@tisndusotnri@s or ot her exi S
Jonkman and BdlkledJhyd2060%hamioc RAm&Dr,.c oge |
devel oped f ormoamghkedr avi hat Itluykvbblye 6 g A 19®r9i) g |
Sever alontaiime numer i c@glenedd aloen kcaavrameb eerm | |
gene@mualpose -snustemodMBS) codes. ADAMS an
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usedombiandadiigti onal aerodynami c, mooring and h
Withee ahRia0odp (a210,11nespO®cmbeegygyand Bachynski |
described the RIFLEX extension of aerodynamic
Al s o, aNySIM has be¢mddbdbye MARe N dmd prvalvidile ¢
more integrated si mul aliody-bysiaddédeg g et hien cnhouodriinngg
system and, dynamic poNaeitimakdg7capPpabWilidg st
2009; Ser.r dArniost,he20 0, A RWjhmdc ebeeod@heposed by
al(.201%ane t heorgetoiscnadh b a ctkhoguienpevth sncrhe al s o

ver ibfgoeddee x per i( Ghethsal017)

Wit hdewnhel opment of computer techabtteglys CFD h;
t analtygeleob al dynami c rZéehsapo ramndas Watdi €ftQ \GallsA.)
(20tB6phducted a serueignhgefi r FDwevADE@AMoOnNs
SJTC.mpari sbwaasveofl oad effects of TLP by combin
approaches and CFNe nveetr bea tkelodil@. I T e ¢ d( &2b0yl 4 )
applied the CFD method to study the influenc
aerodynamics of FOWTs and cbmpahedsombhént cahdc
| arsgeal e pitch moti on, the CFD method has a
aerodynami cbenoaemore accurate calculation of

and random motion of the platform.

I n summaray ,wipvke e ncl uded the different numeric

each ndewl,eaRO0lModnet hel ess, el amioornalties drt iuglii ks ha

—

exi bl e chaudy  mgt hmudaliogi es Danpdielimeadgt e@sti n F
dat Bardly openly avlahiel adbelvee | toop memea pubICGFD t ec

a ysepde aaiofliec i n pr ormeod a anrjjoliwOWes, laedwar ¢ he hi

©

o

-~

soft war gprroel gdaunigneedme cmrasrudnplta okn of accur ate ve
compared with the ulratdiidn ameat Htdodi,lheer ii aqnplr ovierd .
Al t hough some of these tools have been used i1
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t hr ougthec cacdbedecheck wor k. For Il nstance, FA

numerical tool s hanvtel yb efeonr atchdedmteerde dcvdadsiids

solely to predict gl obal responses of FO\
effect is a challenge to be considered i
simplificatiimntsheonetoidualedcal cul ati ons, s
without C 0 nsoirddeerri nwa vsee cfomrdc e s , potenti al
viscous effects, etc., 1t will bring inac
numer moalat son tool s. For ex ampllien e arhies ah

cannot accouprotr dfear ftrieegguseecondvave force,
of the surge, pitch, and heave under wa
nat urqallenctye fomheesedb@amdroni ¢ wave force ¢
possible that the vibration of the tower

excng But this coupling effect can .be ref

252. Hybbiadi n experi ment

A r-teiamme hybrid method was sdfi rcitvialp pérmegidn e
1970s i nCalrarpiaonn baynd Sp&mear edr t2&®7) dat
of Ilsaragee strucgwhir@ah rdemiahsdeaiunrt er f ace exp:
Ssimultaneous simul ati on. A review of t I
aerodynamic forces withwheRtehemaum®d dé& @by e
i ndi vi d(ukalle rpkaart0OsO 8; De KI e.r kT,h e2 0d0€9Qyv; e | Loi p, me2
met hod has been pr omoSheado iann d hGra irJdfiiEtehd o (B2
byi netto (290 As the devel opment of RTHA, C
i nteract i onu kdtbie € w eskinmual,raytnicd mdi ng softwar ¢
fabricating measurement, experiment al me

and dat a,whciqcuhi sailtli oornequi re i nsttamtecamce®iutpy i
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Some exampl es obcemmadgrdeisssci @rl i ag@vwanced met hoi
provi Gdaddey@2O0OL6F] udi ng cdadnCtarrali o1t raantde gSpeesn c e 1
200&8nd stabi l(iKtyyw yath&alby2s0e0s6 he application of F
renewabl e energy and mar(ileie, alO0bboledgnteamube
al . 2010; eSi,gan2o0rlell;l i Ca@evan@OTIa&hc @aRaOHaBudae

objective aerodynamic thrust and gandrator to

havémreost significant effects enithbasemsl|lahewnr

Gyroscopic -mbmest sLloads (pitch and yaw moment
dynami candrtqghureust directional (Bgc heatw,eklb.een nec
201Bachyenskd@dloavauder(l04b63o offered a brief re
RTHA testing adopted for FOWTs6 experiments b
avoid the dischlsesm®mlg serail menrgt pproposed one met
wi swvve i nduced f opictecsh acnadn ttrhoel ballagdoer i t hm by

tensioned wires to connect the turbine and ac
force ratheond Threcaspewctesd of thisthybrid me
scaled 5H5tMWpesewmind turbine has been proposed
guantificati on, possible error sources and p
Bert heetl (s&lhil®) roduced a met hodol ogy of using exX
the numerical mo d e | and I§anminneitif (sl0atngde dmi t i gat e
SI MA to extendBer e keetb @@y &kt beyn BEM model for
rotor forco®s dand| eadsndompared with experi me
coupl ed aerodynamic simul ations wet e conduc
model |l ing of t he (aSetreowdayrnta mamd dMmBE migbss 23016
experi ment ad c aldlameamiacnadl fsuilmul ati ont Bcamehybrid
FOWTs have beldaktp(N0Adgdf bye considerations o
beem op®Axsddiiat or dVeslpdcaicteyneand ac;Ae«ltaradtoiron en

force eMotitomeki ngForccceuraacctyuati on accuracy ando
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Bayati(alo.pg)y for MOK @Pi2t ch and Surge-mot i
HexaFl oat in a wind tunnelsctad es iDmWI dt0Oe MW
turbine model hywdhnadhy taoambe narndd aer odynami c
projf Batdt iak.(d) owviamrg HEk g #3)e ®&tx p@anded to
(Bayat2001L4)n 2017, they proposed an aero
scal e model t etcbBhcnaolleo gDyT U olrO0 aMW /wBZanya tt i@ lr b i
2017)

Figure 2.3 Hexafloat robo{Bayatiet al, 2014)

I n general, the technical issséescandbmet:t
(Del benalkO01bhm the f oremeirdllclastema tBedydathhi e d e
des Hpnme,thegd indopput t he turaltitmweatteysaerd & nmpl
6 DOF metiod the supporti ndgh eiygano roerdn tthoe ac
effect bet wgiethc ht ha@onnbtureodlél eir n st a bd red hoef t
aerodynamic | oad due to blade rotation al
out htehamodel test in a wind tunnel i's a p

fl oat ithnr bunhedsst i I I i n the face of many c
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Anot hetri nteeanlybri d appr obacet @aal6.2&kd i dandd by

Goupee , 4208 8pvingAe I n their experi ment, an ¢
combined numerical wind tur bi neofmondcehl awads s et
cabl es, pulling fore and eafit ntoawhrtaatbtedwasel | e.
executed by changing cable I ength.

FORWARD
WINCH UNIT
ON STAND

AFT WINCHUNIT . :
ON STAND INSTRUMENTATION

CABLE BUNDLE
SUSPENSION POINT

Figure 2.4 Arrangement of cableystem(Hall et al, 2018)

Halall so demonst rsaagnedd pohsesi bé mefditsadvantages C
approaches atnhdewnic o mp gprheydwi acvael , twdisnish o we d

sati sf act odroyweavgerre e meomtie. @ © I a&maoaneerimaidsyen & raie

negl elcnt eadd tt hnee aom v & |Ihpelea tosfomr gne motsigmi hasaat

di f f erfuepncteo 17% (no wind) and 14% (steady wind

to unidirectional dynamic f orHaéest (0ahl0.1 h)e nacel |

Viteor(lIoOpBpposed one hybrid €Rk®lelr i metnh cad me t
whiwvdl i dates that generatedaswsegltee ch aisn tthlee smoneg

simulation and does ndt sn&éd ameh Zo@WCOVavas iappée

to integrate the aerodynamic performance. Re:
compared with numerical software.etiowkeger, si
SI'L, all the cal cul aitomnesr rionresv.i tably cause ca
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Il n summary, the scabeabi hi expabida mémdred v & o
RTHA. The dissimilar scaling issue can
Requirements of experimentadpitadi ciomite I
model |l ed without -shbhal ei alchtnastkitoso smod e |s mtad
FOWTs more accesfsoirbseanmnanierfd . ecaxigebiwé&V emp,0sts
di sadvantages. The significant difficul ty
estimation of the (GO UIlelkinad 0S4Bh)csee ntshoer ntoac
FOWTs is vempaltitdtte, stelnes or ¢ a bnleeg |Iciagni bblee
even very importandgs ofn wardii @ ugd na,bass tel nis o & t
t he same, and t he artreasnegeemoetn tb eo fu nciafbil eeds. i
cables may even be tnmndsdsthiemat, e stohd ti.mpa ati
Errors mayueltsm talre swardi ousl nnadidiuée aguanglsi
of virtual ismprsoghsd eness uwitlsl. I n addhaven,
beemdopted in numehichl reimaes dtSiedbmstsiuanp t
Lackner, e2Q 201 MeetFaalrOulgdoast i mper odéih telmg,
(desi gn, maonputfianc)t suantey, o caofinden dlirure@ It teeea tnuaa ti iveer

sys.tem

26, Alappliobffemore engineering and wind i

Artificialislnaelbhr gpdncaeetcehgramygly i ncl ude

al gorithms aFidg @bpep |l usdriades. theirgramat.i

| MItechndkeogy opnedantiat e hnbhegybeen gradua
recoghmy sa@dademi aMaoldi men diusaome ngf the mo.
extensi Anmfsi eolfacddh eébte di vi ded mernth@Alispay diomn
2020)
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1 Supevised Learning.
1 Unsupervised Learning.

1 Reinforcement Learning.

( Artificial Intelligence (AT) \

( Machine Learning(ML) \

Deepzearning (DL)

Deep Reinforcement Learning

\ Reinforcement Learning )

Figure 2.5 Relationship of Al(Donget al, 2020)

Maj or research insorganiaeiaso awypygll wadwigfr inaniean It

intelligence tedbmreahongldeKonst tENEESRICnHer e ng and

PhysiSciad iReses &oahy¢ialunched f owWlidc ernathbroetsi cisn a2n0dl 7 t
meet thi 6EPRSC| ed@REBAub | ed Mgt HetUhowversity an
the University of Edinburgh, i's pioneering th
services to monitor, maintain and repair of fs
( ORA , 20Bé)e have Dbeen somedg opmomodbaigngappl i c
technitgoueesshore renewabl e lecae(gpabdllet d. For e
al(.2080udied the wave eneArgy fNe@nNadoMor &lsgor i th

(ANNDP i mpl @memet waeveel f orce prediction.

However, mo st existing -mppedcatndows ndbendask
energy harvekestand G@ubsveid¢ @ANINO)t o forecast wind
for wind energy conversion sysPtedmsettiBUrt her r
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(20WwWbd used ANN to obtain theaspoxwedraerrcanreyv
Li (20688B8Bussed the tsorhp avri anld @loavrea c tgeernies tait «
mul tn |l pgeceptron neur al network 1s trair
extended Kal man wiinldt etsu rpboikvugerieeadki( @10.Q 8 b d

weat her f or ecamditf fdeartean tg etniemmea tsecdal ed eamd r
and -t emignd power prideiychil esom mededawdl dphead
by the neur al net wor k i s stdpeerrm oa-h étroinoontg

predsction

The wakies edslfisgantiafnidc acnotomp |l ex i ssue i Bubhhe
et (&210.2p0rbo)p opewera predi cti o ANMoOndidlt | hahsee d
yaw amglneg mh®eei mpact on the overall wake
estimate the total power generation of i
direction apdryawtuthaagd epedwni sednl ebhsniapgt
the FOWTs pl atChamosl2 amda b pmo(a2l0.t® hduct ed
systematic review of conditions for mo n |

detieocnt or gener at or Itne mapded itathieiggnec masas i Oir € d

including data source, feature selection
regression), ve-makiNdegutnieotnwoarnkds ,d escuitpspiro@rg v
and deci siman mismaeosn gartehemgener al , Mltihne ap
traditional wind enemwmgyelegxopglmy atbdeelsy i B
commuhNbwwpdays, mo | tbeaaspepd hsenrp e r oensed | earn
relying on a | arge amount of data for tr:

knowl edge can be obtained frtohoeotmpe eth@na i
nonl i méean at i oFnCsWiTiBlp we vieparswsd | ear nitnhge me ¢
| albed data must satisfy indépeindhempe amsd

correl ati onl fbetthvereen itshean.connecti on, t his
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Al t hdutgehc hnoleoxgtyentpass mbgedevhbl opment of the ti
wind industryft hiet §OWdpdtircyaeasrpeasfieavh|l v f or t he i
design methodol ogy and valtihdcatp hoenn oampemroma cnho.r e
deepl yr amalthiengf urt her dhbeiedbsyp mMd n tt dasth ntiohhe® g ¥

focus of the aa@aaéademiicr armewrnit, hgn simply expl
predicting tThesrphemrecme ndirndameinnh atl i oheoftr i es b
numer i caAlttecadhinoodaenogdy k beteveld PpWmhsy t he future

especially when the experiment iIis not so easy

2.7.5u mmar y

Wi t hcammer ciofl iFEFGWTisnemmmd neering applications,
i ssues wi || emer ge. For examprlset,a ntdh et hceu rurnednetr

predi ctliocands bimot ifoma#miumgier s npbiltecsh hadw ug a |

frequencies. In addition, it is also aimed to
practi cetsh@GChbroyglobeet sal02D0Dh terms of identi
speci fic validation objective, using metrics t

associated experimentFalrthecenotrai ntw taf tmet rm:

experimental technology and the i mprovement o
met hod of RTHA wi | | be applied, promoted, an
di ssi mitlheecat yngfi ssue can be sol ved. Requirerm

can beandowmliraded contr ol canTbes stnendideanla ed ef f e
test of FOWTs more affordable to researchers.

i n basin experilmest aheehnotlkesgyng errors may

i naccudalcaadnhdeor i es are adopted i nt the nume
i mport anprloh | emosiegn, maopfiamf sameyomoche due t o
findinn@l tecthwmdtiiven system. All the above may

the future applicatihaddiothieeopipé | REHAOMEL hoda
intelligence techndlddgos thtaess ROWT ibmrdwsgthrty .new
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Chapter3. Met hodol ogy of SADA

ThibBagpeovadésndament al descript h®ADAo f t
met hbhde. deitmmdllisdi ng t he DKPWipnrdcgnammé s ,and

al gdarm are giveén in Chapter 4
3l ntroduction

SADA is a novel AKlbecbp@rooy i aoit lgr Alear al
Deep Rei nf or c)eammehARwL (@amr © io 0 @-h ¢ ds eosevloads t 1 C
progr)@dnmet i mi zed design and dyn&m®WIsper
Fi gB8lsechowgetintdd awohathe eatgoei BADA

Aerodynamic; Hydrodynamie; Percentage difference between numerical
Mooring; Kinematic dynamic; results and target data;
Control system; Structural mechanics. Set according to the designer’s needs

Ij ‘,{_l
KDPs # Dynamic analysis % Evaluation ﬁ Al algorithm

Environmental KDPs I .

e Artificial Neural Networks;
Disciplinary KDPs ¢ Deen Reinf (L i
Specific KDPs eep Reinforcement Learning

i

> Statistical analysis <€
|

v v v

Correlation analysis Principal component analysis Sensitivity analysis

Figure 3.1 Generaflowchartof SADA method.

Firstly, Keye sccoinpPherpatmeoyfer s ( KDPs) is prop
crucioanlcept ,i nwoS&kEaAd gttasammi ssi on i nterface
technol ogy namsd i dissiamueloaitc BOWTSspeci fically,
can be diviche e giomi i@rseo f{me,®i slci KDP,.®spreyi KDE.
KDPs, wituhihbaendary conditions in SADA

SecondARwicrach be thremonedintidbed | mmgee accur e
predifcdriOMT SANMN or DRL oatlagrogrei¢txhamest iamd nt al
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scale measdublFedntiatmati on generated i n the ite
i ncluding the change of KDPs andf th@WTsor r es p

simulati on

Finally, this information wild.l be integrated
feedbadbnlk opti mal sEeHecftololnowifn i DPedtuicen s hwislel

aspects separately.

3.2KDPs

Thsecthbroeht yotdideD Pse |l ect i on,aanrdd tarealfyudils det ai |
be foQmaptar 4

3.21. KDPs sel ection

It i's chall emmcogr abe obdoaenast and bgevel op ar
measuremertr | mesdim Wi nd andoumelr s tal.Teé mul ati on
dics plkmawlyedge i nvol veadmpInen@SBMIdn g snorlriynear i f
Ther efiloPrse ,are proposed in SADA as a concept c:

aspecit scvliaurdiionugs uncer-basedopaeamet eersnce

I n SADA,i nKkRdaden al numer i cal computation a
parameter ,wpiochlnz dtei daalg aus t @adr ctehnet age di ffer e
evaluation with the specific target data and

Howe vheer ,cotrr espondi nglolbmiutk Bdacyh cond

The flowchart 08 KXb&wg BkAmantg onhem, the fi1x 1
represents that in the pragramanlgeadp, Tthlee swmall U
| arge ranges represent that KDPs all ow small
respecdioi Velmy.t means that KDPs areThet <constr

specific decision process is as foll ows:
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1 Step 1.Choose the corresponding KDPs in three categories.

1 Step 2: Use the concept of significant figures to set the boundary conditions
according to the specific values of each KDP.

1 Step 3: Determine the percentage difference between the numerical results and the
target data.

1 Step 4: Adjust the boundary conditions appropriately.

Fix range

Environmental
Small range
Selection Disciplinary KDPs
Large range
Specific
No limit

Figure 3.2 KDPs selectiorilowchart

3.22. KDPs analysis

The database establ i saraltyhhge SABAgeanost &I
dynamic response of rel atsed ese@Wpd .or@orrhel

of KDPs on the entire FOWTs is$ydt ebomeikn tto

selection and theoretical Teaekiimg onhef S Ke
correlation coefficient as an exampils, f
converted into rank datmi,s and the correl

Bw odw w
M — — Eq.3.1
Bw o Bw w

For a more detail elleatliadBrysi s, please ref
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33.DARwiI nd

Thsecbropehil ystdhbeARwpnogr amohet he full detail s c:
I €hapter 5

FOWTsbearcomplexsea environmentdbads including wave current, wingd etc. In

addition tomooring systemandcontrol systemsthese are usually decoupled from the

main structure andalculated as external forcesthe numerical calculatiom her ef or e,

a fully édoguwp boeed ooaasetrioc met hod was devel oped and
an integbaRwidDydmhadamal gsRecsmponwienuwrfbi nes) t o
simul ate the dynaniChemeafRdl®ea)ocir FOWIT s ver si on
DARwiisd writteheveal tmgmreo diri grhmi n g, |vaenrgiufaigeed FOOR TR
seriest@®kpemdmcompari sons Tloe sthomwctiitendle armo du

of DARwipmadgram can be thpowgphdlugoedy er demdduhe o

Out put ,anso dsuhl Beivg G.3. @

Input module

Output module

___________________ 1

Analytical Review
Procedures

Flexible body
deformation (tower
and blade)

Simulation
Request

Evaluate
Request

Time history results
(fairlead tension, I
acro&hydro forces, etc.) I|

|

Roter K - :

Freedom motion |:

Nacelle | result I:
ol

E Controller execution |

| I result |

Platform | |

| 3D animation data l

e

|
77777777777777777777777777777 A SN S Vil

|
|
a4
|
|
|
|
|
I
|
|
1
I
I
I
|
|
|
|
|
|
|
|

Mooring

Figure 3.3 Modules ofDARwindprocedure.
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34A1 technology application

This section introduces the AhctBadbhnDi 013
Neur al Netw®keksfamd eeFeopr Lmoarenidreg.ai | s on

pl easeChaepeer to

341. Artificial Mewprl alc aNe tomor ks

The applANNspeonasmaienly for nonlinear f it
i nfor mateironnagé& recognition, informati on
equation 3S$bkevimgdi et onal ANN concept doe
knowl edgres hmagssitvaiditl aclkdNbodr ocimrelt 8B8BA, |

i's optim PBARwbaded on

Il n SADA, dAiNrNeocpttl nymhpereeido mttlod FOWT pl at f or n
physicallTheuarmtpiltiycxati onshds BPuanlekbireg#8.4 aleit lwi
shows t he apoptisecdaitp roendiocft iBoPnt hins SfAIDAwc har
numer i calDArRevsiuddt u odd p ats pareament er of ANI

amplitude afD@HFet pbatform

Before the twermnmeri mgAldatda diast aconve&8ADAd i |
ustehe -nixn nor mal i naktmd2bel aw. sAbbw nor mal i z

uses the ori gminmrhax,unicrt i MAT,L AnBa:p

w 0 : Eq. 3.2
() ()
Wheme i s the small est numbeirs itnhé& hlea rdgad sat
the sefQlhuenpgperpose iIis to remove the diffe
avoi disngntidiiefcfaerrte ncso fi mMmatghne tourddee rof t.he i r

Il n addigriomt,i ng the datdaoalslacwsfyhe henpg

i ndegretnddi stri bution approxi mately
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DARwind
\ J Numerical results
v v v
Platt:orm Mooring Thrust force
motions force

BP neural

networks Basin experiment data

Optimized Dynamic
performance prediciton

Figure 3.4 BP optimized prediction in SADA.

342. Reinforcement | earning application

I n gdddctsiome apRLiicmtissADANdfr odfuecaetlggenae exd iyn g
and remwairmde er iFnugr tihnetrBREOLr @0 d u laé @ o riti v dSsD A

artehBer uftoerad g o mintdidee ep r ei nf oraclegnoernitt hinear ni ng

3421.Not ati ons

The develRpmentapost mat hemat i cvaelr yp rcionntpil pel xe,s faarr
more than deep |l earning. The most successful
ot her (dHoameest mba RO N8 )sunhmearapplti cati ont hoef RL i n
mo st i nngohvliaiThibvtes pheici fi ¢ noombiFpWlgsad dRbouns
in SA®DA beFsg@mein

48



State: Percentage Difference .
of dynamic performance , ——

Agent: (. sy 1
) Reward: Evaluation —— -
DARwind —

\,\ﬁ Sz 7 |
Q@ o — ) /
A ? 4

—

Action: Adjusting the KDPs ot/ moosegos |

Figure 3.5 RL notationsin SADA.

3422 Feature engineering

Asan a®PaRrRtwjwid I take continuous action t
adjusting KDPs appropriately to obtain mc
percentage differencke BOWOynamhef pettf ®om m
i mmedi ate trleevandxtandtat e, thus the subs
DARwiimd find what action can be taken to
The roles of the deep neuosahaphtget wonksr aw:
stat e] in diffetrksaitl @iltgwat itdims (Threouwghvar

of the evalwuation of percentage differen:

e 0 0

() 7 nmmnp

v V] P

» 0 0 Eq.3.3

') - p T

p_ ~ v

0 0 0
0 I s ttahrdgeetta whi ch can be the experi me
0 is the numerical ®»esul t s s brnyuhneenriitciaal

resbhytwei ghtted KDRs.used to measure wheth

is better thanOthe isiiposit iKDPsdiftlffenreams
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bet wteldemn rageetta and numeri cal results has decr ec

di f f ehraesn @iesnetdn.e short, UGeval uiasz itom ee@dt abl i sh a r

mechani DA Rwihiotde Ihuch benef it has been obtainec

I n addi tdi on teowatlluemti on in feature engineering
target data is not the only <criterion. One of
i n SADA DaARwihae® dtsheé o | earn, appaohrcéeaventhetio
goal that the designer hopes. I f the designer
solved well, sma$t ami nforndi ng@ pPhgsical guanti
bal ancbng thmong mulitdall eq WNaarytsirttihed 8 s me

problems, theclkhaekligmgquwagntgiofay, iand it i s not e
into a |l oss function, especially when these pi

actions to complet eacoepilex ofast asks.

However, die to different FOWT models and structures, some target data obtained from
experiments and actual measurements mayvéry small Therefore, in SADA,
corresponding weighting parameters are designed for different taggatghguantities.
Take the platform motions as an exampihe differenceof some motions:eeds to be
weighteddue to the small amplituddhe specific weighting methoaf meanabsolute

percentagelifference(MAPE) can beshown in equation:

p W
I=frg o

7 P Eq.3.4
3 5 pTT q

Wheraei: s the number of 0pilatf loedmidiedflietvetasc, h a n d

physi cal wgneamtsi ttyhe nu meormecaanls rtehseu letxsp earnidment al
3423.Reweaermndyi neering

I n practice, a reasonable result signal can me

andan effectively feedback and guide the agent

50



with the €Eovi SAwarechgi nesr nogFaaxiagnpd .e, wh
the surge and pitch are used as the targ
0 nd of these two physical quarnetfilteicetss. -
feedback on the Ilgualdidiyioh thel et ipgro.fi

~
g

0 continuity of each iteration wil/

a)

engineering.

| n sumsmags lyofvieg 3608 ADA btywmeltesct i ng the init
by FOWTs designers. Then, some physical ¢
chosen asthRelal gbat e min

SADA

Next State

Figure 3.6 Thelayoutof SADA.
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According t agtetndagils eat e, cbheesponding action
val ues pr bpneerxlty Itooopr unf the Whath uatii®n i s not
reducand atcocrepntplmeans t hat the program is good
the final numeri cal anal ysi s. I n addition, S C
measured directly in the experiech@8othoasmeasur
the deformati onBesi dédadeSADA daomweal so excl usi
FOWTs dynamic response analysis in the sea st

exper iome mes stuhrreanegit t he .t raining process

3424 RLBr(uftoerad oy i apmlicati on

Br uftoer(cBeRa)l goriist hitnspired DRLf t Awme waBrifkc eaptl o f

deci si ons ofantHoadbd ge mtedartenr ough i nteraction w
The agent needs t o expl ore adti neggn vwirtom me rnte
environment , whi ch rterqaui.iMoansgy e ple@ARwiEmdt Iry al a
continuously weights the sel ekitip@/sKDWS t hr ou g
the framewor k off otaldey opirinot pis &R cBir tatceg i on 1 s wei
by andawms i an &Eiasthr iKobDuPt ihoans. it s own unigue bou

prewandwer f |l ow.

I n the specific process, the deglidrinersesnshoul
di sciapnifdi melst he correspondi DA Rpapsnidtgircanmsmeof t he
For the weighted KDPs, t he sdecfo negrneaddycyesaimi ¢ r e s

are performed again.
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The

specioffi cSADAS BRI} 871 s ass:f ol l ow

1 Step 1. Manual selection of KDPs frafifferentdisciplines.

1 Step2. Use initial KDPs to run dynamic response analysBARwindto
obtain state.

1 Step3. Usetargetdata forpercentage difference evaluation

1 Step4. Select actions according to t@aussian distribution of random noise.

1 Step5. KDPs inDARwindare weighted by actions.

1 Step6. Use weighted KDPs to run dynamic response analysis to obtain next
state.

1 Step 7. Determine whether tipercentage differenaeeets the requirements.
If yes, ouput KDPs, if not, return to Step

1 Step 8. Use final KDPs to run dynamic response analy$is\iRwind

Weighted i=it+1 : i=1 »
KDPs p Env,DARwind «¢——— Initial KDPs

Acton o> S
Step 2 Step 6

* Step 5 ¢ Step 1 *

Env.Action
module

Initial State Next State

Final KDPs

f l Step3 Step 7

Env.Step
module

Satisfied
F’

d}—— Evaluation

Figure 3.7 The framework of Brutdorce algorithm,in SADA
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3425.Deep Reinforcement Learning

This section DWRIEIIgainithtri®ommAecetédieol wo TRt

franme prefeg8&d in

Dynamic
response
analysis

Physical . Environment
. Error analysis
quantities Data

6DOF motions,
mooring loads, etc

Coupled aero-hydro-
servo-elastic method

b= Next Loop

Satisfied?

Inital KDPs Weighted KDPs

selection

Take actions Actor ANN

=
S
=
=
)
g
@
o
=
)
on
4]
)
-
=
o
—
=
=2
|
=
o
<

Figure 3.8 The flowchart othe SADA algorithm.

Fir shtel yDeetp Deter ministic PoilladyptGAdDdNirent (DD
to esti mat e toh ea doputsit.mdtld epdIPiGcs L gb ki ¢ A p
201639gn be regarded as a combination of the d

algorithm and dE€lke wlkod@digss idiliagdAr2k s

laismto tackle the probl emdwietbhe@cronn tnign unoeut sw oar ckt
DQNcannot be straighhBetwnlt dapgbmet hend t 0.

(with IDDEIGIFs g B9, e and the main | oop Tihee the thi
di fferencealfgoilnmstthhieatBFt he deci sion is made by
i nsteaad amfdom Gaussi anBas et hDBDIPUGt iad ng ofru nt chtm cam.d

Br uftoer ce al gobraisDeAdRwictathe bARI applied.in different
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e e e s s s s . TR GE sooeTpnliy ( l ) Manually select
location in DARwind IBERDES initial KDP:

Discrete model

y

' | Read th;f:;;i:demngr s fora — Read t:[g::le:::enfs fora 1 — __I Read the siugle Case Settings I
L A
Sleck ey oo _I ‘ [ Initial State = Next State .l
Aerodynamic; —>| Dynamic response analysis

I]ydl.'odynan.m:: Mooring ] Main Net
dynamic; Gravity; Buoyancy;

Policy Gradient

Dynamic equations of

Newton's Euler equation — Error analysis Reward
construction system K | Aot |

/Next KDPs Last KDPs
[crc vt }

Muilti-body model

- T I Update
The Kane equation of the Dvnari Iysi
@ system is superimposed to form JTARNC TESRORSE ARATYS:S AtorNet Loss Function
the system I

Target Net

Kinematic description of each
component (Platform-tower-

nacelle-rotor-blade).
Deformatior

Low-order High-order
model model

DARwind J

Initial state
Actions
Rewards

Next state

Flexible body: blade &
tower discretization

Figure 3.9 Thealgorithmof SADA.

3.426.DRL r a immoidneg

The DRL modul e in SADASé@me i th ¢ esabrdeatli en i mog
an@ontinuolumls Smwgeheein.t ed tmedelur ati on of t he
case will be divided i nAtso froerméaihpel g s,egoenm

they are summarized as foll ows:

1 Discrete model: Suitable faanalysinga single known sea state and working
condition. For exampleSADA canoptimize KDPsto reducedifferencesin a

single case further

1 Continuous model:Suitable for analysis of known (implemedtin the
experiment) and unknown (n@tplementedin the experiment) sea states and
working conditions. For example, the optimizable working conditions are not

limited to experiment.
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Il n Gdiret i nuo,unsd oneat d ethied thddpsr opos ed ifnogr tchoemprar
efficliheencyi ngle trauvsnéeémnde &SmMdge nmetdades for tr
specific permutati@©@@methodpombhei ogséesawnl hgbe
random order do&li g8ah®Ening the m

In a specific order

Case 4

Continuous model

ST method
Continuous model

CT method

Prediction

In a random order

Figure 3.10 Two training methods in the Continuous model.

For exampl e, case 1 gets a new state through
manually set (itfeait®) onBowéwertrainhemg does no
automati cal | yupadnadt eisn ttehlel ingeewn tnfuymer i cal cal cul &
to the given case |ibs0ol|l ewmamficomh dliagasl. cul ati o
means t hactasdebsendothreecessarilgopepseéesadt ohl ¢ a
repeat eidnl ytchhsgsemem IseofEseale i s no fixed exit con
operation. Generally,| odfpy sernte raXiirkwemcdwmlsa rf
identification probl ems, due to the I imitati

dif fcult to defi,newhihdedteexrinmi ncean dadcecsoor gda enrgdé st ot
needdt cpar benttdhgegef di heE&mbat bnos mbet ween numer

and exper i mehn tcaln dri.etsi wlntss
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35Sy mmar vy

This chapt er oivretrraddu cses utchh ure of the SAD
of KDRRBRwpnogramdnetmoed uAIBMor e detail s will |

foll awiapg er s.
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Chapter4. Key Di arcRaprlaimmet er s

This chapter aihms ctoom KB P mo mwdhd mdadwrtoem tt he hi

coupl e

d nat Maeyotft hEOWTI&EOWidrywnams d@sd Inich ude

mas sfiwnecti ons a@oandv dmotdiedurkaalsliyned based on

empi ri

cal paridonwé¢ eas gsaimmaeyons and weemrpe r i

noitni tpiralploy e dF O\WThse ribiutioenttblasredl wi ndttadbt ne

fl oat.
coef fi
| ater

par ame

ng offshore units,Foorr eoxtahieprlf ¢ée natrihnek
cient ofi nwiaer ddigrad mretc shg amplet ent i al
numer i cal simul atMamy odt hdre leay i e @

ttehvsasous idmampy cigomyomraim ¢ sl i ne damp

et,@rad so c htad | keendgiisTguque val uefShedsei p@r ame

bel ong

These

refl ec

to the, cwaltizaglob g MihgpddiePis n

_ Environmental
Wind: KDPs
/' turbulence intensity, wind speed etc. ",
Wave:
JONSWAP, wave direction etc.

Current:
Simplified model.

Phenomena Correction

KDPs Disciplinary
Specific KDPs KDPs
Unk Empiricism Aerodynamic
LSO I:farameters Hydrodynamic
Similar ﬁttmg Mooring Dynamic
LB D Kinetic and kinematics

Structural mechanics

Figure 4.1 The Venn diagramme of KDPs.

KDPs are ofengerteprespatametveandi n

t the complTaer o pofes &K Ddfxe igrirsead u p Imiprog .
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a practionl odappFlOWIatiand They tSBA®OAdated hodansf e
i nterface between Al technolAlgtyh@auwmgh FIOMWTy Iila& 6 ¢
changed under the coupling effean bél frOWie, 1

designer taradefbinepmdeext ent
41.Environment al KDPs

I n the most ecmulrantomufmer i dwhami ovi alrea Iryasnigse o f
of parmaenley eos empregobal edmpiubhealb dp avraamet er s
with differentsmodethhviandtil ocalkti accel erati on,

Vi scopeéet gwatoemra |l detpd h

Firatdleynwsiany b asatexkaenwilteh t he di fference in alti
and air pressure I n various regions, the air
pressur e, tempvearpaptouerses,uraen d twaet ecral cul ati on f o1
can be defined as:

" PE X 1N TR

- Eq.4.1
p TEBITTOW® P TTT

Wherentéeethe proessurhee, ttenmde satt hhreecawatuer
presBlue ehei ght of offshore f.FoeaxtampgM@,i nd t ur bi
FOWHY wihmnadt oave r olf7e7i. golatbalnadd e ol6e8Tlgit i metames t hat

bl ades or tower hei gditr adan sviatkyewéeeifthpeacds avo 4 ilt w
t he wiag@ploimad &&abtliandge s , thoulmdvea hesen emd £tclt B
neglected in the cUheertmpnumerml cdlorpudar dm.r
density changEelsuwand Athdut u2@l8)»s

§ P& ¢ 8 Eq. 4.2

Wheres the air density) cohrereesfporna,i nign ttohihse i >
empiricalO.wWadil@®fedldecedn be cons.i delredv al ukeDPo f t h
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parameter can be changed within a range

ot haee r density.

Seconhdel ywoirnodba ntdewuntul encae ei mtt ehreglitteyxt & mpvled
known thatcamoldbecywesddewdenr ti cpd obvilmad as t
l ogarithmic prRelléest oD Ipo)wer | aw

AYd g

X . & Eq. 4.3

Yo Y —
o

WherYda s the horizontal «compandrhte odnfeietghma nw
the growhids [evel frilcits onheeVori K@jmarn heo
roughnes/si 4 etntyggd hexponent for th&Qsaweld | a
to properties atn a hri sf ecrassnec eo@hhepywgthrtimani o
cons® antdo ug hl neensgst, h sectacn. al | be considered

environment al KDPs .

Besikdestutbul ence 1 eft @nmoseadsy ,t ualbsud emfcteen e

(Niesth,ijall993)

(0% Eq. 4.4

<l

Whemeis theasnpoware of the tur bwnémts wehleo
mean velocity (Réeymndbdledds uaRerlagedo)evmpr ¢y,

computed as:

6 6 0 %’Q Eq. 4.5

"WYcan be computed from the™ iWrere¥ msan vel
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Yk Y Y Y Eq. 4.6

In thishexampbabahtan®nhketggbove afnorbmrulsa!l ect ed
aa KDPwvhich have a vital influence on the powe
changes meant urhbaitnet hneaywinmmeded to adjust the pi
mai ntain a constant power generation. This al
to the dynamic response of the entire FOWTs s
and bl aden daenfdorfredthiiegoueefhoereet,ar bul ent Qeser gy par
sel ected tahSeABAKD®t had.

Considering the viscous effect of sea | evel C

speed gradient along the height conforms to t

: Lo @
6 a OQ@ Eq. 4.7

Wher®,s the reference heighto@heve heeavieeagle
wind speed at tahe raebfoevre® soees Htehivegehaty;er age wi nd
ati; €i s the wind profile index, which characte
open coastalofarsauyus;iwkl wdBuancovered sea ar e:
usual | Howewve8,. real val ue mvuirties bax plpadte depends

simul ati on, & isso cphaorsaenme taesr one KDP.

Thiradadd ywa vcea |l couat daJeQ oS WA FPoi nt North $Sepe Wave Pr
spectsumopultarisy nuseade tihe FOWEgahaly fviay e s

| TTC recommended the following JOGMS$WARMSsSteynpe s
1993)

(¢ WT T —_—
"Y] pLY Q0 fi’ : oD n Eq 4.8
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Wher e:

@y Qe V& T,
Mo Qe V8 T,

© is the signi fdie¢damedwase thhei gnietan of t he

antyia mawanme peri NEWAPRP nspg.dkteviladnue can be
in the SADA tnéd hogtdmrezagi on process. Si |

the wave direction chhSADA nbea hsoedl.ect ed a

Fourthly, the parameters of curméntmoaled o

numer i c ad abeen elxysiesssed as bel ow:

Eq. 4.9

Whergei,s the vertical depQihs bteh ® wd & hteh waft ¢

the bortitoonm;he velocity cocfonmnhoansieyat empi Parca

1/ 7, but it vari es f aorc adii fbfeer @ma s esne aa ss
environment al KDPs.

Il n gener ahentilttenvedbmoneR sa,l especially wind
a significant 1 mpact on the dylniagnhft¢ er es g

magi gni ficantl y c Hisandyenanhiec ernetsi proen ssey sh eecne
hi gh nonlinear cloluptlhe gdissycsitpelm,neasn di nav ol

others. This characteristic makes the aprg

42Di sci plinary KDPs

Disciplinary KDPs constitute the | argest
parameter valuesheest herfuoanttaméatahg | oa

dynamic responses of FOWTs can banoputthe n
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empirical formuhao!|l ard pal pimgése catl e moidredd bas
on assuomptproancst i caomda tdagd smwgmpmoiroknss and empi ri ¢

areempticitfygr dES®VWIaeabutirtoend-blasred rwhinnde st u

and offshore oil & . Toheesr ed g ien e entainnyg KpDrPasc tciacne sb
this chhegboll|l awlkbDBisnwi dér odynami cs, hydr odyna
dynamic andskeraemptessto introduce the discip

421. AerodymamametPer s KD

Aerodynamic | oda@dmiinsataangp l[diftcadB @O vVventi onal
aerodymnlaendo cise s -diinncelnusdoemecataam t heory-D(i deal di s
BEMT otrhsei mul ati on and @&mxerea iareatmbnygpeasgampt i
empirical parameters pdpulBEMAago duesle,d tihne rteh easree
some i assalmpti ons, such B®Manynwocomrdeat i drepmodein:
use empirical,spafPametddrp 6% @l B@ ISfaaucebrotr ect i on

parameters
4211.Gl auert correction
For aerodynamic calcul ation, mdhreen dgihgn iafxiiad nti

than approximately 0.4, the simple momentum t

rel ations betweemm arakxitaH r u sntd decchan fofpiecf ietite r t o

fit with measurements, for exampl e:
TOwp WO ®» ®
0 . v o o~ Eq. 4.10
WP _[BU 0oww 0 w W a
"Oi's Prandtl és tip |l oss factor and corrects th

The | ast expr(eHsasniscema,n d2iOfddb@dmpe rioxi mateel y 0. 2. B

i's an empirical wvalwue, 1t is chosen as one KD
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4212.Prandtl 6s tip | oss factor

Take Prandtl déds tip |l oss factor as apnp exa
the vortex seysitsendiifnf etrheentwafkr om a rotor w

The relevant fOoHamonbsanjs28&5jol |l ows

VO Tdl b0
v 5y Eq.4.11
Vi Ci | Q&
Wh e rbei, s t he numbYirs otfh eb|taodteasl. iriasli tbe ofF o
radius of thei |l e fl emeang!| ®i sl hesoemehi
it can be cal cuDaptae dh med EQir.od Vghrggena toe rt hteh a n
i's smaltlhattip |l oss can betheghbetv@iharyad b e
amssemdliamalin the aerodynamic | oad cal cul
initially proposed and determined based
this threshold vahdebbeuét bendbéefdeénne

KDP.

4213.Li ft and drag coefficients

| n he BrEeMThrodl,ilabflte acnode fdrn a&g equ israeade eaunsdu a |
obt ai ned efxrpoemt iHOedrettysh e, model experi ment ca
f oars malgll eanof attack until sttheel t e mo @i esme Ble
commonly tuescechdmpi gudféhcet sl i ft and drag coef fi
9@eBeyond tthiloer irga mgdt,hfeloaty p@lsatuenpatdiogpn ecdar
(Mahmuddi.faeg 0L 6j)ina froeetmuddat ed todemagr ap

coefficients using the following equati ol
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s 50 ge b DO
0 01l Q€ 0 ——

1 Qe | Eq.4.12
6 O0i Q¢ Owei]

Wher e,

I’I’a
i:i’é PP p TB pAPY

N Sa

The synsolands f orobatsapiencetd BrEM®ipap Itiheeati on wher e
finite blade | ength affects the fo¥ts plate as
10 for most computati valsafé $Mweinledvpetri, € urseisnugl tdsi f f
( Mahmuetdi @12.01 Th eroeYfcoarne,be consi dered as the

di sciplinary KDPs.

4214.Tower drag coefficient

Due to -sdhalod wdoge he pl atf orm, motsde ginowercasntr uc
def ormation and vibration than the fixed win:q
per faoomewr odynami c | oad calculation on the tow
condiThtooormwse.,r needs t o be di viidnedt hientaon amhaynsyi sd.i f
aerodynamic | oadwefri uaddl dulsatreed eaccording to

empi ri calilsft oergnwuilvaal eonft etaoc ht huenicte.nt r

v o, A 3 T n

ad P
i C

0O is the drag coefficient @i scylhiendroicadl t stwre
di ametefs the velocity component of the upstr
t he townqrfi saxties;consider the vedeoctiitoyn cofmptome n

66



tower caused by platform motion and i ower
i s Itehnegt h of the dThéf enert hdarl ange yceooeldniti.c i €

essendammdnent of KDPs.

4215 Yaworrecti on

There 1 s a | octah eryea wo sstthaotgemmmaH enr el at i ons
incoming wind and the wind turbine disk

1

® PP RO RERET Eq.4.14
o P
@ is a modified aerodyingamarc umdarct éoned
inducti onsf daddhteorangl e between the incomin

the disk surf ade, tthhee aynagw ea rbglteveen t he |
wake and the normal d+recthencorfreéhe azisaou
—is the azimuth angle when the blade po
azimuth angle can be det er micnoendp obnye ntt h eo f
incoming wind on t heThwi nadc ctuurrabtien ey adw sakn gsl L
parameters that affect the dynamic respo

part of KDPs here.

4216.Dynamic inflow model

A dynamic io6tolwenmagmpdiidar ttohe ti me del ay
|l oads. -Bponwor EMS phreog eercs sand Snels,, 11999955;)
di fferent engineering models were tested
proposed by S. Tye, is a filterfifoosrt etrhe

di fferent(laédtu,eqgi@I9I)ns
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[90] Q0o
. T:)Q_ww Eq. 4.15
Qo
W is thetguiasiivial vmen i nt er metdh e tfei wvall ufei lathelr ed
used as the induced velocity. The two consta
met hod as
Y
" pépayd)%_
N PP i Eq. 4.16
Yis the ribtmhadcdidd utshe axial induction factor

aswi s not all owePahr aolekerd eienld Ocdbc.am &lasd obe

considered part of KDPs.
422. Hydrodynamic parameters KDPs
Pot enti al Ahdw Mbhesogabrseoeqoat ymoent 8 e df or

hydrodynamic | oad c al .cNelvaetritohnet!|heas spFaOWeTn ta md | yfs

damping cannot considaccuhateil ycous effect of
4221.Vi scous damping correction

As for FOWTs, twhmagn ptlad f Dupnp o tsh ea cSaplacru ltaytpieo nf Ic

vi scous dammsMogr rfiosrocnebs equati on:

Q:IE Eo 'O'Q@O._;;;: Oy 3} Ovs Eq. 417

Wherti,s the di ametesyamdyatbetbegl vetdlecjty compo
the fluid velocity when the waéetri amaasls 9lsi cneo
velocity of the wunder wat er -xeanpiocde nasx ipse;r pend i

dragefficient; Among these parameters, drag c
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both have empiri carlutvoad lutelse amydd raa dey ngaumit ce

The drag coefficient and added mass Psoef f
4222Added restoring force matrix
I n the static mWGQWBw | 1] awsbi elhdaangehd he wi

mot ioofnst he fl oating body, which will caus

affected by the reatering force of the si

O mom Ty momom g3k Eq.4.18
T T T T T nl,]
Tt n ] 1 s T,
11 o e 1
Jqum Q T T . Eq. 419

Fmnmn n© 7”00 da Tt T, gq. %

h m ] m "0 A w 0
Ut m 7 Tt i v

Theestoring force also needs to be tbep
numerical. cBheupatiamepters in the added

significant KDPs.

423. Servo dynamics

4231l.Lowass filter

The generator t or geureatcoorn tsrpod e de rasu sftehde t tehi eg

hif4hequency components inftéadguemsgpyyalset of
controller, -phes foill oevi ngah.olwe used for s
|w€'Q ploe [a p Eq. 4.20

wis the generator speed siogrmalt haef toen gp aasad
speed measurement si géniad twheda howrtr ntl twealil

ofdi s etriemtaeet en viasl st; peasisow i | t €Y is cdaied dt i @rtieee n t
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i nteiQval ;t he corresponyddmogn ga ntghuelma s tsfhree iglludewn rc

coefflicaenbe considered as KDPs.

4232.Generator torqgque constant

Control operation wil/| i nduce some unexpected
control par amet es Bhearwad nde Isgpeteadd i sssn givizRtdter t ha
speed but |l ess tharf fepeadat ednwibed fapeder di vi
stages, narveil nyd tswrabeitondek z o(npea r2t i al power oper a
and zo(nmreat2id ptoinodrh)eopgenar ator torque constant
operation region istdh3edABA nmaibheanch.e nofirelae 1KDPt
wi nd tsurabritmse to use wind energy, and the gene

rospeed t o emaienrt gpionweamdimentttohrer eAti & ha sl i near r e
YO Q1 1 0 Eq. 4.21

When t lsep evkidmd herredshe rotation speed al so inct

t hmementr ggvMiosn ent er ed, and the generator torqg!
relationship proportional to the rotation spe
Y Q0 Eq. 4.22
When the wind speed is close to the rated win
the rated speed, then enter the area 2i, the
a |inear relationship, as -raatterdancsontdiotni canrse.a b
Y Q1 7 0 Jh Eq.4.23

The valhi@eEQhfusualdeyt earrrei ned as afMOWTnspButi cal va
it vaadiefsf efroernt tQMEQ c ahehed or €3 2 s.Kwe | |
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424. Kinematics and Dynamics

The mode( Amedtrbebagdadl 1i6s) uPODARwitmd appr oxi mat e

DOF of dhemenhbBie@aal bsgamadef ol ma@twison

= 3|IF Eq.4.24
Among them, the axial and | ateral def or m
r
N %R s at, Eq. 4.25
l,l’d %or'] ) 'Jll A, Aﬁ}-. »
Vi
Wherkepati al shapieessfunction matri X
- “ . % % E %
- - Fe % % E % Eq. 4.26
- 'J|| - %o %o E %o

The coefficients%oValpwd ynemiDalDemddas an
Hywin®dut i tdivlareresentf orype of str%cwiulrle a
be adopted talkei mreenaK DR si & st rauxcctgunrpaoln emat d w

spatial shape function.

43.Specific KDPs

For specific KDPs, some experimensadl anoc
FOWTs are different from the actual phys
confidentiality, it is imposdilsl € ats@®, o luts:

only take similar physical model ar it @i mmeelg
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model . For FOWTs , there are many new physical
these phenomena i nvol veandha mpd digtaina naatly of obrec e,

considered in specific KDPs.

Besigdemexper umendt static |ines or cables to re
given turbined thrust curve or (Radeidescs to
al . 2010;etGuabhehet , WRQThéea)e i s also the simplif
mooring | inegumasstdaetli:c ucsaet etohaer gplegouati bae del t a
mu k tiimmgs i ncreasi ngAshéoyawosenfiaessl ow theor
some empimeiteals @parsad on previous experiments
accurate for FOWT s ecampli au lcatli ommg r aaared ebres Il nvo

cl as s ispie eiDf Pass.

44Boundary conditions of KDPs

To adjust KDPH®SEADAdtch cethh daybyoutnodndi ti ons of t he
must be adegluhasteecl wyi odhe fdinseadduss the boundary co
Fi gd2sechows therft |IKDWwW and bounSddaDA. conditions i

Select KDPs

A 4
A 4

Dynamic analysis Error analysis

Boundary
Condition

A 4

Adjust KDPs

Figure 4.2 The flowchart of KDP and boundary conditions.

A good boundacgn copeedi ap t heanadoeeriVercge ntchee of
rationality of the dynamiaKibPeasy pae viafl wméee, FOWTs
antdhe magnitude ofsitgei f itghaeh tubeogu nnbdaayr yv acroyndi t i o
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al so set ANt h ;husgrhpdtatstusdedDdhs di f hseirgennitf,i c a

figaofeshese KDPs valreés abdr zl scsprfowviade

Ther ebfaosreed,i gni f i cafnthkddDgPguhes gener al f or mi

théobundary conditions can be defined as:

OV O P D O h T 8 P
O O O T o O 1 hp s pn Eq.427
ON B Opm M OPpm h Qs pM

Wheraei,shvel ue ofoi KkDR$he number of digits to
W is the significantwisguhesbofindaey KD®1sd
whidcet ertmhenersange of t he bounfdoasrpye cciofnidci tria
in equ.adaBenshown in the following formula
I,p"O"Qd)(I) EMQQ & m

Y& Qdiad@e QQON  plp
r) Q1 TQRE "QQON vy
w0 €l we QG P v

Eq. 4.28

To better under sE@l dnE4l 8d @ faikrei twid mmdsnspfe e
aerodynamics and visicojuandamprn@ntaoepkieed

hydrodynamics as examplEg.. AdEgle BBn scthroaotsee

the corresponding boundary conditions.

As for the steady wi nd 9pm/ed, wtihdare g,ody n a
So the three boundary conditions are:
Ya Qiad: QB @d p O T
w 66 0000 Vap @ v Eq. 4.29
Oél GeENONMp & & pTm
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I n the boundary condition wiitsholu. rTameg eorliigmin
boundary condird®fpadn Theeh osutleda dbye wi nd speed canno
so the defrdu®dt here is

As for the added viscouyndampbspglio®@&Of fOi ci ent

thewms, So the three boundary conditions are:

Yaoo@E Q@uiprp it O p
6 5 66 OO TENAntpRITT O U
O¢ WE QAFQOp MMTPp MM p P

Eq. 4.30

Si mitl@aur rent wsped@&dndisf, W BnSo the three boun
conditions ar e:
Yo Ot@E QadttmBtup O p
&) 66 0O TQ0: Qagitdioy & v Eqg. 4.31
0 &l @& NN ® LT
The above discussion and classification of KDI
situatsoms. s@Rs fitche actual boundary conditi c

make | udgmetnhesatbuehead on
45.Summary

Thi s chaptse hceoinncterpotdAxfet KRPd.ata transmission in

Al technDbARwiynkhRIs pl ay a pihetahoroé¢ eoi nKBRAD /

very challenging. It requires designers to un
system in Vamesgmiegjudresi m | ot of verificatio
guantitative impact on t hlen dywmwmamarcy ,peoiferaenaalr

l i st of thasmbetenKp®PeAdeMbadk ispeci fic details
study of KDPsClwaptterme9 found in
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Table 4.1 Examplelist of KDPs

KDPs

Aero

Wind speed

Glauertcorrection

Tower drag

Hydro

Current speed

Added linear viscoudamping matrix

Added linear restoring matrix

Added linear mass matrix

Mooring

Wet density

Axial stiffness

KinematicsAnd Structural

Polynomial Flapl® vibrationmodes

Polynomial Flag2" vibrationmodes

PolynomialEdge * vibrationmodes

Servo

Generator torque constant
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Chapter5. DARwi nd

Thichapter I ntr odu c ebDsA Rtwhbar d neef tl byanad oglepodgcyf fa fc
i nf or matDARwjanlpd letase refer t ©Chedte, gbPull 9 as)h
The fobkPowiniglsscuss t he emethh sdudblda giyinsatfdre 1

sol.ver
51.Aerodynamic modul e

A brieftiiomt rtoodutche aerodynamic | oad calc

section.

511. BEMT met hod

The Bl ade El ement/ Momentum theory ( BEMT
currently app( Ha&ds e nnThd 2iéee 59) disdretized into many
differential units (blade elements), and it is assumed that the blade elements at different
radial distances are independent ofteather The aerodynamic force does not affect

each other between the blade elements. Wind turbineblade is divided into several
micro-segments along its radial direction, and the forces (lift, drag and aerodynamic
torque) of each blade element are calculated independ@&iidyresultant force of the

entire blade is obtained by integratiarhe blade kEment model andhe aerodynamic

relationship of the blade are showrFin g 6.1. e

Among ©Ohiesm,t he infl owewbhene@peedhefaxi al
coef fidciisenthe tangential iisadoubei orel adbevtk
vel ocity caused ibiys tthhee brlaaddiea Ihr wditi asttdcsonnehee f
secteogbhramdi s the fwinmd swead,heel ocal pit
bl ades the structural %diwvwsi stth ea nagnlgel eo fb ett hw
relative wind speed and the rogtiag itome pll @a

inflow angl ebloafd eatetlaecnke notf. t he
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Fi g 6.1IBdade element mod¢l Cheetn, aR Q19 a)

I n BEMT,h elagmahnt @nd tangenti al i nduction fact
in turn, and then each aerodynamic physical q
are as foll ows:

1 Step (1) Initializeaxial & andtangential® inducer typically @ ® T
M Step (2) Compute the flow angbée
1 Step (3) Compute the local angle of attack

1 Step (4) Readff lift coefficient & | , drag coefficientd | , and pitching

moment coefficientd | from tablebased orhe local angle of attack .
1 Step(5) Computehrustcoefficient 6 andtangential force coefficiend .
9 Step (6) Calculataxialinducer & andtangential inducer.

1 Step (7) If & and &5 has changed more than a certain tolerance, go to step (2) or

finish.
1 Step (8) Compute the local loads on the segment of the blades.

After completing the calculation of each blade element according to the above process,
the overall thrust and power of thend turbinecan be obtaineds follows:
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YR Y Gp Gl Qi
Eq.5.1

v "/

ca*®

Q01 D TV hp O Ql

q;

|l n sunearpyr,ocess of aerodynamkicg &.Z2(eCchee nc a l

< Relative wind speed : >
Vier' = Vg™ — Vg

wind_n o
VRel — 0 .

et,akR019a)

Account for induced speed:
Vret (%) = Vet (x) - (1 — a)

wind

Vier =0 Vret(¥) = Vge!'“ () - (1 +a)
3

i=itl

Y

Vrelx

M;=0 Local plane angle: tan¢ = Vea
Te y

Local angle of attack: a = ¢ —¢p — 0
Look up table: C;, Cp, Cy
CT = CDSin¢ + CL COS¢
Co = Cpcosp —Cp sing
Y

Update induced factors:
1 1

’

a = —————oi, ai= —
v 4sm29+1 ¢ 4singcosd
O'CT a Q
v
? blade-tip loss &hub-loss correction &

? Glauert correction (If @; > a,)

f induced factor
converge
ori> Nc

? Skewed wake correction &
?Dynamic wake correction

¥

Aerodynamic loads for the airfoil blade:
1 1 1
Fay = 5CrpVrer AL , Fryy =5 CopVrer cAL , M3y = 5 CypVrer”c*AL
v

Superposition of aerodynamic loads of the blade
Fp =31 Fiy Mp =3Il R X Fi + M,

Figure 5.2 Flow chart of the aerodynam{€henet al, 2019a)
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512. Aerodynamic correction

The models in BEMT are based on some ideali ze:
t he aer odyenxapreirci elnoceedds by FOWTs. For exampl e:

i nduction coefficient exceeds a specific valu

reduced; the influence of the existence of 1t
actual aerodyeameedsesp be considered. These
i mprove the accuracy of the BEMT method in th

Therefore, aerodynamic corrections have been taken to improve the accuracy of the

BEMT method in thddARwind which are shown i a b3.1e

Table 5.1 Comparison of three different methods

Corrections Object References
PrandtiGs tip-loss and hub| Consider the vortices shed at the
. : (Hansen, 2015
loss corrections locations
Glauerts correction Take the large induction velocities in (Hansen, 2015
account

Consider the effects of incoming flo
Skewed wake correction | that is not perpendicular to thetor | (Spera, 2009)
plane
Consider the aerodynamic time del
effect

Dynamic wake correction (Hansen, 2015

52Hydrodynamic modul e

This section wild.l icnatl rcoudl & & winme hydr odynami c

521. Definition ofe@oordinate Sys

The hydrodynamic calcul ation usesFitgwa ecartesi
53: t hei md fotbmMmkel wwa antdhbeo &y xedof rtame pl atform
Q U wwa Thede ggoefer e e(dD@Fosft) hkOWTs 6 pdarn flme m
def i nterdr eased a riamnal (OFs (Wd,g uarnge(ah @avde t hr ee

rotati ona(w), D@Hs athd o(f a w.
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Heave

- Z Tower
Sway Yaw
Y1 Surge
Wave : Z y X1
) Pitch
X e, Roll
Yo 0
€g Platform
Current

FigbB3GQoordinate systems dembdodmlked in th

522. Hydrodynamic | oads <calculati on

The calculation i nv@L)VIDARwWHE ymdrl cuddyersa mihce |f

five parts:

sETNE REE T R L Eq.5.2

Where,5“ isthee x c i t a fs5adsrthede ¢ aa@irdd e r wasﬁ eis tfe bneas e s
wave radiation forcegT is the hydrodynamialamping;s Y is the buoyancy and
hydrostatic restoring forceS.he current models involved iDARwind include sub>
surface,nearsurface, and deptimdependen{Jonkmanet al, 2014) In summary,the

hydrodynamic calculation dARwindis shown inFigure 5.4.

First, through thehreedimensional frequency domain potential flow software WAMIT,
the hydrodynamic force ofthe FOWA p | a t f-aalcutated. Is additiorg significant
hydrodynamic parameter files are generated, such gsltha t fstatic mdies restoring
force coefficient, the firsorder wave excitation force transfer function, fiostler wave

excitation force transfer functipwave radiation force parameters etc. In the early stage
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of operation, the program establisla@environment based on the reiachydrodynamic

data files and related environmental information parameters. Subsequently, the program
setsa timedomain wave field based on the Airy linear wave model and related wave
parameters and establishes a current time history model. Finaljyrodpem calculates

the firstorder wave force, secoratder wave force, wave radiation force, hydrostatic
restoring force, and the viscous damping force modifiedhleyMorrison method (or

steady viscosity coefficient matrix).

The three-dimensional
Cnvi i ion: .Hydrodynamic frequency parameters: : 4
1.Environmental information: 2.Hydrodynamic f; t ;T((:tcél]lﬁ:lcl)’ﬂi(‘:ﬂdln
Static water restoring coefficient; d
Wave parameters; 4 e RS A o
C wep . + First-order wave force transfer function; c software WAMIT
W";T:]Ctigatflzzcrs‘ Su:cond-o'rdgr wave force QTF matrix; calculates and claims
pth, . Wave radiation force parameters. the f‘rcqucncy domain
44 hydrodynamic file.

)

1. Generate time-history wave information based on linear Airy waves;
2. Based on the ocean current model to generate the time-historical ocean current velocity;

¥

3.First order wave force: F¥ = R{T)_ H(w;)je' it}

1 Wave induced force:
Incident Potential +
Diffraction Potential

4.Second order wave force:
5 7s 17(2=)  i(wm—
F¢=pg REmZnlmn Hr(n.n)e‘(wm Bl g
S ARy
PG * R i Zn o fn Hizy el @m*on)t

}

5.Wave radiation force: FR(¢) = 2?=1 Ff(t)

6

Ff@t)=- Z {u,‘k(w);\;k(t) +j Kjy (t — T)i’k(T)dT}

k=1 1 =

6.Restoring force: FS=[0 0 pgV, 0 0 0]"-C-X

|

7.Morrison viscosity correction:

Related to platform
motions

dFmV = —gCDDdZ *(w —vg) vy — v

Wave force: Fy=FY +FY +FR + F° + F¥

Figure 5.4 Procedure of hydrodynamiodule
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53.Mooring dynamic modul e

This section mooarlg ynign ®ARAvU ek & heeet ai | s cal
in the (ICheeent aR0d8a)

5.3.1. Qu a-st artoidce |

The gravenhwar ysynsoiom m@gr e ¢ o mmrdOWTys Suisnecde itn
mooring | ine i swamweah adeansneov etsh asrtl ioaw!l gat e
mooring model can be u(sMas @ing lad Onda3l jccud la t ce:
the restraint | omaodosr i pnlgaA sf yomtoradf r oono rt chien a 't

establ asbBedgt er cat en @rAyR wmanatirhi nagn cninoodre Ip o i n

| i,hairl ead,Fiagsb%sehown i n

Av4 VF

o N
. Tr

Fairlead
H

Properties:
L,w,EA

Zr

HAw Sea bottom
1{ 14/ A /777777777 /Y77 /7
Va x(s)

I, XF

Figure 5.5 Catenary mooring lin€Chenet al, 2019a)

Among t hem, the anchor poi nt O anmd \walrbtjiec
tensw.®ne | ength of the bottom section (th
the seablehdk) tiemsi on amo amiynigs¥ili.inmi® ohfo rti zeo n
t ensiantdhe verti @aH€ treoarsiioontiasl di sitmatnc e

i @i .The | engtolroffgtoine tehe bod.Tbhem penstoho
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fairl"™adtdhes hori zdh.Tak Wertecabs distance from

the se@beand st he overall hadrhiezamtcahlorp rcdhjad et ii sl
The total moemnd tlgd,d fit Mteh ewe O, demesietcit d 0% a | area
of mohoer i ngd,| iamel t he aQ@d al stiffness is

When t hneoroer iinsgn alciomeg act with the seabed (lying
mi Ri g3 Baemoor i ng Inionetensi ondlleavet hiecahchensp
at t hepoanncthoirs zero. Ac@)addng&t)di shenbhe®si zon
bet ween the fairlead and the anchoring point

anchor chain at the fairlead of the platform

g 5 W "O:j W w 0 0 o T

\ G v o 00 Eq.5.3
I,Ij\ p ’ 7, ", U G

Q- W O O — a m

L 0 Oo

When mole i nigs Inionte i n contact with the seabed (

a Tmi Ai gbBtthe anchor chain at the . Qadkor point

relationship is as foll ows:
w w LA Eq.5.4
Therefohe horizont al tension and vertical t en

relationship:

O, . O ® O 0

|’DQ 0—:] I A - — 66 w TU

‘ w LU w OLaO (@] ) Eq.5.5
o P — p . 0O

Q- W O w L« O — w — D qa T

oy 0] Oo C
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532. Mooring force calculation in DARwind

The calculation process of the mooring system module of the program is sheigyuarm

5.6. The program first reads in the attribute parameters of the mooring lines and calculates
the spatial position information of each fairlead according to the motions of the platform.
Then, accating to the quasstatic calculation method, the dynamic equation of each
anchor chain is constructed to calculate the tension of mooring lines. The nonlinear
equations are solved by Newtonds iterati
must be uriormly transformed into the platform coordinate system for load superposition

to obtain the total force and moment of the mooring system.

Read model
length, cross-sectional aera, wet density,
stiffness and position of anchor or fairlead

Calculate spatial position of each fairlead
according to platform motion information

Yes . No
“contact with ™
~_the seabed?
\\ o
o
. Ve H  Ve+yVeS+H2 H-L _H Ve +V:* + H? HL _
fmboy g H B 7 R fl_W'lnvp—wL%/(Vp—wl)z+H2+ﬁ_xF_0
Y () P +Wl‘Z =0 1 1 wL
o=y (VP HE B ) 4 2 = o= (Wt + 12 = SO0 4 2 (v = ) L=z =0
| w | E4 2
Use Newton iteration to solve the nonlinear equations.
The force of the fairlead
Figure 5.6 Procedure of the mooring dynamic.
54.Ki ne matnidc dymalmé €l ati on and control syst

This section Wwuhtdamafiradamatei adsheand dynan

( Cheetn, aROalndant r ol Cheta,t & Bn0i 1B9AARWI nd
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F OWTasrceo mpriebbtoicsyy s menhe | s, which wWDARwibred si mpl i 1
Someompowehhdstl e or no deformation that do no
can often be reduced to rigpadcshsti as. thleehsbr
nacel l e, amMdWpdsatrfedamibeele ISy mprhalfli e@ haesr a ri gi d
sl estteuctures such as ,amimdodrkitnmgasenkbebsimhebat &d)
a$l ediolhti €@ smai nt alnsvumma yyr,oodyeghdcur e of the kinet.i

i nt r odRuicgetddr. e n

Read in the structural parameters
and build the FOWTs system model

Single-body Multi-body

—No

No
Yes 1
l Kinematic description of each
External load solution: component (platform-tower-  [e—
Calculate additional Pneumatic load, hydrodynamic nacelle-rotor-blade)
£yro torque load, anchor chain load, gravity,
buoyancy, controller force
Dynamic dcscnptu?n of each No Yes
l component; (platform-tower- 3 v
nacelle-rotor-blade)

Unified transfer of loads to the
system reference system

. 2 R The Kane equation of each | |
Newton-Euler equations construct

: : c component is superimposed to form
the dynamic equations of the system P peris) et
the Kane equation of the system

construct the Kane equation Low order model High order model

]

System freedom information at
the current moment

Figure 5.7 Procedure of the kinetics module.

The control shARwiomdh svel sedf ia generator torg
uni piedh cWwWhmemr ottHerwind turbine iIs i n nor mal
rated operating condition, the generator torgq
opti mal tip speed ratio of the wind turbine
effeemcy. Above the rated operating condition,

and the goal is to constrain and stabilize th
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and eXkessal cul ation process of hadwven einm i

Fi g68. e

»  Generator real-time speed

!

Low pass filter

1 »(+) Rated speed value

|

* Torque-speed relationship query

Speed error

* Determine the control area 1 » Integrator
|Pr0ponional gain I
Torque limit Integral limit
Acra 3 ]
Limit of torque change rate IGain adjustment | M » Integral gain
extreme value
() |
Generator torque T
change
U | Pitch angle change Pitch angle limit
FOWTs system|e ol il
; rate limit value limit
Pitch angle change

Figure 5.8 Procedure of the servo module.

55.Summar vy

The combitnhdel i arecthiiholSAPY methdeé i s based
numer i cal cal cThleateih®mr o fptowar eo.f this <c¢h
introduce the bsRwpmddgmam.pl Mer @ f dodatlsaeidl s
DARwiahgorithm wChapter f®@und i n
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Chapter6. Al technol ogy in SADA

This chapt erAli ntercdudsuacdeosgSyMAD A& i Ne «wriNall wor ks

(ANN) and Reinforcement Learning (RL).

Alt echnmdoglyenefited s odemuedh phempu toifegr pp
and data volume that it can &Doatgdyl ®2Q)pe
As one of the most i mportant key technol
been ataolpliecd | armaeicnelnyt dyseupededi setdol ear ni n¢
|l earning, and r diormfeardceevned notp meena r aainndgf. a p |
neur al @A&Hwopxrlkesase r efWar ctza kitFh & O in®Drdee,o f
reinforcement | earning (DRL) combines t he
original RL algorithm. I n SADA, the predi
foll owed by the application ohs DRLhe Tben:
ANN and DRL will be introduced.

6.1.ANN

Thsessecmaonly introduces ANN ftrhem Btalce&k pR eorpcae
(BR) gorTihntehm.erceptron model is the most b

i's its specarmbicn ead plha tckape copnagcat i on

ANN is a modern information processing m
function of Dbrain neurons and neur al net
processing urpiatrst naactuchoarotaitn ga | tgoo rd H én mh iogt anoi
devel opment of ANN is roOoWgmhlandiRu,ded0 1 Nt

Stage 1: embryonic period (the 1940960s)

5

It mainly discusses how to build a model that can simulate neurons and nervous

systems.
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Stage 2trough period (the 19668K970s)

ANNs were questioned by the rise of integrated circuits and computers because

ANN couldnottrain complex networks.

Stage 3 development period (the 1970880s)

5

With the emergence of higherformance computers, the bottlekeof ANN

research has been gradually broken.

Stage 4 agglomeration period (the 1982800s)

5

Research orANN is rapidly advancing,and the theory is constantly being

promoted.
Stage 5 the explosion period (the 200Ds

The concept of deep learning is posedoy learning the deep nonlinear network
structure, characterizing the input data, and realizing complex function

approximation.

The characteristics of ANN mainly i nclude n
tol erance and a-bsacnaohrggvaensiazbifnigi taynd saeddpti ve ¢
can handle nonl iTrhewrl pr bkl eamsc owglllex nonl i nea
bet ween inpumn pnactoiudplutprBpPl dmmspgoicegsANY, t
compl ex nonlineaad famd ta pgpegsolhxoia@napgbendbfl ietmts wher e
environment al i nformati on i s very di fferent,

reasoni ngnecuTlelees <trreucture of ANN uses many pi

combined i n parall el ngand taHes oormpdaeral bél .pr ol
i nformation storage method is distributed to
not only one external i nformation but parts

neurons are dammgdadieo vy swielfihenati stri buted s

algorithm integrates admémat noomphetet or ageanWwil
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through associative memxnyfeamilhter e ddelrefa n A
|l earning abil i ty.htTshaatn di ss,t raupcptruorpersi actaen wbe
training. Adaptive all ows ANN to use diff

structure and conditions.
6.1.1. Perceptron model
Thissssbecbiromef | y ai nstirnagdieec e sha nteiru r al nmaemevdo r k

the Percephbiears tnhoadieNfcuanl yoedescri bei guger i

6.1s howsneurhoen modea Icionnesairs (lgs@ codfmar ansir er

un(@ The input signal I's weighted by the
an accumul ator, and then passed through
Whemeé s the iapwst thied wali ghe, accumuilsattehde s

bi &si,s the redpasntsréaavaafhaurtei, ©ins oume ut

Input Neurons
A .
r AL N
w n y
x @—> —> [ —>

2.
Ib
1

Figure 6.1 Structurediagramof Perceptron

The accwmmbemt bhe signal and bThaes otuot pguett ot

Percewttbntrancséderbéuexpiessed as

E 0o @

® 0E QW h O Eg.6.1

Whener epresents thiewn nnlee o@ubopwtctt ar gdda tf f

featuree weights and biases can be adjust
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6.1.1.1.S n¢glagPerceptron

FigbRPes a spelcayrerccesptnrgdre struct syrmb,oland 1its

i ncl ubtdeinrgectly candectutepduti npbayer s.

Input Output Input Output
A N A N
r N~ Y f AT N
1y Y1 X v
Rx1 Sx1
SXR
ny Y2 n

Sx1

Y
~
-

g Vs 1

I
l

R S
Figure 6.2 Structureandsymbol diagramof singe-layerPerceptron
The 1 nputc elpatygerrnal signalsec emde shgauh isnpwntalnod

out puprbagetsesMambingniYhemresents the number of

t hPer cembdeéeylr epresents tbgisnphée ebemesponding

Accor dringg6.2teot he ot potuméindt onyteputarlea

.
1'p > ~ o

I,Pé Ve ® Q pkfE AYQ pRFE AY
. ) Eq. 6.2
o Qe Q i
Vi
The wei g4ti smatr i X
Oh R E 05
0p 0Oy E Uy
Oy 0Oy E 0y
The hiow vector i nstihse dveefiigrhad mas:r i x
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Then the wgicamtebpatsised as:
= d
E o j|| Eq. 6.5

S necer epr e sidrmtosw tvhed ¢ omt@j,hbe outigututopfutt h

neunrnonording to a spackhefhieepttramsfiesr f unc:H

® ¢ Qole Eq. 6.6
6.1.1.2.Mu |l-ltayerceptron
The +sHalPercembdaedds a hi dden-l laggaruycttahried le

is a full connect iE@amc hofneuh e nlt awle rbceegw onnokn

contains a differenti &lulr ¢ hetohndoriree eaarre t marne

neur ons betewaemn k &d d nonupt uptu t | ayare.n Thheeus e
continuoupid gpextturactval ues from the i npu
compl ete more complex tasks. By changing

net wor k moare Ilcawd shniuge6t3g hows t he std agtur e

Perceptron.

Input Hidden Output
Al - P
r N ™~ ~
x y' y?
> wt > w? —>
Rx1 Stx1 52x1
SR §Zxst
n! L n? )
S1x1 / §%x1 f
Stx1 §%x1
1 1
— bl > bZ
R s §?

Figure 6.3 Structurediagramof multi-layer Perceptron
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6.1.2. Back propagation Neur al Net wor k

This subsection Bamk poopadatoidkurcnedNcdalrea( BMNet w
modd@&l i ngle perceptron cannBbPmotdehdl s phep&X®O&d
to solve this MecrCdbelband datf & @&3cariivbeddy.an al gor i t hi
on directional propagation andwgwsifieoangcompl e

computing power.

The BP modefl orcwairsdfissirgmadfi omanipaobppgaeaphgogat i on

errors. The input | ayer receives data and pas
processing. Il n practice, the hidden | ayer <can
transmits i nf or mawhiiocdnett o otrhwea rodu tppruotp algaayteroon pr
BP moWwhedn the error bet ween atd@lett pauctt ueaX c eoeudtsp u
expectati ons,cointduicst proeclsmroggtioabhe oarr or . Fir
the weights of eacdi dngmytead tare gmoad ifd retd descwoweant
out put | ayer and then propagated to the hidc
continuous forward propaghpromdgdetritoonf ® y ma thieo
wei ghts of each | ayetredwi ITIh eb et rcao nntiinngu oeunsdl sy wahd

error i s erdelpewddalt oot hfeihrei sh er ati ons

6.1.21.St ruct uBP model

A tys¢girawadti mrgetahne B Pi snodleldiwge6.4 nwhi ch consi sts o

i nput | alyzggndciamdeaqiut put | ayer

Input: External information is passed to the next layer.
Hidden: Information process and transform.

Output: output infornation feature determined latransfer function.
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Thed | ayeFri ggbti s set t o be gr eBaxtceerptt hfaonr otrh
|l ayer, each | ay e, haasbiaaH—,sw&a/iegmmttormammrLditxa\nec
out putecvecent carddiltdyyelr Uitragtefed neYiwop kt'Yharsd
neuron nodes and'Ytime us &cnoenudd ol nalkinedrthéhsayse r
ha¥ input¥ naenudr on nodes. Each input <coni

neuron nodes has different weights.

Hidden
A
Input st layer M-1 layer
A A A
I's N\ N\ wet © o
1 -
m vt Ml eM-1
f 1 1 ‘\_ -- ]c
]

X1
x;_ fM—l
X3
1

fM—1

XR
1
. J\
Y Y
yl = fl(Wlx+b1) yM—l - fM—l(wM—lyM—Z + bM—l) yM = fM(WMyM—l + bM)

yM' =fM(WMfM—l(WM—l(,__fl(wlx_l_bl) + ___)bM—l) +bM)

Figure 6.4 Structurediagramof BP model

6.1.22.The aBBorithm

Fi gg6.5s hosvenp | syfmbedida g o 8 no d.e |

From forwar d spuno poafg aitis pount, ntehtes

4

& 0FW oM pRFEEMD 0 ¢ Eq. 6.7

Whe,rée represents the input suihrefprtebBenwsi

number &fot hayeutsmubaypérthes:

95



« B- Eq. 6.8

Wherjprepresents ctthieont roagnstfheirs fluary er .

Hidden
A
Input ’ 1st layer M-1 layer A Output
f—Hf A N r A N A Al
a— r— M—1 M
X wi L —s] ym-1 Y wH y_)
Rx1 six1 sM-1x1 SMx1
SlxR 1 SM—IXSM—Z SMXSM_l nM
n fl fM—l fM
Six1 SMx1
1 Bt 1— pM-1 1 bM
R six1 T sM-1x1 GM-1 SMx1 oM
\ )\ v J A ~ J v J
yl = fiWix + bY) M1 = pM-L(WM-1yM=2 | pM-1) yM = fM(WMyM-1 4 pM)
yM :fM(waMfl(wal(“,fl(wlx+b1)+m)bM71)+bM)
Figure 6.5 Simplified symbol diagramof BP model
Wheda p, ¢« represents the output information of
« can be expressed as:
« B o Eq. 6.9
At this point, the output of the BP network i
« Eqg. 6.10

Backpropagatiorn ofsseds i oo, c owe $ ig gihntlest thamdd ect i on

sensiTthilewistsymwcti on used by the BP algorithm i s
The saampéaken tahe (dn pauntd t he tatge} out put
o homM EhoM For each input sample, the outp

compared to the target output to minimize the
Or» 0Q 006 Eq. 6.11

Whe,r® represents the rexpddhttedevcdlowue ofamwei ght s

expreswsed ¢cassf BP has mEhGlilpdre matewpgrsgssed as

96



0» Ogm O <« ¢ <« Eq. 6.12

| 0 » is used to approxi mBEg&El 2t shre bme aenx prgeusas

ba «Q «Q «Q «0 g Qg0 Eq. 6.13

Wher®meafmMs ht er Bhtei ogr.adi ent d&x6ehan meée hosde

to correcit the weights

. - 10
TOj,
o Eq.6.14
. o~ v o~ U
w Q w Q -
w P Tw

whe+reepresents tThhee Ipeaarrtniianlg dreatiev.at i ves a

rul e
10 TO T¢
fO - € 0
‘? o T,‘ T‘ " Eq. 6.15
.10 Tu Te
o Te Tw
Fr o Bnq6.7:
1€ © h 1 Eq.6.16
705 o P a-°
| fi —is used to denote sensitivity
1o :
Tl')_“ I W
oo Eq. 6.17
S
0w
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The recurrence relation for sensitivity requi

rvT‘s T‘E E T‘S ()
e Te Te |
> 1¢ - 1¢ Y
= E -
= N re ! Eq.6.18
] ‘A ‘é E ‘e 1
II € re E re 1N
ge 1€ Te U

Computing t hEg6d8pusetesrsd iodhg i @@l tehmee nit ,s

1¢ T B 0 Fw ) .
’ - 0y Q Qe
TE 1€
. Eqg. 6.19
Y T7Q €
0] Q¢ -
L Te
So, the Jacobian matrix i s abbreviated as:
T _
= T . Eq. 6.20
"Q & i E Tt .
o ~ 1]
d . [ ! Q € |§ n i
U a a E a : Eq. 6.21
u T T E 3 U

Ther etfhoer e¢e,ecurrence relation of the sensitivit

Eq. 6.22

Eq. 6.23

98



Thelme $ensitivity can be backpropagated

the firvst vl &FEervO v.Iln adBHg6&2izomows that for

algorithm to perform backpvalodg @thieon, it
T0 1T € ¢ <« ¢ S Tw

I 73 T GO wF Eq. 6.24

Be c aius e

T Tw 17Q¢
re Te Te

N ¢ Eqg. 6.25

ThEeg624£ an be aredrtihd ematri x form are

i O w Q ¢

e Eqg. 6.26

The weights and biases are updated as:

O Qp VL Q - ® Eq. 627

b Qp &0 - g5
| f expressed in matrix for m, it i s

= Qp = QO —-v «

T r

_H_'er ‘H‘TQ _vy ECI628

6.2Rei nf orcement Learning

This sectionhRLI | Fontaodwhoe ough introdu
textlySaks on and Bart o, 2018)

RL originates fronfit n-hedlrtop@anidmakecpisgrbob
opti mal c ordt realr.o (TTrEeahlefaar Wy gy oarc tStahlmetc t |
l ead to better out c-mmm&s$ ngn plslob sresgte esncth odl ea

proposedThbi srdd keth aiwt ofo Eiff eH®d2a@nky, | 201
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cont aiesmsetnwo@dpts: choice and associati on. Mo
tchoooineg of t he @aaniyonnosetaicdinasit at e. The | att

remembering t hetimoseate caifffiecxtt i ore

The second mfainRaidnilrye ceixipol prriesgt r ol system to n
t hmectdfona dynamic system. ®itcatieéd dl Beld maat poaop
to construct the Bell man equation oamndIlwsed th
the opti mal contr ol p¢ Wit e mRPOflL B h&ocdyyhami ¢ sy
prodeMdP P the discrete randomGverandnnHeronowd e d
L emra , 2H®OWagr d p(r2dpPad® ) a policy iteration method
probl em. Tempa@didilftelkeeanrcreiTrDg | eias nahg® a uni que ¢
novel methatder RLT hteeswee | coopnmeeespstesnn d radRd.aly 16 s

algoribhhmoncl usiowni sadl Rlkdoorersiumpgpa i abelhuede

datasets, whindloremapgh ashirmeudghhe ¢ hmés winther act i on

the environment.

6.21. Basi ¢ cofncRlpt s

This section wil/ Il ntroduce some balssic concep
i BADA I n Beomat Ak mat i cnaol d eblalciotispMasmi B ov deci si on
process, which includes state space, action

functi on, et c. | t wililbhbdeeedoctkri bems di scussed

6.21.1.Envhnment and Agent

The main body of , Rlwloifst hecnad rdaekdes sacnn sagermtact i ons
example, &egdinkltelse aawpl i cation of automatic d
SADPARwwndldj ust t he KdDPrsamind rceoesasgpauartde anal ysi s
s®ARwisdan agent. The environme mtltciaamsh bwehat t he

abstractly hended ®tso@ad anecthani sms i n the inter
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driving appttmhtsiomasl, wdrel d i s theieénvisr c
the a@aotuwualonFnOeWilts . o f

6.2.1.2.% at e asngplade ansition

The state is note ufne gditegc ka naf itthe aen\bier dr
the agent. I n the example of autonomous
state of the car (vehicle speed, fuel Co
SADA met hod, tpmensdgnami cFOWIs can be con
observation of thetiemewiogronmamti &la.n bBer re
and changes in road condtiitrBd.aisme sseterda tteog yb ¢
|l i ke Red Alere padtbabhl¢Crabsenved becausc
is not enough for the player to decide. |

designer s needs, which ar e:

Realktime observation considerthe dynamic response of FOWTSs in réaie.

Partial observations considethe dynamic response of FOWad\&er the meatime.

Thet aparcef ers toft had | seetxwbitchny 3¢ adescr
conti,aubusite set or ant hasutft iomiat edcxyadcpol wen,in

the -spaade i s infinite. In SADA, the state

Thageinstr ansi ti oni nigatf rtohme tdoer osethabhteet n.mmert s
From one tihermaeéextoni ter ati on iisn cOAMsSARder e«
state trdepsctisboteast eAgter ansi ti ooof peababblume
be randlemendt hg endwi rtchremecnufr.rpehnetb ashtialtiet y

next isakatteei nedwRgf actednt o as:

nidghd ~°Y gy iBm @
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6.21.3.Actspace

Actions are decisions made by the agent base
actions can be deterministic or random. Rando
certain probability. Action spat'cled:ars hdhe set
di screvwati hhuoange niTthearret many actions to contr
autonomousidcivdngg braking, accelerator, ste
These actions include di $cgéaté aotdi onst(pluays
(playing the stedrhien@cvwahdgals)t.amelat sSADA KDPs. S
values of KDPs belong to a continuous distrib

a continuous infinite set.

6.2.14.Rewar d

Af t er talces agenenvironment (giewdsTditeh ed easgiegnnte rf e e (
can define, toand tteedbhatwkhit do a matelhcaesvbh g d

of Rle reward function is denoted as
i ihch
Wheriés the cwibsbept cstarteaii almeegdmt eand

Assume that the reward fun@tndn, i sheroaandesd
i ik bhFor exampbepercemnft agege cdiomfsé denmea a cri
for judging goaoad SADBdmaen ddicraoof@ant idheper cent age

di ffereonceesponding rewards are given.

6.2.15Pol i cy

The essdrcpcdfitoy thecdiidben baseéelle ont o bleastiat epol i

f uthnicbman be expressed as:
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" ~b Y

The input of the poilarcyg f lueoc.thie®d hoout put he
probabil i tlyHovad weere 0 étrhép el mayy r aa d o ninhees s .

det er npionlicsctryi e t hpaghteskamdchad.i icy

6.216,Ret urn and di scounted return

Threemhiug the sumioihepl $Pond eewpairsdosde i s one ¢
the agent i nteracting witéet tileen @ hivsi maolnsnoe
call ed cumul atTihweaeg efnd td wr e op é Wanedy taa kteh atc t |
maxi mi zes the(t lkeepepdlleiha¥he ugma l of maxi mi
nottdo he current reward .het tihe ¢ @tuelr atthiete
random Waril &abltde programoasdsa,l |t akevatr de
been observed

Y oY Y Y Y E Y

Di scounfti dxawdlolry dgiisvceonuendtmerda :

YO'Y 1 OY )% )% E OV

Eq. 6.29
Y oY
Wh e,rf e T1ip .
6.2.1.77Agent environment interaction

The agent obbandefwnak &g ntshteatecti on change.
environment, and the environmantd &erpdw b

i FguBbbBshows a schemati endiiagmanmandf ithh e raf
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DARwind

>
State: S —_— Agent

Platform motions

Percentage difference Action: a

------------------------------------------

Reward: r FOWTs Adjust KDPs

Environment €

Figure 6.6 Agentenvironment interactian

The environmenul ecd;ast matsedesocfri be itself, cal
environmé@armrtkkrthmei na’egent 6s i nformation. When all
to the agent , f uyh €o besnevrivwdobelmee nhei envi ronment on
part of t he ei ndgpamta,t itomepta@ntMibrld ymeothtesmesy abl e
agents can model the dynamics of the environ
i nformation and then decide the agentds acti
established by tolse agertthec ary ntaemiweroff dlhe envi
quite different from the dynamic of the envir
the agentods next state after acting and the

physical worl d knishibaé ié®VEAsDaBaaRewiits d an

agent. The numeri cBARwimmg| aeven bdecacaayaok (
model , the nonlinearity). However, t he knowl e
i mproving, s 0 t hreu neesrtiacbal li sshiemdu IFRGCWTosn pr ogr am

I mproving.

Il n RL, describing policies in mathematical | @
action. The two policies (random and deter mir
When sol vi ngaddn tpy obd wansl,y buil d one or more
policy, model , Thedagehueatoconmulianes experienc

through interaction with the environment, S0
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strategy, emofdwenctoironyalaund gradually appr:

probAeeamording to these characteristics, e

The value function only. such an agent has an estimation function for the value of
the state, but thers ino direct policy functionwhichis obtained indirectly by the

value function.

The policy only: The actionis directly generated by the policy function, and the

agent does ndtavea valuefunction of each state.

Actor-Critic : Agent has both valugnd pdicy functions and the two are combined

to solve problems.

Il n addition, agents can be divided into

mo d e | for the dynamics of the environmen:

Model-free: The Agent do not attempt to understand how the emvirent works but

5

focus only on value and policy functions, or either.

Model-based The Agentattempts to build a model that describes the operational

process of the environment to guide the update of the val@icy function.

InsummarBARWIih®ed a -bnacsdeedl agent .

6.2.2. Value function

The specific val uesstfautnecst i aomd acaacntRileovmasl alalt
smal | scale and few states$ dgdrmehe aTabel eo fL oe
analction with {ndckepaamtthé A&t sdantid ar data st
programming i mplemeaoahathengalt heooafghstate
Howevmam,y prolvleems comepperncti ce. Sameagptr o
number of state®namadUuafuitti hoen sT aobrl earLeo o k up

these probl ems bettvergf flioowi eorrc ye vweinl,Lli hmg os s
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concept of valuetdopmnoki onatestperopasee of a s
constrapeccubnicad i on. The adivantlage thended tdesi
store the adtach aotnodlneacdaandtonly a | i mited numbe
function designs. After diestimgnddcismg vi hg wheéu
functiondbepamameéebher snain work of RL. Functi on
divided inowm appreaxi mManicon andhmanhsheaamappr
design of nonl inear approximation 1is to use
sol ved accotrantdrga idna ntghepsrtoaebd sissghp rmagpr i ate obj e
functi on, sreolpercitaitneg ogont iandm ati on al gor it hm, p I
training a networ k, et c.

6.221.Act tvaarl ue functi on

Suppose ithas btanheobs érivse ds ealnedc taecd.i oThh e n he r
i AYwi |l come from all sotptes and actions from

Y B RY B [ RYRD

Eval uating the cofvrdwittiho nraels peexcpte @tyteatttihoins ovfar i ak

0 il M 5 gErp YSY i O Eq. 6.30

WherYe i &is the condition, the value of

observed.vadhee aWuinfdniadon toideggends on the

three factor s:

Current state ¥ The better the current state, the greater the value of hb |,
and the greater the expected return. For example, the better the perdédfasayece
of the dynamic response of FOWTSs, the better the state, and the greater the value of

~

0 i o .
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Current Action =|=: The better the agent performs, the greater takiev of
0 i R . For exampleDARwindadjusts well for KDPs, so the value 0f i fd

is also good.

. Policy function Z: Thepolicy determines the quality of future actions: the better the

policy, the greater the value af { hb .

The aptiamti on value function can remove

evaluate the quality:of the current stat

O, iy T A® i RO HI v Eq. 6.31

The optit-maklMwencti on deipands oeygr dhess of
It can guide the agent t o maksei muhwha& oagr

dynamic response of FOWpercegintamgebMOFE @

platform motions), &tadctpiaaesumed that t hi
OAARERODAAA
! Ol AEAIEG@D AAA
ET AOARIGD AAA

| f & Wencitinoonwn, then these three actions

0.1 A QQ&xwQ pTT

0. { fo & &X8E QQ v

0. { AQ¢ Ol OOI Q¢nm
Thae., value is the, ewlpiespredemtes uthe maxin
expectas ¢ aanfctheerd dti Hoed r aDARWIChd oses to reduc
speed in the next i tpeorla'tdyoli,md dgtnt enrow amadt:
the experceétalviwon |lofnot exceedDARVIEMdD BB Wi Ita

increase the wind speed, t he eUxnpdeocutba teidd n
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Il ncrdaahsei wg nchexpgeddeoeipmumeri cal simulation can

response
6.222.S at &l ue function
SuppbARWIiUSE spotlHiecpant it o adj uisntt ek DeftsieVpbse y

stataé ue fcamc tbhieonus edc utror ejnit dwset ndhder®i eves t he

ter mi nal state

Wheroeis a randonw vaarnlay |l ke p emdds aonnd tchue rpemlti cy

stdtenot odmiacsiahso theYexpected return

i M 5 gra YSY Eq. 6.32
A | argerm ivaremensofa | argeV. eklpwadtest & enet hon ca
be used to measur‘eandestqautad i ty of polic

6.2.3. Mon-Carandle mp éri & If elreeanrcrei n g

Thi s paritnt maidmicgs the methods -Dif f fMornetnec eCar |

Learfhege two methods are one of the essentia

6.23.1.Mon€ar |l o Reinforcement Leaming

Mon€Carl o |l earning (MC |l earning)yitéeman gader al

essealteamdnt Rbafl gnoarniyt hms. The essence of MC | ea
actwallue throughltahdemmaamphepl i cati ons, suc
val ues, estimating areas, anpd rfeogpursexsi mait itnhge d

application of MC | ear nd mf otcch asspg rco xgir madti ee neg x p
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LedbbeQdi mensi onal random vamOsmbl Ehehbsect
Nwis the probabil bt yL'®e a sbiet ya nf lam dtiitormrof

function. Then its e&paot hei erpabesedt hs:
My 5 Q0 nowdwQw Eq. 6.33

Since the expectationsamphi defisipeniot m
and the obtained sample is uGrdthe® atplpero

the probabil i fiw cdadnes iutsy df o emuw rciiofeogronp:t i n g

1. Perform noruniform random sampling on the saj according to the
probability density functiont} w, and obtain samples and record them

as vectorso foo FE cx i 0.

2. Average the Qo FE FQo :

> gy
€

3. Returnr) as the estimated value B§. 6.33.

Stochastic gradieaonedddtoroiutghmsVCc ar aalhdh @ gk
parameters of the neurnalcakediwer KheThmal t E
val ueososf fiynd¢thieomore accurate the pr,edict
the training of ANN can be tdeefadjeudstast ha

mi ni miezxep etchtea o s s nf ohcti on

I EV x 9D 0 m:} Eq 6.34

The gradient of M Deé&olwjiddtirwsiptelcr cttioon
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| My 500 My o0, 0 QI Eg. 6.35
Gradient descent ocan rbeed udcoen & hteoV otbpgeactte ve f unc
oN o | 4 Eq. 6.36

Herle,i s t he l earning rat e. T b®ocnotnrep uCar lgor adi
approxi(lna\tuq,n;i)ébl’]:é Yo the exypeceée@uooé@dstic

gr adl empdad:e

1. According to the probability density function w, random sampling is

performeal to obtainé samples, which are denoted asf£ o .

2. Calculate the gradient .0 o A "Q pfE k5 and average it:

p D) N Y-

| i s stodnastic gradient, whids an unbiased estimate ff.

3. Do stochastic gradient descent to update
o Noo :I

The numberétoés sampkdsthe batch s-baechwhilaoh is
the probabil i fjgw odfe ntshiet ys afmpni cet iicsn general ly unk

an ANN, a twhihibgolUsedsbe empirical ri sk min

iE-g 0 oy Eq. 6.37
6.232.Temp®dr dIf erence Learning

Thipsart wi l | intOodd ee etnltee Temporianlg ( TD | ear ni

can | earn fromiisrodempl ete state e
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Suppose thelridii si na SwoDdAejli whemhet @pericaht ac
di fferendy ofdMbPsrr®R@apdt hestoptte mayKDwWwesi.ght e
is the opfarfaNoléean pr edi cti ttehrea enquonmbseerd of fr
tdQ This model may be randomly inaccurat
and coll ect wdat apertbeenboAdRenewmnalclc uhraavtee .a pr
A 0 iR before it eDrAaRwWifmghi sWheesn t h ee piitseordaet i
the actual numhb er fofd ibtaecrka ttirpo ctsheef | macd sl .

evaluation a&élf emm dt entet smoed erho
Suppose the predi ckitARwisnodf r tt h ei tmeordeetl i roge fios
AT 0°Y RAY N pn Eq. 6.38

Wh e r'Ye  means the initial difference of surge between numerical results and target
data. Y means the final difference of surge, which can be defined by designer. For
example, under 10%VhenDARwindobtained a more accurate prediction of FOWTs
response by adjusting KDPs, the actual number of iterationsg ttand it was fed back

to the modelSo gradient descent can be used to update the model:

0°Y HRY N o Eq. 6.39

al e

Using the chain rule to calculate the gr

n oo n &N 0°Y RY no Eq. 6.40
Then update the:model parameters
oN o | Do Eqg.6.41
Wherleis | earning rate.
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Suppodieni ti dli féeregaccecoird&y@a@Bn AT hdn t he
surge diffdbhéeéimeeceadroals momhencafr ridgthehagt i ons i
the modetlhe rsedrigcet sdedhf ¢ hen c e qwti irdetd nivsaa | tutee 1 0 %

X-. According to the mowWeivs: the total i1teratior

of i1 ¢ x pv

The origimeaelstf maeéeaswtas withoutwianyal fsac tauna l C
esti matsakbhel obdBrasetdi mms t he above discussio

that puvis the TD target whigimhéesemawdcmmm el i abl e
be used to moBEIBY t he model

0% RY N o Eq. 6.42

N|O

Accor degbg 9t o

Y Y 1O r Y
Eqg. 6.43

Y
Combi neelg6 it hhe opti mal Bell man equation can
b.ihd M « g5 Y 1dABY BSY i & Eq644
It can be obtained by Monte Carl o approxi mat:i

0.ihd 1 rdABi hd Eqg. 6.45

Replacing thealpe¢i fuailte B Egq®405mi t h a neural net wa
0 i :

112



0 i Fn)l’] i [ :],NA@ i 1) Eq. 6.46

RTO0idNe is the prediction madeovbiyt htohuet naer

factual component . [ Thlel T Ddtiasr gtehte pr edi ct

by the neur ald petwhoisckla apparsteihe wmy obsder vat
N and araelelsti mates of wadlduwempgpThomal oast fanct

be:
0ifoNe Eq. 6.47

Compute the wgrtaedirerstpeaxft t o

n g« R o 0N

Eq. 6.48
Then update the:model parameters
oN o |9 .0 hdnNe Eq. 6.49
Gi vedmdh i
R 0 i hoNe

and TD target and TD error:

@ i rdADI o
TN

The TD al gbog6d 8 lomupsiead e t he parameters

6.24. Pol icy objective function

The agmiemd obtain as many cumul ative r ewe

interacting with theoleaxw rncrcmamthe tTdnids @ o
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objective function ¥¥axrcdudeky ttepemd® oconotf hestpm
of they poltwer kbetter the poli @opP, Potthhecyl arger

| earning can be descritbhed as an optimization
|PA@P T My wY Eq. 6.50

The objective function isPdfargkee pygl iupyWdanenwyc
Therefore, gradient asckRnt Suppodset ohbecusedn

net work pBramé@her nesP padrsamebtteari nederbty: gr adi ent
P NP I JpL P Eq. 6.51

The subscripts now and new repreaepdtather weig
t huepd,ates pe.dMhiema@lPyi s the policy gradient, and i

as

~

0P M Mx gp 0 "YO Olpt & HSYP Eq. 6.52
6.25. Act-6ritic met hod

The Aotidric algorithm comtacitnslhaepéilobBcy i bancti
pol i cy ‘f waddf taicotns as an Actor, generating anc
environmenyt oint & efjildit aothms as a €Eespobasi wWhech
for evaluad ipgr threm#&AAcde ©r a® ds glhuaad.on@ddihtei cCAct or

actvMalnue function is an approximation given t ¢
Lok W
The Aoticdric method in thidbswsebtuimamewetl Woralppr o

Foumléshows the relationship of this method.
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Action: a
l Vaule g i Reward: r l

Policy network Action value "
A —— «—
(Critic) ‘% network (Actor) EANIORIIE
T State: S €

Figure 6.7 Actor-Ciritic relationship diagram

6.25.1.Pol metywor k

The policy networ kt meiedpr o he aal uensnet Whoe
out puts an action, the value netwd@gfk f ec
ARik to the policy network. Theadioilajcd ne
of the value network to calculate the app

P. In thisalwag tbBemaxi mi zed.

Training a policy networ kP useiqug reaers ap@rad .

of the polgdlPy gradient
| ikdP 7 0 ihd Jpa & EE 1P Eqg. 6.53

The val uea ¥Yiptavoprkoxtimmatest i on |y afuefbunct

in the above formula is replaced by the
| ildP 7 qifldp Dpo e &P Eq. 6.54
Finally do gradient ascent:
PN P 1 iRIP Eq. 6.55
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6.252.Val ue net wor k

The method of training the policy network is
policy network canaohltyheée mpabve wéadewoithkhecan t
actionkvalmuethe initialofsttalye,vadlhee pmetawmetlersr
As the parameters are wupdated, thelpboutput of

The r evwdr deach feedback from the environment

optimizing the value networ k.

Atmeéq4 theobutphet val ueaWdt work is an estimate
actva@lnue flfu vEk,.i oMt <t i, mev F,arcebserSwoghe TD

target i s crml tOavalte oo . 't is also an estimate
value fluhowedadmrepart of the formula is to giVve
value netwoiar ks papaaneeer with the help of the

function as:

0o i gr']i hone @ Eq. 6.56
Suppnfsmﬁld’]::z. Then the gradient of the | oss fun
npo R o X Aine

Eq. 6.57
Updataccording toi gg@4dli ent descent
1. Observe staté , and then randomly sample actiosx “ 34 P
2. Agent performs actior®d and observe reward and new statd

3. Randomly sample actiodd * “ 2§ [P . (Agent does not perform

action ® .)

4. Letthe value network score theé R :
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IR

5. Letthetargetnetwork score thei  hd

hoooRi R

6. Compute the TRarget ancerror:

7. Update the valuand policynetwork:

6 NO |9 DR N
— N — 1 2 Db e OF P

6.3.Summar y

The purpose of this chapter is to give a
in SADA. More 1 mportantly, it i ntroduce:
concepABRwjoidDPs and FOWTs
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Chapter7. Case sttuh@epADAOmet hod with b

ex prei mantdat a

Thicshapter aims to conduct a case study of
data. The bascar exignghbce empwat aasOf f shor e Bz
Jiao TongTWex ywemrisnmaayrt d vacsDsie abnt ( &210.2wehao) f r om
the previous The sckatt dabbd siew@fenr i one n#& y F@OANT

are demormsetcrt7a.tdehcetnhaep pl i cati on of the SADF#

experimental dabhw:is demonstrated

1 UsingANN to predict the dynamic performance of FOWT directly.

1 Using theDRL in the SADA methodo optimiz the dynamic performance of

FOWT.
|l n he DRé&mewor k, KDPs are used as the dat
technol DARwjamdlnd experi ment al data are u
average value of the platform will be us:¢

maki n@griketw opit é dniodAIRwWMMAeMD Ng ttheengl el s wi |
be di scus s ANNisrelptagaentde IDIPEB Gt7i)dRa n d@Gasus i an

di stribution wimalkipmprgoweded aar i canc itBoA Rawd jnuds t
cal cuiliatitenre br ut.el nf oDDcReG, mettmaedk ddnegc i me @ma n
comprtiwnesg ypes of typical deepaocomearn avior kst
More specifically, three traidmiencg emaed arse t
continuous method, Momrde sdeegtnae ntse dd insectuhsaosde.

sections

71.Basi n exgpegdmemtti on

A brief descriptiagnvehn 1ihidhespaereicmhe rotn.

conducted at the Deepwater Offshore-Basi:
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type FOWT. The ratio scat ahdf tthheepSpasOWT exper
i showhi gudrBhe main scantypaeagfsl odt #hgams@ashown
72. More detail smtaldo etx etchud ieoxnpser isme h as the te
wind field gener atwaovne, tdeescta y ctaens (bruatodu nwdi nidn r

al.2Q016b)
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Figure 7.2 Dimensions of spatype floater(Duanet al, 2016b)

The wind turbine model was designed and fabri.

i n NRBEVMW swibnd ftourr btitnee QU nperhajeelcd 09 h e bl ad
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mo d e | propebwWaesi neeO®Léepi | i zed to fabri:
The desi grmaandnf averratdhseo tboawseerd on t he tow
modeli ngpesgr &a mémoifver Mat,msofr epdateidnThe2011
prototype water depth modelled in the ex
MARI NO ¢ Kieats,task 0 1B gmmo dtehle basi n experi ments
Koet (&I0idported that their taut mobbping
simul ate the Statopopiandlywheddebnédi jmaonti hg
t his bearsiimmefdetxep | ayout of the wmaor ibreg fowus
Duan (&I10.15A1 so noted are themeéeaseeettehsid
of the moor if ngdlse spgreamp e rTthiees obatslkeda mmot ih
repor Kedt (®l0.0Th)eaimm propertiemnst alf EOWT eatp

scalse s hbavmilg n

Table 7.1 Main propertief modelat full-scale.

ltem Measurements
Blade (kg) 52,659
Hub(kg) 57,272
Nacelle(kg) 232,291
Tower (kg) 287,128
Platform Mass, including Ballast (kg) 7,316,578
Platform Roll and pitch Inertia around the CM (kg m1 4,656,382,813
Mass of the entire floating system (kg) 8,066,110

CM locations of the entire floating system (m). 178.947
Radius & depth of an anchor (m) 445; 200
Radius & depth of a fairlead (m) 5.2; 70
Diameter of A, B and C lines (m) 0.167; 0.125
Unstretched length of A, B and C lines (m) 424.35; 30
Extensional stiffness (N) 121E6; 68E6
Unit weight of lines in fluid (kg/m) 22.5;12.6

72ANN prediction

Thisectiindm otdheeped | c & hieo rBrediiAtcod pr edy i a mitd e
res pso nodilkeOWT s b yr tuisfiingi al OANNMINMN ®pPpWO Mk €
prediction,DAtRWwemimmad wmittisonofof 3 DOF moti ons
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and the basin experiment  d8her 8Pulattlgowi t hmbaevi L
adoptnaddai ffebhenhwemutphie datai andséedr ger danNa
traiMhegl oad <cases for ttihke nfad bntf @ wimn gt hwor k s

experiimemddu caesd sehadrd hi7e2irn,

Table 7.2 Test matrixof BP prediction

Wave parameter
V, V
Case No| V,, (m/s) Hom) | T, g | Ve (m/s)
LC1 114 o) o o) o)
LC2 11.4 7.1 12.1 | 2.2 0
LC3 114 7.1 12.1 | 2.2 0.5

The irregular wave cases are.ThaeNKdopn st me J ON
doubl e hi dden thayoemp asmarsuwchtyu rf eo, moasnedstnlsen t h e
pl at fooemnis SDOF ( Surge,wiHédavetandd skRittsc ho)f 1022
data respecti vBARwaNtdeexrpegs u Imesn pfrrivamalr yb @ at lae
The specific clasdnanbi3gatwhdoohcahotwe t bendain c

of i nput aom@NNutput dat a

Table 7.3 ANN data collection

ltem LC2 LC3

Total Sets 10221 3618s| 10121 3583s
Training input dat§dDAR) | 1-9721 3441s| 1-9621 3406s
Training Output data (EXP 1-9721 3441s| 1-9621 3406s
Test input data (DAR) 9721-10221| 177s | 9621-10°21| 177s

Test output datéEXP) 9721-10221| 177s | 9621-10°21| 177s
Input data Surge, Sway, Heave, Roll, Pitch, Yaw
Output data Surge, Heave, Pitch
I n these two cases, the trainirnegmad antian gwabs0 Os e |

sets of data (177s) for eachinEiogp@8andon are us:
Fi gu4,ehe r esouplttismiazfattteNodkne ebpy tthhee samestrtesnd as
of themodbeakinest (MT).
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[====ANN Surge(m) =—+=MT Surge(m}

=i ANN_Pilch{(deg) = <«=MT_Piich{deg)
—~—— ANN_Hcave(m) ----- M'I"_Hcave(m)
11 T T T T T T )
1.0
=]
§ r0.5
= :
% g
& 0.0 =
Yo
=
w d
% dt-0.5
L
] e
3 T T T T T T T T T T T T T T
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Time(s)

Figure 7.3 The predictiorof ANN under LC2.

=== ANN_Surge(m) = «=MT_Surge(m)
F—*—ANN_Pitch(deg) — -—M1_Pitch(dcg)
(=== ANN_Heave(m) ——- MT_Heave(m)

Surge & Pitch
Heave

1 1 1
0 25 50 75 100 125 150 175
Time(s)

Figure 7.4 The predictiorof ANN under LC3.

The maxdinfuimorcecrnuaes i TabMl4€3Tdhd f erence bet wee
MT wmfini mum value of the surge motion is

Pitch motdeoghurh sr MemRer cemt agear ei 2De B6A e&ove
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328. 358 %,

and it i s

predidatfif caresengeas filmamddi st andafdodtdevhdétei on

ma X i nduinfi f ebreet nwceee n

which is t

similar

Hewepeet | vielheg . magnundued® sio hi, mat ch

found ttihehemgilompacomphet badaobal vy

he s

ame

a g . tomaeh de xOpeegrCalme nt la é

t dattehev alves algiet wniistahos o

il lusttrrmavieomgef compar iFsgmnean be

Table 7.4 Statistical comparisoaf BP prediction.

RespoNse Surge (m) Heave (m) Pitch(deg
P ANN MT | ANN MT | ANN MT
AVG | 8.559 | 8.581 | -0.620| -0.619| 6.364 | 6.369
LC2 Max | 10.547| 10.368| -0.194| -0.184| 7.060 | 7.204
Min | 6.892 | 6.928 | -1.075| -1.043| 5.569 | 5.458
Stdev| 0.770| 0.789 | 0.175| 0.175| 0.344| 0.363
AVG | 9.172 | 9.209 | 6.486 | 6.485 | -0.619| -0.614
LC3 Max | 11.243]| 10.980| 7.302 | 7.266 | 0.067 | -0.153
Min | 5.445| 7.071 | 5.195]| 5.325| -1.327| -1.154
Stdev| 0.873 | 0.862 | 0.399| 0.410| 0.210| 0.201
I ANN Surge (m)
10 - Bl VT Surge(m)
B ANN_Heave(m)
MT _ Heave(m)
8 ANN Pitch(deg)
MT_Pitch(deg) |
Y
=
=]
>
V
=]
S 4
i
o
>
<
92—
i __

LC2

Loading condition

LC3

Figure 7.5 Comparison results with ANN aretperiment
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Tabi15a nkEli guU6gei ve a compar i saiefrfefoftedvbecrpeg & €
valuevhich all ows a more intuitiveAdDAmpar
anbARwireg ul t s. 't 1 s noitf fdprédceaent a8 ge o006k ek
simulation results after optiimi zeavteirpyn nboyt

especially in Heave and Pitch

Table 7.5 Averagepercentagelifferencg%) of BP prediction.

Surge (m) Heave (m) | Pitch(Silveret al)
ANN | DAR | ANN | DAR | ANN DAR
LC2 | AVG | 1.701| 6.910| 6.159| 63.912| 1.305 | 11.710
LC3 | AVG | 2.570| 6.932| 2.054| 10.243| 11.574 | 51.724

Response

]
]
|

BP Surge BP Heave BP Pitch
DAR Surge DAFE. Heave DAR Pirch
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Lh
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=
|
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]

0 olE

Lcz2 LC3

o]

Figure 7.6 Averagepercentagelifferencg%) betweerBP andDARwind

It should also be ment i perede dititdfadgta €ael t e u
pl atform Heave &DARwWicrdhd cnwlt atoinon nr e hel t s |
and 51.7% under LC2 and LC3, respecti vel

atual amplsietwod enoafi otnlse i s s mal |
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7.3.Br wFoer peedi cti on

Thsectwidh use the selected KDPs and experi mer
resuDARwdfmdnpr ove t.Mkbeacaseachor the-mfeol |l owing

domaiesul t s fr opast hseh deaxpd.@erni me n t

Based on theRLfrARAowikkke|loB&stene trjooddnfd wei ght
KDPSabi1l7s ummanikzDePss us esdecithoatnhi KBRM® not been

consi,dewrhecc h wi | | be addedcirndKDPs analysis in

Table 7.6 Test matrixof Brute-force.

. Vi Wave V,
Case No. Classified

m/s | Hg(m) | T,(8)| 9 | mi/s
1 currentonly - - - - | 1.2

2 wave only - 2 71 [121] -

3 wind only 10.9 - - - -
4 wind andcurrent 10.9 - - - |12

5 wind & irregular wave 10.9| 7.1 12.1 | 22| -
6 109 7.1 121 22|12
7 wwe 11.4] 2 8 3306

Table 7.7 Selected KDPsn BF.

Discipline KDPs
Wind speed
Glauertcorrection
Current speed
Added linear restoring matrix

Aero

Hydro Addedlinearviscous damping matrix
Added gquadratic viscous damping mat
Addedstaticforce
Mooring Wet density

Axial stiffness
Structural| Polynomial Flapl® vibration modes
Servo Generator torgue constant

TabT18s h owsmatxh epuemn c edit fafgeerheamncgee 6 DOF t m@tni on s

eachddéde positive value i n tdhe fteafbelneh e erpa wsletn t
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calcul ated IKYPPitshel aovwe g htdeiainf ebrheett cheaii g h tad d

KDPs i n .BOAebabpsge numlh ¢ rhramse @ msc rtehaes e d

Table 7.8 Statisticsof maximumpercentage differendae BF.

Case NoJ Surge| Sway| Heave| Roll | Pitch| Yaw

1 248 | 0.02 | 77.58| 0.14 | 2.22| 0.05
15.30| 3.19 | 33.81| 3.80 | 0.40]| 1.29
5.94 | 10.37| 165.17| 31.86 | 4.48 | 4.03
9.46 | 8.03 | 34.40 | 76.63 | 5.14 | 4.85
469 | 16.39| 0.91 | 1.97 | 3.79| 2.67
8.15 | 7.77 | 25.32 | 178.16| 4.42 | 4.56
8.05 | 15.66| 28.19 | 8.88 | 4.56 | 6.69

N[O~ W(IN

The contcoetpatlf foefrse ntcoe megewnn & st pafrtfearc A a e
Sincesungépyarmd have the | ardgefsfta reempdies t ¢4 m
thesvei f feTabhi®e sl ectt &t it tsiud Mo st & hagend Ifii cea |
of opaltcent agemdnmn o ®t0O®@®bhncseacThpeasent age di f
of 6aDh@kotscoanl c ul eeti ggdKiDy}dow r e s pomalst t i g rhief |

declitmteopal cent age difference

Table 7.9 Statisticsof maximumtotal percentage differenda BF.

Case NoJ Totaldifference| Surge| Sway| Heave| Roll | Pitch| Yaw
1 4.66 2.35|-0.02| 71.48| -0.11 | 1.75| -0.01
2 14.62 13.98| -2.33| 27.28| 0.87 | -0.39|-0.24
3 9.97 5.76 | 0.08 | 97.39| -2.70 | 4.36 | 0.37
4 16.41 8.36 | 1.52 | 21.54| -9.87 | 4.04| 2.30
5 5.88 455 |-8.18| -4.47| 140 | 3.65| 1.85
6 11.60 6.01 | 1.44 | 12.84|-52.50| 3.68 | 2.60
7 14.28 7.49 | -9.25| 12.76| 4.71 | 4.06 | 3.16

From Table 7.9, the differenceof some motions has increas&ar example, in case 1,
the sway, rolland yawdifferencesncreased by 0.02%, 0.11% and 0.QX&spectively
Surge and pitcheduce by 2.35% ad 1.75%, and their experimental averag®litudes
were 2.469 m and 0.763 dedhe averageamplitudeof roll, pitch and yaware only

0.161Im,-0.025degand0.113deg. Therefore, the increase in their difference is within an
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acceptable rangérom the compehensive point of view of 7 cases, thfferencechange
of surge(Figure 7.7) remains between%%, 5%]during 500 actions, except for case 2

(Wave only) which isonly affected by a single environmental fagteave.

Case 1 Case 2 Case 3
Case 4 Case5———Case6 Case 7
=
o]
E 10 | v |
o it r
§ 5 11) 11T | ' ‘ K Ji
c H"\ | | [ |
o foid il
5
g3 0 i ‘
[ e !
QD | “ 1 | f\ﬁ‘ | “ ‘ [»‘ 'l#‘ ’ JJ 1i
%0 -5 T ’ F{J\I f - - || IJ‘ ! ‘. 1 l!
E | f
(5]
g -10 “ lﬂ“ 'Hﬂ
(a¥
-15
0 100 200 300 400 500
Action

Figure 7.7 Percentage differenad surge in 500 actions in BF.

Thei f f eorferscuer ge i s r @ diui cgedd. Bionr aelxiahmép liles@ 5 e s

only affected by current, which eliminates v
prelimimdaged ywhet her there is a deviation in
measurement of the currentcasspeeed in the exper

Thei f f eorre adFei g 0.9 & afsl uct. uatni otnmeo-oo &p éc acsfe s
he a® e premd mam riiecsd ehlan ot.Fede tasmesations of the
causPeddiitng swat | chidgreicfem pcaadnte aiovm coupl i ng cases

added static. force is included
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Figure 7.8 Total Percentage differencd surge in BF.
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Figure 7.9 Total Percentage differenad Heave in BF.
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Thei f f orfempp&a@agtht Bs hows a decleixrciendp mgaesied g
casexande 7experi ment al vdd g easndbefd epd @ eccht iavreel y4.. 3
Represented by this odeerchahgmagoftr ed@eontdhaege

different inl@édege 7 i s about O.
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Figure 7.10 Total Percentage differenad Pitch in BF.

For WFawdilk, incoaupnocemd entammaehmeatively reduce
di f f dorasredei omnctdlmédul ati on resul ts. I n a coupled
di ffersemdes o | imited. i MbteaVvVenumgniwaale si mul at

signidfiifcfasnttenc e

ThBFnet hod uses random Gausswaahdestai butdtegnete
of randomness. However, these KDPs can achi eve
t hter ai ni nue rtoac els @ u n d\aer we rctdhrfed istsisamsan ot be base

t peoweiriwuél ' i gence of the progr am.
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Figure 7.11 Total Percentage differenad Yaw in BF.

7.4.DPGprediction

The DDPG mencdhaB&E baass erdeiomf orcement. | Blae ni
di fference i1 smakhaty inets wdeki sises a deep
Gaussian d'ihetarsieb usptilods .cerset, €o moidme ll 0 tasn d mo d ¢

Segmenteeddn nsfoADDA are discussed in this sec

741. Di screte model

ThBi scretiesumbdbédralfywsrisnigngl e known sea s
condition.opfpbirknieBtsaamp leedl,uce di fferendes in

this subgdecttiaomg,d Inilmee sel ect ed TaolhdleBl t r a

| MabT7llhe povaltuees!IBAWA trleatda & d ebtebtenwceee n
numer i cal calculbyi peraadt ®golehrev mreuwrb er

actions taken in each case is diseferent

131



Table 7.10 Test matrixof discrete model in DDPG.

- W Wave W
Case No. Classified mis o) | Y(s)| T | mis
L currentonly - - - - 1 03
2 - - - - 105
3 wind only 9.4 - - - -
4 wind only 12.8 - - - -
5 wind and current | 11.1 - - - 10.85
6 wind & irregularwave 109, 71 | 12.112.2) -
I 128 7.1 |121|2.2| -
8 114 2 8 (33|06
9 Wwe 109 7.1 |121[2.2] 1.2

Table 7.11 Percentagéifferencein discrete model.

Case NoJ| Surge| Heave | Pitch | Yaw

1 21.065| -0.84 | 0.629| 0.021
9.937 | 0.787 | 1.239| 0.001
4.324 | 10.615| 0 |-0.964
0.939 | -2.227 | 0.792| 1.631
12.666/| -14.725| 0.244| -0.115
0.947| -1.01 | 0.73 | 1.151
2.053 | -1.322 | 1.527| 0.64
405 | -4.261 | 1.706| 1.587
1.62 | -8.184 | 1.875| 1.213

OO NG|~ WIN

I n cd&ddeguUlPSEADA wei KWMRBE tthleme st. hfeo afcitrjsoth B e
di f f efemrsmaaga ge has chwanegeaedHoavgtvieflrn &£ ¢ thiitesd 1y
unchanged compané€hdetweit hlet béeeaKD8Bisobvans as t he
sui toankElheer ef dr ef otf@eea@aech step Iis unchanged fror
I n some cases, only part of the sea state has:s
only (case 3 &4) chwhigeld wikth some KDPs (curre

etc.).
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Figure 7.12 Comparison under casef18 discrete model.

FigdX®8hows the trend ofsurwed haedaeaeldoampl i
t hseol ildi Tedvertge expleue mehtdal 07 m, and t

t heot 61 er mamrcaenegbe. 7165 m.
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Figure 7.13 Average surge amplitude changeliacrete model.

Similar to the situsaunge amgeiodautmiseauendc hiam geceals ea f

the fourth wef @ahltyngoapltednelntviacgaomneeants d a\iWCE)r.

TabTlelt hatditff eeorfreenacvee c B s eeiaBscerd |, whil e the exper
resuHeawd caseofly O0.307m, so the slight char
di ff eraemfglee results of oadahlrprcéaskeddad oiemnot | i st

Figut4&igutghe entissseg sSE@WT i s i n wad tdildudtdown st e

influence ofinawva e @aunrdr. eviatv esn |l y)

Compared wiamdansiend5 ,onilty shows that in the cou
and curredtKOde iegfhftect idvieflfyorbBaendgecteh @ hleast f our
coupasgtenseur ge aimp lvidagruyd exX pesrei meonttale val ue i n th
cases. T heeir feff eoreaemgas ehahbél tehou b ad éner eases i n most
c asietsss experi ment al.l v ad airee ri a8l ,0 htehpev Ba @BE®GIGI tQu de ¢
cases 1 s two ndeacdidmatli opnmhaanctehs&K D@ s arde rrectt | y aff e
HeaVTberefaddedtheatic force andoabdedl sonbar

consifdoerr efdyprttihmers at i on
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Compacasng 6 aintd icasfecv@nditghaetr the wind s

opt
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ach
fro
cha

dr a

mo t
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i miostahpei t mh t he wi nd andl heasvwe agrev iarmpnd md
ch is 6.42 icegasrd 64 .amld2.TheddgkDP, caasp
l emest heitgmt if micaati on i.A1ft KedrPésasxp a wad
m lalnd omdrle f gcttcremn iinclisdednaemasabi ee
nge iim tphea cWWC E@ngeroemeage ydiwfsf entoenec
mhhitheé ounl herasenttage di fference did
current speed does notThsei gw infdanomardeyl yh

niifmpcaacntt due to the difference in wind

ertboempaesx mgr i Mmegntlatlz38 1(d e0g 86 d drear e

si dvernadb lcepegaampl| i t ude.l no aiddhedtiefafer etn c
al lundtees ceambi ned wi nd &whaén dwawiel |c o nndhi

pbnt he mpdaear fwavre auntdmed i tyidornosdy naKDPspar

e been corrected more accurately
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Figure 7.14 Percentage differenad# Surgein discrete model
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Figure 7.16 Percentage differenad Pitch in discrete model
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Figure 7.17 Percentage differenad Yaw in discrete model

742. Conti nuous model

Amu kctoimbi nati on training mechanc¢asnesds si s et
conti nuolua bdedteé f i rst three cases are tr

forecasting case.

Table 7.12 Test matrixof continuous modah DDPG.

W Wave ()

m/s |'O(m) | “Y(s)| I | m/s
LC1 11.4 2 8 3.3| 0.6
LC2 12.8| 7.1 12.1|2.2| 0.8
LC3 10.9| 7.1 1211 2.2| 1.2
LC4 11.1) 7.1 12.1| 2.2| 0.85

Case No.

Fromab1le3 it can bet mepitn tmaed ddeicth ata€ati met ho
more signthataponf t hGansShla8mea hganer al per f
vari adi omheobé nemmetdin Thi s may be caused by t|
rotsprewidnd | oad can efdleattfi ovrerh yomuotteigamtoa irhni ¢

speed will incr eansoemetnhte i nfl uence of gyr
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