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Abstract

From anoperation &maintenanc€O&M) point of view it is necessary tonodel theaerehydro-serveelastic AHSE)
dynamicsof each wind turbindut, i the dherside wind farns generallyinclude hundreds of wind turbineSimply using
and linking severaladvancedsingle wind turbine moded of dynamics ¢ represent a wind farroan becomputationally
prohibitive. To this end this paper developed reducedorder nodel (ROM), able to capturéhe relevantdynamics of the
system for aspecificfailure, having a lower computational cost atireforemore easily scalablep to a wind farm level
First, anonlinear AHSEmodelis usedto derivethe timedomain responsef thewind turbinedegrees of freedonbQOFg. The
failure modeitsrelevantDOF, andthe relevanbperational conditionduring which the failure is likely to occareidentified
A linearisationof the nonlinearmerahydro-serveelasticdrivetrain AHSE-DT) modelis thencarried out Subsequentlya
number of lineaROMSs are developed based on the linear fotber systenbut excludinghigh-frequencystatesusing the
modal truncatior{MT) method For the targetedOF (rotor torque signaland the loadtases simulatedhe results from the
linear ROMs showed thatthe blade modeare important to captumot only theDOF of extremevalues but alsothe DOF of
high-frequency responsdgabove 1.5 Hz)The esults fromnonlinear ROMsshowed thatthe ROM eliminating all the tower
modes(rigid tower)is acceptabléo capture the DOF dbw-frequencyresponsgbelow 0.5 Hz) as it has almost the same

spectral responses as the-otler nonlinear model.
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1. Introduction

Worldwide, wind power hagrown rapidly sincethe 1990sBased on thannualy updated report fromhe Global Wind
EnergyCouncil (GWEQ), the global installedvind powercapacityhasachievedover 539 GW with successfutommercial
operations inover 90 countries[1]. Within the global wind power market(onshore and offshoje the offshore segment
contributes18.81 GW, representinghe fastesgjrowing secbr [1]. In the UK, offshore windpoweris one ofthe essential
componentefthego v e r n doagrearndssategy incarbon reduction. Being one of the most attractive locations for offshore
wind investment, the UK haspowercapacity 0of8.7 GW in operation and 2.&W under constructiof?].

Compared t@nshore wind power, the offshore sectdes&s matureOne of thenainobstaclsfor the offshore windector
is the high cosof theinvesimens for the assets, theinstallation andtheir operation & maintenanc@&M), asthe wind
turbinesand correspondingpfrastructurs have to survive itthe harster offshore conditionsThelifetime cost of windfarms
can be related ttwo maincomponent$ CapitalExpenditurg(lCAPEX) andOperationaExpenditur(lOPEX). Several studies
identified potentialapproaches to redudbese expenditurs. Dicotato et alcreateda guidelineof offshore windeconomic
developmenwith the consideratiolnf pre-iinvestment and investmenbncerng3]. Sarkerand Faiz stated thathe costof
offshore wind farman be furtheminimisedthrough aroptimum selectionn transportation and installatiaperatiors [4].
Feng andShenassessethe design of nowiniform offshorewind farmsthrougha capital cost modgio minimise thelevelised
costof energy testingthe modelon the bas of the Horns Rev 1 offshore wind farf]. loannou et alreporteda lifecycle
techneeconomicframeworkof offshore wind turbing througha case study in the UKwvhich covered the components of
CAPEX, OPEX and-inancial Expenditure(FinEX) [6]. Most of the currentesearchs analysingthe costeffectiveness of
offshore wind turbindarmshave mainly focusedon the minimisationof the CAPEX. However, theOD&M costcan represent
up to % of the lifetime costin an offshore wind farnfi7], due to the high cosif inspecting and repairingnd the harsh
environment which limits the safeaccess to & structuresOnly a few authoranalysed in deptthe OPEXaspectn their
studies Martin et al.conducteda sensitivity study regarding O&M cost iroffshore wind farm operation§]: the results
concluded thathe key factos increasinghe OPEXarethe repair costs along with failure ratesgardless of minor orajor
repairs Tuyet and Chowsuggestedisingoptimal maintenance schedul@senhance theosteffectivenes®f offshore wind
turbine farmg8]. Tauz-Weinert et alperformeda sensitivity analysisn the maintenance decisian a Spanish wind farm
wherea wind blade replacement was required to aealgastraisfailure [9].

Offshore wind turbines areompkex systemsperaing in a multiphase environmentindervarious field conditionsnd
loads To date,wind turbinemodels of dynamics have been mainly used as design t¥atsially no studiesaddressed the

problem by developing a hsetic, windfarm coupled model of dynamic®nly a few research studies, indeed, hdgeussed
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on the O&M phases, analysing electrical and/or mechanical faults and their impact on the other components. Currently, wind
farms models havacussedmainly onthe aerodynamic aspects, whitem an O&M point of view there is a need to model
the aerchydro-serveelastic AHSE) aspects of each wind turbindowever due to the prohibitive computational costs, it is
not possible to simply scale up statethe-art AHSE models to represent hundreds of wind turbittesrefore it is necessary
to adopt approaches that can retain the necessary accuracy betthedcomputational casReduceebrdermodek (ROMs)
are well established and widely applim a variety ofareaq10], including satic reductioff11], dynamic reductiofil2] and
balancednethodq13], andothers The majorityof the ROMs relyon a lineariation of the nonlinear systemnd he accuracy
of thelinearsystem isimited toa small perturbatioaroundthe operating poirfOP). On the other han@; u y acoer@lensation
method[11] focussed on the reduction oftiffness and maswatrix, which is a static methotts advantage lies in not losing
the structuralcomplexity but resultsin a nonpreserveceigenvalueesigenvector problemdue to the coupling of mass and
stiffness matrixAn improvement tdG u y amebhed isthe IRS reductioril2]. This methodintroduces a correction to the
mass matrixhowever it has not been widely used due tonitgin limitation producing inaccurate resuftsr some modesand
its high computation cosf12]. The d/namic reductiomrmethodexplicitly approximateghe massamatrix but hasthe same
additional computation cost as the IRS metfid]. It also includes a modification of the origirfiaite element analysis (FEA)
codes, making it even more computatity expensive, especially for offshore wind turbines, where a high number of
rigid/elastic bodies are includgi2]. All the above ROM$ocuson the reduction of h e s ynads anch étifness matrix,
derived from the lineariation of the systemequatiors of motion. Also based orthe linearisation method the balanced
truncation (BT) approachdeals withthe reduction ofthe statespacematrix. It transforms the statpace matrix into a
6 b al aformo wittiolut losingt he syst emés s t[Bp Bakedan differntrdimegcal snethods, Btgn be
further divided into Lyapunov balancing, stochastic balandognded real balancingnd other$15].

In recent years, a considerabdsearch effort has been directed toward theadledconcept ofiDigital Twinso, focusing
on aphysicatbasedmodel of large engineering systefid$]. A Digital Twins approactbased on ROM has the advantage
over traditional FEA toolof computationaéfficiency, while providing a higkidelity model ofthefull systen{16]. Currently,
ROMs of wind farms havdeenmainly employedin thefield of controltheory, andmainly by the researchers modelling the
electric and electronic dynamics aspects of the wind turBioeinstanceGhosh and Senrdyl3] appied the BT methodo
reduce thalynamicsmodel ofa farm,obtaining a ROM thatetains the dynamic relationskipetween the variation in wind
speed andhe power output variationg@ccurately over a wide range of frequenciéswever,the windturbinestructural and
mechanicatlynamics arsubstantially simplifiedas they areepresented bgnly onedegree of freedonD(OF), the drivetrain

rotationalspeed Such approachethus have failed tancludetheimpact of the stochastic nature of the wind speed and the
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effects of structuradlynamicson the drivetrain, generator andhet electrical partsOn the other handslue to theinherenty
complex nature of jacket structuresanytypes of researchave focused on developing ROMs for the jackgpe wind
turbines[17]. However, these retttions are limited to the jacket structures oiiljis paper aims to develop ROMs based on
a nonlinear, fullorder AHSE modelfor an offshore monopile wind turbine systefihe aim is to derivea ROM able to
represent the dynamicdg the DOF signaldriving the failure modevith an accuracy comparable witte nonlinear fulorder
method but at a fraction of the computational cost.

The main contributions to the knowledge gap in this paper is summarised as follows:

1) To datewind turbine models of dymaics have mainly supported the phases contributing to the CAPEX and only in
few casesthe analysis tools have been applied to the understanding of the turbine actuabopkratiditions and
to thedetection of incipient failures of tteystemin the fam. The ROM developed in this paper has feeasa the
O&M phase

2) Wind turbine mode of dynamics including all the AHSE aspects is highly desired faon©&M point of view
However,wind farms generally include hundreds of wind turbirf@mply using and linking several advancsihgle
wind turbine modedof dynamics to represent a wind farm can be computationally prohibitiviackle thigproblem,
this papepresents a methodology to develop offshore wind turRiD#ls, able to capture the dgmics of the system
for a specific failurenith a lower computational cqosind therefore more easily scalable up to a farm level.

3) Currently, ROMs of wind farms have been mainly employed in the field of control theory, and mainly by the
researchers modetlj the electric and electronic dynamics aspects of the wind tumithieewind turbine mechanical
part is simplifiedthrough therotor rotational DOF only, while from an O&M point of viemodelling all the AHSE
aspectss highly desiredThe linear and ndimear models developed in this papare/based on a linearisation of the
AHSE model.The linearisation was validated against the nonlinear model. A comprehensive comparison between
linear, nonlinear, reduced and nmeduced modslare discussed and theiiccuracy and efficiency have been
compared.

The remainder of this paper is organised as foll@gstion2 introduces the methods applied in this pajmetudingthe

wind turbine model of dynamicshe linearisation andthe modd truncation MT) ROM approach Section3 introduces the
referencewind turbine consideredor the case studiegndthe corresponding environmental condition linked to the failsre
comparativestudy on reduced and futrdermethods, be it linear or nonlinear, is criticatiympared and discussedsaction
4 andsection5, respectively. Finally, a series of conclusions based drR@h investigations in this paparelisted insection
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2. Methodology

The final aim is to develop a ROM able to mod#ie dynamics of the keROF linked to the specific failurevith an
accuracy similar to the orexhieved by the equivalenbnlinearfull -ordermodel.Fig. 1 shows a flow diagrarof the present
approach A nonlinear {ull-ordef) AHSE model,accounting fothe simplified dynamicef the modular drivetraiaerchydro-
serveelasticdrivetrain(AHSE-DT)) is usal as a basifor thelinearisation andthe derivation of th&OM (a). In paralle| the
most criticalfailure modes identified(b). The failure is thefinvestigatedo identify a specific load casgnd a specific target
DOF (c). A linearisationtechnique is then applied to the nonlinear systgitine OP representative of the load case identified
(d). The DOFstime signals obtained with theonlinear,full-order model are postprocessedto derive andrank the peak
frequencies of eacBOF (e). Finally, the relativelinear ROMis developedbasel onthe MT methodg). In additionto the
linear ROM method, a nonlinear ROMsakso developed to verify théinear ROM (f), following a similar procedure, but
without linearigng the nonlinear wind turbinsystem.The results are then compared and discussed, quantifying the features

of each ROM and nereduced methods (h).
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2.1. Wind turbine model ofdynamics

Fig. 2 shows the main features of the nonlinear AHSE model used in this paper, based on FASTA, and in the
following, a brief recap of the modelling approaches adopted is given. The aerodynamic forces on the singleingrateurb
evaluated throgh thebladeelementmomentum(BEM) theory, widely used in calculating aerodynamics of wind turbines. The
BEM theory consists of two coupled stiieories, the blade elementding and the momentum thedty9]. The main advantage
of the BEM theory lies in transforming the 3D problem into a number of 2D problems, significantly reducingnérécal

complexity, especially when compared with more advanced computational fluids méthdter details on the BEM theory

can be found if19].
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Figure 2: Modules in the AHSET model. Adapted frorf20]

Table 1 Definition of DOFs

DOFs- blades DOFs- tower and others

Bladel First edgewise mode Drivetrain

Blade2 First edgewise mode Generator Azimuth

Blade3 First edgewise mode Nacelle Yaw

Bladel Firsflapwisemode First foreaft tower bending mode

Blade2 Firsflapwisemode First sideto-side tower bending mode

Blade3 Firsflapwisemode Second foreft tower bending mode
Bladel Seconflapwisemode Second sid¢o-side tower bending mod
Blade2 Seconflapwisemode
Blade3 Seconflapwisemode

The influence of the tower on the flow local to the bladeased on the downstream tower shadow model. The wind load

on the tower and the tower shadow influence are calculated separately and superimposed. A combinedyraukti modal



analysis methods appliedto determire the structural dynamic responses. The flexible elements, suolwesor blade, are
modelled by a linear modal representation. For a thleged wind fixed offshore turbine, there are 16 DOFs in total for-a full
order model Table 1). For each blade, theis one edgewise model and tlapwise modes. Tower flexibility modes are
realisecthrough the foraft modes and the side-side bending modes, up to second order.r€hmaining thre®OFs are the
drivetrain rotational DOF, #hgenerator azimuth and the nacelle yaw motion DOF.

Incident wavekinematicsis modelled using Airy wave theory, for both regular and random waves. For regular waves, the
wave elevation is modelled by a sinusaiave with a certain frequency and amplitude. For random waves, superposition theory
is applied, for which the irregular wave elevation is represented by a linear Somafatifferent sinusoid wave¥/ave forces
are calculated usingotential flow theory Consideringnonrotationa) inviscid andincompressibleproblems, the wave
structural interaction problem can be determined by solving the Laplace egsab@tt to series of boundary conditions.
The abovementioned equations are solved numericalythe boundary element methiodhefrequencydomain considering
different wave periodBased on th&erroulli's equation, vave dffraction forces are calculated in the frequency dontsin
an integral over the body surfagsing another solver, e.g. AMIT [21].Ba s e d o n [Z2Jumpuise nespdnse function
theory, thefirst and seconarder wave transfer functiorege transferred from frequency domain to time domnusing the
Fourier Transform.

In order tomaximisepower generation and regulate getarapeed, the baseline contnobs used for theNational
Renewable Energy LaboratoridREL) 5 MW wind turbine[23] (collective bladepitch contro). Due to the method of
linearisation applied in this paper, a simple variabpeed generator controlasloptedor linearmodels The generator has a
rated speed of 1178 rpm anda rated torque 0#:3093.59\m. Further details on the baseline control for a 5SMW reference
wind turbine @n be found if23].

2.2. Linearisation

A wind turbine multibody system iwighly nonlinear.Thereare over a dozen DOFs, even for a single wind turfdihis
paper applies the lineasion to build dinea time invariant(LTI), inputoutput equivalensystem.Linearisationis realised
by applying a statspace representation of the nonlinear system aDE{20]:

;o g

The first step for linearation is to determine a@P. Finding an OP ismportant for linearigtion as the linear systeis

valid only froma small perturbatiofrom an OP. In this paper, the OP is determined in the nonlineamtanehing process



through each sulmodule Further details on the lineaaison for each sunodule and final matrix assembly che found in
[20].
2.3. Modal Truncation

The statespace equation in a vector form can be writtef24k

Xg _ 81 T X By

= + u
X2 T S, X sz (2)
X
y G Gy X; Qu

There are two types 8T approachedn thefirst type, it is assumd that thetransient phase of the response ofdtates
characterised bhigh-frequencydynamicsvanistes more quickly than théransient phases dlfie states characterised by a
lower-frequencydynamics while in the secondype of MT it is assumed that thaerivativesof the high-frequencystatesare
the states to be truncatfb]. For a wind turbine system, it is difficult to justify aphysicallevel thetruncation ofonly the

derivative of a statel'herefore thefirst type ofMT is here adoptedJnder this condition, equatio@)(becomes:

(7)) qu) "%G\Q ~"QO (3)
U #58 00

3. Case Study
3.1. Wind turbine system definition

In thissection, a case study based on the NREL 5 MW offshore wind turkimeoiduced Furthermorea failure review
is carried out to rank theeverity of each failure mod&he most severfailure is then selected as the target for the ROM in
this paper and theorresponding relevaetnvironmental condition is identified.

Table2 Propertieof the 5SMWwind turbine[23]

Parameters Val ue

Rotor Orientation, ContUpwind, 3 Bl ades
Control Variable Speed, C
Drivetrain Hi gh ®ué¢-BtpdCGgeear b
Rotor, Hub Diameter 1263 mm

Hub Hei ght 90 m

Cuwlt n, Ra-Oetl, Sgaed 3 m/ s, 11. 4 m/ s,
Cuwlt n, Rated Rotor Speed6.9 rpmpm12.1
Rated Tip Speed 80 m/ s

Rated Rotor Speed 12.1 rpm

Rated Generator Speed 1173.7 rpm
Gearbox Ratio 971 :

El ectri céelf fGen ernatyor 94. 4 %

Generator | nBpeed Shatt534. 1A% kg

Equi val &mtafDr iTSpersiinogn aCo 867, 6 3 An/ 0 GA N
Equi val SmtafDr iThaenspiionnga IC 6, 215 ANr0®) /Ns
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A fully coupledAHSE model based on the 5 MW reference wind turbine from the National Releckdrgy Laboratory
(NREL) [18] is here adopted. The main characteristics of the wind turbine selected are sfi@abteid. For validation and
comparison between ROMs and falider methods, &st of system natural frequencies is shownTable 3. The whole
systend gatural frequenciebave a minimum value of around 0.Hz and the maximum natural frequerisythe one othe
t o we r 6 sorder bemding whode which is at around 3 Hz. Theeipport strature adopted is a monop{l23], which is by
far the most common foundatistyle[26]. In addition, ehigh-speed, geared drivetrain configuration has been considered.

Table3 Full systemnaturalfrequencie$20]

Mo d e Fr e q u(eHhzc
1Bl ade Asymmetri cO0. 6664
1Bl ade AsymmetricO0.6675
"Bl ade CollectiveO. 6993
1Bl ade Asymmetricl. 0793
1Bl ade Asymmetricl. 0898
2Bl ade Asymmetricl.9337
2Bl ade Asymmetri¢l.9223
I"Tower-AFor e 0.3240
LTower-t8ide 0.3120
2’Tower-AFor e 2.90083
2Tower-t-Side 2.9361
°"Drivetrain Torsi0O.6205

3.2. Critical failure mode and targeted DOF

This section explains arjdstifiesthe selection of the failure modis relatedDOF, around which thggroposedROMs
are developed. Based on the data collectedamyoll et al [27], Cevasco et al(2018)[28] first identified and ranked the most
critical components for a population offshorewind turbines, representing the configuration most employed offshore and
considered in this paper (geared system with andtioh machine)Previous studies showehatthe gearbox and DT have
the longest downtime per failuf29]. Moreover Wang et al. claimed thaine of the major factors causing increased turbine
downtime and reduced turbine reliability the gearbox failur§30]. In agreement withthat observedby [28], for the UK
offshore roundone structures and tackled by th&earbox Reliability Collaborativé€GRC) project [31], the gearbox was
shown to havehe highestpercentage of the total annual cost for unplanned maintenance opergltisris mainly due to the
elevated average cost of the matefal its repair, and the long repair tipfer its relatively frequent major repairs and
replacements.

The gearboxreliability andits failure inception identification have been two main areas of research for both onshore and
offshore wind turbines. The GRC pegfconcluded thaii mo st gear box failures do-tooot bec
desi gn deluitheifalunediicepPpear to initiate at several speci fic

which may later advance into the gearteets bearing debris and excess cl earance
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[31]. By the combinediseof full-scale dynamometer testing and high fidelity simulations, the top bearing and geaes failur
were identifiedand ranked per criticalit}s2].

The most severe failure selected and targeted in the present work is for thtatedia theexcessive tooth root bending
stress deformatiofor example Salemet al.[33]), proportional to the transmitted contact foré® . The rationale behind this
choice, over the possible failure of the rolling element of the bearing (roller and ring [@4&ad wear[32]), is:

1 the highest severity of the consequences of the failure. The gear wear and corrosion for contact stress, although more
likely to happeri32], leads only to higher vibration and noi@5]. The high bending stress on the tooth from either
high cycling fatigue or extreme loads, leads to tooth deformatidicracking, up to its final fracture.

1 the identification of the possible environmental causes and related D@#erdsstraighforward for gears than
bearings.

To support the latter observation, it must be noticed thadentify the fundamental DOFdriving the failure, simplified
modelling and physics considerations are preferred to more complex modellingehalghigher complexity models (from
multibody to finite element models) are used for the bearings dynamics and loads calf2B4tion the otler hand, Nejad et
al. [36] showed that a simplified model can be sufficient to derive the main gear dynamics without the tresahdittibody
model. In these works, the simplified formulatifor the transmitted contact force, expressed by assuming rigid bodies and

contacts, zero damping gears, and neglecting their internal dynamics is:

0 "y @

The input torque (T) to the gearbox is, thus, the DOF linked to the detectionefcéaedance of the transmitted contact

force, when considering the gear at the fitsige of the gearbdshown to be the one with higher criticali86]).

3.3. Load cases definition

OncetherelevantDOF for thedetectiorof the gear root tooth bending failunas been identifiedt is necessary to identify
the environmental and operating conditions leading to the failure and its detection. As mentiseetibin8.2, the failure
could be caused by eithieigh cycling fatigue or loads in extreme operating conditions. On the latter, NejafB@} abserved
that wind speeds near eotit hold the highestontributions in extreme loads on gears in normal operations. Dabrowski et al.
[38] reached the sanm®nclusionwhile conductinga study on the implementation of a storm controller for the temtuof the
probability of gear tooth failure in the first planetary stage of the NREL 5 MW wind turbine. Independently from the type of
controller, they observetthatalready at operating conditions, the transmitted force at the tooth has higher avatagedn

the case of extreme turbulence model (ETM) employni2ealing with abottomfixed structure, lhe influence of the wave
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excitationon the drivetrainload can be neglectg@8]. Additionally, Nejad et al[39] showed that he | oad e ect
drivetrain components are mainly dependent on the axial force, the tower bending moment (a function of the thrust force), and
the shaft torque (influenced by the power control system).

Forthese reasonshe windonly load casédor the wind turbine operating at 24 m/s under ETM has beessseterence
load casdor the following model order reduction simulations. Tinearisationwas carried at 2#/s steady wind condition.
Fig. 3 shows a time history of the turbulent wind in x andirectiors. The stochastic inflow turbulent wind was generated by
TurbSim, a computegided preprocessing software bMREL [40]. The IEC Kaimal wind spectra model was applied to

generate the inflow wind.
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4. Linear ROMs

4.1. Systemlinearisation method
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4.2. Validation of the nonlinear model
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Figure 5 Validation of theonlinearAHSE model

4.3. Validation of the linear model
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4.4. ROM based on the MT method
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Table 4 Listof casestudiesand DOFs considereefull-orderlinearandMT models
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4.5. Comparisons tetweenLinear ROM and Full-Order Nonlinear Model

In here the results othe ROM of dynamicsare evaluated and compareadainst thdinear andnonlinear fultorder
methods.Due to the scholastic nature of the turbulent wind, each simulation includeckdilieations and the simulation

resultswereaveragedcross theséive time signalsThe initial 50s ofthe rotor torque time history is the transient part and
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hencehas not been considerékthe rotortorquetime prediced by the ROMs including 14 DOFs(MT1) and 5DOFs(MT?2),
are comparecgainstthat ofthe full-order methods (1@OFs, full-order nonlinear and fulbrder linear), as summarised in
Table 4. Dueto the periodic steady lineaaigson process, it is difficult to include blade pitch conintd the lineariation study.
For comparison, nonlineayll -orderresults were carried out under with and without blade pitch corralitions

The torque signal mearalues predicted by fuHorder linear and MT1 ha an excellent agreement with the nonlinfesir-
ordermodel(w/o pitch controlXFig. 12, Fig. 13 andTable 5). Excludingthe pitch control resufin arotortorque mean value
10% larger(Fig. 13 andTable 5). Compared with the nonlinear fulirder mode(w/o pitch control), gtreme values (min and
max)of MT1 have seen discrepancies but the differeéstess tharL0% (Table 5). Moreover, for linear models, removitite
t o w dinst@ending modes has no significant effects on rotor tongaemumvalues(comparisons between MT2 and full
order linear and nonlinear methodis) other words, in predicting rotor torgm@ximumvalues t he t ower 6s

mode is nostronglycoupled with other modes.
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Table5 Rotor torque time signatatisticalcharacteristics comparison of the different modelling approaches

Full-order Nonlinear Full-order Nonlinear )
o ) Full-order Linear MT1 MT2
(with pitch control) (w/o pitch control)
Min 1447.76 1922.60 1866.00 1928.39 2787.20
Max 6010.2 6140.00 6636.13 6554.89 5802.28
StD 671.52 529.95 650.44 621.77 407.73
Mean 3726.29 4181.41 4182.77 4183.03 4222.30

100

T
B Full-order Nonlinear (w/o pitch control)
I Full-order Linear
~ MT1 Linear
| MT2 Linear

80 -

40

20
LN |

-20

40 |-

Min Max StD Mean

FigwBreCdmpmabtias odat o ana lag ssieandf@lot deonl i etelgwidtph t ¢ h ), 6 onie tsrt oc

The spectrum of thrque signal obtained with MT1 shows a good agreement with the one of thededllinear model,
except for frequencies below 0.5KEig. 14), which is due to MT1 not taking into
modes (both foraft andsideto-side)Al t hdMTghhas a relatively gobddradere ermeanul tv
terms of mehlhenwa iRButelseecabt i MEAhbhgexhcl udes all ,afethpphlad:
i naccur at et eesrpetoduad tisypgent r umFalgd.v eOnle. 5pokszsi(bl e reason fo
other di,snagepfam@mmedsthoensi st ency ectfweweinnd iinnepaurt and nonlinear
model s, the trud bwd=enevalnddtoevd wiin Tur bSim under ETM condi
the wind diriecaodmn®ing ttdvhtit e tidisteo el tr f-aofnte obfendi ng mode, remai
turbul a mdd uwkielcleesponses on the blade motion and fiAally
further comparison of the spectra obtaihed,evg@antihfei @d fd

me aquas edMS8E hwch is defined as foll ows:

0 "YO -B (5)
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Table 6Comparison oMSE with nonlinearmodels(with pitch control}spectrum

Full-order Nonlinear ] ] ]
) Full-order Linear MT1 Linear MT2 Linear
(w/o pitch control)
MSE 0.27251 1.28515 1.64143 4.99496

Apart from wind profilesas discussed regarding thereme valuesTable 5 andFig. 13), another reason for the less
accurate resultgivenby MT2 maybedue to theexclusionof the blade modes,e. under the ETM conditiorthe rotor torque
responsés dominated mordy the blade modes than the tower modes. To verify it, an alternative RQ®) (Xcluding all
the tower modess studied. Similar to the procedure described before, a comparitiom tofqueime signas andtheirspecta
are shown irFig. 15, Fig. 16 andFig. 17. As we can sedhereis a markedmprovemenin extreme valueélable 7 andFig.
17). The differences between the torque spectra obtained wilMTBendwith thefull-order linear modedre relatively small
especiallyif comparedwvith MT2. This phenomenon alshowed that not only the coupling effects betweB®Fs but also
the linearisation process contribute to the differences between ROMs andrfi#lr nonlinear models, éinearisationis only
valid around a small perturbation of the Ofe high MSE of MT3(Table 8) probablyderivesfrom the difference in the
frequency range below 1.5 Hz, where the difference in the absolute value of ipawech higher than that of thether

frequency ranges, and hertas a much significant influence on MSE. f&g the main focus of this paper has beerinear
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ROMs while nonlinearities may have aifect on the dynamic®f wind turbine structures, especially for ldrequency

responsesThe next sessiowill investigatenonlinear ROMs.

Fi gibiCe mp ar irostoonr giifrelé s tnon Yy ifumlolad&mnldi nneeda rh,o dMT3 added

Fi gibiCe mp ar irostomr gsgfe c t-nom ini fu lofad @ midi nneed rh,o0 dMT3 added

Table7 Statistical data of nonlinedull-order method anlinearmethodi rotor torquetime history(kN)

Full-order Nonlinear
o MT3
(with pitch control)
Min 1447.76 2428.94
Max 6010.2 6033.15
StD 671.52 471.38
Mean 3726.29 4182.17
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