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Executive Summary

The design process for new substructure concepts is highly complicated, as relevant environmental
conditions and simulatiogettingsfor numerical load assessmentistbe defined for each concept in-
dividually. This is due to the novel state of the FOWhtedogy and the outstanding of large scale
deployment and validation of simulation tools with fediale measurements of different substructure
concepts. This lack of experience with the technology makes it important to carefully select design
conditions br the systento provide a conservative yet cost effective design.

In order to support the designers of FOWT systems, this report provides methodologies to help the de-
signer identify reduced sets of critical desujiving load cases, and the therein velat environmen-
tal conditions and simulation requirements.

These methodologies are derived and applied based on the two selected concepts of LIFES50+ phase
I: the LIFES50+ OGStar Wind Floater Semi 10MW and the NAUTILKS® floating support struc-

ture. Thederived critical design load cases are the OLZ(fatigue loads during power production

and normal sea state), DLI6 (ultimate loads during power production and severe sea state) and
DLC 6.1 (ultimate loads during parked conditions and 50yr wind anawenvironment). A global

Monte Carlo based sensitivity analysis methodology is implemented for the determination of relevant
environmental conditions of FOWT and morediepth statistical methods such as Bootstrapaaiad

ysis of thebackwardstandard dviationare used for the determination of convergence behavior of the
simulations Finally, based on results from this task as well as previous tasks in LIFES50+, methodol-
ogies for determining thenvironmental impact on the LCOE as well as upscalingideraions are

given.

Next to the methodologies, the results ofshbstantiabimulation studies performed in this work pro-

vide the reader with specific recommendations for the simulation setup of both fatigue and ultimate
limit state (FLS, ULS) simulatns regarding ruin-times, required number of seeds, simulation

length, and relevant environmental conditions. The determination of relevant environmental conditions
may be a complex and numerically intensive task, which is why global sensitivity arialgsbposed

as part of the design process. This may also support the definition of a more thorough, probabilistic
design process which is considered to lead to more cost effective FOWT substructures.

It is highlighted that the reduced set of load casemot be taken to be sufficient for a complete de-

sign and do not present a possibility to reduce the overall design effort. The effort of identifying criti-
cal load cases is seen as advantageous in the early design stage, where a large variety adsiesign po
bilities isconsideredand fast evaluations are key in order to find an optimized solution.

* ™

*

* )k
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Disclaimer
The proposed critical simulation settingenditions and recommendatiopsesented in this document
are related to the experienceslediedas part of the LIFES50+ pegt. They were established from

work focussing on selected sites (and the related environmental conditibaesign bagiss well as
on selectedloaterturbine configurationand may not necessardpplicableto other systems or sites.

1 Introduction

The design of floating offshore wind turbin@SOWT) is a complex and highly iterative tasks the
combined system of wind turbine, controller, tower, substructure and mooring lines is strongly interact-
ing with the environment composed of wind, waves emdents a highly complex load case setup is
necessary to (1) consider all relevant environmental load scenarios for both fatigue and ultimate loading
and to(2) ensure that numerical solutions are sufficieatigurate andonvergedEach individual con-

cept is expected to shawndamentallydifferent sensitivities towards the environmemlichis why it

is difficult to outline one general set of simulation load cases and related simulation requirements that
is applicable in the same way for all conceptss is why at the curremstate;available guidelines may

not be as specific in the description of the design load cases (DLCs) as would be desirable by designers.
Rather than going through a wekkfined list of load conditiornr each load cas¢he dsigners have

the responsibility to identify relevant load conditions and simulation requirerfi@ntsettings such as
rurrin-time, simulation length and seed number)each of the load cases their concept.

As a stated goal of the LIFES50+ projecto provide recommended practices in the design of FOWT,

the presenstudy provides procedures for (1) the derivation of relevant design load cases for the early
design, (2) the derivation of relevant environmental conditions within these relevant ldesigases

and (3) the assessment of simulation requirements for the load calculation. Because the consideration of
all relevant environmental conditions is often not feasible due to the large simulation effort, but a prob-
abilistic design is aspired toguide cost competitive designs, another focus of this work was (4) the
derivation of a probabilistic load assessment methodology for FOWT under consideration of a large
number of environmental conditions.

By applying the methodologies to the public moaéithe two selected semisubmersible concepts from
LIFES50+ phase the presenstudyalsogivesmore applicableecommendations for load simulations

of FOWT. Because of the huge number of possible combinations of environmental conditions, opera-
tional corditions and simulation parameters in time domain simulatibwsstudy seeks for potential

in reducingof computational effort whilst maintaining acceptable accutaeglsof the load results.

This may be achieved/tsensitivityanalysesnd statisticahpproacheswhich are applied and based on
thesimulationresults To enable designers to perform similar evaluatigngances givenin selecting
suitable configurations for a FOWT load seinprder to perform similar studies

The document is organized as follows:

Chapter2 gives an overview on past research on simulation requirements and critical environmental
conditions. Also, the rel@nce of the load case definitignoutlined as part of the certification process.
Based on previous experience within LIFES50+, a reduced set of three critical design load cases is
derived which is the focus of this study.

Chapter3 summarizes the numerical setup and the two baseline concepts used throughout this work.
The fundamental differences between the concepts and their numerical models are also Highlighte

* ™

*

* )k
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Chapter 4 focusses on FLS simulation studies. Studies are performed to identify simulation requirements
for the assessment of initial conditions and transient effects. This is followed by global load sensitivity
analysis considering up to 7 environmérmtarameters. Based on this ardiepth studyis presented
investigating more closely the influence of the wave peAdsb, the load sensitivity towards the wave

peak shape parameterinvestigatedFinally, the required number of seeds and combinaifaeeds

with different simulation times determined.

Closely linked to the previous chaptenapters investigates simulation requirements and critical envi-
ronmental conditions for both concepts for ULS assessment. An additional item investigated fser ULS
the impact of marine growth.

Chapter6 provides a link to the work performed in other work packages with respect to the interaction
between the found critical environmental conditions and LCOE as well as upscaling.

The derived remmendations from the work are summarized in chaptard the conclusions and an
outlook are given in chaptér

Significant parts of the studies presented herein have been compiled as part of WP4.effdefni-

tion of design driving load casess also investigated {PegalajatJurado, et al2018)and will be part

of LIFES50+ deliverable 4.6 (in preparatipsjmulation requirements are used throughout simulations
performed in various deliverablagbustness check of public modelas performed for the models
presented ir(Yu, et al., 2018)and are included in this document to provide a more comprehensive
overview.

2 Review

2.1 Simulation requirements

This section provides an overview on the work that has previously been done in the field of research,
related to tk simulation requirements for design load simulations of FOWT. They are sorted into the
two principal topics, which are the critical environmental conditions (se2tiod), and the resolution
requirements (sectioR.1.2. Other items such as model requirements and/or techniques for data pro-
cessinge.g. consideration of Hatycles)are not addressed here

The onsideredstudies in this chapter are in particular:

- (Barj, etal., 2014)Haid, et al., 2013)nvestigated &MW turbine installed on ® C3-Hywind
sparbuoy

- (Kvittem & Moan, 2015)investigated &MW turbine installed on aemisubmersible (similar
to WindFloat)

- (Bachynski, et al., 2014)nvestigated &MW turbine installed on apar, tesion leg andtwo
semisubmersible platforms

- (Stewart, et al., 2013)maderecommendations on the simulation lengthd&MW turbine
installed on @C3-Hywind spar buoy

- (Stewart, 2016)maderecommendations on the simulation lengthd8rMW turbine installed
on aOC3Hywind spar buoyand a semsubmersible platform

2.1.1 Critical environmental conditions
One existing guideline that is commonly ugedthe design of offshoreind turbine substruciresis
the IEG614003 (International Electrical Commision, 200@&hich was developed for offshore wind

* ™

*
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turbinesupport structurethat are fixed to the sea floor. This guideliheywever, may not be sufficient

for floating offshore wind turbines due to the larger movements in the waves and the lower natural
frequencies of the systeffhe floating specific standard IE&14003-2 is currently under development

but is not published offially yet Thereforejt is important to investigatéhne environmental conditions

of the simulation for floating systems, since certain given parameters might be too conservative or not
conservative enoudior FOWT.

Several environmental conditions wergdgtigated in earlier work. The most relevant ones being wind
speed, wave height and wave period. However, next to these, directionality in the foimd-afave
misalignments typically considered as an important item that needs special consideratgactian-
dividual platform.For example(Barj, et al., 2014¥ound that 90° misalignmeritas a considerable
impact on the sidside loading for both ULS and FLS conditions. Regarding wave direction impact on
mooring line loadsit was found that the more significant loads are to be expected when wave impact is
directed along the mooring linesdditionally, (Kvittem & Moan, 2015jnvestigated the impact of wind
directionality and found this to be siimilar importance as wave directionality. Contrary to results from
(Barj, et al., 2014)they found aligned wind and wave to give the most conservative ldad&ver,

this disagreement magsult fromthe different load definition used in the two studiBisey note that
loading in the substructure may be more dependent on directionalitththéoading on the turbife
tower and bladedAlso, (Bachynski, et al., 2014)oted the most conservative loada the towerfor
aligned wind and wave conditionghile acknowledginghat theplatform orientation with respect to
wave impact directionis important Platforms with large displacements.d semisubmersible plat-
forms) showthe least fatigue loads at the tower base.

Regarding the consideration of wind and wave misalignni8tewart, 2016also found that for both
the OC3 Hywind Spaand for a semsubmersible with a 5SMW NREL reference turbinensidering
only aligned waves under predicts the siitbe tower and over predicts the faf fatigue damage. A
recommendation is made to take only the alignedndiegreewave misalignment cases along with
their pertinent probabilities.

It is notedthat any conclusions with respect to critical environmental conditions will be depending on
(among others) the absolute and relative severity of the environmental variables under consideration,
the concept under consideratifpre. chosen RNA, tower, floaty substructurenooring configuration

and materiaused. It is recommended to perform extensive sensitivity analyses before deciding which
load cases should be considered as the most relevant.

2.1.2 Resolution requirements

In the setup of design simulatigribe resolutior{i.e. simulation length, Number of seeds, Binning of
environmental conditiong)f the relevant environmental conditions is import@anobtain converged
solutions If the resolution offor examplethe wind speed is too coarse, importafiectssuch as the

3p tower excitatioomay not be considered which may lead to an-oerworse underestimation of
fatigue damage or ultimate loading. The most relevant conditions are typically wind speed, wave height,
wave period and wind/wave misatignent.For floatingwind, it becomes important to reassess the re-
quired resolution for different environmental variables specifically for each concept as they may be
fundamentally different as for wind speed.

Regarding thevind speed (Kvittem & Moan, 2015¥ound2.0 m/s bins to provide results within 12%
error margin for fatigue loads on the platform and tower Basey highlight the importance of includ-
ing 3P resonance effects when turning to larger hinaddition theyfound1.5m wave heightbins to
provide results withi®% error margin for fatigue loads on the platform and tower lbasally, for the

* ™

*
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wave period they alsdfound 2.0 s bins to provide results within 5% error margin for fatigue loads on
the platform andower base.

Wave directionbinswere investigatetbr an OC3 Hywind spar type floating wind turbiihg (Barj, et

al., 2014) Theyfound that, based on 4fiin simulations, for determining extreme loads for turbine and
anchor lads, it should be sufficient wimulateonly two bins (0° and 90°) for wave direction, when
wind direction is held constant. They also noted that using two bins should suffice for the determination
of lifetime fatiguebut highlighted that the two directie with the largest damage contribution need to

be considered.

(Stewart, et al., 2013hvestigated theimulation length requirementsfor the OC3 Hywind Spar with

a 5MW NREL reference turbine afmlndthat forincreasinghe standard 10 minwgsimulation lengths

no significant variation is to be expectétbwever, it is mentioned that relatively greater number of
unclosed cycles counted during the fatigue estimation in shorter simulations have an important role on
the fdigue estimationThis is similar to the findings for onshore turbines, such as presen{&dksr,

et al., 2004) Here, theyinvestigated how taking individudétigue from one time series giects the

loading effect of the wid speed varying from one ten minsié&erage to another respectively from one
measurement load case to another, in other words the effect of low cycle fatigue. For the onshore tur-
bines analysedt was found that low cycle fatigue can contribute signifilyato materials with large
sensitivity to load cycles with large ranges sucfilag plastics and cast modular iron components.

Furthermorethe number of considered seed#as also investigately (Stewart, et al., 2013Yhey
showed that for the maximum loadsthe OC3 Hywind Sparl0 simulationgof 10min)are necessary
to be within 2% of the true value of the maximum fafetower base bending moment.

Similar to(Stewatrt, et al., 2013[Stewart, 2016jurther analysed the simulation length requirenmarnt

only for theOC3 Hywind Sparbut alsdor a semisubmersible with a 5SMW NREL reference turbine.

He found thafor the semisubmersible, the shorter simutats with repeating 10 minwgevind files

can create situations where the simulations never achieve full oscillations of the platform. This may be
a reason to use longer simulations if anchor/mooring line tension is an important factor. However, he
does nte that longer simulation lengths other than 10 minutes with constant mean wind speed and
turbulence intensity would not represent reality, since these statistics change over the Xspanste

(Haid, et al., 2013alsofocussedn simulation length requirementsand thenumber of considered

seedsn order to obtain converged load resultieyused periodic 1:0nin wind fields in combination

with 1-6 houswave environments and investigated the impact on the response statistics. To investigate
the dependence of aerodynamically derived loads on simulation length, they compared loads statistics
from 10xXhour, 12x56min, 15x40min, 20x30min, 30x20min, and ®x10-min FAST simulations. A
land-based turbine was used for this study to ensure a comparison based on only aerodynamic loads. To
investigate the dependence on simulation length of loads due to hydrodynamics and floating platform
motion, they evaluateddals statistics from simulations with a length of 10 minutes, 20 minutes, 1 hour,

3 hours, and 6 hours, with the numbers of independent wave and wind seeds chosen to yield the same
amount of random information in each group of simulatidie results shoveethat when the total
simulation length for the wind and waves is constant, the ultimate loads do not intensify with increasing
simulation lengthBased on bootstrap analysisetauthors suggest that approximately temli® sim-

ulations for each wind spédin should be used to obtain converged statistics. They also found that the
length of the wind files does not haaesignificanteffect on the loadactingon the turbine, as long as

the total simulation time was kept constdsur fatigue loadsthe immct of the simulation length was

found to be below 5% for all observed locations.

* ™
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In addition to this study(Kvittem & Moan, 2015)found that for locations on the platform and tower
base, 10x10min simulations were sufficiembe within an error margin of 10%, when calculating the
lifetime damage.

Another item of interess the requirements for the determinatioririfial conditions (IC) and theun-
in-time for the simulationslt might be thought that to yield stationamgsponse in the lovrequent
modes a significant amount of simulation time is needed. How@vaid, et al., 2013)ecommended
that the initial simulation time which should be ignored is at lefe80 secondfor the FOWT aralyzed
when proper ICs are used for rotor speed, blade pitclofeplaine blade deflection, and platform surge,
pitch and heave displacementsder specific wind and wave conditioifie methodology on how this
conclusion was taken is not explained ie tleport.As 60s is typically less than one cycle of natural
periods, technically, the ICs should then include some offset in the motion as well.

2.2 Relevance of load case definition

Load cases are an inherent garthe wind turbine standards and definespecific design load criteria

for the structural design according to defined classes of environmental impacts. These generic external
conditions describing wind, waves, currents, etc. and their related meteorological parameters in different
classes ofewerenesandenableghe calculation of reproducible and comparable load sets. The defini-
tion of extreme eventsin wind industry standards a recurrence period of 50 years has been established
T in combination with partial safety factors reflect a gengiatcepted safety level which enables a safe
energy production during life time, typically #8®25years. The intention of the load case definitions is

to cover all load relevant situations within the designated life time of the system. These areybasicall
normal operation, extreme events, failure modes and grid impacts in combination with operation and
standstill conditions. In line with the growth of turbine size, structural elasticity and complexity of
modern wind turbines the load case definitionsternational standards such as the IEC6130€.g.
(International Electrotechnical Commission , 2Q@@¥ries or DNV GL standards (e(®NV-0S-J103,

2013) ) have been extendewntinuously. This was done e.g. by replacing stationary wind conditions

by turbulent wind fields and introducing extrapolation methods for the determination of extreme load
levels. A full load case setup for final design or for certification of a floatimgl turbine according to

above mentioned standards could easily reaéhlifferent load case variations. Such a setup includes
e.g. a complete representation of the wind and wave spectra with all relevant combinations and direc-
tionalities. This procederensures that all situations with a potential to generate critical design loading
are covered by the load case setup.

Adding to the load cases of the installed system, load cases focussing on other stages of the life cycle
could also be of/alue, coverig items such asonstruction, temporary storage/mooring and towing
casesThese may be of relevance but are not covered in this work.

2.3 Critical environmental conditions for FOWT global evaluation

When setting up @hd caseefinition a classicérilemmamust to be solved: Finding an optimal relation
between alculation accuragycalculationtime and alculationdata volume. As mentioned above a full

load case setup according to a certification standard could lead to more tHaadl6ases, several
teralytes of time series data and several weeks of computation time (depending on the hard ware equip-
ment). Therefore, it should be clarified prior to thefinition ofload case setup for which purpose the

load results will be used later ohdpotential forreduction of calculation effort ibviouslydepending

on the envisagedesign stagef the FOWT. In concept developmesitplified modelsapplication of

scaling or extrapolatiomethods might be sufficient. Indnt enddesign or in academic analysis jeais

the load case table and the variation of calculation parameters could be reduced to a handful of (as-
sumed/experienced) design driviognfigurations. If the load simulation results should be applied in a

* ™
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final design calculation or within a type aiogect certification process the complete set of standard load
cases, including the defined combinations of environmental and operational parameters should be per-
formed to achieve the required accuracy for these development stages.

2.3.1 Summary of experiences

In this section experiences in simulating FOWT from research and demonstration projects have been
selected. The review focuses on the four main floater types designed and build in the recent years: Sem-
isubmersible, tension leg platform (TLP), barge arat $uoy. Today no floater type has been clearly
established as a favourable design with respeogvelised Cost Of Energy (LCOEJhe recommen-
dations given in this section have been extracted from the simulation calculations WitRES&0+

OO-Star Wird Floater Semi 10MVEind theNAUTILUS10 concept see sectio®.1 Additionally, ob-
servationdave been applieshade by DNV Glwith differentfloating conceptsseeDNVGL-RP-0286

for further details. The recommendations given in this section basedon experiences with éew se-
lecteddesign conceptsnder limited environmental conditions. They are not applicable generally to the
addressed floater concepts and a sensitivity study as described in 4extibisectiorb shall be per-
formedin any casdor each new design concept.

However, therareseveradifferences observed in FOWT simulations compared to bottom fixed off-
shore wind turbines and as well among the different floater types considered.

Semisubmersible

This floater type iduoyancyandballast stabiliseda nd | ar ge par tdumeislocattde st r u
below sea level. The platform type is typically characterised by strong motions induced by sea states.
Tower bottom and floater hulbadsare typically dominatedoy storm load cases, such as D&Q.

Wave lengths which are a portion oktlistance between structure buoyancy columns could cause
strong excitation. These Asplitting periodsodo col
might notnecessarilyesult in maximum loads. Instead specific wave periods at lower wave $eight

could provide dimensioning loads. Therefore, a careful selection of wave periods, especially towards
large periods (low frequency) is recommended. Wirade misalignment is relevant tonsider,and

beside collinear windvave directionality alsmisaligredseas lead typically to high FLS and ULS load-

ing. The mooring system loading often receive little impact by wind loads and is dominated by combi-
nations of wave loads and currents.

Tension leg platform (TLP)

TLP designs are well known in t@l& Gas indstry and have been designed primary for very deep
waters. The floater is stabilised by vertical tendons which are fixed to the sea bed. This design provides
a relative stiff positioning of the full submerged floatespeciallyin heave, pitch and roll dction.

Many TLP designs show a weakness of the platform yaw motion degree of freedom. The sensitivity to
environmental impacts is often close to bottom fixed offshore wind turbiméise DOFs mentioned

Whilst the RNA loads are driven by wind, the supstructure (tower, floater, station keeping) is driven

by sea states. Windave misalignment of 90° could result in strong loading becatifige lack of
aerodynamic damping. Due to unfavourable parking positions service limit states (SLS) could result i
extreme loads. Furthermore, leakage and tendon failures become critical for the structure. Severe sea
states and 5Qear sea states are often design driver of the tower bottom and the floggecial TLP

effect is tendon slack (loss of pretensioR)e relation of tendon slack and varying sea levelsnis
portantfor the tendorstructuralintegrity and should be considered in the load case $etup T L P 6 s
Consideration oturrentss relevant for tendon ULS and FLS loads

* ™

*
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Barge

The barge type is purely buoyancy stabilised and uses often similar station keeping systems as the semi
submersible typeThe bargdaypetendsto strong, wave elevation induced platform motions with high
inclinations in pitch and roll direction. In FLS dihations both wind and waveadtypically contribues

to structural fatigue. In ULS simulations wave impact fromyB@rs events is dominating hull and
mooring loads for the considered barge type (DLC 6.1 and DLC 6.2). Large platform pitchresgies

in extreme loads of the RNA and the tower. Perpendicular directions of wind and wavesv@wend
misalignment 90°) are critical due to the lack of aerodynamic damping. A global sensitivity analysis to
wind-wave misalignment for each barge type design ismesendedFor extreme sea stat&$9 and

severe e state $Sg, all the points on the environmental contoumalve heightandwave period

should be considered and not just the largest wave heights and associated wave periods

Spar buoy

The slender striiare design of spar buoys is generating its stability by a massive ballast located typically
at the spar foot at high draught. Mooring lines are attached at fairleads above the ballast area. Compared
to the other floater types described above, fatiguesladdhe spar buoy are influenced by wind and
wave conditions at balanced portion, both RNA and support structure. The spar buoy type is responding
typically sensitive to windvave misalignment. A full analysis with at least 15° variation steps of the
directionality of wind and waves is highly recommended. Collinear wind and waves as well as currents
in line and opposing wind direction lead to extreme pitch angles which results in ULS design drivers for
RNA and support structure. Spar buoy designs are coftaracterised by weak yaw resistance. This
could lead to additional ULS loading for the rotor. The tower and the spar could receive extreme loads
at maximum rotor thrust, e.®LC 1.6. System failures (DLC 2.x) and emergency shut downs (DLC
5.1) might reslt in extreme pitch/roll motions and related extreme loading. For the mooring lines or
catenaries yaw excitation due to high wind turbulence or inflow errors could be an issue.

2.3.2 Global ULS analysis

A numerical study(Frias Calvo2017)was carried out on thelFES50+ OQStar Wind Floater Semi
10MW(Yu, et al., 2018jo investigate the ULS loads and dominating DLCs in terms of ultimate loads.
The Gulf of Maine site defined in the LIFES50+ projé€tieger, et al., 2015vas considered. The
aerchydro-servoelastic HAWC2 simulation toqKim, 2013)was used to perform dynamic calcula-
tions. In the model set up for this study, the wind turbine and tower were modelled with a Timoshenko
beam finite element formulation, and aerodynamic loads on these components were calculated using a
modified blade eleent momentum method detailed fyarsen, 2013)The mooring lines are repre-
sented with a cable finite element model, including hydrodynamic loading through application of the
Morison equation. Hydrodynamic loads on the floasaogport structure were calculated using a-first
order potential flow solution by WAMIT, combined with the drag term from the Morison equation. No
second order hydrodynamic loads were considered apart from the contributions of the Morison equation.
The DTUWind Energy controller was tuned to maintain stable operation across the wind turbine oper-
ating envelope and avoid the negative damping phenon{@egalajatJurado, et al., 2018)

2.3.2.1 Design load cases
The selection of DLCs wasabed on the LIFES50+ Design Badfsieger, et al., 2015and the DTU
Wind Energy Offshore Design Load Baé@idatarajan, 2016)ThelEC 614003 DLCs were selected to
assess the ultimate loads in UaBd ALS conditionsTable2-1 defines the ULS DLCs anBable2-2
defines theALS DLCs. For DLCs with extreme operating gusts (EQfG}otal seven scenarios were
considered, corresponding to gust time periods equivalent to the pksiarmgid body natural periods

* ™

*

* )k
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(multiplied by 1.5) and the standard 10.5 seconds duration. Similarly, for DLCs with extreme direction
change (EDC) and extreme coherent gust with direction change (ECD), the gust time duration was set
to the yaw natural period of the floating wind turbiRerther details on the definition of all DLCs may

be found in(Frias Calvo, 2017)

Table 2-1: Ultimate limit state DLCs

Name Load PSF Description Yaw [deg|
Power
DLC13 U 1.35 production 4:2:26 | -10/0/+10 | ETM 6 0.14 | None | NSS UNI 3600
with ETM
Power Vr -2, 5 A In‘ftial]y
DLC14 U 1.35 production Vr, DC{;QCUOH None None 0.14 | ECD | NSS al'%ned 1000
N s iy 1ange with
in ECD Vr +2 wind
Power Eq. in
DLC15 U 1.35 production | 4:2:26 0 None None I(EC', None | NSS UNI 1000
with EWS
Power
DLC16 | U | 1.35 p{:‘i‘;j;_‘;“ 4:2:26 | -10/0/+10 | NTM 6 0.14 | None | SSS | UNI | 3600
sea states
Power
DLC21 U 1.35 proﬁiﬁ:‘on 4:2:26 | -10/0/+10 | NTM 4 0.14 | None | NSS UNI 3600
grid loss
Power
production Vr -2, 5 gusts
DLC23| U | 11 with b 0 None | &34l | g14 | EOG | NSS| UNI | 1000
grid loss Vr 42 starting
during Vout points
EOG
5 Vin,
DLE32| U | 1.35 *‘;‘;ag(‘;g) Vr4-2, 0 None | None | 0.14 | EOG | NSS | UNI | 1000
Vout
. Vin. Ini.tially
BEGHEN U | 135 | Seroin |y g 0 None | Nome | 0.14 | EDC | NsS | #ligned | 3009
Vout with
wind
Vin,
BN U | 1.35 | Shutdown | 0 None | Nome | 0.14 | EOG | NSS | UNI | 1000
with EOG i
ST U | 135 | Dmergency | Vri-2, 0 NTM 12 0.14 | None | NSS | UNI | 1000
shut-down Vout
Parked in ;
DLC61 U 1.35 extreme V50 -10/+4-10 11% 6 0.11 | None | ESS UNI 3600
wind
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Table 2-2: Accidental limit state DLCs

Name Load PSF Description Yaw [deg] Turb. Seeds Shear

Power
DLC91 U i 51 Pt’f’i:;;"t“ 4:2:26 | -10/0/+10 | NTM 6 0.14 | None | NSS | UNI | 3600
condition

Power
production
DLC92 U 1.1 redundancy | 4:2:26 | -10/0/4-10 | NTM 6 0.14 | None | NSS UNI 3600
check

condition

Parked
DLC101 U i transient V50 -10/0/+10 11% 1 0.11 None | ESS UNI 3600

condition

Parked

DLC102| U | 1.1 re“jﬁ‘e“gjcy V50 | -10/0/4+10 | 11% 1 0.11 | None | ESS | UNI | 3600

condition

2.3.2.2 Important results
Figure2.1 presents the maximum feedt and sideside bending moments in the tower bottdéiigure
2.2 presents the maximum feedt and sideside accelerations of the tower top, &igure2.3 presents
the mooring line arrangement and maximum fairlead tensions.

The analysis of the results showed a strong influence of the controller on loads within the wind turbine
and tower during gust events and extreme turbulence conditions. The tuningohtifeder to avoid
platform motion instabilities resulted in a slower controller response to disturbances. This slower re-
sponse rate resulted in higher loads in the tower bottom, tower top and blade root bending moments.
This is highly dependent on therecept and could be mitigated by including the RNA acceleration into

a feedback loopA better tuned controller might thus change the found loads of this study.

A challenge in this study was the definition of the gusts, due to the large number of pumsibiea-

tions of duration and timkg. Thusit is not certain if the largest loads possible were induced in the
present work, and whether these gusts are realistic in nature. A probabilistic approach may be considered
in the future to reduce uncertaintiesre.

DLC 10.1 and DLC10.2, corresponding to a mooring line failure with a parked wind turbine, were
initially found to be the dominant DLCs in generating largest loads and accelerations in the majority of
sensoranalysed. Further analysis of resultewhdthatblade edgewise instabilities in these DLCs with

a wind direction of 10 degrees led to the large loads and accelerations. This issue was also observed
during the design of the DTU 10MW Reference Wind Turl{ak, et al., P13). The bars denoted
6*DLCA. 1*06 alndd. 20FigDdAd.OFigure2.2 andFigure2.3 represent the largest response

for these DLCs, excluding the case with a wind direction of 10 degrees.wiiist this instability is
specificto the turbine used here, the scenario of a mooring line failure may still be adegigg case

for floating wind turbines with catenary mooring systems.

* ™

*
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Figure 2.1: Tower bottom bending moments

Tower top fore-aft acceleratio

e

<0100«
x¢' 010710«

56 7 8 91011121314151617 1
Number of design load cases

819

Tower top side-side acceleration

-10

16

T T T T T T T

«¢ 01071A«

S Y R TR TR S

1

67 8 910111213141516171819

2 345
Number of design load cases

Figure 2.2: Tower top accelerations

Line 3 ~

N Line |
( ) \ L

kN

Force at fairlead Line 1

12000 -

10000

8000

6000

4000

2000

1

LIFESO+Deliverable project 640741

T 1 T 1 1 1 R T

£107a
0261510

26010
201010
.201070.

234567 8910111213141516171819
Number of design load cases

17/129



LIFES50+ D7.7 Identification of critical environmental conditions and design load cases

\

Force at fairlead Line 2 - Force at fairlead Line 3

4500 4000

4000 1 3500

3500 1 3000

3000 f
2500 f

2500 |
= < 2000 |

2000 |
1500
1500 |

1000 | 1900:F

500 500 |

1234567 8910111213141516171819 1234567 8 910111213141516171819
Number of design load cases Number of design load cases

Figure 2.3: Mooring line arrangement and fairlead tensions

3 Considered setup

3.1 Turbine and platform concepts

The considered systems are the DTU 10MW reference wind turbine and eith#fES0+ OQStar
Wind Floater Semi 10M\Wt theNAUTILUS10 floating support structure. The lifetime for the consid-
ered systems is set to 25 years. The used DTU 10MW RWT is dndupMxWT with variable speed,
collective pitch and a rated rotor speed range-®66RPM. The cuin, rated and cubut wind speeds
are 4.0 m/s, 11.4 m/s and 25.0 n{Bak, 2013)

The semisubmersibleLIFES50+ OQStar Wind Floater Semi 10MWonsists of a concrete platform

with starshaped base pontoon connecting the central column with the three outer columnsobinree

ing lines withadditionalweights hold the platform in place. The tower design used in this cos@ept i
stiff-stiff design The corresponding natural frequencies are showralrle 3-1. Figure 3.1 shows a

sketch of the CAD model used within LIFES50+ as well as a rendered view of the céncepiroller
developed at thEniversity of Stuttgarvith tailored input parameters was used for this stlitigre is

no active ballasting included in this concephe natural frequencies have been calculated by FAST
based on an elastic blade and tower model mounted on a stiff floater. Note that this modelling leads to
increased natural frequencies for the tawehich may alter the results of the model used in this work
compared to a commercial design.

The NAUTILUS10 concept is ateelsemisubmersible floater with four columns, a squared ring pon-
toon connecting them at their lower endsXashaped main dedaonsisting of four rectangular shaped
connections between columnés upper ends and an
to the seabed using four conventional catenary steel chain mooring lines arranged in a symmetrical
configuration.An active ballast systemwith closedloop controlhas been designed to mitigate wind
induced thrust forces, restoring the system to optimal efficiency following changes in wind velocity and
direction and keeping the verticality of the tower. Praformtrim systempumps sea water in or out
independently into each of the individual columns to adjust the draft (target floater air gap) and to com-
pensate for the mean wind thrust loading on the turbine rotor and substriibtitewer design used

in this concepis a stiffstiff design. The corresponding natural frequencies are showabile 3-1.
Figure3.2 shows a sketch of the CAD model used within LIFES50+ as well as a rendered view of the
concept. Thé&®TU Wind Energy Controllef(Hansen & Henriksen, 2018jith tailored input parameters

was used for this studyhe natural frequencies have been calculated by FAST based on an elastic blade
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and tower model mounted on a stiff floatdnte that this modelling leads itacreasedatural frequen-
cies for the tower, which ay alter the results of the model used in this work compared to a commercial

design.

Table 3-1: Properties the two considered platform conceptgYu, et al., 2018)

Property LIFES50+ OGStar Wind

Floater Semi 10MW NAUTILUS10
Total mass [kg] 2.3618E+07 9.337E+06
Natural frequencies g 0.0055Hz 181.8 s 0.0080Hz 125.0s
period surge
Natural frequencies g 0.0490Hz 20.4s 0.0530Hz 18.8s
period heave
Natural frequencies g 0.0320Hz 31.3s 0.0330Hz 30.3s
period pitch
Natural frequencies g 0.0086Hz 116.3s 0.0100Hz 100 s
period yaw
Natural frequencies g 0.7860 Hz 13s 0.5410Hz 18s
period tower

Different modelsvere availabldor thedifferent concepts and due to new findings, some relevant
ations in the simulation studies are to be taken into account when trying to compare the results
in this document:

Different hydrodynamic modelling was applied for both concéptwrder potential flow &
second order hydrodynamics & global dfag Nautilus10 concept rather thafirst order po-
tential flow & Morison dragor OO-Star Wind Floater Semi 10M@&bncep}
Non-consideration of currents for tiNautilus10 concept

Using a different minimum wave period for the ULS analysis

Using different controlles(DTU controllerfor Nautilus10, SWE controlleffor LIFES50+ OQ
Star Wind Floater Semi 10MW

Consideration of the maximum of fairlead tension loads for the evaluatidhgNautilus10
conceptrather than leading fairlead tension for the&ES50+ OGStar Wind Floater Sem
10MWconcept
Consideration of the towdraseresulting bending momefvr Nautilus 10 conceptrather than|
the foreaft and sideside moment fothe LIFES50+ OQStar Wind Floater Semi 10M@6n-
cept.

1 Assuming stiff floater for both concepts
2including fully loaded active and passive ballast

* ™
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Figure 3.1: LIFES50+ OO-Star Wind Floater Semi 10MW (Yu, et al., 2018) (Olsen, n.d.)

Figure 3.2: NAUTILUS -10 floating support structure concept(Yu, et al., 2018) (Mdiller, et al., 2018)

3.2 Considered environment

For the mainsimulation studies presented herein, reference environmental conditions are used. These
are taken from the LIFES5Q3roject as well. The conditns analysed are of thHdFES50+ reference

site B (medium severitypased on environmental ddtaind at theGulf of Maine, which is along the

coast of the east coast in the United States of North Améifeasite is intended to bepresentative

of the North Atlantic Ocean, about 25km at the southwest of Monhegan Island and 65 km east from
Portland, Maine. It lea water depth of 130m and is characterised by a Weitall coefficient of &.

and a shape coefficient of 1.7, as derived by a measuremenfTialtg3-2 summarizes key character-

istics of the environmental parameters. The environmental conditiodefamed indetail in(Krieger,

et al., 2015pnd(Ramachandran, et al., 2017)
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