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Abstract. Designing floating wind turbine systems requires integrated load assessments (ILA) using fully cou-

pled hydro-servo-aero-elastic models. White-In most cases, floater hydrodynamics are represented using poten-
tial flow models are-commenly-used-torepresent-floater-hydrodynamies-for mooring system design and motion

estimation, the-floateris-tipically-assamed-as-while the floater itself is typically assumed to behave as a rigid body.
This-However, this assumption can significantly impact-affect tower eigenfrequency calculations, particutarly

especially for large floaters. In this study, we investigate these effects using in-situ sensor data from the Zefyros
2.3 MW spar wind turbine. We detail-the-methodology-emptoyed-present a methodology to accurately determine
tower’s eigenfrequencies. A rigid floater model w1th0ut added mass resu}tedﬁﬂﬂ%%erfeﬂweggsvtgvavnv@wg\ge
error of 38% compared to measured edueed-thise

tower modes. Including hydrostatic added mass reduces the error to 28% Further incorporating floater flexibilit

decreases the error to 5%, and furtherte-accounting for blade flexibility lowers it to just 3%with-blade-flexibility
. These discrepancies highlight the neeessity-importance of refining the hydro-servo-aero-elastic model to mateh

%Mergenfrequenmes derived from ﬁnlte element hydro structural analyses We present potentlal model
adjustmentsan modifi atth

%smteﬂwupdateekmedelr assess therr impacts, and demonstrate theu dated Valrdatron process. -




1 Introduction

Offshore wind energy has grownrapidty-experienced rapid
growth over the past decade, with a—threefold—inerease—in
eapaeity—capacity tripling between 2012 and 2022. During
this period, a-significant-average-annual-wind-eapacity—an
average of 55GW—was-added——and-75GW-only-55 GW of

new wind capacity was added annually, reaching as much
as 75 GW in 2022 alone (IRENA , 2023). According to the

IRENA (2023)’s 1.5°scenariofRENA—-2623), wind energy
10 will-be-is expected to become one of the largest sources of

electricity worldwidewith-a-predietion-of-, with an estimated

10,300 GW of installed capacity by 2050.

the-problem-of having-aDespite this expansion, the sector

1s continues to face the challenge of a relatively high lev-
elized cost of energy (LCOE) compared to other seetoers:

o ] Haborati searchefforts_durinethedesi
and—development,—power_ generation _sources. However,
collaborative _research, _supportive _government policies,

20 and the—signifieant—inerease—in—asset-production—in—reeent
yeats;-the-domain-has-eonsiderably-advances in large-scale
asset_production_have significantly reduced the LCOE of
Floating Offshore Wind Turbines (FOWHmaking—them

more-FOWTs), making them increasingly cost-competitive
2s (WindEurope , 2020).

One strategy for the—cost reductlon is to increase the

o

sameﬂme%h&geﬁef&kpgygmmltmwm
This_approach, however, also_requires_a proportional
w0 increase in the overall structural size. As the-floater-strueture
support-strueturesfloating foundations scale up, they must
be designed to remain stable and flexible under more
demanding conditions.
ss The design of the—suppert—strueture—support structures for
FOWTs is net-an—easy—task—This—is—mainty—particularly
challenging due to the complex phenomena—that-must-be
considered—as—these—assets—are—deployed—in—very—hestile
environments—(European-Commission2019)—Thusphysical
« phenomena involved and the harsh marine environments
in _which they operate (European Commission , 2019).
Consequently, the continuous evelution—of—the—design—of
larger-struetures-is-now-a-coneern-in-the-trend toward larger
and more powerful turbines raises new_concerns for the
«s engineering and design community.

Currently, only a few FOWTSs are operational. Zefyros
(shown in figure 1), is one them. This wind turbine is lo-
cated 11 km far from the coast of Norway and new-owned

so by Unitech. It is the first multi-megawatt floating turbine in
the world (Skaare et al. , 2014). The first numerical model of
Zefyros was presented in the work of Skaare et al. (2007). In
this work, the structure was modeled using a coupled sim-
ulation based on two different software’s, SIMO/RIFLEX

and HywindSim, developed by Marintek and Risg National
Laboratory respectively. Both simulators solve their own dy-
namic equilibrium equations in time domain. A scaled set of
tests cases were carried out by Ocean Basin Laboratory at
Marintek with the objective to compare the results of an in-
tegrated coupled simulation tool outputs with experimental
data. A good agreement was shown between simulation and
measurement data.

Many studies using—employing aero-hydro-servo-elastic
simulations of FOWTs (e.g., (C.P.M. Curfs , 2015; Cheng
et al. , 2015; Zhang et al. , 2020)) eensider—account for
tower and blade flexibility. However when foecusing—the
focus is on mooring design or FOWT—metion;—potential
ﬂew—meéek—afe—efteﬂ—ﬁ%eé—fer—ﬂea{er—hydmdyﬁamie%—
Although-these-models-aceuratety-platform motion, floater
hydrodynamics _are often_modeled using_potential flow
theory. While these models capture hydrodynamic loading
—they-typically—assume-arigid-floater—This-—rigidity-with
reasonable accuracy, they generally assume the floater to
be rigid. This assumption not only precludes eatetlating
; A Toads but_aleo cent
eatenlations;—potentially —affecting—towerthe _estimation_of
internal loads within the floater but also_influences the
affect predictions of the tower's dynamic response.

The importance of considering floater flexibility in global
dynamic responses of—a—+5MW-has been emphasized in
recent studies. For example, Lietal. (2023) investigated
a_15 MW semi-submersible floating—wind—turbinehas
been—highlighted—in—the—work—eof—Lietal{2023):
Zhixi 202214 ] hod inetud
flexibility —of ~wind_turbine, highlighting_ the influence
of structural flexibility on its dynamic behavior. Similarly,

Borg, Michael and Hansen, Anders Melchior and Bredmose, Henrik (2(

proposed __an__approach to_ incorporate large-volume
substructures—based—on—an—iterative—procedure—between
substructure flexibility using an iterative coupling between

the radiation-diffraction solver WAMIT and the aeroelastic
code HAWC2 sef—fwa%ee&for a spar type substructure.In this

latform The1r stud compared the lobal responses of
rigid and ﬂex1ble fﬂedel—was—peffefmedmodels showmg

that

accounting for flexibility yields more accurate sectional
leadsload predictions.

As ithas-been—shown—this-flexibility-effeetis-addressed
shown in the literaturefor-differentfloating-support-structure
types-, the effect of floater flexibility has been addressed for
different types of floating support structures and wind turbine
sizes. n—According to DNV-RP-0286 (DNV-GL , 2019)it
ts—mentioned—that—thishypothesis—maybe—sufficient—, the
assumption of rigid-body behavior may be acceptable in cer-
tain cases, and-before-implementation—it-should-provided it
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Figure 1. Zefyros, the world’s first multi-megawatt FOWT
UNITECH (2022). Credits: Unitech Energy Grou

can be demonstrated that the-flexibility-of the floating-deviee
1 | omif nfl ] -
turbine—floater flexibility does not significantly influence
the turbine’s response. Similarly, NR572 (Bureau Veritas ,

5 2015) also-mention-states that hydro-elasticity needs—te-be
eeﬂﬁdefeé—whefe—&ppfepﬂafeshould be considered when
relevant. However, today-there-is—no-elearguidance-on—the
recommended-practicesfor-despite these references, there
is_currently no clear or unified guidance on best practices

10 for assessing the validity and application-of-the-substructure
sigid—body—applicability of the rigid-body_simplification
during the design phase of floating substructures.

This article details a methodology to accurately calcu-

15 late tower eigen-frequencies at design stage and integrate
floater flexibility effect into the aero-hydro-servo-elastic sim-
ulations. We demonstrate the impacts of floater rigid body
assumption on tower eigenfrequency calculation, using in-
situ sensor data from the Zefyros 2.3 MW spar wind tur-
2 bine. Section 2-1.1 briefly introduces the Zefyros wind tur-

Figure 2. Zefyros;—Sensor position along the wortd’s—first
mutti-megawatt FOWT-UNITECH(2022)tower.Credits—Unitech
Energy-Group

bine. In Section 2?2.1, we describe the measurement cam-
paign and the estimation of tower eigenfrequencies, among
other dynamic parameters, using the S-Morpho measurement
system. In Section 2?2.2, we describe the numerical mod-
els. The subsection 22-2.2.1 provides some theoretical back-
ground on the hydro-structural model used for modal anal-
ysis and reference calculation of the tower eigenfrequen-
cies. Then, in Section 222.2.2, we describe the initial aero-
hydro-servo-elastic simulation model implemented in Open-
FAST. In Section 2?2.2.3, is presented the potential simula-
tion model adjustments, discussing their limitations and im-
pacts. For the tower’s eigenfrequency calculation from time-
domain simulation results, we used an Operational Modal
Analysis (OMA) teel-described in Section 222.2.4. In sec-
tion 22-3 we describe the load cases we used to run the aero-
hydro-servo-elastic models in order to assess tower eigenfre-
quency in time domain simulation and identify a potential
modification of the global dynamic tower response . Section
4 is dedicated to the discussion and the presentation of the
results.

1.1 Description of Zefyros floating wind turbine

Unitech Zefyros is a floating spar offshore wind turbine orig-
inally installed as Hywind Demo by Equinor (Statoil) at ap-
proximately 11 kilometres of the west cost of Karmgy (Nor-
way). The floater is based on a cylinder shape submerged
vertically and connected to a steel tower. Having a spar-type
substructure, the structure is stabilized due to the long dis-
tance between the center of gravity and center of buoyancy.
This system is supporting a Siemens 2.3 -MW-MW wind tur-
bine with a rotor diameter of 82.4 meters.

The system is fixed to the seabed by three mooring lines con-
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Table 1. Wind turbine characteristics.

Parameter  Value/Unit
Turbine power 2.3 MW
Turbine weight 138 tons
Draft hull 100 m
Nacelle height 65m
Rotor diameter 824m
Water depth 220 m
Diameter at water line  6m_
Diam, submergedbody 83 m
Rotorspeed 618 rpm
Wind speedrange . 3223 m/s

sisting of hybrids wires and clump weights. The length of

each line is approximately 800 metres.The hull is ballasted

with gravel and water. The main particulars of Zefyros are

given in Table 1. For a detailed description of the structure
s refer to the work of Sjur Neuenkirchen Godg (2013).

2 Methodology

2.1 Measurements performed on 2.3MW Zefyros wind
turbines

1s Dynamic and static measurement data was—colected

were collected continuously over two years within the frame-
work of the DIONYSOS project using the S-Morpho system.

%&&eﬁmﬁaﬁwﬁemﬂmm

2 include three-axis accelerations, magnetic field, and temper-
ature at a sampling frequency of 40H z. Six sensors were in-
stalled along the Zefyros tower in May 2022, approximately
30° west-north.

The—sensors—were—positioned—Their positions were at 17,
s 33, 41, 49, 57, and 63 meters—-m_above sea level. The lo-

cal sensor reference frame was fixed-to-the-towerreference
frame;-and-the-X and-Y direction-corresponds-to-the-aligned

with the tower’s reference frame: the X-axis corresponds

to fore-aft and-movement, the Y-axis to side-to-side move-
w0 mentrespeetively, and the Z as-—vertieal-movementsZ-axis to

vertical movement.

Onfigure Zare shownFigure 2 shows the first two sensors in-

stalled on the tower. As the tower is made of steel, all sensors
were fixed by two powerful magnets per unit. A general view

ss of the positioning is depieted-on-figure-4-—For-meore-provided

in figure 3. For further details about the sensor systemplease
referto-(Redoute; 52020, refer to Redoute, T. (2020).
2.1.1  Modal Identification of Zefyros Tower From
Measurements

The simulation of the dynamic behavior of a wind turbine is
s&eﬁgkybh}glllﬁ&dependent on the accuracy of %h&lts numer-

To ensure the model correctl re roduces the dynamlc re-
sponse of the asset—The-experimental-selected-datafor-this
calibration must be performed using reliable experimental

data. In this work, the selected experimental data for calibra-
tion were the global modal parameters.

The Zefyros wind turbine is equipped with a yaw sys-
temthat-allows—therotation—ofthe nacelleto-keep-it-facing
which allows the nacelle to rotate and remain oriented
toward the wind direction. This preperty—makes—feature

Wthe modal analysismere—complex—for
wind-turbines, as the modal-deformation-of-the-strueture-is

dependent-structural modal deformations depend on the na-
celle orientation (Oliveira et al. , 2018). To evercome—the

MWMMW
the moving reference frame and-the-tower-of the nacelle with
the fixed reference frame ;-the-following-of the tower, a co-
ordinate transformation was performed-using-applied. The

transformation used the nacelle orientation angle, obtained
from the SCADA data ;-provided by Unitech Energy Group.:

' (t,0
y '(t,0) y(0) (1
Z'(t,0

Where the variables x and y contain the raw acceleration
data, variables x” and y’ are the new transformed accel-
erations and corresponds to the yaw angle 6 of a 10 min
averaged. R(0) is the three axes matrix rotatlon

them-This coordinate transformation enables the projection
of the measured acceleration signals into the fore-aft and
side-to-side directions of the tarbine;horizontal-erthegenal
to—the—rotor—plane—and—herizontal-paralel-direction—wind
turbine — i.e., the directions parallel and perpendicular to
the rotor planerespeetivety:, respectively. The transformation
was applied to the entire dataset collected during December
2022, allowing comparison with SCADA data acquired for
the same period.

After preprocessing,—the—performing the transformation,
reference _modal _ parameters _were estimated _from a
20-minute _interval when the wind turbine operated
under_rated conditions. The environmental parameters
corresponding to this operating condition are summarized in
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table 3.

Subseqt uently, the transformed acceleration data is-preecessed
in—a—contintous—manner—using—OMA—were continuously

rocessed for the entire month using Operational Modal
Analysis (OMA) techniques for wind turbine structures

when external excitation cannot be measured (van Vondelen
et al. , 2022). As—exampleinfigure 3-is—shewn-the-meodal
WWWMMWWMW
and mode shapes over time, the covariance-driven Stochastic
Subspace Identification (SSI-COV) method was employed
reference channels and a time lag of 10 seconds. The analysis
provided parametric estimations within 20-minute_moving
windows. To ensure the correct modal shape tracking over
time, the Modal assurance criterion (MAC) was used to
assess the correlation between the continuously estimated
and reference mode shapes (Pastor et al. , 2012). When the
MAC value exceeded 0.9, the corresponding mode shape
was retained as a valid tracked mode.

Figure 4 illustrates the temporal evolution of the second
fore-aft and side-to-side tower modes during December
2022as-, shown by the pink and red lines, respectively. The
black line depiets—the—time—series—of—the—rotor—rotation—in
RPMrepresents the rotor rotational speed in RPM, derived
from SCADA data. This image-shows—the—effect-that-has
the-figure highlights the influence of rotor rotation on the
tower’s modal frequencws jr“h&meda}—aﬂa}yﬁs—a}gefﬁhm

The emerged frequencies of the structure are shown in
table 4. A more detailed description about the ealetlation
computational methodology can be found in the document
of SERCEL (2024).

2.2 Numerical models

In the following subsectionsthe—methodelogy—ealenlation

on—each—software—, the calculation methodology for each
software tool is briefly described. It must—be—mentioned

Mm%%mﬁg@&r
was_employed as the offshore modal analysis tool, solv-
ing the classic equation of motion (equation 3). Regarding
the-For coupled dynamic time-domain simulations fer-wind
tarbinesof the wind turbine, an OpenFAST model was
developed and tested. A summary of the two numerical
model characteristics is given in table 2. A more detailed de-
scription is given in the following sections.

DM@W

FA2

Frequency (Hz)

25 26 27 28 29 30 31
Time (day)

Figure 4. Meodel—main—characteristies—in—funetion—Plot of

the numerteal-—seftware-second tower natural frequenc trackm
correlated with the rotor rotation during December 2022
*xFOperFASTx-

Rotor (RPM)



2.2.1 Hydro-Structure Model To Perform Tower’s

Eigenfrequency Reference Calculation

To calculate the reference eigenfrequencies of the tower,
the analysis was carried-out in Homer, an Hydro-structure

s software with modal analysis capability developed by Bu-
reau Veritas (Malenica et al. , 2013). The model imple-
mented in Homer describes the full mechanical FOWT sys-
tem and is derived from an ANSYS model (figure 4)y—In
this-analysis;-the-3). The floater and tower are al-diseretized

10 build with shell elements. Rotor Nacelle Assembly is mod-
elled as a mass element, connected to the tower with-a-—rigid
elementrigidly. Blades are also modelled, either as flexible
beam elements, or by just considering their inertia.

The hydro-elastic analysis performed in Homer relies on

1s the decomposition of the structural response of the floating
wind turbine on its IV first dry vibration modes. Instead of
solving a 6-by-6 linear problem, the dimension of all matri-
ces (mass, added mass, stiffness) is increased to 6 + V.
The first step in the coupled analysis is therefore a dry
20 modal analysis of the structure. When the flexible modes
have been chosen, the hydrostatic stiffness is computed for
the N vibration modes, as well as for the six rigid body mo-
tions (surge, sway, heave, roll, pitch, and yaw). The hydro-
dynamic radiation boundary value problem is then solved by
2s Hydrostar for the 6 + N modes, and the added mass matrix
is then assembled. Finally, the wet eigen-modes and frequen-
cies are computed. The method is rather well known and has
been the subject of many scientific publications (Malenica
et al. , 2008). The pre-stressing at hydrostatic equilibrium is
% not considered in this analysis; its influence is assumed to be
small.

Bureau Veritas Hydrostar software is used to solve the ra-
diation boundary value problems for the rigid body motions,
as well as for the vibration modes. For each vibration mode,

35 the additional body boundary condition becomes:

9¢r) _pi.p )
on

Cranhi ) . . - .
Hemer
Where ¢pg; is the radiated velocity potential for mode j
o and hJ is the shape of mode j, interpolated from the finite
element model to the hydrodynamic mesh. Once all radia-
tion boundary value problems (6 rigid motions and N elastic
modes) have been solved, the radiation pressures are com-
puted at the center of the finite elements, and integrated to
s compute the added masses. The motion equation can then be
written as (after removing the excitation forces and radiation
damping):

(—w?[M + A(w)]+[K +C{} =0 3)

Table 2. Model main characteristics in function of the numerical
software.

Software  Flexible floater ~ Rigid nacelle  Flexible blades
Homer v v XY
OpenFAST X_ v v

With [K] the structural stiffness, [C] the hydrostatic stiff-
ness, [M] the structural mass, [A(w)] the added mass and {£}
the vector of modal amplitudes.

For each frequency w, the inverse of the total mass (in-
cluding added mass) is computed and multiplied by the to-
tal stiffness. The resulting matrix is finally diagonalized for
each frequency to find the wet eigen-frequencies and eigen-
vectors. For each eigen-mode computed by the diagonali-
sation, the vibration frequency is obtained when the eigen-
frequency matches the frequency used for the added mass.

[M + A(w)] ' [K + O} = w*{&} 0))

2.2.2 Initial-Aero-Hydro-Servo-Elastie- Simulation-Model

Turbulent

Wind excitation
Grey: Flexible components

of the turbine

Red: Rigid body platform

Wave and current / \

excitation \

\ Green: Flexible components
\ of the mooring line

/ Interaction of mooring line
~ N with the sea bed

Figure 5. Schematic overview of the FOWT modeling approach in
OpenFAST.

2.2.2 Initial Aero-Hydro-Servo-Elastic Simulation Model

OpenFAST (FAST stands for Fatigue, Aerodynamics, Struc-
tures, and Turbulence) is an open-source engineering
code distributed by the National Wind Technology Center
(NWTC) (Jonkman et al. , 2005). This code is a nonlinear
time-domain simulator that employs a combined modal and
multibody structural-dynamics formulation. In our research,
the numerical representation of the Zefyros system has been
implemented within OpenFAST. This model assumes a rigid
platform but accounts for the tower’s flexibility, see Figure 5.
The structural, hydrodynamic, and aerodynamic properties of
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Measured natural
frequencies and
shapes

Substructure
flexible model
hypothesis

Substructure rigid
model hypothesis

Simulated natural
frequencies and
shapes

Simulated natural
frequencies and
shapes

Tower natural
frequencies
convergence?

Flexible substructure
validation (Ansys,
Homer...}

Use coupled model with
rigid body hypothesis

+ Addition of tower base
flexible element
* Multiple rigid bodies

Use coupled model with
flexible substructure:
SOFTWARE DEPENDENT
SOLUTION

OPENFAST
Tune tower natural
frequencies in fully

coupled model

Figure 6. Schematization of the methodology followed in this

the FOWT were configured based on publicly available doc-
uments and generic wind turbine data interpolation. The key
properties defined include inertial characteristics of the na-
celle, lift and drag profiles of the airfoil, along with mass and

s structural-elastic properties at various blade locations, iner-
tial and structural-elastic characteristics of the drive train,
mass and structural-elastic properties at specific tower loca-
tions, from the waterline to the tower’s top, and inertial prop-
erties of the rigid spar.

1 To prevent drifting, the Zefyros platform is anchored to the
seabed using three separate catenary mooring lines attached
to anchors at the seafloor. For the numerical representation
of mooring line dynamics, we used MoorDyn, a dynamic
lumped mass model within OpenFAST (Hall , 2015). This

1s numerical modeling methodology leverages this model’s ca-
pability to represent multi-segmented mooring lines, com-
prising diverse elements such as chains, unsheathed spiral
ropes, and additional clump weights, as outlined in Hirvoas

(2022). The latest version of MoorDyn enables modeling

20 two-leg bridles, significantly improving the yaw natural pe-
riod from previous versions (Hall , 2020).

Incorporating hydrodynamics into the numerical simula-
tion requires accurately defining incident wave character-
istics and hydrodynamic loading representations (Molin,

2s Bernard , 2023). Within this OpenFast framework, Hydro-
Dyn is the module designed to calculate these hydrodynamic
loads in the time domain (Jonkman, Jason M and Robertson,
AN and Hayman, Greg J , 2014). To obtain the hydrodynamic
loads acting on the rigid body platform, a pre-computation

a0 step using radiation-diffraction software with a second-order

loading module is necessary to solve different hydrodynamic
theories. Finally, in our full-scale study, we calibrated the
mooring radius and the platform’s displaced volume to match
the system’s natural periods with low relative errors, as eval-
uated using in-situ data.

Sel . . ¢ the FEOWT teli B
OpenFAST:

Additionally, we adapted the ROSCO NREL controller,
as described in (Abbas-etal—2622)Abbas et al. (2022), to
the simulation model and conducted different dynamic load
cases, comparing them with field measurements. The results
show that the floating platform movements closely match the
measured data, indicating good agreement as shown in Hir-
voas (2022).

2.2.3 Possible aero-hydro-servo-elastic model
modification and impacts

When it-modification of the aero-hydro-servo-elastic model
is required to medify-the-model-aero-hydro-servo-elastieto
match-the-simulation-model’stower-eigen-frequencies-align
the simulated tower eigenfrequencies with the measured /
ealeutated-oneor calculated values, several approaches can
be t&d—%&fw&%ep&eﬁe&m%esﬂgafeﬂﬁeﬂake%h&ﬂeatef
applied. A first option is to _model the floater as a flexi-
ble body, using a beam-element-diseretisation-and-distribute

beam-element discretization and distributing the hydrody-
namic loading eateulations—over—each—beam—over each el-

ement. This wr}l—pfewde—aeeess—{&wswggggsvvwstome
internal loads of the floater ;—at the chosen diseretisation
discretization scale. Two types of hydrodynamic models can
be used-employed :

1. Distributed potential flow hydrodynamic model.

2. Distributed Morison elements.

Thomsen et al. (2021) and Xu et al. (2019), used-applied
a full Morison approach for the hydrodynamic model and
beam elements for mechanical model of the floater. Such ap-
proach can lead to satisfactory FOWT global model with
floater flexible models. However, Morison hydrodynamics
model has its own limitations (Leroy et al. , 2021) and co-
efficients are not available for all floater shapes which makes
the approach not applicable for some floater designs (Guig-
nier, Lucie and Courbois, Adrien and Mariani, Riccardo and
Choisnet, Thomas , 2016).

To medel-the-floater-hydrodynamies-with-potential-theory
while—modeling—the floater—as—a—flexible—bedyovercome
these constraints, several initiatives explored—equivalent
approaches—Fhey—eombine—have_investigated_equivalent
approaches that combine potential-flow theory with flexible
floater modeling. These methods leverage the multi-body
or additional generalized modes capabilities of radia-
tion—diffraction software (Wamit,—Hydrostar,—Diodore;
e{c—}—m%h—be&m—e%emeﬁ%—medeh—ef—gg/{m
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HydroStar, Diodore) in combination with beam-element
aero-hydro-servo-elastic  seftware—(sueh—as—Oreaflex;

Peeplines—or—SIMA)solvers (e. OrcaFlex, Deeplines,
SIMA). In such frameworks:

— The radiation diffraction software calculates several hy-
drodynamic database (HDB) on a floater discretisation
equivalent to the mechanical model discretization.

— The floater is mechanically modeled as an assembly of
beam elements in aero-hydro-servo-elastic software and
for each beam element, the corresponding HDB is asso-
ciated.

This type of approach was applied to the Ideol’s
floater, using Ansys Aqwa as the radiation diffraction soft-
ware and Orcaflex as the aero-hydro-servo-elastic software
(Guignier, Lucie and Courbois, Adrien and Mariani, Ric-
cardo and Choisnet, Thomas , 2016); They—used-In their
work, a multibody approach fer—the—radiation-diffraction

ea}eulr&&eﬂ%—’mﬂi—Aqwa—ﬂﬁhey—dﬁefeﬁ—zed—fhe—ﬂeafer—m
several-compartmentsand-cateulated-HBs-was implemented
in_Aqwa, where the floater was discretized into several
compartments. HDBs were then computed, including the hy-
drodynamic interactions between compartments. However,
Agwacodeto-avoid-to prevent divergence of the calculations,
the compartments had to be artificially separated within the

Agwa code.
A similar but different approach was applied to a spar

platform, supporting the DTU 10 MW by Xiaoming et al.
(2023); and a three-column semi-submersible floaters by
Chenyu et al. (2017) and by Li et al. (2023). They all used
Wamit as a Radiation-Diffraction software and an in-house
code to integrate panel pressure per floater sub-structure
to compute the added mass, damping and excitation forces
with a discretization adapted to the mechanical model of the
floater.
In the above cited approaches, hydrodynamic interactions be-
tween sub-structures are taken into account, but the hydro-
static/hydrodynamic loads are not influenced back by floater
flexibility. Chenyu et al. (2017) acknowledged that the in-
fluence of the inertia loads and hydro loads induced by the
flexible modes of the hull shall be investigated in future. To
account for deformable modes of a floater contribution into
hydrodynamic loads, within a small deformation assumption,
Borg, Michael and Hansen, Anders Melchior and Bredmose,
Henrik (2016) proposed an iterative procedure between
aero-hydro-servo-elastic (HAWC2) and WAMIT. Additional
generalized modes calculation option may also be used de
Lauzon Jérome (2024) and are available in Homer software.
Xiaoming et al. (2023) performed an experimental valida-
tion such an hydro-structural coupled model, demonstrating
that internal floater loading estimations where more accurate
with a distributed potential flow hydrodynamic model rather
than with a Morison hydrodynamic model.

When the above approaches cannot be implemented, other
options are available :

1. Prolongate the tower mechanical model with a virtual
element inside the floater and calibrate the mechanical
properties to match the tower eigenfrequencies.

2. Modify the global stiffness modal parameter in Open-
Fast, such an option is available inside the Elastodyn
file

In our case, the entyfeastbtechosen option was to mod-
ify the global tower stiffness. Indeed-our-OpenFAST-meodel
The OpenFAST model employed did not include the Subdyn
modulewhich—would—allew—the—tewer—SubDyn module,

which would have enabled the representation of the tower’s
prolongation below the floater/—tower interface. Beeatise
| cent . | . onif .

easeGiven the significant mismatch in eigenfrequencies,
adding a small structural element at the bettem-of-the-tower

was-net-a-workable-tower base was not considered a viable
option. It %h&}l—be—ﬁe{edm%}ydfedﬂi—&ﬂd&rbdyﬂﬂmdu%e%
were recently- updated-with-the-eapabilities-to-modelis worth
noting, however, that recent updates to the HydroDyn and

SubDyn modules now include capabilities for modeling flex-
ible floaters.

2.2.4 \Verification tool of simulated tower frequencies
and shapes

To eheek—verify the tower eigenfrequencies of—from

the __aero-hydro-servo-elastic mede}—agam%t* setup
Wme hydro-structure ~cal-
culation model, it—is—required—to—perform—a modal
analysis en—the—aero-hydro-serve-elastie —model—The
%&%%&N&M%fmm
primarily_used for time-domain simulations, where most
of the physics in-the-wind-turbine-medeling-are nonlinear.
A—Consequently, a specific linearization of a—speeifie-the
state-space istequired-representation is necessary to perform
eigenanalysis. Most eof—the—softwares—have—such—medal
analysis-module-included—In—our-OpenHast-medelsoftware
tools include built-in modules for this purpose. Here, two
options were available:

el o Lodologvfol L i this st

— the use of the linearization functionality included in the
OpenFAST open-source code

— running OMA techniques on the OpenFAST output ac-
celeration data.

Even thought the OpenFAST funcionality has been
widely used and verified for FOWTs as demonstrated in
Johnsonetat—20+9)Johnson et al. (2019), in this study the
validation of the natural frequencies and shapes was esti-
mated via OMA already used when estimating the modal pa-
rameters of measured data, described in section 22-2.1.1.
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2.3 Load cases for evaluation of dynamic tower
response in time domain calculations

The first stage on—of the proposed methodology consisted
of determining the sensitivity of the tower modes to the
s floater rigidity. In the second stage, the aero-servo-hydro-

elastic model is—adapted-to-take-into—account-theflexibility
ofthe—floater—To—do—thatwas adapted to account for the

floater’s flexibility. To achieve this, two main load cases
were analyzed in order to investigate the global response-of
o thes ,.’] andrated tiorn_T]

1—2‘?‘&—/—‘3—%’-}{—1&—& tructural response under both low w1nd and

rated conditions,

— Low wind condition: wind speed below 12 m/s and
15 s1gn1ﬁcant wave helght %maHef—thaﬁ—%m—Feﬁfa{ed

are-deseribed-the-below 2 m.

— Rated condition: wind speed around 13 m/s and
20 significant wave height of approximately 3.5 m.

The full set of input parameters ef-the-for these two load
cases —The-timeseries—of-is MM%I@NP
regular wave elevation were-modeled-with-time series were
modeled using a JONSWAP spectrum-—+he-, while the time-

25 varying wind loads were ealeutated-using-Turbsimgenerated
with TurbSim, a full-field turbulent-wind-turbulent wind sim-
ulator (Jonkman , 2016).

2.4 Parametric optimization

Once the load cases and the parameters to_be optimized
o were defined, a parametric  study was carried out
to_optimise _the global _stiffness modal parameter in
OpenFAST, available inside the Elastodyn module. This was
achieved by the open-access Python package SimuOptuna
(Ribault, Romain. , 2024). _The package is based on

Table 3. Load cases characteristics of 1 hour average values.
Low condition of 02/12/2022 at 3 p.m. And Rated condition of
06/12/2022 at 10 p.m.

Load case Low condition  Rated condition
Wave height [m] 1.36 33
Wave direction [°] 273 336
Wave period [s] 13 8
Wind speed [m/s] 1.92 15.1
Wind direction [°] 70.88 354.7

the Optuna hyperparameter optimization framework
Akiba et al. , 2019), specifically adapted for wind turbine
simulation tools. The configuration of the optimization

— Sampler: tree-structured parzen sampler (TPS)

— number of trials: 600

— Loss function : Mean squared error between measured
and simulated natural frequencies. Natural frequenc
identification methodology is described in section 2.1.1.

Since_the tower factors vary between 0 and 1, these
limits were used to constrain the objective function. Figure
evolution of the first fore-aft tower factor. The color bar
indicates the sequential iterations, showing how the objective
function value decreases over time. The adjustment factor
for the first side-to-side mode was estimated using the same
procedure. The optimized values obtained for the first tower
modes were 0.397 (fore-aft) and 0.421 (side-to-side). For
more details on the parameter optimization process, refer to
Ribault, Romain. (2024).
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Figure 8. Plot of the measured and simulated natural frequencies
of the system (upper figure). Graphical representation of the first
fore-aft coupled floater-tower mode (lower image).

3 Results and Discussion

This section is divided into two parts. Following the schema
of figure 6, this section shows the modal sensitivity analysis
performed in Homer. In the second part, a spectral analysis

s of the measured acceleration and the simulation signals is
presented.

A 1 hour simulation time was run for each load case in
OpenFAST. To avoid the undesired model transient response,
the first 300 seconds were eliminated, keeping the equivalent

10 1 hour simulation when the structure is in its stability posi-
tion.

3.1 Sensitivity analysis

During this analysis, the effect on the tower modes of the fol-
lowing phenomena and component modeling was evaluated:

15— the floater rigidity
— the hydrodynamic added mass

— the flexibility of the blades

This first sensitivity analysis was carried-out in Homer
based on the finite element model shown in figure 4. Fer
In the reference case, the reter-nacelerotor-nacelle assem-
bly (including the blades) and the floater were considered
as-assumed to be rigid. To approximate the floater-structure

WWWWWMM
within the HOMER model, the material Young-modulus-was

MQM%%%@xmcreased from the steel
value of 2.1E + 11Pa to 1E + 20Pa. This unrealistic high
modulus was used solely to demonstrate that increasing the
floater stiffness in the physically consistent HOMER model
causes the system’s modal behavior to converge toward the
rigid-floater_configuration. The adopted value is therefore
valid only for the purposes of the present study.
Plot-of-the-measured—and-—simulatednatural-frequenetes
On-the-The upper graph in figure 8 is-presented-a-diagram
of-presents the natural frequencies of the system. The first 6
six modes correspond to the 6-six degrees of freedom (DoFs)

ofa floating system. Very-good-agreementhas-beenshown-A
very good agreement was observed between measured and
simulated values, indieating-a-geod-confirming the accuracy
of the global mass and stiffness deseription-of-the-system-
A-representation. The yaw response exhibited the largest
deviation, with a maximum error of 7% was—estimated
when—eomparing—the—yaw-response—The—average—error—of
the-6-degrees-of freedom-is-around-while the average error
Wm@x 3%. Indeed; the rigid
Wmmﬂuence on the lew—frequeney
low-frequency modes(1° — 6").
On—the—contrary.—the—stiffness—of thefloater—had gfeat
i | osas_is sl he ]
fe&r—mede%%%he—%aﬁwﬂmage—emmwvgmtvmmﬂleﬂmtm
stiffness strongly affected the tower modes, as seen in the
Q@Mw%ﬁgure 8. A—htgheﬁeffer—befweeﬁ

fe%%%érWhen the floater was cons1dered rigid, si mﬁcantl
larger discrepancies emerged, with errors reaching up to

37% for the second side-to-side tower mode. Conversely,
when—the—{floater—is—modeled—as—lexible——modeling the
floater as flexible led to a reduction of the four tower natural
frequenciesdrops—to-better-match-the-measured-frequeneies,
resulting in much closer agreement with the measured
values. A graphic representation of the first fore-aft coupled
floater-tower mode shape is shown on the rigth—bottom
image of figure 8.

In the second analysis, the effeet-influence of the hy-
drodynamic added mass was evaluated. When eonsidering
hi e 1 the f ies-is-exhibited:
together-with-this additional mass was included, a reduction
in the natural frequencies was observed, and the average
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Figure 9. Spectrum of the measured and simulated acceleration of the sensor node 4 in function of the fore-aft, side-to-side and vertical
directions. The dark blue line represent the measurement, the pink line is the response of the original model and the light blue line the
response of the tuned model.

Table 4. Summary of the estimated tower natural frequencies from the sensitivity analysis.

S:MORPHO_ HOMER
Tower mode Measure  Rigid/dry floater Hydro added mass  Flexible floater Flexible blades
Lst tower S8 [Hz] 0.69_ 110, 0.96 0.66 0.70
Lst tower FA [Hz] 0.69 114 0.98 0.66 072

error dewn-decreased to 28% (see column 4 in table 4). fn ~ has—diminished—the—increase in the frequencies compared

the-same-token—thefifth-column-—shows—a—moresignificant  to_the_previous_results. Nevertheless, this modification
deereaseeﬁfhe«teweﬁffeq&eﬂetes—wheﬁ{h&ﬂeéﬂbﬁﬂyef-fhe improved the overall accuracy, reducing the average error
i iti i from 5% dewn-to 3% asshown-in-the-(last column in table s
W&QMWM&L&% 4).
considered in addition to the hydrodynamic added mass, the
tower frequencies showed a more pronounced decrease. This
adjustment further reduced the average error down—to—5%
w0In the final analysis;s—the—blades—flexibility—was  IsttowerFAD:60-1-14-0:98-0-66-0-72-
eonsideredstep, blade flexibility was incorporated, while
the hub and nacelle were modeled rigidlyas rigid. A rigid 3.2 Spectral analysis

connection was imposed te—join—the—blades—root-between
the blade roots and the hub—The—, and the distributed TFhusfar—it-was-verified-that-It was confirmed that modelin

15 blade structural properties were obtained—taken from the the floater as_a rigid body significantly affects the rigid
SIMA model developed in(Homb; Hans Rangyen2043)by bodyfloater-modelling-has—impertanteffeets—on—the-tower s
Homb (2013). natural frequencies of the Zefyros FOWT. Therefore;—this

Fhe-blade—flexibitityhas—Unlike the floater flexibility, the ~ Consequently, floater flexibility must be taken-into-aceount
blade flexibility exhibited an opposite effect in-on the tower ~ on—the—time—demain—accounted for in_the time-domain
20 mOdeS‘:PhtS—ﬂexlbﬁtfy—haSﬂiefeased—by*MIlg/& a 7% the simulation tool. To de—achieve this, the so-ealed-tower

lastresults—ttistmportantto-note-however-that thisinerease  adjustment factors were medify-within-modified within the «
OpenFAST simulator, inside-specifically in the ElastoDyn
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file. These tower-coefficients-multiplies-coefficients multipl

the global tower stiffness for the first and second tower
mode-in-fore—aft-modes in both the fore-aft and side-to-side

directions. Only-the-two-coefficients-of-For this study, onl
s the coefficients corresponding to the first tower mode were
constdered-in-this-stadya Vd\J\uAsAtng

determined through a manual trial-and-error procedure to
10 fit the measured frequency spectrum shown in figure +0-

frequencies-9. The resulting adjustment factors were 0.397
and-0-400-for the fore-aft and-direction and 0.400 for the
side-to-side directionsrespectivelydirection.
15
To compare—the—time-domain—validate the time-domain
simulation outputs, 4-time-domain-simulationsin-OperFAST
B R e e e s
with—four OpenFAST simulations were conducted: two for
= the low wind condition (using the original and the ad-
justed model—And-2-morefor-a—rated-condition-—Henee;the
graphs-on-figure 10-shows-the-) and two for the rated wind
condition. Figure 9 presents the acceleration spectrum com-
parison offor the measured data (dark blue line), of-the
fe%peﬂ%&ef—fhe—ﬂgﬂ%—ﬂeafeﬁmmmodel (pink
dashed line), and the tuned model (light blue dashed line) for
low-and-rated-conditions—under both operating conditions.

The spectra were computed using Welch’s Power Spectral
Density method in Python.

Q

60 60 | I

| i}
50 50

|
40 40 | b @
30 30 J II
20 20 J

A

10 10 10
0 0

Figure 10. First and second tower mode shapes estimated from
OpenFAST acceleration output data by OMA routine. Both images
depicts the fore-aft direction..

» The—speetram—was—caleulated—using—a—Weleh’'sPower

The simulated dynamic response in the side-to-side direc-
tion (middle graph of figure +0)-has-shewn-a-9) has showed
good agreement within the 0.05 — 3H z frequency range.
is-impeortant-to-nete-how Notably, the tuned numerical model
showed-a—sweep-off-of-shifted the original frequency peak
from 1.1Hz to 0.70Hz in both the fore-aft and side-to-
side speetmm»fha%eefrespem}ﬁ& spectra, corresponding to
the first tower frequency. This was validated-by—applying
OMAalgorithm-on-further validated using the Operational
ation output data, as described in section 2??—The—result
2.1.1, and the resulting modal shape is illustrated en-figure
9-that-eorresponds-weltl-to-in figure 10, showing excellent
agreement with the first tower mode.

Faking-into-aceount-Considering the peak verification, it

can-be-seen-that-the-modelfits—very-well-the tuned model
accurately captures the first tower mode at 0.69H z and the

harmonics due to the rotor rotation, the-wel-known-namely
the 3P and 6P at 0.83Hz and 1.66H z respectively. The
model showed-ower-aceuracy-in-the-lowfrequeney-content;
te-between was less accurate in the low-frequency range (0
and-to 0.05H z—This-diserepancy-may-be-due-to-the-fact-that

seeond-order), likely because second-order hydrodynamic
forces were not eonsidered-hereincluded in this analysis.

In the fore-aft direction (left images in figure +689),
the simulation response showed—exhibited either higher
or lower amplitudes than the measured one—along—the
whele-analysed-data across the analyzed frequency range.
Meﬁ)eﬁt‘m Kl I“ay be due Ee Se‘eia<l faetsi as Elle
uneertainty-ofthe This discrepancy may arise from multiple
sources, _including uncertainties in_sensor position and

direetion;-orientation, and the sensor localization within the

numerical model relative to the uneertainty—on—thesenser
}ec—&h%&ﬁeﬁ—m&de—the—mede}—ﬁrﬂme&ewef—fh&tower dis-

cretization;-ete.

As a result of the tuning process, and-despite-although
the dynamic response of the model got-became closer to the
measuferpgg,mrcdmv(\ig@ the global tower stiffness has-been

ef—fhat—the«fetmdedw&}ues—af&was modlﬁed impacting the
overall system behavior, Moreover, the obtained values were
considerably low, which—indicates—a—significant—reduetion

on—the-indicating a substantial reduction in tower rigidity.
In—According to the OpenFAST forumit-is—recommended

to—use—this—, these tower stiffness tuners are recommended
only for small adjustments, with values not smaller than
0.9. Usually;—a——stiffness—modification—in—a—system—ecan—be
distinguishes—on-thelow-frequeney—content-of—a—Typically,
a modification in_system stiffness is most evident in the
low-frequency_content of the response spectrum. Figure
11 shows-illustrates the dynamic response before and af-

ter adjusting—the tower stiffness —From—the—figure—it—ean
be—seen—adjustment. It is apparent that the adjustment has

e fow forf o |
rimarily affects frequencies below 0.01H z. Similarby—the
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Figure 11. Speetram-Power spectral density of the measured-and
stilated—aceeleration—of—the—sensernode—4—in—tunection—of—the

fore-att—side-to-side and—vertiealdirections—The—dark—blae—tine

represent-the-meastrement—the-pink-tine-is—the-dynamic response
of the-original-model-and—thelight-blueline-the-response-of-the
tuned-medelsensor number 4; Rated condition.

displacements-and-moments-of-the-tower—were-analyzed-to
teft-image-on—figure+-To further assess the influence of
the stiffness modification, tower displacements and moments
s were analyzed. The upper panel of figure 11 shows the
displacements at the displacements—of-the-top of the tower
are-shown-in-in both the fore-aft and side-to-side directions.
As expected, “the an amplitudes of-the—tower—displacements
inereased-as-the-tower-stiffness-deereasedincreased with the
1o reduction in tower stiffness.
In contrast, the rightimage-in-the-same-figure-shows-lower
panel of figure 11 indicates that the tower-base bending mo-
ments on—the—frequeneyrange—of waves—exeitation—within

the_wave-excitation frequency range (0—0.5H2) wasnot
15 inflaeneed-were not significantly affected by the global stiff-

ness reductionef-the-tower.

4 Conclusion

This study investigates the effects the—thefloater—rigid
hypethestisof the rigid-floater assumption, the hydrodynamic

20 added massand-the—flexibility—of-the-blades-have—, and the
blade flexibility on the global dynamic response of the 2.3

MW spar-type floating wind turbine Zefyros. A—fegﬁ-l—af—&ﬂé

sfﬁl—eefﬂmefrpfaeﬁee—ﬁﬁh&m conventional wind turbine
structural analysis—is—to-consider-analyses, it is common to

2s model the floater as a rigid body. However, as wind turbines
increase in size to capture more energy, this rigid-floater
assumption becomes progressively less valid.
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Figure 12. Power spectral density of the side-to-side—dynamie
response—of—sensor—number—4—Rated—condition:tower-top
displacements (upper image) and the tower-base moment (lower
image)

It was demonstrated that the-effeet—of—the—floater flexi-
bility has great-influence-a substantial impact on the tower
modesof-a-23-MW-spar-type;-with-a-, with errors reaching
up to 37% error-in-ecomparison-to-the-measured-modeswhen
compared to measured modal data.

Hydro-servo-aero-elastic simulation tools can utilize

incorporate floater flexibility using a Morison hydrodynamic
model&e—aeeeu&t—fe%ﬂea&e&ﬂeﬂbﬂﬁy.—%eﬂ»ﬁsmg—ﬂew

that., When em 10 ing potential- ﬂowh drod namic model
modern simulation tools are progressively—integrating—new
\Q%Wunctlonallues to couple distributed

hydrodynamic databases with mechanical beam—element
floatermodelsbeam-clement representations of the floater.
When it is not possible to implement a flexible floater
in the Hydro-servo-aero-elastic model due to software
restrictions, it is generally feasible to modify the tow-
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er/floater boundary condition and calibrate the tower’s
eigen-frequeney—eigen-frequencies by adding a massless
beam with a well-chosen length and stiffness below—the
tower-between the tower and floater. In OpenFAST, one pos-
s sible solution is adjusting the global tower stiffness factors to
properly fit the spectral response to the measured one. We do
not recommend using this solution as it modifies the tower’s
mechanical model itself. However, we implemented it in
our case due to limitations of the older OpenFAST version.
10 We observed that this adjustment allewed-as-to-mateh-tower

eigen-frequencies—in-the-time-domain-successfully aligned
the tower eigenfrequencies in the time-domain simulations.
It has-shown—to-have-minimal-effeets-had minimal impact
on the low-frequency content of the dynamic response s

15 within-the-range-of-(0to—0.01 Hz-Addittonallyitinereased
the—) but led to increased tower-top displacementsas—the
towerbecomes-virtualty Jessrigid, reflecting the effectively
reduced tower rigidity. In contrast, the modification had a
smal-nfluence-on—the-tower-based-only a minor effect on

2 the tower-base bending moments.
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