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Abstract. To realize the projected increase in world-wide demand for floating offshore wind, numerical simulation tools

must capture the relevant physics with a high level of detail while being numerically efficient. This allows engineers to have

better designs based on more accurate predictions of the design driving loads, potentially enabling an economic breakthrough.

The existing generation of offshore wind turbines is reaching a juncture, where traditional approaches, such as the blade

element momentum theoryand actuator disc models, are becoming inadequate due to the increasing occurrence of substantial5

blade deflections. QBlade is a tool that includes a higher fidelity aerodynamic model based on lifting-line theory, capable

of accurately modeling such scenarios. In order to enable the simulation of offshore conditions in QBlade, and to make use

of this aerodynamic capability for novel offshore wind turbine designs, a hydrodynamic module called QBlade-Ocean was

developed. In the present work, this module is validated and verified with two experimental campaigns and two state-of-the art

simulation frameworks on three distinct floating offshore wind turbine concepts. The results confirm the implementation work10

and fully verify QBlade as a tool to be applied in offshore wind turbine simulations. Shortcomings reported by comparable tools

in the
::::::::
Moreover,

::
a
::::::
method

::::::
aimed

::
to

:::::::
improve

:::
the

:::::::::
prediction

::
of non-linear response to

::::::
motions

::::
and

:::::
loads

:::::
under irregular wave

excitation are confirmed by QBlade and reiterate the need for further research in this field
::
is

:::::::
analyzed

::
in

:::::::
various

:::::::::
conditions.

::::
This

::::::
method

::::::
results

::
in

:
a
:::::::::
significant

:::::::::::
improvement

::
in

:::
the

::::
surge

::::
and

::::
pitch

:::::::
degrees

::
of

:::::::
freedom

::
in

:::::::
irregular

:::::
wave

:::::
cases.

:::::
Once

::::
wind

:::::
loads

::
are

::::::::
included,

:::
the

::::::
method

:::::::
remains

:::::::
accurate

::
in

:::
the

::::
pitch

::::::
degree

::
of

:::::::
freedom

:::::
while

:::
the

::::::::::::
improvements

:
in
:::
the

:::::
surge

::::::
degree

::
of

:::::::
freedom15

::
are

:::::::
reduced. A code-to-code comparison with the industry-designed Hexafloat concept highlights the coupled interactions on

floating turbines that can lead to large differences in motion and load responses in otherwise identically behaving simulation

frameworks.
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1 Introduction

In recent years, wind turbine technology has seen a dynamic development, characterized by the continuous trend towards20

increasing tower heights and rotor sizes. This growth has challenged the modeling assumptions of current wind turbine simu-

lation tools. The unfavorable square cube-law scaling
::::::::::::::::::::::::
(Burton et al., 2001, pg. 329) that is characteristic to the scaling of blade

lengths has already led to innovative slender blade designs which are notably more flexible (Veers et al., 2019). These develop-

ments have required wind turbine simulation tools to move on from the assumption of rigid components and include structural

dynamics that enable the analysis of aeroelastic effects and its influence on loads and subsequently designs.25

As a consequence, aerodynamic assumptions inherent to the Blade Element Momentum (BEM) method require several

corrections to make them viable for modern wind turbines (Perez-Becker et al., 2020; Li et al., 2022). An alternative approach

could involve a shift towards physically more accurate models such as a lifting-line coupled with a free vortex wake model. A

shift towards higher fidelity aerodynamic methods may be accelerated as wind turbines are placed further offshore, on floating

structures that are excited by waves and currents, introducing additional complexity and requiring more accurate models within30

the wind turbine simulation tools. These capabilities are essential for economic evaluation and optimized engineering solutions

of such systems.

To enable economically viable floating offshore wind turbines (FOWTs), simulation tools also require hydrodynamic capa-

bilities to capture the coupled dynamics of aero-hydro-servo-elastic problems and solve the mooring system dynamics. The

added degrees of freedom (DoFs) inherent to FOWTs may accelerate the change in how aerodynamic loads and wake aerody-35

namics are modelled in these increasingly complex scenarios. A floating turbine, unlike its fixed bottom or land-based counter

parts, may also interact with its own wake. Modeling this phenomenon accurately, requires resolving the wake explicitly.

At present, FOWTs still rely to a large extend
:::::
extent on the BEM method to calculate aerodynamic loads on a wind turbine.

This method, while efficient, includes several simplifying assumptions that require empirical corrections. In particular, the rotor

is assumed to behave like a planar actuator disk that extracts energy from the stream tube by causing a pressure drop when40

air flows trough it. This assumption inherently omits the finite number of blades on a wind turbine. Moreover, it implies that

rotor blades don’t deflect outside the rotor plane. Additionally, the momentum theory breaks down for high induction factors

and uniform aerodynamic conditions across the rotor plane are assumed (Burton et al., 2001; Perez-Becker et al., 2020; Li

et al., 2022). Given the shortcomings of this method and the empirical nature of its corrections, as detailed and explained by

Perez-Becker et al. (2020), current BEM methods might not be sufficient in certain circumstances. Ramos-García et al. (2022)45

analyzed the effects of floating motion on the aerodynamic loads predicted by a BEM and a lifting-line solver. The result of

this study was that the BEM method can lead to an increased motion response of up 50% at high wave frequencies. Moreover it

was shown that the BEM method underestimates thrust notably during large backwards oscillations, where the turbine interacts

with its own wake.

One particular area in which BEM methods need to improve is their modeling of dynamic inflow conditions if they are to50

maintain their applicability in the future alongside other, more advanced, methods (Jeon et al., 2014). Especially in FOWT

modeling, dynamic inflow plays an important role, due to the wave induced motion of the floating structures. Vortex wake
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models don’t have such short comings as the wake is modeled explicitly by the trailing and shed vorticity caused by spacial

and temporal gradients in the blade-bound vortex. Hence, the wake develops over time and includes the transient effects that,

e.g., pitch actuation or gusts have on the induction in the rotor plane (Mancini et al., 2023). The fact that the most recent55

release of the AeroDyn module (v15) (Murray et al., 2017) of the widely used code OpenFAST (Jonkman et al., 2019) includes

a lifting-line aerodynamic method named OLAF (Shaler et al., 2020), may be seen as a confirmation that higher fidelity methods

than BEM are a requirement for certain conditions. HAWC2 (Larsen and Hansen (2007))
::::::::::::::::::::::
(Larsen and Hansen, 2007), another

well-established state-of-the-art simulation framework, also features multiple aerodynamic solvers based on lifting line theory.

One tool with a
:::::::
Another

:::::::
relevant

::::
topic

:::
for

:::
the

:::::::::
simulation

::
of

::::::::
FOWTs,

::
on

::::::
which

:::
the

:::::::::
community

::::
has

::::::
focused

::
in
:::

the
::::

past
::::
and60

:::::
which

:::::::
remains

:
a
:::::
major

:::::::
research

:::::
focus

::::::
today,

:
is
:::

the
::::::::
accurate

::::::::
prediction

::
of

::::::::::::
hydrodynamic

:::::::::
excitation

:::
and

::::::
floater

:::::::
response

::::::
below

::
the

::::::
linear

::::
wave

:::::::::
excitation

::::::::
frequency

:::::
range

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Pegalajar Jurado and Bredmose, 2019; Gueydon et al., 2014; Azcona et al., 2019)

:
.
:::::::::
Accurately

::::::::
capturing

:::
the

:::::::::
excitation

::
at

:::::
these

::::::::
slow-drift

::::::::::
frequencies

::
is

::::::::
important

:::::::
because

::::
the

::::::
natural

::::::::::
frequencies

::
of

:::::::
floating

::::::::
structures

::::
with

:::::::
catenary

:::::::
mooring

:::::::
systems

::::::::
typically

::
lie

::::::
below

:::
the

:::::
linear

::::::::
frequency

:::::
range

::::
and

::::::::
resonance

::::
can

:::::
occur.

::::
The

::::::
current

::::::::
generation

:::
of

:::::::::
simulation

::::
tools

:::::
often

::::::::::::
underestimate

:::
this

:::::::::
non-linear

::::::::
response

::
as

::
is

::::::::
discussed

::
in

:::::
detail

::
in

:::
the

:::::
OC5

:::::::::::
collaboration65

:::::::::::::::::::
(Robertson et al., 2017).

:::::
Their

:::::::
analysis

:::::
shows

::::
that

:::
the

::::::::
inclusion

::
of

::::::
second

::::
order

:::::::::
difference

::::::::
frequency

:::::
forces

:::::
leads

::
to

:
a
::::::::
response

:
at
::::

the
:::::::
accurate

:::::::::
frequency.

:::::::::
However,

:::
the

::::::::
response

::
at

:::::
these

::::
low

::::::::::
frequencies

::
is
:::::
small

:::::::::
compared

::
to
::::::::::::

experimental
::::::
results.

:::
In

::
the

:::::
OC6

::::::
project

::::::::::::::::
(Robertson, 2019),

::::::
phases

::
Ia
::::

and
::
Ib

::::
aim

:::
for

::
a
:::::
better

::::::::::::
understanding

:::
of

:::
the

:::::
cause

:::
for

::::
this

::::::::::::::
underestimation.

:::::::::::::::::::
Robertson et al. (2020)

:::
and

:::::::::::::::::::::::::
Souza do Carmo et al. (2020)

::::::
indicate

::::
that

:::
the

:::::::
addition

::
of

:::::
linear

::::::::
damping

::::::::::
coefficients

::::::
during

:::
the

:::::
tuning

:::::::
process

:
is
::::
one

::::::
reason.

:::::
These

::::::::::
coefficients

:::
are

::::
often

::::::
added

::
in

::::::::::
mid-fidelity

::::
tools

::
to

:::::
better

:::::
align

:::
the

:::::::
decaying

::::::::
behavior

::::
with70

::
an

:::::::::::
experimental

:::::::::
reference.

::::
They

::::::::
however

::::
lead

::
to

::
a
::::::::
restricted

::::::::
response

::::::
during

::::
wave

:::::::::
excitation.

:::
In

::::::::
addition,

::::
both

:::::
argue

::::
that

::
the

:::::::::
excitation

:::::
forces

:::::::
outside

:::
the

:::::
linear

::::
wave

:::::::::
frequency

:::::
range

:::
are

:::::::::::::
underpredicted.

::
To

:::::::
address

:::
the

:::::::::::::
underprediction

::
of

:::::::::
excitation

:::::
forces,

::::::::::::::::::::::::::
Li and Bachynski-Polić (2021)

:::::::
propose

:
a
:::::::
method

::
to

::::
tune

:::
the

:::::::::
difference

:::::::::
frequency

::::::::
quadratic

:::::::
transfer

:::::::
function

::::::
(QTF)

:::::
based

::
on

:::
the

::::::
results

::
of

::
a

::::
high

::::::
fidelity

::::::::::::
computational

::::
fluid

::::::::
dynamics

::::::::::
simulation.

:::::::
Another

:::::::
attempt

::
to

::::::::
formulate

::
a

:::::::::::
methodology

:::
that

::::::::
improves

:::
the

:::::::::
prediction

::
of

:::
the

:::::
floater

:::::
surge

::::
and

::::
pitch

::::::::
responses

::
is
:::::
given

:::
by

:::::::::::::::
Wang et al. (2022)

:
.
::::
They

::::::::
identified

:::::::::
erroneous75

::::::
viscous

:::::::::
excitation,

::
a

::::
third

:::::
order

:::::
effect,

:::
as

:::
the

:::::::
possible

::::::
source

:::
for

:::
the

:::::::::::::
underprediction

::
at

:::
the

::::::
natural

:::::::::
frequency

::::
and

::::::
suggest

::
a

::::::
varying

::::::::
treatment

::
of

:::
the

::::::::::
transversal

::::
drag

::
of

::::::::
members

:::::
close

::
to

:::
the

:::::
mean

:::
sea

::::
level

::::
and

:
a
:::::::::
frequency

::::::::
dependent

::::::::
treatment

:::
of

:::
the

::::
axial

::::
drag

::
on

::::::
heave

:::::
plates.

:

::::::
QBlade

::
is

:
a
::::
tool

:::
that

::::::::
includes

:
a numerically-optimized free wake method is QBlade (Marten, 2020). With its hydrodynamic

extension QBlade-Ocean, the tool gains the ability to model all required domains to simulate the dynamics of floating wind80

turbines. Thereby, QBlade addresses a need in the community to provide a numerically efficient code with more accurate

aerodynamic and structural models in open access. The development work was carried out within the Horizon2020 project

(FLOATECH, 2020) and was identified as a key outcome.
::::::::::
Additionally,

:::
to

:::::::
improve

:::
the

::::::::
accuracy

::
of

:::
the

:::::::::
non-linear

:::::::
motion

:::::::
response,

:::
the

:::::::
method

:::::::
proposed

:::
by

::::::::::::::::
Wang et al. (2022)

:
is

:::::::
adopted

::
in

::::::::::::
QBlade-Ocean,

::::
thus

:::::::
allowing

:::
an

::::::
analysis

::
of

:::
its

:::::::::::
improvement

::
in

:::
the

::::::::
prediction

:::
of

::::::::
non-linear

:::::::
motion

::::::::
responses

:::
for

::::
two

::::::
distinct

::::::
floater

:::::
types

::
in

:::::::
varying

::::::::
conditions

:::::::::
including

:::::::
irregular

:::::
wind85

:::
and

:::::
wave

::::::::
excitation.

:
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To ensure trust in the results that will be generated with QBlade upon its adoption by the community in the coming years,

this work aims to validate and verify the new hydrodynamic extension
:::
The

:::
aim

::
of

::::
this

:::::::
two-part

:::::
study

:
is
::
to
:::::::
analyze

:::
the

::::::::
influence

::
of

:::::
higher

:::::::
fidelity

:::::::
methods

::
on

::::::
design

::::::
driving

::::::
loads.

:::
Part

::
I
:::
lays

:::
the

:::::::::::
groundwork

::
by

:::::::::
validating

:::
and

::::::::
verifying

:::
the

:::::::::::
development

::
of

::::::::::::
QBlade-Ocean. This is done on three different floating offshore wind turbine designs. The designs of the floating substructures90

deviate strongly from each other regarding their stabilization concept, water surface
:::::
plane area and structural complexity. These

characteristics require modeling approaches appropriate for each design and therefore allow a verification of the various models

that are combined to capture the full turbine response to environmental loading. The first FOWT model is the 5MW MARIN

Stock Wind Turbine (MSWT) experimental turbine which is mounted on the DeepCwind substructure (Robertson, 2017) and

was built and tested thoroughly within the OC5 code collaboration (Robertson et al., 2014). The large number of reference95

results from the collaboration and the experiments that were carried out make the DeepCwind platform an ideal model to verify

and validate the new offshore module of QBlade. Additionally, an equivalent model was built in OpenFAST for reference. The

second FOWT that is used for verification purposes is a spar-buoy type platform on which the Softwind Software-in-the-Loop

(SIL) experiments focused on (Arnal, 2020). The more complex mooring structure and different stabilization concept compared

to the DeepCwind platform make it a suitable choice to continue the validation. As an addition, yet another
:::::::::::
(Arnal, 2020)100

:
.
:::
For

::::
both

::::::::
FOWTs,

::
an

:
OpenFAST model was built that serves as a comparison and

:
a reference to analyze QBlade’s results

with respect to the experiment. The third and final model
::::::::
considered

:
in this work is the Hexafloat concept designed by the

company Saipem. This final part documents a code-to-code comparison between QBlade and the industrial software DeepLines

WindTM (Principia). DeepLines WindTM was the main tool used during the design process of this substructure. This more

complex structure consists of two solid bodies (the hexagon and the counterweight) and provides an opportunity to validate105

QBlade on a complex platform that was designed with the objective of economic deployment
::::
work

::
is
:::::::::
continued

::::
with

::::
Part

::
II

:::::::::::::::
(Papi et al., 2023)

:::::
which

::::::
focuses

:::
on

:::
the

:::::::
analysis

:::
of

:::
the

::::::::
influence

::
of

:::::::::
increased

:::::
model

:::::::
fidelity

:::
on

:::::
design

:::::::
driving

:::::
loads

::
in

:::
an

::::::::
exhaustive

:::::::
amount

::
of

::::::::::
simulations

:::
that

::::::::
represent

:::::
more

:::::::
realistic

::::::::
met-ocean

:::::::::
conditions.

In Section
::::
Sect.

:
2, QBlade and the other simulation tools are presented briefly. Section 3 introduces the models utilized

throughout the verification process and highlights the modeling differences between the simulation tools. Section 4 shows the110

main results of this study and the conclusions are drawn in Sect. 5, which is then followed by an outlook on the intended

applications of the fully verified QBlade framework.

2 Compared Simulation Frameworks

2.1 QBlade

QBlade is an openly available simulation tool developed to calculate wind turbine response in the time domain. It has been115

under development at Technische Universität Berlin (TUB) since 2010, where it started as a coupling between the open-source

panel code XFOIL (Drela, 1989), the graphical user interface (GUI) XFLR5 (Deperrois) and an in-house developed steady

BEM solver. The code has been expanded in its capabilities ever since. Today, QBlade features two time domain aerodynamic

solvers. The lower fidelity one is based on the Blade Element Momentum theory. Briefly summarized, the BEM algorithm

4



iterates a set of equations for the tangential and axial induction stemming from the momentum balance and the blade element120

theory until a converged value for the axial and tangential induction is found. The method has been expanded with several

engineering correction methods such as the Prandtl tip loss correction and dynamic inflow filter. The BEM method implemented

in QBlade uses
::::
being

::
a
:::::
BEM

::::::
method

::::
that

::::::
makes

:::
use

::
of

:
a polar grid for the azimuthal discretization of the induction factors,

following the approach laid out by Madsen et al. (2020). In this method, the rotor disc is divided into a polar grid that enables

the computation of the local velocity at each intersection taking the local induced velocity and inflow conditions into account.125

The implementation of the blade element model accurately resolves the velocity at curved stations (e.g. prebend or deflection)

by a transformation of the velocity vector into the local coordinate system of the station. The
:::
The higher fidelity method, the

Lifting-Line-Free-Vortex-Wake (LLFVW) solver, applies the Lagrangian vortex theory and follows the implementation of van

Garrel (2003). The structural model used in QBlade relies on the finite element analysis (FEA) module of the Project::Chrono

multi-physics engine (Tasora et al., 2016). The application in QBlade is such that the structural model of the turbine consists130

of multiple body objects for the blades and the tower. Each body is modelled as an Euler-Bernoulli beam using a co-rotational

formulation with a floating reference frame (Marten, 2020). The total
:::
full FEA model of a wind turbine is then generated

by constraining the different bodies in a multi-body formulation.
:::
The

::::::::::
aero-elastic

::::::::
coupling

::
of

:::
the

:::::::
LLVFW

::::
and

::::::::::
polar-BEM

::::::
solvers

::::
with

:::
the

::::::::
structural

:::::
solver

:::
has

:::::
been

:::::::
validated

:::::::
against

:::::::
different

::::::::::
aero-elastic

::::::::
couplings

::
of

:::
the

:::::::::
simulation

::::
tool

:::::::
HAWC2

:::
by

::::::::::::::::::::::::
Behrens de Luna et al. (2022).

:
135

In the FLOATECH project, QBlade has been extended by a hydrodynamic module that expands its capabilities to offshore

conditions. Moreover, the structural model was expanded so that arbitrary substructure geometries can be modeled. Thus,

fixed-bottom and floating offshore wind turbines can be designed and analyzed in the simulation suite. More specifically, the

hydrodynamic module features:
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1. A wave generator with the capability to generate waves from several energy spectra but also read prescribed wave140

amplitude time series;

2. A hydrodynamic solver that calculates radiation damping forces, first-order excitation as well as second-order excitation

forces (sum and difference frequency) from pre-computed potential flow coefficients;

3. A Morison ’s equation
:::::::
equation

::::::::
approach

:::::::::::::::::::
(Morison et al., 1950) to account for non-linear

::::::
viscous

:
drag, added mass and

Froude-Krylov forces for arbitrary geometries
::::::::::::::
(Faltinsen (1990)

:
);145

4.
::
An

:::::::::
enhanced

:::::
model

:::::::::
following

:::
the

:::::::::
description

:::
of

::::::::::::::::
Wang et al. (2022)

:
to

::::::::
improve

:::
the

:::::::::
non-linear

::::::
motion

::::::::
response

:::::
under

:::::::
irregular

::::
wave

:::::::::
excitation

:::::::::
(described

::
in

:::::
detail

:::::
below

::::
Sect.

:::::
3.4);

5. A soil model that captures the restoring forces with a distributed spring with non-linear coefficients.

Readers interested in more detailed descriptions of
:::::::
detailed

:::::::::
information

:::::
about

:
the implementation work of QBlade-Ocean are

referred to the technical report (Saverin et al., 2021) with the sole focus on methodology and implantation
:::::::::::::::::
(Saverin et al., 2021)150

as well as the online documentation (QBlade Documentation, 2022).

The aero-servo-elastic coupling of the LLVFW and polar-BEM aerodynamic methods with the structural solver have been

validated against different aero-elastic couplings of the simulation tool HAWC2 in Behrens de Luna et al. (2022).

2.2 OpenFAST

OpenFAST is a widely known open-source multi-physics simulation tool developed by the National Renewable Energy Labora-155

tory (NREL) (Jonkman et al., 2019). OpenFAST builds on a highly modularized framework that couples modules from various

physics disciplines with each other to model the behavior of a wind turbine and the environment around it. All OpenFAST

results shown in this study were run with OpenFAST v3.0.0. and the BEM solvers implemented in versions v14 (Jonkman

et al.) and v15 (Murray et al., 2017) of the AeroDyn module (depending on the model). The Beddoes-Leishman dynamic stall

model and the Øye dynamic wake effects were used. The ElastoDyn module (ElastoDyn) was utilized to resolve the structural160

dynamics, employing Euler-Bernoulli beam theory with prescribed modes and allowing
:::
that

:::::
allow

:
only edge- and flapwise

bending DoFs for the blades , neglecting
:
of

:::
the

::::::
blades

:::
and

::::::
neglect

:
blade torsion (Rinker et al., 2020). Moreover, the HydroDyn

(HydroDyn) module is used to account for the interaction between floater and marine environment. The mooring lines are

modeled using MoorDyn (Wendt et al., 2016).

2.3 DeepLines WindTM165

DeepLines WindTM (Principia) is a module of the commercial integrated software solution DeepLinesTM developed by Prin-

cipia and IFP Energies Nouvelles. It is primarily known as a software solution to calculate in-place and installation analyses for

offshore structures such as flexible risers, power cables and mooring systems. Due to the increased market share of wind energy

in the offshore environment, the DeepLines WindTM module was developed in 2011 and is now able to carry out fully coupled
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dynamic finite element analysis. Multiple BEM models are implemented and can be chosen from an external .dll library. Like170

QBlade, DeepLines WindTM can model horizontal and vertical axis wind turbines. Within this study, a dynamic inflow model

was activated while no unsteady blade aerodynamics were applied. A validation study on DeepLines WindTM was carried out

by Perdrizet et al. (2013).

3 Simulation Models and Modeling Approaches

This section briefly introduces the three simulation models used for the validation and verification of QBlade. First, the proper-175

ties and characteristics of each of the three FOWTs are discussed together with their respective modeling approaches. Second,

the areas where the three simulation suites differ from another in the representation of the physics are highlighted and discussed

regarding their possible influence on results. Third, the chosen test cases for validation and verification purposes are introduced.

A more extensive description of the three QBlade model definitions can be found in Perez-Becker and Behrens de Luna (2022).

Additionally, each turbine database is available on the Zenodo online platform. The corresponding DOIs are provided at the180

end of this work.

To allow a fair comparison with regard to experimental results (relevant for OC5 and Softwind), each numerical model was

tuned independently to match
::::::::
reproduce the natural system response of the reference. Details on this matter are specified by

Perez-Becker et al. (2022). Figure
:
1 displays the three FOWT models with their mooring systems in calm

:::
still

:
water. The

location of the load sensors consistenly
::::::::::
consistently used in this work to validate and verify the mooring tensions are labeled185

in Fig.
:
2. For the Softwind model, the loads are exported at the delta connector of the mooring system.

(a) (b) (c)

Figure 1. Renders of the (a) OC5, (b) Softwind and (c) Hexafloat models exported from the QBlade GUI.

3.1 OC5 Model

The first model of a floating offshore wind turbine used for the verification and validation is the MARIN Stock Wind Turbine

mounted on the DeepCwind substructure, henceforth referred to as the OC5 model. This FOWT was thoroughly investigated

within the Offshore Code Comparison, Collaboration, Continued, with Correlation project (OC5) (Robertson et al., 2014).190
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(a) (b) (c)

Figure 2. Top view of the FOWT models. The incoming wind and wave propagation direction goes from left to right for all considered cases

in this study. (a) OC5, (b) Softwind and (c) Hexafloat.

The OC5 project was operated under the International Energy Agency Wind Task 30 and builds on previous code-to-code

comparison efforts (OC3 and OC4). In the OC5 collaboration, a large number of institutions
:::::::::
participants

:
applied various

modeling tools with the goal to simulate test cases that were carried out experimentally and relate differences to certain

modeling approaches. The experiments were carried out at the Maritime Research Institute Netherlands (MARIN) offshore

wave basin. The model on which the experiments were conducted consist of the 1/50th scale model of the NREL 5MW RWT195

turbine mounted on top of the floating semi-submersible substructure. The flexible tower is made out of two aluminium rods

that are interconnected and matches the reference turbine’s first fore-aft and side-side natural frequencies. The substructure, as

mentioned before, is a three-pillar design semi-submersible known as the DeepCwind platform. It consists of a central column,

on which the turbine is mounted, and three additional buoyancy-providing columns that connect to the central column through

braces. The scaled platform is moored to the ground with three catenary mooring lines, one attached to each buoyancy column.200

The QBlade model of the OC5 platform can be seen in Figure 1a. A more precise description of the FOWT is provided by

Robertson et al. (2014). Similar to the approach undertaken in the OC5 project, the numerical models are formulated utilizing

properties that have been upscaled to match the dimensions of the full-scale size. To compare the numerical results with

the experimental ones, the latter too are scaled to full-scale equivalent via Froude-scaling. The OC5 model is particularly

well suited for this study as simulation results from a wide variety of simulation codes are openly available for validation205

purposes and, even more importantly, experimental data can serve as a reference, thus allowing a full validation of QBlade. A

comprehensive analysis of the OC5 results is provided by Robertson et al. (2017). Moreover, an equivalent model was built

in OpenFAST in order to have full oversight of the subtleties of the model and to have the ability to compare test cases not

considered in the OC5 collaboration.

3.1.1 OC5 Model - Turbine Modeling Choices210

The rotor blades of the model scale NREL 5 MW turbine predominantly consist of MARIN-modified Drela AG04 airfoil

sections. The modification was made to reproduce the scaled thrust and torque loads of the reference turbine in a low-Reynolds

number environment. The three most inner stations, which amount to roughly 13% of the radius, are blended with a cylindrical
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airfoil. Due to the minor influence of the root region on aerodynamic performance, the lift coefficient of the inner stations is

neglected and an angle-of-attack independent drag coefficient of 0.5 is assigned. Due to the favorable scaling of the structural215

properties towards full scale, the blades are assumed to be rigid. These choices are in line with the description found in Goupee

et al. (2015), where additional information on the MSWT blade, such as chord and twist distribution as well as the modified

polars may be found. In both QBlade and OpenFAST, the Øye dynamic stall and the tower shadow models are activated. A

tower drag coefficient of 0.5 was used.

3.1.2 OC5 Model - Substructure Modeling Choices220

The popularity of this
:::
the DeepCwind substructure within the research community leads to the open availability of hydrody-

namic coefficient files that were generated with the boundary element solver WAMIT (WAMIT Inc.). This enables a hydrody-

namic treatment that relies on solving the diffraction and radiation problems as well as the calculation of non-linear excitation

forces through fully populated sum and difference quadratic transfer functions (QTFs)
::::::::::::::
(Faltinsen, 1990). To account for viscous

forces, non-linear drag is resolved via application of Morison drag applied to strip theory, where drag coefficients are assigned225

to the cylindrical elements. Henceforth, this combination will be referred to as the linear potential flow plus Morison drag

(LPMD
::::::
PFMD) approach. The required input files for radiation damping, excitation and second-order wave forces are adopted

from the OpenFAST GitHub repository (Jonkman et al., 2019) and are identical for the newly built
::::
used

::
in

:::
the

:::::::::
respective

OpenFAST and QBlade modelsin this study.

3.2 Softwind Model230

Instead of deploying a scaled physical experimental wind turbine that includes a rotor-nacelle-assembly, as was done in the

OC5 campaign, the Softwind experiments rely on a Software-In-the-Loop setup to capture the fully coupled dynamics of

a FOWT. The campaign was carried out at the at the Research Laboratory in Hydrodynamics, Energetics and Atmospheric

Environment department of the École Centrale de Nantes. The SIL setup includes a digital twin of the Softwind FOWT

that runs in parallel to the experiment and gets information, such as floater displacements and velocities, as an input. The235

aerodynamics are subsequently solved in the numerical code (OpenFAST), which calculates the rotor’s power and thrust force.

This information is communicated to a
:::::::
Schübler

:::::
HST

:
thruster sitting atop the tower

:::::::::::
(Arnal, 2020), which applies the thrust

force of the turbine rotor with close to no time-lag. The FOWT model is scaled to 1/40th scale and the turbine is based on

the DTU 10MW RWT (Bak et al., 2013) design, appropriately scaled. Accordingly, the RNA mass distribution aligns with

the reference wind turbine. Similarly, the tower properties were scaled down from the DTU 10MW RWT to match the natural240

frequency of the first fore-aft and side-side modes, the amplitude of deformation and mode shape. The substructure is a spar

type foundation which was dimensioned based on existing geometries such as the OC3 Hywind platform (Jonkman, 2010).

Finally, the mooring system has been designed with three catenary lines that split up into two lines just before the substructure

to form a delta connection for increased yaw stability (see Fig. 2b). The SIL setup and the Softwind model is described more

precisely by Arnal (2020). Figure 1b displays the QBlade model of the Softwind FOWT. Throughout the following sections,245

this FOWT will be referred to as the Softwind model.
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3.2.1 Softwind Model - Turbine Modeling Choices

As mentioned in the previous paragraph the rotor of the turbine is, due to the SIL approach, modeled numerically in the

experiment as well. Hence, there is no need for re-adjusting the airfoil polars towards a low Reynolds number environment.

Therefore, the blade definition, along with the the airfoil characteristics as outlined in Bak et al. (2013), is utilized to setup the250

turbine models in QBlade and OpenFAST respectively. In contrast to the OC5 model, this includes the structural definition of

the blades and the tower. Both are assumed to be flexible bodies. For servo dynamics, the DTU Baseline Controller (Hansen

and Henriksen, 2013) with the corresponding parameters for this turbine was selected. It should be pointed out that the SIL

setup included the AeroDyn v14 (Jonkman et al.) module. Hence, the OpenFAST calculations for this turbine also deploy the

AeroDyn v14 module.255

3.2.2 Softwind Model - Substructure Modeling Choices

The hydrodynamic loads on the spar-type substructure are modeled with the LPMD
:::::
PFMD

:
approach with first order forces

relying on potential flow theory. Even though second order forces are generally small in relation to first order forces on spar-

buoy type platforms, they can cause notable excitation at the resonant natural frequencies of the platform (Roald et al., 2013).

For this platform, only the main diagonal terms of the difference QTF were available. This in turn yields the opportunity260

to verify the implementation of Newman’s approximation of the slowly varying drift forces
::::::::::::::
(Newman, 1974) within QBlade

against experimental results. Viscous forces are modeled through the application of Morison drag coefficients to the cylindrical

elements of the spar. The potential flow coefficients were calculated in a previous step in the open-source software NEMOH

(Kurnia and Ducrozet, 2023; Babarit and Delhommeau, 2015) and converted into the WAMIT format.

3.3 Hexafloat Model265

The Hexafloat concept is designed by the company Saipem to provide a cost-efficient substructure with favorable hydrodynamic

characteristics. It consists of a hexagonally shaped structure composed of cylindrical members. Twelve braces extend from the

six corners inwards, two per corner with varying angles, and converge in a single column. This column is the only member

that breaks the water surface in a neutral position and it connects to the tower of the turbine coaxially. The stability of the

platform is provided by a counterweight that connects with six tendons to the corners of the hexagonal structure. The QBlade270

model of the Hexafloat model is displayed in Fig. 1c. Through this design, the benefits of a shallow draft are merged with the

characteristics of a spar type floater, including a small water plane area and gravity stabilization. The turbine atop the floater is

the DTU 10MW RWT and equals the definition provided by Bak et al. (2013).

3.3.1 Hexafloat Model - Substructure Modeling Choices

The Hexafloat structure is modeled with a full-Morison strip theory approach. Accordingly, added mass forces, drag forces275

and the Froude-Krylov forces are all resolved in an implicit manner using empirical added mass and drag coefficients for the

cylindrical elements. This treatment implies that no linear damping is inherent to the system. Diffraction forces are modeled

10



by the application of the MacCamy-Fuchs correction and non-linear hydrodynamic excitation is captured, to some extent, by

the application of the hydrodynamic loads at the instantaneous position of the floating structure and by using kinematic wave

stretching (Robertson et al., 2017).280

3.4
::::::::

Treatment
:::
of

::::::::::
Non-Linear

:::::::::
Excitation

:::::::::
Non-linear

::::::::
excitation

::
is
::::::::
modelled

:::::
with

:::
the

::::::::
approach

::::::::
proposed

:::
by

:::::::::::::::
Wang et al. (2022)

:
.
::
In

:::
this

:::::::::
approach,

:::
the

:::::::::
transversal

:::::
drag

:::::::::
coefficients

::
of

:::
the

::::::::::
substructure

::::::::
members

:::
are

::::::
treated

::
as

:::::::::::::::
depth-dependent.

::::::
Hence,

::
to

:::::::
improve

:::
the

:::::::
response

::::::
within

:::
the

::::
surge

:::::
DoF,

::
the

::::::::::
transversal

::::
drag

:::::::::
coefficient

::
of

:::
the

::::::::
members

::::
near

::
the

::::
sea

::::
level

:::::
(until

::
-4

::
m

:::::
below

:::
sea

:::::
level)

::
is
::::::::
increased

::
to

:::::::::::
CD,tr = 1.6.

::::
The

:::::
reason

:::
for

:::
this

::
is
::::
that

::::
there

::
is

:
a
::::::
greater

::::::::
effective

::::
drag

::::
near

::
the

:::::::
surface

:::::::::::::
(Clement, 2021)

:
.
::
In

:::::::
addition,

:::
the

:::::::::::
extrapolation

:::::::::
stretching285

::::::
method

::
is

::::::
applied

:::::
since

:::
this

:::::::
method

:::::
leads

::
to

:::::
larger

:::::
wave

:::::::
induced

::::::::
velocities

::::
near

:::
the

:::::
water

::::::
surface

:::::
(Fig.

:::
A1

:::::::::::
demonstrates

:::
the

:::::
impact

:::
of

::::::::
stretching

::::::::
methods

::
on

:::
the

:::::::::
non-linear

:::::::::
response).

::
To

:::::::
improve

:::
the

::::::::
response

::::::
within

:::
the

::::
pitch

:::::
DoF,

::::::::::::::::
Wang et al. (2022)

::::::
suggest

::
to

:::::
focus

::
on

:::
the

::::
axial

::::
drag

::
of
:::
the

:::::
heave

::::::
plates.

::::
They

:::::
argue

::::
that

:::
the

:::::::
Morison

::::
drag

:::
for

:::::
hybrid

::::::::
members

:::::::
(PFMD

:::::::::
treatment),

:::::
should

::::
only

:::
be

::::::
applied

:::
on

::
the

::::
face

::
of

:::
the

:::::
heave

::::::
plates

:::
that

:::::::::
experience

:::::::
negative

:::::
flow.

:::
The

::::::
reason

::
is

:::
that

::::
only

:::
the

::::
flow

:::::::::
separation

::::::::::
phenomenon

::
is

:::
not

::::::
already

:::::::::
accounted

:::
for

::
in

::
the

::::::::
potential

::::
flow

:::::::
solution.

:::::::::::
Furthermore,

::
it

:
is
::::::
argued

:::
that

::::
one

:::::
single

::::
drag

:::::::::
coefficient290

::
for

::::::
heave

:::::
plates

::::::
cannot

:::::
satisfy

:::
the

::::::::::
appropriate

::::::::
damping

:::
and

:::::::::
excitation

:::::::::::
requirements

::
in

::::
both,

:::
the

::::::
heave

:::
and

:::::
pitch

:::::
DoFs.

:::::
Flow

::::::::
separation

::
is

::::::
largely

::::::
caused

::
by

:::
the

::::::
higher

::::::::
frequency

::::
flow

::
in

:::
the

:::::
heave

:::::
mode

:::
and

:::
not

::
by

:::
the

:::::
lower

:::::::::
frequency

::::
pitch

:::::
mode,

::::
i.e.,

:::
the

::::::
viscous

::::
drag

:::::::::
influencing

:::
the

:::::
pitch

::::
DoF

::::::
should

::
be

:::::
lower.

::::
This

::::::::
however,

::
as

:::::::
pointed

:::
out

::
by

::::::::::::::::
(Böhm et al., 2020)

:
,
::::
leads

::
to

::::::::
trade-off

:::::::
between

::
an

:::::::
accurate

:::::::::
non-linear

:::::::
response

::
in

:::::
heave

::::
and

:::::
pitch.

:::
The

::::::::
proposed

::::::::
approach

::
by

::::::::::::::::
Wang et al. (2022)

:
is
::
to
::::::::
high-pass

:::::
filter

::
the

:::::::
normal

::::::
velocity

::
at
:::
the

:::::
heave

:::::
plate

::::
faces

::::
and

::
to

:::::::
compute

:::
the

:::::::
resulting

:::::
axial

::::
drag

::::
force

:::::::
applied

::::::
through

:::
the

:::::::
Morison

::::::::
equation295

::::
with:

:

FDax = αFDax +(1−α)FDax,f .
:::::::::::::::::::::::::::

(1)

::
In

:::
this

::::::::
weighted

::::
sum,

::
α
::
is

:::
the

::::::
scaling

:::::
factor

::::::::
between

:::
the

::::
axial

::::
drag

:::::
force

:::::::::
calculated

::::
with

:::
the

::::::::
unfiltered

:::
and

:::::::
filtered

::::::::
velocities

:::::
FDax :::

and
:::::::
FDax,f .

::
To

:::::
filter

::
the

:::::::
velocity

:::::::::::
components,

:
a
::::::
simple

::::
first

::::
order

::::::::
high-pass

:::::
filter

:
is
::::::::::::
recommended

::
to

:::::::
prevent

:::::
phase

::::
shift

::::::
effects.

::::
With

:::::::
α= 0.5

:::
and

::::::::
fc = 0.07

::::
Hz,

:::::::::::::::
Wang et al. (2022)

:::::
weigh

::::
both

:::::
terms

:::::::
equally

:::
and

:::
use

:
a
:::::
cutoff

:::::::::
frequency

:::
that

::
is

:::::::
towards300

::
the

:::::
lower

::::
end

::
of

:::
the

:::::
linear

:::::
wave

::::::::
frequency

::::
with

:::::
good

::::::
results.

:::
The

:::::::::::::
implementation

:::
of

:::
the

::::::
method

::::::::
proposed

:::
by

::::::::::::::::
Wang et al. (2022)

:
in

:::::::::::::
QBlade-Ocean

:::::::
required

:::::::
different

:::::::::
parameter

:::::::
settings

::
in

::::
order

::
to

:::::::
achieve

::::
good

:::::::::
agreement

::::
with

:::
the

:::::::::::
experimental

::::::
results

:::
for

:::
the

:::
test

:::::
cases

:::::::::
considered

::
in

:::
this

:::::
work.

::
In

::::
case

:::
of

::
the

:::::
OC5

::::::
model,

:::
the

::::
near

::::::
surface

::::::::::
transversal

::::
drag

:::::::::
coefficients

:::
had

::
to
:::
be

::::::::
increased

::
to

::::::::::
CD,tr = 2.21

::
to

:::::
match

:::
the

:::::::::
non-linear

::::
surge

::::::::
response

::
of

:::
the

::::::::::
experiment.

:::
For

:::
the

::::::::::::
corresponding

::::::::
response

::
in

:::::
pitch,

:
a
::::::
weight

:::::
factor

:::::::
α= 0.2

::::
and

:
a
:::::
cutoff

:::::::::
frequency

::::::::
fc = 0.04

:::
Hz

::::
was305

:::::::
required

:::::::
together

::::
with

::
an

:::::
axial

::::
drag

:::::::::
coefficient

::
of

::::::::::
CD,ax = 3.52

::
on

:::
the

:::::
heave

:::::
plates.

::
A
:::::::::
parameter

:::::
study

:::::::
showing

:::
the

::::::::
influence

::
of

:::
the

::::::::
respective

::::::::::
parameters

::
on

:::
the

:::::::::
non-linear

:::::
heave

::::
and

:::::
pitch

::::::
motion

:::::
peaks

:::
and

:::
an

:::::::::
exemplary

:::::::
velocity

::::
time

::::::
signal

::::
with

:::
the

::::::
applied

::::
filter,

::
is
::::::::
provided

::
in

:::
the

::::::::
Appendix

:::
(see

:::::
Figs.

:::
A2

:::
and

:::
A3)

::
to
:::::::
provide

:::::
some

:::::::
guidance

:::
for

:::::::::
researchers

:::::::
looking

::
to

:::::::::
implement

1
:::::::
Previously,

::::::::::
CD,tr = 0.61

:::
and

:::::::::
CD,tr = 0.68

:::
had

:::
been

::::
used

::
for

::
the

::::
main

::::::
columns

:::
and

::
the

::::
offset

::::::
columns

::::::::
respectively.

2
:::::::
Previously,

::::::::::
CD,ax = 3.85

:::
had

:::
been

::::
used.
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::
or

:::
fine

::::
tune

:::::
such

::
an

::::::::
approach.

:::::::
Despite

:::::::::::::::
high-pass-filtering

:::
the

:::::
axial

:::::::
velocity

:::::::::::
components,

::::::::
additional

::::::::
damping

:::
was

::::::::
required

::
in

::
the

::::::
heave

::::
DoF

::
to

::::::
prevent

::::::::::::
overestimation

::
in
:::

the
::::::
heave

::::::::
response.

::
In

:::::::
addition,

:::
the

::::::::
approach

::::
was

:::::
tested

::
on

:::
the

::::::::
Softwind

::::::
model

::
in310

::::
order

::
to

::::
gain

::::::::::
information

:::
on

::
its

:::::::
efficacy

:::
for

:::
spar

::::
type

:::::::::
platforms.

:::
For

::::
this

::::::
model,

:::
the

::::
near

::::::
surface

:::::::::
transversal

::::
drag

:::::::::
coefficient

::
is

::::::::
increased

::::
from

:::::::::
previously

::::::::::
CD,tr = 0.3

::
to

:::::::::::
CD,tr = 0.6.

::::
Due

::
to

:::
the

::::
lack

::
of

:::::
heave

:::::
plates

:::
on

:::
this

::::::::
structure,

:::
the

::::::::
approach

:::::::
making

:::
use

::
of

:::
Eq.

:::
(1)

::
is

:::
not

:::::::
applied.

3.5 Modeling Approaches and Test Cases

Even though QBlade, OpenFAST and DeepLines WindTM are simulation frameworks with similar capabilities on a broader315

scale, decisions made by the developers regarding the representation of specific physical problems (such as wake induction), can

cause smaller scale deviations. In a fully coupled, non-linear system like FOWTs
:
a
::::::
FOWT, these deviations may affect overall

system dynamics and result in growing deviations throughout the run-time of a full simulation. To help interpret differences in

the results between the compared simulation codes, it is important to discuss these modules and their distinctions. Therefore,

an overview of the main differences between the three simulation codes is given in the following.

Table 1.
:::
Key

:::::::::
differences

::::::
between

:::
the

::::::::
simulation

:::::::::
frameworks

:::::::
regarding

:::
the

::::::::
respective

:::::
model.

:::::
Model

::::
Code

: :::
Aero

: :::::::
Structure Hydrodynamics

::::::
Mooring

OC5 MSWT
:::::

QBlade
::::::
LLFVW

: ::::::::
Non-linear

:::::
beams

::::
Whe

:::::
stretch

::::::
Explicit

::::
buoy

::
—

: ::::
Cable

:::::::
elements

:

:::::
QBlade

::::::
LLFVW

: ::::::::
Non-linear

:::::
beams

::
Ext

:::::
stretch

: ::::::
Explicit

::::
buoy

::::
Sect.

::
3.4

::::::
method

: ::::
Cable

:::::::
elements

:

::::::::
OpenFAST

: :::::
UBEM

::::
Linear

:::::
modal

: :
—

: ::::
Linear

::::
buoy

: ::
—

: ::::::::::
Lumped-mass

SOFTWIND
:::::

QBlade
::::::
LLFVW

: ::::::::
Non-linear

:::::
beams

::::
Whe

:::::
stretch

::::::
Explicit

::::
buoy

::
—

: ::::
Cable

:::::::
elements

:

:::::
QBlade

::::::
LLFVW

: ::::::::
Non-linear

:::::
beams

::
Ext

:::::
stretch

: ::::::
Explicit

::::
buoy

::::
Sect.

::
3.4

::::::
method

: ::::
Cable

:::::::
elements

:

::::::::
OpenFAST

: :::::
UBEM

::::
Linear

:::::
modal

: :
—

: ::::
Linear

::::
buoy

: ::
—

: ::::::::::
Lumped-mass

HEXAFLOAT :::::
QBlade

::::::
LLFVW

: ::::::::
Non-linear

:::::
beams

::::
Whe

:::::
stretch

::::::
Explicit

::::
buoy

::
—

: :::::
Cable

::::::
elements

::::
DLW

: :::::
UBEM

::::::::
Non-linear

:::::
beams

::::
Whe

:::::
stretch

::::::
Explicit

::::
buoy

::
—

: ::::
Cable

:::::::
elements

:

320

Table 1 summarizes the modeling capabilities of the main physical models of each tool. It can be seen that distinctions are

present in various modeling approaches: QBlade deviates from both other codes with its LLFVW method compared to the

lower fidelity unsteady BEM approach. Structurally, OpenFAST deviates in the formulation with its ElastoDyn model, which

uses a linear model representation
:::::
modal

::::::::::::
representation

::
of

:::
the

::::::
blades

:::
and

:::
the

:::::
tower,

:
that requires the user to provide previously

generated mode shapes. QBlade and DeepLines WindTM both use a non-linear beam FEA representation to model the structure325

of the blades and the tower. Hydrodynamically, the used OpenFAST version (v3.0.0) is lacking the kinematic stretching option

available in QBlade and DeepLines WindTM, possibly showing minor influence on non-linear excitation in the surge and sway

degrees of freedom. OpenFAST furthermore relies on linear hydrostatics, whereas both other tools compute the buoyancy and

restoring forces caused by the displaced water mass explicitly through the submerged volume.
:::::::::::
Additionally,

:::
the

::::::::::
formulation

::::::::
described

::
in

:::::
Sect.

:::
3.4

::
to

:::::::
capture

:::::::::
non-linear

:::::::::
excitation

:::
was

:::::
used

::
in

::
a
:::::::
separate

:::::::
QBlade

::::::
model

:::::::
(referred

:::
to

::
as

:::
the

:::::::::
enhanced330
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:::::
model

::
in

:::
the

:::::::::
following).

:
Finally, the mooring dynamics are resolved explicitly in each of the three tools, however only QBlade

and DeepLines WindTM employ FEA cable elements while OpenFAST follows a lumped-mass approach. Readers interested in

greater detail on the modeling formulations are referred to (Marten, 2020; QBlade Documentation, 2022) for QBlade, (Jonkman

and Buhl, 2005; OpenFAST Documentation, 2023) for OpenFAST and (Perdrizet et al., 2013) for DeepLines WindTM.

Key differences between the simulation frameworks regarding the respective model. Model Code Aerodynamics Structure335

dynamics Mooring dynamics QBlade LLFVW Non-linear beams Wheeler stretch Explicit buoy Cable elements OpenFAST

UBEM Linear modal — Linear buoy Lumped-mass QBlade LLFVW Non-linear beams Wheeler stretch Explicit buoy Cable

elements OpenFAST UBEM Linear modal — Linear buoy Lumped-mass QBlade LLFVW Non-linear beams Wheeler stretch

Explicit buoy Cable elementsDeepLines WindTM UBEM Non-linear beams Wheeler stretch Explicit buoy Cable elements

The authors acknowledge that OpenFAST includes the OLAF solver in its newest AeroDyn v15 release. OLAF is a higher fi-340

delity lifting line solver for aerodynamics similar to the one implemented in QBlade (Shaler et al., 2020). Moreover, OpenFAST

includes the BeamDyn structural model that allows for the computation of full geometric non-linearity and large deflections

of the blades due to its exact beam theory formulation. The application of both modules was not included in this study. The

amount of simulations for the different turbine designs was large and the simulations where performed on desktop workstations.

Using OLAF and BeamDyn for the OpenFAST calculations would have rendered the evaluation time for these simulations un-345

acceptably large. Finally, NREL released OpenFAST v3.5.0, which includes kinematic wave stretching and explicit buoyancy

calculation features, after the underlying simulations for this study were completed.

4 Results

This section presents the main results of the validation test cases. The test cases selected for this study
::::
They

:
are intended

to validate individual components and models that influence the FOWT dynamics in isolation. Once this initial validation is350

achieved, the study will move to more complex test cases where all components interact simultaneously. Although not identical,

due to the constraint of resembling the experiments, the set of test cases follows a similar approach for each FOWT model:

1. Static cases for assessment of the isolated mooring loads;

2. System properties: Decay cases in still conditions for assessment of the natural system properties;

3. Aerodynamic loads: Wind only cases with with a fixed floater for assessment of the isolated aerodynamic loads;355

4. Hydrodynamic loads: Wave only excitation cases (regular and irregular) for assessment of the isolated hydrodynamics;

5. Combined aero- and hydrodynamic wind and wave cases for assessment of the combined aero-hydro-servo-elastic dy-

namics.

Following this procedure, the results of all three models are discussed and presented for one set of cases before moving to the

next set. The respective test cases are defined in tables at the beginning of the associated subsections.360
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4.1 Static Displacement

The static displacement test cases aim at confirming
::::
case

::::
aims

::
to
:::::::

confirm
:

the static loads caused by the restoring forces of

the mooring system which are caused by the
::::
result

:::::
from displacement of the FOWT model from it’s neutral position. In the

presented case, the substructure is traversed from positive towards negative surge and sway positions. A close alignment of

the results, both with the experiment and other simulation codes, verifies a proper definition of the mooring properties and365

subsequently, the static loads calculated by the mooring model of QBlade.

The static displacement tests were only performed for the OC5 model, since experimental data of these tests was readily

available. The mooring tensions on the other models were confirmed in still conditions at the neutral position. The analyzed

sensors are the loads
:::
load

:::::::
sensors

::
are

:::::::
located at the fairlead positions. For easier visualization, the loads at the fairleads

::::::
fairlead

:::::::
tensions are cumulated to one value in the global surge and sway DoFs and displayed over the displacement displacement370

direction. Figure 3 shows the results from the OC5 model. The excellent agreement that is displayed by both QBlade and

OpenFAST with the experiment, even under significant displacements, allows the conclusion of a correctly defined mooring

system and reliable load estimates of QBlade’s mooring model in static conditions.
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Figure 3. Cumulative
::::::::
Cumulated fairlead loads

::::::
tensions

:
on the OC5 model obtained from static displacement tests in surge (a) and sway (b).

Positive x values indicate a displacement in downwind direction.

4.2 System Properties - Decay Tests

The dynamic response of a FOWT when it is displaced from its neutral position is affected by several factors, such as system375

mass and inertia, center of gravity position as well as restoring forces and moments originating from the mooring system

and buoyancy. Such decay tests determine the natural frequency and damping of the eigenmodes for the different degrees of

freedom. Thereby, these tests are very useful to confirm a correct model setup and give the opportunity to improve alignment of

the numerical models with a reference through additional tuning. This subsection presents and discusses the results extracted

from the decay time series of the three FOWT models. For more detailed insight,
:::
The time series and damping characteristics380

are provided by Perez-Becker and Behrens de Luna (2022) and Perez-Becker et al. (2022).
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Table 2. Natural frequencies in Hz extracted from the dominant degrees of freedom of each decay time series.

Model Code Surge Sway Heave Roll Pitch Yaw

OC5

QBlade 0.00944 0.00875 0.05777 0.03083 0.03028 0.01222

OpenFAST 0.00917 0.00931 0.05777 0.03111 0.03067 0.01208

Experiment 0.00944 — — — 0.03027 —

Softwind

QBlade 0.00844 — 0.03283 — 0.03083 —

OpenFAST 0.00833 — 0.03250 — 0.03116 —

Experiment 0.00858 — 0.03264 — 0.03079 —

Hexafloat
QBlade 0.00417 0.00417 0.02694 0.02139 0.02139 0.01750

DeepLines WindTM 0.00431 0.00430 0.02694 0.02138 0.02138 0.01500

Table 2 shows the natural frequencies as they are extracted from the time series of the decay test for the three FOWT models.

The blank spaces indicate that no results of the corresponding test was obtainable. In the case of the OC5 model for instance,

the result of the experiment decay test was not publicly available. Thanks to NREL however, the time series of surge and pitch

decays were shared upon request. Given that the decay tests of the Softwind model were solely conducted for the surge, heave385

and pitch DoFs, the numerical simulations were exclusively performed for these corresponding cases. As noted previously

for the Hexafloat model, QBlade will only be verified with the commercial software DeepLines WindTM in a code-to-code

comparison since for this model no experimental data is available.

By and large, close
:::
very

:::::
good

:
alignment between the numerical codes and, where available, the experiments has been

achieved. Minor deviations can be pointed out for: i) The OC5 model, where OpenFAST deviates with a lower surge natural390

frequency compared to QBlade and the experiment; ii) The Softwind model, where the same observation also applies. This can

be explained through the trade-off that exists between achieving agreement in the fairlead tensions and aligning the surge natural

frequency with the experiment. While a slight increase in mooring line stiffness could improve alignment in the surge natural

frequency, it influences fairlead tension and might cause a deviation from the desired levels
::
In

::::
both

:::::::::
instances,

:::::::
attention

::::
has

::::
been

::::
paid

::
to

::::::::::::
corresponding

::::::
masses

::::
and

::::::
inertias

:::::::
between

:::
the

:::::::
models.

:::::::::
Moreover,

:::
the

:::::
added

:::::
mass

:::::::::
coefficients

:::
are

:::::::
adopted

:::::
from395

::
the

::::::::
WAMIT

:::::
output

:::::
files.

::::::
Hence,

:
a
:::::::
possible

:::::
cause

:::
for

:::
the

:::::
small

::::::::::
discrepancy

:::::
could

::
lie

::
in

:::
the

::::::::
dynamics

::::::::
predicted

:::
by

::
the

::::::::
mooring

::::::
system

::::
even

::::::
though

::
in

::::::
steady

:::::::::
conditions

::::
very

::::
good

:::::::::
alignment

::::
was

:::::::
observed

::
in
::::
Fig.

::
3.

:::
As

:::::
noted

::
in

:::::
Table

::
1,

::::::::::
OpenFAST

:::::
relies

::
on

:
a
:::::::::
simplified

::::::
lumped

:::::
mass

::::::::
approach

:::
that

:::::::
neglects

:::::::
bending

:::::::
stiffness

::::::::::::::::::::
(Hall and Goupee, 2015)

:
.
::::::::::::
QBlade-Ocean

::::::
instead

:::::::
models

::
the

:::::
lines

::
as

::::
cable

::::::::
elements

::::
with

:::
the

:::::::
absolute

:::::
nodal

:::::::::
coordinate

::::::::::::
transformation

::
in

:::::::
Chrono

::::::::::::::::::::::::::
(QBlade Documentation, 2022)

:::::
which

:
is
::
a
::::::::
nonlinear

::::
finite

:::::::
element

::::::::::
formulation

::::
that

:::::::
includes

:::::::
bending,

::::::
torsion

::::
and

::::
shear

:::::::::::
deformation.400

4.3 Aerodynamic Loads

The next set of test cases considered in this study focuses on isolated aerodynamic excitation. Aerodynamic loads affect the

dynamics of FOWTs through changes in rotor thrust. This can lead to strong excitation in the substructure surge and pitch
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DoFs. The test cases follow the setup defined in the first two aerodynamic cases of the OC5 phase II collaboration (Robertson

et al., 2014) to be able to compare to the experimental reference model. This was done for two different rotors: the one used405

in the OC5 experiment and the DTU 10 MW RWT rotor, used on the Softwind and Hexafloat models, respectively. For the

OC5 model, two rotor characteristic curves are recorded with an rotor speed sweep over the same wind field. One representing

close to rated and the other one above-rated conditions of the OC5 turbine model. The substructure meanwhile is constrained

at its neutral position and hence doesn’t respond dynamically to the excitation. The second rotor that was tested is the one from

the DTU 10 MW RWT. The Softwind experiment, following a SIL setup, applies the aerodynamic loads that are calculated410

in real-time along the experiment by AeroDyn v14. Accordingly, a verification with OpenFAST using AeroDyn v14 assures

alignment with the experiment. Since DeepLines WindTM is used in the Hexafloat code-to-code comparison, it is included in

this test case. To isolate aerodynamic loads, the comparison was carried out on a simplified geometry of the DTU 10 MW

turbine that has a rigid tower, no shaft tilt and also no coning angle. The shape of the blades and their flexibility was not

modified. The aerodynamic thruster installed in the SIL experiments only applies the thrust force at a single point on top of415

the tower. Hence, for this turbine, the thrust coefficient was the main point in the comparison. In each software package, the

thrust force applied on the rotor shaft was used to calculate the thrust coefficient. A description of the test cases can be found

in Table
:
3.

Table 3. Description of test cases 2.1 and 2.2. Isolated aerodynamic excitation with a constrained substructure at its neutral position.

Test case Turbine Rotor speed [min−1] Blade pitch β [deg] wind speed
::
u∞:

[m/s] turbulence Length [min]

2.1 OC5 MSWT 5.5 - 17.0 0.86° 12.91 5% 20

2.1 DTU 10 MW RWT 3.0 - 13.0 0° 8 0% until converged

2.2 OC5 MSWT 5.5 - 17.0 15° 21.19 5% 20

2.2 DTU 10 MW RWT 2.5 - 9.0 15° 15 0% until converged

The average value for Cp and Ct for each rotor speed of the OC5 turbine sweep is displayed in Fig. 4. The reference results

that are displayed stem from the study of Goupee et al. (2015), in which the polars of an OpenFAST model were calibrated420

to resemble the aerodynamic behavior of the OC5 turbine. Two curves can be seen for each coefficient. Test case 2.1 ranges

from a tip speed ratio (TSR) of 2.8 up to close to 9 and represents a rotor speed-sweep at constant, close to rated, wind

speed with 0.89°
::::
blade

:
pitch angle. Test case 2.2 ranges from a TSR of 1.7 up to 5.3 at wind speeds representing above-rated

condition. Focusing on the power coefficient first, little deviation between both numerical tools is visible even though different

aerodynamic models are deployed. Bearing in mind that the blades of the OC5 turbine are modeled as rigid structures and are425

almost perfectly straight, the planar rotor assumption underlying the BEM method are not violated. Hence, good alignment is

to be expected. Small deviations from the experiment are visible above a TSR of 6.5, which is in alignment with Goupee et al.

(2015). As he states, this is probably a side effect caused by the primary objective during the polar tuning process, which was

carried
:::
out with the objective to match the experiment’s thrust behavior. The turbine’s operating point during the experiment
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will be just below TSR 6, where good agreement is present between the both codes and the experiment. The thrust coefficient430

shows excellent agreement between QBlade, OpenFAST and the experiment.
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Figure 4. OC5 turbine power (a) and thrust (b) coefficients for test case 2.1 - at lower TSRs
:::::::::
(β = 0.86°,

:::::::::::::
u∞ = 12.91m/s

:
) and test case 2.2

- at higher TSRs
:::::::
(β = 15°,

:::::::::::::
u∞ = 21.19m/s).

Figure 5 shows the thrust coefficient
::
of

:::
the

::::
DTU

:::
10

::::
MW

:::::
RWT for two rotor speed sweeps at just below-rated condition (test

case 2.1, Fig. 5a) and well above (test case 2.2, Fig.5b). Inspecting the below-rated case first, it can be seen that for lower TSRs,

close agreement between the numerical codes exists. In the region above a TSR of 10, which is representative of cut-in and

below-rated conditions, DeepLines WindTM shows increasing deviation from OpenFAST and QBlade. The latter two continue435

to show good agreement in that region. At and below-rated conditions (TSR = 8), excellent agreement is present between all

codes. In the second sweep, where blades are collectively pitched to 15° and above-rated wind speeds are present, DeepLines

WindTM underpredicts thrust compared to QBlade and OpenFAST in the TSR range between 3 and 5. Below this region, good

agreement is achieved. The conditions analyzed later in this paper will resemble states at around TSR equal to 8 in test case

2.1 and TSR equal to 6 in test case 2.2. In both, acceptable agreement is found in steady conditions.
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Figure 5. DTU 10 MW RWT thrust coefficients for test case 2.1 (a)
:::::::::::::::::
(β = 0°,u∞ = 8.0m/s

:
) and test case 2.2 (b)

:::::::::::::::::::
(β = 15°,u∞ = 15.0m/s).

440
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Table 4. Test cases 3.1 and 3.2 description. Isolated hydrodynamic
:::::::::::
Hydrodynamic excitation applied to the free-floating substructure without

aerodynamic loads.

Test case Model Wave condition Wave characteristics Length [min]

3.1 OC5 Regular Wave H
::
Hs

:
= 9.41 m, T

::
Tp = 14.3 s 20

3.1 Softwind Regular Wave H
::
Hs

:
= 9 m, T

::
Tp

:
= 18 s 5

3.1 Hexafloat Regular Wave H
::
Hs

:
= 9 m, T

::
Tp

:
= 18 s 10

3.2 OC5 Irregular Wave Hs = 7.1 m, Tp = 12.1 s, JONSWAP 176

3.2 Softwind Irregular Wave Hs = 9.4 m, Tp = 14 s, JONSWAP 60

3.2 Hexafloat Irregular Wave Hs = 9.4 m, Tp = 14 s, JONSWAP 20

4.4 Hydrodynamic Loads

The isolated hydrodynamic (wave-only) test cases considered in the following amount to one regular wave and one irregular

wave case for each of the models. After the confirmation of the mooring loads and the systems decaying behavior (see Sect.

4.1 and Sect. 4.2), the excitation by solely hydrodynamic loads
:::::
waves

:
without considering aerodynamic effects allows the

validation of the hydrodynamic loads computed by QBlade. Thanks to the distinct nature of the hydrodynamic modeling char-445

acteristics of the three models, i.e., LPMD
:::::
PFMD

:
for OC5 and Softwind and full Morison for Hexafloat, the implementation

of hydrodynamic theory in QBlade can be validated in a general sense. When using the LPMD
:::::
PFMD

:
approach in regular

wave test cases, the first order excitation forces calculated via excitation force coefficients are driving the floater response. In

the full Morison case, the wave excitation is captured by the instantaneous wave elevation (Froude-Krylov force) combined

with diffraction effects captured with the MacCamy-Fuchs correction.
::
As

:::::::
viscous

::::::
effects

:::
are

:::::::::
represented

:::::::
through

:::
the

::::::::
inclusion450

::
of

:::
the

::::
drag

::::
term

::
in

:::
the

::::::::
Morison

:::::::
equation

::
in

::::
both

::::::::::
approaches,

:::::::::
additional

::::::::
damping

:::
and

:::::::::
excitation

:::::
effects

:::
are

::::::::
captured

:::::::
through

::::
drag

:::::
forces

::::::::::::::::::
(Lemmer et al., 2018)

:
.
::::
This

:::::
effect

:
is
:::::::::

significant
:::
for

:::::::
models

::::
with

::::::::
structural

::::::::
members

::::
close

::
to

:::::
mean

:::
sea

:::::
level.

:
In an

irregular wave field, the floater response to the linear wave excitation spectrum is validated. In this subsection, our main focus

is to validate the linear response along with non-linear excitation due to slowly varying drift forces (
:
is
::::::::
validated

::
on

:::
the

:
OC5 and

Softwind ), the
::::::
models.

::
In

::::::::
addition,

::
an

:::::::
analysis

::
of

:::
the

:::::::
efficacy

::
of

:::
the

::::::::
enhanced

::::::
model

:::
for

::::::::
capturing

:::::::::
non-linear

::::::::
excitation

::::
that455

:
is
:::::::::::
implemented

::
in
:::::::
QBlade

:::
can

:::
be

::::::::
compared

::
to
:::
the

:::::::::::
conventional

::::::::::
approaches

:::
for

::::
both

:::::::
FOWTs.

:::::::::::
Furthermore,

:::
the

:
application of

hydrodynamic loads at the instantaneous position (Hexafloat) and the kinematic wave stretching (all models)
:::
can

::
be

::::::::
validated.

A detailed description of the test cases can be found in Table 4.

4.4.1 Regular Wave Excitation

Figure 6 displays the response amplitude operators (RAOs) of the OC5, Softwind and Hexafloat FOWTs in the three mainly460

excited motion DoFs. The RAO provides a quantitative value of the FOWT’s response under regular wave excitation. It can

be understood as a transfer function that quantifies the motion response for a given excitation. As is done by Robertson et al.
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(2017), the RAO is defined as the ratio of the amplitude of the rigid body motion to the amplitude of the wave frequency. RAOs

are effective in validating the linear wave-induced excitation of the model, which is the objective of this section. Across the

three models, excellent agreement is present. QBlade demonstrates good agreement with the experiments and OpenFAST in465

case for the OC5 and Softwind platforms (Fig. 6a and b) . When compared to the large database from the OC5 collaboration,

QBlade falls in line with the superior performing simulation codes (Robertson et al., 2017). For the Hexafloat model, good

agreement with DeepLines WindTM is found (Fig. 6c).
:::
The

:::::::::::
modification

::
of

::::
the

::::
near

:::
sea

::::
level

:::::::::
transversal

:::::
drag

:::::::::
coefficient

::
in

::
the

:::::::::
enhanced

:::::
model

:::
has

:::::::::
negligible

::::::::
influence

::
on

:::
the

:::::
surge

:::
and

:::::
pitch

:::::
RAOs

:::
for

:::::
OC5

:::
and

::::::::
Softwind.

::::::::
However,

:::
in

:::
the

:::::
heave

::::
DoF

::::
there

::
is

:
a
:::::::::
noticeable

::::::::
reduction

::
in

:::
the

:::::::::::
corresponding

:::::
RAO.

:::::
Both

:::
the

::::::::
decreased

::::
axial

::::
drag

:::
on

::
the

:::::
heave

::::::
plates

:::
and

:::
the

::::::::::
additionally470

:::::::
imposed

:::::
linear

:::::::
damping

:::::
affect

:::
this

::::
only

::
to
::
a
:::::
minor

::::::
degree.

::::
The

::::::
driving

:::::
cause

:::
for

::
the

::::::::::
discrepancy

::
is
:::
the

::::::::
weighted

::::
sum

::::::::
displayed

::
in

:::
Eq.

:::
(1)

:::
that

::::
now

::::::
applies

:::
the

::::::::
high-pass

:::::
filter

::
to

:::
the

::::
local

::::::::
velocities

::::::
present

::
at
:::
the

::::::
heave

:::::
plates

:::
and

:::::::
weights

:::
the

::::::::::::
corresponding

::::
axial

::::
drag

::::
with

::::
80%

::
in
:::
the

:::::::
present

::::::
model.

::::
With

::
a

::::
wave

:::::::::
frequency

::
of

::::
0.07

:::
Hz

::
in

:::
the

::::
OC5

::::
test

::::
case

:::
3.1,

::
it

:::
lies

:::::
above

:::
the

::::::
cutoff

::::::::
frequency
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Figure 6. RAOs extracted from the time series corresponding to TC 3.1 for the (a) OC5, (b) Softwind and (c) Hexafloat models.

Since floating offshore wind turbines are coupled systems, non-linear responses may occur even under regular wave excita-475

tion. Especially, as we compare to experimental setups that can only approximate an ideal regular wave which contains
::::
with

only a single frequency component. Hence, in addition to the RAOs, we analyze the time series
::
the

:::::::
analysis

:
of several load

sensors of the OC5 model in
:::::
sensor

::::
time

:::::
series

:::
can

::::::
provide

:::::::::
additional

::::::::::
information.

::
In

:
Fig. 7. The ,

:::
the

::::
time

:::::
series

::::::::::::
corresponding

::
to

:::
the

:
tower top force and the tower base moment in (fore-aft

:
)
::
of

::::
the

::::
OC5

::::::
model

:::
are

::::::
shown

:::::
along

::::
the

:::::::
fairlead

:::::::
tension.

::::::::::
Interestingly,

::::
the

:::::
tower

::::::
related

:::::::
sensors

:::::
show

:
a
:::::::

reduced
:::::::::

amplitude
::

at
::::

the
::::
main

:::::
wave

:::::::::
frequency

::
in
:::::::

QBlade
::::
and

::::::::::
OpenFAST480

::::::::
compared

::
to

:::
the

:::::::::::
experimental

:::::::
results.

::
In

:::::::
contrast,

:::
the

:::::::::
enhanced

:::::
model

:::::::::
(indicated

::::
with

:::::
QB2)

::::
with

::::::::
modified

::::::::
treatment

:::
of

:::
the

:::::
heave

::::
plate

:::::::
viscous

::::
drag

:::::
shows

::::::
better

::::::::
alignment

::::
with

::::
the

::::::::::
experiment.

::::::::
Moreover,

::::
the

:::::
tower

::::
force

::::
and

:::::::
moment

::
in

:::::::
fore-aft

:
di-

rection indeed show a more irregular pattern compared to the fairlead tensionsand platform surge motions. This effect can

be explained by the fact that the basin boundaries lead to the
:
.
::
A

::::::::
plausible

::::::::::
explanation

:::::
could

:::
be

:::
the

:
existence of multiple

wave components (e.g. through reflection)
::
in

:::
the

:::::::::
experiment, which result in a wave field that includes more components than485

the excitation frequency
::::::::
additional

:::::
wave

::::::::::
components

::
to

:::
the

::::::::
dominant

:::::
wave

::::::::
frequency

::::
that

:::::
excite

:::
the

:::::
tower

::::::
modes. This phe-

nomenon is captured in the numerical codes since the
:::
was

::::
only

:::::::
captured

:::
by

:::::::::
numerical

:::::
codes

:::::
when

:::
the

:::::
wave

::::::::
elevation time

series of the experiment is used as a direct input. Figure ?? reinforces this thesis by showing the power spectral density (PSD)

of the corresponding quantities. The multiple peaks of the wave power spectrum can clearly be seen, causing an excitation in
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the tower responses at its natural frequency of approximately 0.31 Hz. QBlade captures this coupling between wave excitation490

and tower structure well and aligns with the experimental results and OpenFAST.
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Figure 7. OC5 model response to TC 3.1 - regular wave excitation in (a) tower top force in x, (b) tower base fore-aft moment, (c) fairlead

tension line 2 and (d) wave elevation.

OC5 model PSD corresponding to TC 3.1 - regular wave excitation in (a) tower top force in x, (b) tower base fore-aft moment,

(c) fairlead tension line 2 and (d) wave elevation. Black dotted line highlights the first tower fore-aft natural frequency.

Figure ?? shows the PSDs of equivalent sensors from the Softwind model. Since the time series results from this model

provides only limited additional information to the OC5 results, further data is not shown for brevity. It stands out that in this495

experimental campaign, in addition to the dominant frequency at 0.055 Hz, there are less pronounced peaks at higher order

harmonics in the PSD of the wave elevation. Accordingly, the excitation of the tower fore-aft mode is considerably smaller

which is reflected in the tower base moment sensor (Fig. ??a). The QBlade result is in agreement with this point and shows

good alignment with the experimental results and OpenFAST. The distinct peaks in the spectrum of the tension of mooring line

2, most prominently the one at the wave excitation frequency, are all captured accurately by QBlade. Softwind model PSD of500

selected load sensors from test case 3.1 - regular wave excitation in (a) tower base fore-aft moment, (b) fairlead tension line 2

and (c) wave elevation. Black dotted line highlights the first tower fore-aft natural frequency.

To conclude test case 3.1, the time series of selected sensors for the Hexafloat model are displayed in Fig. ??. They confirm

the good alignment indicated by the RAO. A modest increase in tower base moment in fore-aft direction is visible in the

amplitude of the QBlade result. A presumable cause is the slightly increased pitch RAO (see Fig. 6c). The tension in line 2,505

which spans diagonally in negative x-direction (contrary to wave propagation) and positive y-direction as highlighted in Fig. 2c,

displays a disagreement regarding the mean tension of approximately 1.5% between both codes. The last two sensors (Fig.

??c and d) aim at capturing the counterweight dynamics via one of the tendons that connects the counterweight to the floating

substructure and the counterweight’s CoG-surge displacement (see Fig. 2c). Excellent agreement in both cases can be observed.

For this comparison, the wave field is generated in both codes with Airy wave theory. Given the perfectly monochromatic nature510

of the wave input and the similarly monochromatic load response, the analysis of the response in the frequency domain is left

out for brevity.
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Hexafloat model response to TC 3.1 - regular wave excitation in (a) tower base fore-aft moment, (b) fairlead tension line 2,

(c) tension in tendon 4 and (d) wave elevation.

4.4.2 Irregular Wave Excitation515

Continuing with the isolated hydrodynamic excitation cases, the complexity is increased by considering excitation from irreg-

ular wave spectra in this subsection. Figure 8 displays the two load-driving motion DoFs (surge and pitch) next to the fore-aft

tower base moment and fairlead tension of line 2. As for the regular wave case, good visual agreement is present in the motion

time series, especially between both numerical codes. The
::::::::
dynamics

:::::::
between

::
all

:::::::::
compared

::::::::
instances.

:::::::
QBlade

:::
and

::::::::::
OpenFAST

::::
show

::::::
almost

:::::::
identical

:::::::
results,

:::::
while

:::
the experiment shows differences mainly in the surge and, to a lesser extend, in the pitch520

DoF. Both seem to contain a low-frequency component in the experimental result which is not well captured by the numerical

tools. One full period of this low frequency is evident in the surge subfigure between approximately 750 s and 850 s (Fig. 8a).

This period
:
A

:::
low

:::::::::
frequency

:::::::::
component

::
is

::::::
present

::
in

:::
the

::::
time

:::::
signal

:::
that

:
matches the surge natural frequency of the floater with

approximately 0.01 Hz (See
:::
see Table 2).

::::
With

:::
the

::::::::
enhanced

::::::
model,

:::
this

::::
low

::::::::
frequency

::::::::::
component

::
of

:::
the

:::::::::
experiment

:::::::
(visible

::
in

:::
Fig.

:::
8a

:::::::
between

::::
750

:
s
:::
and

::::
850

::
s)

::
is

::::
very

::::
well

:::::::
captured

:::::
while

:::
the

::::::
higher

::::::::
frequency

:::::::::
dynamics

::::::
remain

::::::::
accurate. The fore-aft525

tower base moment demonstrates a higher frequency component caused by an excitation of the tower eigenmode. Here, larger

deviations to the experiment become obvious and will be
::::
These

:::
are

::::::::
captured

::
to

:::::::
varying

::::::
degrees

:::
by

:::
the

:::
two

:::::::::
structural

::::::
solvers

::
of

::::::
QBlade

::::
and

::::::::::
OpenFAST

:::
and

:::
are

:
analyzed in more detail in the frequency domain. Beside higher frequencies in the tower

response, the wave excitation frequency can be made out and displays good alignment between QBlade, OpenFAST
::
the

:::::
three

::::::::
numerical

::::::
results and the experiment. The tension in fairlead 2 correlates closely with the surge motion, given that it provides530

the main restoring force. Interestingly, the slow surge frequency, which is only seen in the experimental response, translates to

the fairlead tension in a much reduced manner
::
As

::
a

:::::
result,

:::
the

::::::::
enhanced

::::::
model

:::::
shows

:::::
closer

:::::::::
alignment

::::
with

:::
the

:::::::::
experiment.

700 800 900
Time [s]

0.0

0.5

1.0

Su
rg

e 
[m

]

1e1 (a)
QB
OF
EXP
QB2

700 800 900
Time [s]

2

0

2

4

Pi
tc

h 
[d

eg
]

(b)

800 900
Time [s]

1.0

0.5

0.0

0.5

1.0

To
we

r M
By

 [k
N-

m
]

1e5 (c)

700 800 900
Time [s]

0

1

2

3

Te
n.

 li
ne

 2
 [k

N]
1e3 (d)

Figure 8. OC5 model response to TC 3.2 - irregular wave excitation in (a) surge, (b) pitch, (c) tower base fore-aft moment and (d) fairlead

tension line 2 .

The evaluation of the full test case on a statistical basis is presented in Fig. 9, where the PSD of selected sensors along with

their distribution visualized with box-whisker plots is displayed. The PSD can be categorized into several regions: linear wave

excitation between 0.05 Hz and 0.3 Hz, the platform’s natural frequencies in surge (0.01 Hz) and pitch (0.03 Hz) below the535
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wave frequency range and the tower natural frequency at about 0.32-0.34 Hz. Focusing on the platform motions first, QBlade

shows excellent agreement with the reference results from the experiment and agrees with OpenFAST regarding the linear

wave excitation frequencies. Below the wave frequency spectrum, peaks in the natural frequency of each motion DoF are

visible. Within theses frequencies, QBlade predicts modestly more energy compared to OpenFAST .
:::
that

:::
can

::
be

:::::::::
attributed

::
to

::
the

::::::::
presence

::
of

:::::::
Wheeler

:::::::::
stretching.

:
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Figure 9.
:::
OC5

:::::
model

:::::::
response

::
to

:::
TC

:::
3.2

:
-
:::::::
irregular

::::
wave

::::::::
excitation.

::::
PSD

::
of
:::

(a)
::::
surge

:::::::
motion,

::
(b)

::::
pitch

:::::::
motion,

::
(c)

:::::
tower

::::
base

::::::
fore-aft

::::::
moment

:::
and

:::
(d)

::::::
fairlead

:::::
tension

::::
line

:
2
:::
and

:::
the

:::::::::::
corresponding

:::::::::
box-whisker

::::
plots

:::
(e)

:
-
:::
(h).

:::
The

::::::::
qualitative

:::::
wave

:::::::
spectrum

::
is

:::::::
displayed

::::
with

::::::::
transparent

::::
blue

::::
color

::
in

::
the

:::::::::
background

:::
for

:::::::
reference.

The experimental results in contrast, show a much higher energy within the natural frequencies of
::
the

:
surge DoF and, to a

lesser extend, the pitch DoF. This phenomenon was noticed in the OC5 collaboration (Robertson et al., 2017) and subsequent

analyses in phases Ia and Ib of the OC6 project (Robertson, 2019). It was found that the inclusion of second order difference

frequency forces led to a response at the accurate frequency. However, excitation at these low frequencies is smaller when

compared to experimental results. Studies focusing on this matter indicate that the addition of linear damping and stiffness545

coefficients during the tuning process restrict the response. A detailed analysis is given by (Robertson et al., 2020; Robertson and Wang, 2021)

. QBlade, in contrast to OpenFAST, includes Wheeler stretching which causes a minor improvement in the response of its
::
As

::
the

::::
time

:::::
series

::
in
::::
Fig.

::
8a

:::::::
showed,

:::
the

::::::::
enhanced

::::::
model

:::::::
achieves

:::::
much

:::::
closer

:::::::::
alignment

::::
with

:::
the

:::::::::
experiment

::
in

:::
the surge natural

frequency,
::::::

while
::::::::::
maintaining

::::
good

:::::::::
agreement

::
in
::::

the
:::::
linear

::::
wave

::::::
range. In the pitch DoF, both numerical codes

::::::
QBlade

::::
and

:::::::::
OpenFAST

:
show almost identical energy spectra,

:::::
again underestimating the response in the pitch natural frequency. This un-550

derestimation of low frequency response is visible in the load sensors as well. The tower bottom and fairlead load PSDs both
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show a reduced response in the pitch (tower base) or surge (fairlead 2) natural frequencies compared to the experiment.
::
As

::::
was

::
the

::::
case

:::
in

:::::
surge,

:::
the

::::::::
enhanced

::::::
model

:::::::::::
demonstrates

:::::
good

::::::::
agreement

:::::
with

:::
the

:::::::::
experiment

::
in

:::
the

:::::
pitch

::::::
natural

:::::::::
frequency.

::::
The

::::
more

:::::::
accurate

::::::::::::
representation

:::
of

::::::
motion

::::::::
response

::
in

::::
both

:::::
DoFs

::::::::
translates

::
to

:::::
more

:::::::
accurate

:::::
tower

:::::
base

::::::::
moments

:::
and

:::::::
fairlead

:::::::::
estimations

::
at

:::
the

::::::::::::
corresponding

::::::
natural

::::::::::
frequencies

:::
but

::::
also

:::
an

::::::::::::
overprediction

::
in

:::
the

::::::::
response

::::::
within

:::
the

::::::
fairlead

:::::::
tension

::
at555

::::
wave

:::::::::
frequency. Above the linear wave excitation frequency

:
, the natural fore-aft frequency of the tower is evident in the tower

base moment PSD. Here, the different structural representation of the tower between QBlade and OpenFAST comes to bear.

Even though both tools predict similar natural frequencies (Perez-Becker et al., 2022), the shape of the peak is resembled more

closely in OpenFAST while the excitation frequency itself is matched better by QBlade.

For a statistical evaluation of the data, the platform motions and load sensors are shown in box-plots in the second row of560

Fig. 9. Box-plots categorize the data in five quantities, the 1- and 99 percentile thresholds (outer whiskers), the first and third

quartiles (height of the box) and the median (black line inside the box). Outside the whiskers lie flier values that are considered

extreme outliers. At first, the platform motion is analyzed. The surge and pitch interquartile ranges (IQRs) predicted by QBlade

amount to a decrease of 28% and 22%, respectively, compared to the experiment. This is an improvement compared to the

respective OpenFAST values of -32% in surge and -23% in pitch (Figs. 9a and b). The median position of the experiment is565

matched more closely by OpenFAST in surge and by QBlade in pitch. As was noted throughout the different test cases
:::::
before,

both numerical tools did not capture certain frequency responses that were visible in the experimental data; mainly in surge

but also in the pitch degree of freedom. This low frequency component most likely leads to the larger IQR and spread of

the whiskers in the corresponding experimental box-plot and to a more skewed distribution of the displacements in surge.
::
in

:::::
surge.

::::
This

::
is

:::::::::
confirmed

::
by

:::
the

:::::
much

::::::
closer

::::::::
alignment

::
in
:::::

IQR
:::::::
achieved

:::
by

:::
the

::::::::
enhanced

::::::
model,

::::::
which

:::::::
deviates

::
by

::::
only

::::
6%570

:::::::
increase

::
in

:::::
surge

::::
IQR

::::::::
compared

::
to

:::
the

::::::::::
experiment,

::::
and

:
a
::::::::
similarly

:::::::
skewed

::::::::::
distribution,

:::::
albeit

::::
with

::
a

::::::
slightly

::::::
shifted

:::::::
median

:::::::
position.

:::::::::
Moreover,

:
a
:::
2%

:::::::
increase

::
in

::::
pitch

:::::::::
compared

::
to

:::
the

:::::::::
experiment

:::
can

::
be

:::::
seen. With regards to the tower loads and fairlead

tension
::::
(Fig.

:::
9g), few systemic distinctions can be identified indicating a similar distribution and good alignment of data from

QBlade, OpenFAST and the experiment.
:::::::::::
Nevertheless,

:
a
:::::::
slightly

:::::
more

:::::::
accurate

::::
IQR

::
is

::::::
visible

::
for

:::
the

::::::::
enhanced

:::::::
model.

::
In

:::
the

::::::
fairlead

::::::
tension

:::::
(Fig.

:::
9h),

:::
the

::::::::
response

::
at

:::
the

:::::
linear

::::
wave

:::::
range

:::::::::
dominates

:::
the

::::
IQR

::::::::
compared

::
to

:::
the

:::::::::
non-linear

::::
peak

::
as

:::::::
QBlade575

:::::
almost

:::::::
matches

:::
the

:::::::::::
experimental

::::
IQR

::::::
(-3%),

:::::::::
OpenFAST

::::::::::::
underpredicts

::
it

::
by

::::
20%

::::
and

:::
the

::::::::
enhanced

:::::
model

::::::::::::
overestimates

:
it
:::
by

::::
16%.

:

OC5 model response to TC 3.2 - irregular wave excitation. PSD of (a) surge motion, (b) pitch motion, (c) tower base fore-aft

moment and (d) fairlead tension line 2 and the corresponding box-whisker plots (e) - (h). The qualitative wave spectrum is

displayed with transparent blue color in the background for reference.580

To facilitate a more focused discussion, the time series data of the Softwind model is omitted, as only very limited additional

insight is contained. The main observations are similar to the ones seen in Fig. 8, with more pronounced long period responses

in the surge and pitch DoFs, that translate into the response of the tower and mooring load sensors. As will be shown in the

box-plot analysis, an offset in mooring loads was present that amounts to approximately 8% difference in mean tension.

In Fig. 10, the Softwind model response to an equivalent test case is analyzed with the same quantitative methods. In the585

surge PSD (Fig. 10a), the response within the linear wave spectrum is equivalent between the three results. In the peak of
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Figure 10. Softwind model response to TC 3.2 - irregular wave excitation. PSD of (a) surge motion, (b) pitch motion, (c) tower base fore-

aft moment, (d) fairlead tension line 2 and the corresponding box-whisker plots (e) - (h). The qualitative wave spectrum is displayed with

transparent blue color in the background for reference.

the surge natural frequency, the formerly seen shortcoming regarding non-linear excitation is also visible in both simulation

codes on this spar-type FOWT. QBlade and OpenFAST demonstrate equivalent energy within this frequency, indicating that

Newman’s approximation implemented in QBlade, performs similarly to the implementation in OpenFAST. Furthermore, it

implies a lesser influence of kinematic
:::::::
Wheeler stretching on this model. The corresponding box-plot confirms this with no590

deviation in the IQR between QBlade and OpenFAST. Both tools underpredict the IQR in surge by 29% (Fig. 10e). Again,

the increased non-linear response seen in the experiment PSD is the presumable cause.
::::::::
seemingly

:::
the

::::::
cause.

:::::::::
Compared

::
to

:::
the

::::::::::
conventional

:::::::
models,

:::
the

::::::::
enhanced

::::::
model

::::::
shows

::::
close

:::::::::
alignment

::::
with

:::
the

:::::::::::
experimental

:::::
peak

::
at

:::
the

::::::
natural

:::::
surge

:::::::::
frequency

:::
and

:::::::::::::
underestimates

:::
the

::::
IQR

:::
by

::::
only

:::::
14%.

:
The median value is shifted slightly as a result of different neutral positions in

both numerical tools with respect to the experiment. The pitch DoF (Fig. 10b) shows an increased response within the linear595

frequency range in the experiment. Here, OpenFAST displays closer agreement to the reference compared to QBlade. This

could be caused by deviation in the mooring loads between the tools that results in a more constrained response in the pitch

DoF in QBlade (Fig. 10h). However, it should be noted that the amplitudes
:::::
within

:::
the

:::::
linear

::::
wave

:::::
range

:
are small and therefore

small absolute deviations - in the order of a tenth of a degree - causes
::::
cause

:
this relatively large appearing deviation

:::::::
between

::::::
QBlade

::::
and

:::::::::
OpenFAST

::::
that

::
is

:
seen in the PSD. The

:
In

:::
the

:
non-linear excitation paints a similar picture when compared to600

the OC5 results, with
:::::
below

:::
the

:::::
wave

::::::::
frequency

::::::
range, QBlade and OpenFAST accurately determining the frequency, but with

a decrease in amplitude.
::::::::
determine

:::
the

:::::::::
excitation

:::::::::
frequency.

::
In

:::::::
contrast

::
to

::::
what

::::
was

::::::::
observed

::
in

::::
Fig.

::
9f,

:::
the

::::::::::::::
underprediction
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:
at
::::

the
::::::
natural

:::::::::
frequency

::
of

::::
this

::::
DoF

::
is
::::
less

::::::
severe

:::
for

:::
the

::::
spar

::::
type

::::::::
platform.

::::::
Since

:::
this

::::::::
platform

::::
does

::::
not

::::::
include

::::::
heave

:::::
plates,

:::
the

:::::::
filtered

:::::::
velocity

::::::::
treatment

:::
in

:::
the

::::::::
enhanced

::::::
model

::
is
::::

not
:::::::::
applicable.

::::::::::::
Nevertheless,

:::
the

:::::::::::
modification

::
of

:::
the

:::::
near

::::::
surface

:::::::::
transversal

::::
drag

::::::::::
coefficients

:::::::::::
demonstrates

:::
an

:::::::::::
improvement

::::
also

::
in

:::
the

:::::
pitch

:::::
DoF,

:::::::
showing

:::::
exact

::::::::
alignment

:::::
with

:::
the605

::::::::::
experimental

::::::
result. The box-plot (Fig. 10f) demonstrates

:::::
shows

:
good alignment among the compared instances and highlights

the occurrence of generally minor
::::
small

:
amplitudes in the pitch response. QBlade and OpenFAST underestimate the IQR

by 16% and 10% respectively
:
,
:::::
while

:::
the

::::::::
enhanced

::::::
model

::::::::::::
underestimates

::
it
:::
by

::::
13%. The tower base loads (Figs. 10c and g)

reproduce observations from the pitch PSD to some degree, albeit with different relative magnitudes between the non-linear

and the linear frequency response range, with the former barely visible. Again, close
:::
The

::::::::
enhanced

::::::
model

:::::::
matches

:::
the

:::::::
baseline610

::::::
QBlade

:::::
result

:::::::
exactly.

:::::
Close

:
agreement prevails in the box-plot with similar distribution of data between the 1- and the 99-

percentiles between the compared results. Finally, the tension in fairlead 2 (Figs
:::
Fig. 10dand h) also shows a considerable

response in the non-linear surge natural frequency, directly related to the increased surge response noted in the experiment.

Additionally, the increased response within the
:::::
motion

:::
at

:::
that

:::::::::
frequency.

::
In

::::
the linear frequency rangethat is visible in

:
, the

experiment’s PSD
:::::
reveals

:::
an

::::::::
increased

:::::::
response

::::
that is not fully reproduced by the numerical tools. The lower mooring tension615

in the experiment allows for larger amplitudes in the system.
:::::
While

:
it
::
is
:::::::
difficult

::
to

:::::::
pinpoint

:
a
:::::::
definite

:::::
cause,

:
it
::
is
:::::
likely

::
to

::
be

::::
due

::
to

::
an

::::::::
incorrect

::::::::
estimation

:::
of

::
the

::::::::::::
hydrodynamic

::::::::
damping

::
of

:::
the

:::::::
mooring

:::::
lines,

::::::
which

:::
can

::
be

::::::::
sea-state

:::::::::
dependant.

:::::::::::
Interestingly,

:::
this

::::::::::
discrepancy

::::
does

::::
not

:::::::
translate

::
to
::::

the
:::::::
response

:::
in

:::
the

:::::
linear

:::::
wave

:::::
range

::
of

:::
the

:::::
surge

:::::
DoF

:::::
(10a).

::::::
Given

:::
that

:::
the

:::::::
natural

::::::::
frequency

:::
lies

:::::::::::
significantly

::::::
below

:::
the

:::::
linear

:::::::::
frequency

:::::
range

::
of

:::
the

:::::
wave

:::::
field,

:::
the

:::::::
response

:::
in

:::
this

:::::
range

::
is
:::::::::::::

predominantly

:::::
driven

::
by

:::::::
forcing

:::
and

:::
the

::::::
system

:::::
inertia

:::::::::::::::::::
(Chopra, 2014, pg. 79)

:
.
:::::
Thus,

:::
the

::::
effect

:::
of

::::::::
(mooring)

:::::::
stiffness

:::
on

:::
the

::::
surge

::::::::
response

::
in620

:::
this

:::::
range

::
is

:::::::::
negligible.

::
In

:::
the

::::::::::::
corresponding

::::::::::
box-whisker

::::
plot

::
in

::::
Fig.

::::
10h, QBlade overestimates the median tension by 6.3%

and OpenFAST by 5% . The skewed value distribution compared to
::::::::
compared

::
to

:::
the

::::::::::
experiment,

:::::
while

:::
the

::::::::
enhanced

::::::
model

:::::
shows

::
an

:::::::::::
improvement

::
in
:::

the
::::
IQR

:::
by

:::::
about

::::
15%

::::::::
compared

::
to
:
QBlade and OpenFASTis likely a consequence of this.

Hexafloat model response to TC 3.2 - irregular wave excitation. PSD of (a) surge motion, (b) pitch motion, (c) tower base

fore-aft moment, (d) fairlead tension line 2 and the corresponding box-whisker plots (e) - (h). The qualitative wave spectrum is625

displayed with transparent blue color in the background for reference. To conclude the isolated wave excitation test cases, the

Hexafloat model is analyzed. As for the Softwind model, the time series result is only briefly summarized. The motion sensors

demonstrate very close alignment with regard to the dynamic response. A mean offset in the surge position of approximately

0.75 m upstream is visible in QBlade that can be accredited to minor differences in the mooring tension. Notably, the amplitudes

of the pitch motion were slightly increased in QBlade which causes a minor increase in the tower base moment response as a630

result.

Figure 11 illustrates a high degree of similarity between the responses of tools in both
:::
both

:::::
tools

::
in

:::
the degrees of freedom

within the linear excitation frequency range of the wave spectrum, as well as in the non-linear response within the surge and

pitch natural frequencies below the wave spectrum (Figs.11a and b). Notably, no QTFs were available for this model, providing

the opportunity to validate the weak, non-linear excitation caused by the application of hydrodynamic loads at the instantaneous635

floater position combined with kinematic stretching. Both, the tower fore-aft moment and fairlead tension in line 2 show good

agreement in the excited frequencies, with QBlade predicting moderately higher peaks at the relevant frequencies (Figs. 11c
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and d). This can be attributed to a slightly larger surge and pitch response within the linear wave spectrum, visible in the

corresponding PSDs. The box-plot results show the effect of the increased response throughout the linear frequency range in

QBlade: In surge, the IQR is 14% larger in QBlade while the median is shifted in negative x-direction (Figs.11e). The platform640

pitch and tower base moment data are in good agreement with regards to their median value. Their IQR range is again larger in

QBlade (Figs.11f and g) with 19% increased spread in pitch that translates to a 10% increase in the tower base moment spread.

Finally, the box-plot of the tension in line 2 (Fig. 11h) displays a mirrored pattern compared to the surge box-plot, indicating

their close dependency. QBlade predicts a 30% larger IQR compared to DeepLines WindTM.
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Figure 11.
:::::::
Hexafloat

:::::
model

:::::::
response

::
to

::
TC

:::
3.2

:
-
:::::::
irregular

::::
wave

::::::::
excitation.

:::
PSD

::
of

:::
(a)

::::
surge

::::::
motion,

::
(b)

::::
pitch

::::::
motion,

:::
(c)

::::
tower

::::
base

::::::
fore-aft

::::::
moment,

:::
(d)

::::::
fairlead

::::::
tension

:::
line

::
2
:::
and

:::
the

:::::::::::
corresponding

::::::::::
box-whisker

::::
plots

:::
(e)

:
-
:::
(h).

::::
The

::::::::
qualitative

::::
wave

:::::::
spectrum

::
is
::::::::

displayed
::::
with

::::::::
transparent

::::
blue

::::
color

::
in

::
the

:::::::::
background

:::
for

:::::::
reference.

4.5 Combined Aero- and Hydrodynamic Loads645

The final test case, which concludes this verification and validation study, combines the fully coupled aero-servo-hydro-elastic

dynamics exhibited by a floating offshore wind turbine throughout its lifetime. As before, we perform qualitative analysis

of cut-out time series for one exemplary model, in this case the Softwindmodel
:::::::
Softwind, at the beginning of this section.

Subsequently, quantitative statistics are used for each model to assess the predicted responses by QBlade, and to compare

them to the numerical counterparts and experimental reference cases. Table 5 showcases the three test cases considered, one650

for each FOWT assembly. To cover three different operational states, varied environmental conditions are selected for each

FOWT. The Softwind model is simulated in conditions beyond the rated regime, where the controller constantly actuates the
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blade pitch to not exceed rated power output. Conversely, the simulation of the OC5 model approximates conditions that are

near to rated power. This is done with a constant prescribed value for the blade pitch angle and rotor speed (as was done in

the OC5 collaboration). In case of the Hexafloat model, below-rated conditions are discussed. Here, the controller gradually655

adjusts the rotational speed to operate at the optimal tip speed ratio to maximize power generation. For the servo control of the

DTU 10 MW turbine atop the Softwind platform, the DTU Baseline Controller (Hansen and Henriksen, 2013) is used, again,

replicating conditions from the experiment. The control parameters correspond to those of the reference turbine except for the

proportional and integral gains of the pitch controller and the linear and quadratic aerodynamic gain scheduling coefficients,

which
:
.
:::::
These

:
were adjusted to prevent negative damping that originates from the coupling between blade pitch actuation and660

the floater pitching motion. The PI parameters of the OO-Star 10 MW FWT are used, since the pitch natural frequency between

both the OO-Star and Softwind platforms is nearly identical (Yu et al., 2018). In case of the Hexafloat model, the ROSCO v

2.4.1 controller (NREL, 2021) was selected due to its ability to include a velocity feedback damping loop designed to reduce

pitching motion and thereby increase stability of the floating substructure. Unfortunately, this feature had to be disabled for this

code-to-code comparison after difficulties were found in the communication between the ROSCO controller and DeepLines665

WindTM. Leaving this feature active in QBlade alone would have impeded a consistent comparison. Therefore, the controller

gains were de-rated to prevent negative damping effects instead.

Table 5. Test case 4.1 description. Combined aero-hydrodynamic-servo-dynamic conditions applied to the FOWT models.

Test case Model Wind condition [m/s] Control Wave characteristics Length [min]

4.1 Softwind 18, TI = 17% DTU Controller
Hs = 5.8 m, Tp = 11 s,

Bretschneider
60

4.1 OC5 12.91, TI = 5%
pitch = 1°

rotor speed = 12.1 min−1

Hs = 7.1 m, Tp = 12.1 s,

JONSWAP
176

4.1 Hexafloat 7.0, TI = 32.6% ROSCO v. 2.4.1
Hs = 6.0 m, Tp = 12.0 s,

JONSWAP
20

The Softwind model is analyzed at above-rated conditions, with a mean wind speed of 18 m/s that requires continuous blade

pitch actuation by the DTU wind turbine controller. The blade pitch actuation is based on the power output of the wind turbine,

which depends on the velocity in the rotor plane. Hence, blade pitch actuation depends on the motion induced velocities and670

the wake-induced velocities in the rotor plane of the system. Considering this, the wake model (lifting-line vs. BEM) and the

hydrodynamic model (buoyancy modeling, wave kinematics) in a given simulation collectively influence the pitch actuation

process and subsequently the overall system dynamics. Figure 12 shows a cut-out of the time series displaying the same sensors

that were chosen in TC 3.2 to analyze the system response of the Softwind model. What stands out is that even after more than

ten minutes into the time series, good qualitative agreement between the three compared results is present. The surge time trace675

demonstrates a long period cycle at the natural frequency of this degree of freedom
:::
DoF. OpenFAST demonstrates a slightly

closer agreement with the experiment in the surge response compared to QBlade, which only slightly underestimates the surge
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amplitude. This is unsurprising as the SIL experiment and OpenFAST both utilize the same aerodynamic models. The
::::::::
enhanced

::::::
model,

:::
in

:::::::
contrast

::
to

:::
the

::::::
results

:::::
shown

:::
in

:::
Fig.

:::
8a

:::::::
without

::::
wind

:::::::
loading,

::::::
shows

::::
only

::::::
minor

::::::::
deviation

::
to

:::
the

:::::::
baseline

:::::::
QBlade

:::::
result.

::::
The aerodynamic thrust combined with the mean drift force causes a mean surge displacement around 0.5 m that is680

accurately reflected in both
:::
the numerical tools. The mean pitch angle enforced by the thrust force amounts to approximately

2°. The pitch response is very similar in the both numerical tools
::
all

:::::
three

::::::::
numerical

:::::::
models showing good alignment with

the experiment. As a result, the tower base moment is in good alignment too, indicating that the aerodynamic thrust predicted

by the LLFVW method is similar to the one of the SIL-experiment (AeroDyn v14) also in unsteady conditions. Given that

the mean TSR of the test cases is 5, such close agreement could be expected from Fig. 5. The observed offset in the fairlead685

tension to the experiment
:::
that

:::
was

:
pointed out in the Softwind response to TCs 3.1 and 3.2 is reduced once aerodynamic thrust

is included. The experiment validates the alignment between QBlade and OpenFAST, showing only slightly lower tensions.

Regarding the dynamics, good agreement is found.
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Figure 12. Softwind model motion and load response to TC 4.1 - combined irregular wave and wind excitation in (a) surge CoG motion, (b)

pitch motion, (c) tower base fore-aft moment and (d) fairlead tension line 2.

Continuing the analysis with Fig. 13,
:
a
:
severe response within the natural frequencies of the

:::::::
different

:
degrees of motion

becomes evident. In fact, the response in the surge natural frequency (Fig. 13a) at around 0.01 Hz dominates the spectrum of690

motions to an extent that the linear wave response is only observable in the zoomed in framedue to the relative transparency of

the spar-buoy type platform to linear wave excitation. In addition to the wave spectrum, the scaled wind spectrum is displayed

as an indicator of the excited frequencies by the turbulent wind field. The peak of the wind spectrum aligns with the peak

observable
::::::::
frequency

:
at Softwind’s natural frequency.

:::
The

::::::
energy

:::
in

:::
that

:::::::::
frequency

::
is

::::::::
predicted

:::::::
slightly

::::
more

:::::::::
accurately

:::
by

::
the

:::::::::
enhanced

:::::
model

:::::::::
compared

::
to
::::

the
:::::::
baseline

:::::::
QBlade

::::::
model.

:
In the magnified frame, the surge response shows excellent695

agreement between the numerical tools and the experiment. The corresponding box-plot for the surge direction (Fig. 13e)

reveals good alignment between QBlade and the experiment regarding median and IQR at -11% difference. The OpenFAST

result is offset towards a larger surge displacement and yields an IQR of -16%.
::
No

:::::::::
significant

:::::::::::
improvement

:::
of

:::
the

::::::::
enhanced

:::::
model

:::
can

:::
be

:::::
found

::::
with

::
an

::::
IQR

:::
of

:::::
-13%. Figures 13b and 13h

:
f
:
show the PSD and box-plot corresponding to the pitch DoF.

The former demonstrates only minor excitation within the linear wave frequency range in contrast to a strong response in the700

pitch natural frequency. As continuously stated throughout this work, this excitation frequencies
::::::::
frequency

:
is matching the
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Figure 13.
:::::::
Softwind

::::::
response

::
to
:::
TC

:::
4.1

:
-
::::::
irregular

::::
wave

::::
and

::::
wind

:::::::
excitation.

::::
PSD

::
of

:::
(a)

::::
surge

::::
CoG

::::::
motion,

::
(b)

::::
pitch

::::::
motion,

:::
(c)

::::
tower

::::
base

:::::
fore-aft

:::::::
moment,

:::
(d)

::::::
fairlead

::::::
tension

:::
line

::
2

:::
and

::
the

:::::::::::
corresponding

::::::::::
box-whisker

::::
plots

::
(e)

::
-
:::
(h).

:::
The

::::::::
qualitative

::::
wave

:::::
(blue)

:::
and

:::::
wind

::::
(red)

:::::
spectra

:::
are

:::::::
displayed

::::
with

::::::::
transparent

::::
color

::
in

:::
the

:::::::::
background

::
for

::::::::
reference.

experiment response albeit, at a reduced scale. This leads to a slightly
::
an increased spread of the IQR of the box corresponding

to the experiment compared to QBlade (-28%) and OpenFAST(-18%). The
:::::::
enhanced

::::::
model

:::::::
matches

::
the

:::::::
baseline

:::::::
QBlade

:::::
result

::::::
exactly.

::::
The tower base moment (Figs. 13c and g), being closely related to the pitch motion of the FOWT system, matches the

observations for the pitch sensor with more aligned IQRs between QBlade and OpenFAST. Excitation peaks corresponding705

to the natural frequencies of the coupled surge and pitch degrees of freedom
:::::
DoFs can be seen in the power spectral density

::::
PSD of the tension at the delta connection point of the Softwind platform (Figs. 13d). The box-plots of the mooring tension

show yet again the consistent difference in the mooring tensions that was observed throughout the analysis of the Softwind

platform.
::
To

::::
sum

:::
up

:::
this

:::::
load

::::
case

:
it
::::

can
::
be

::::::
stated

::::
that,

:::::::::
compared

::
to

:::
TC

:::
3.2

::
in
::::

Fig.
:::
10,

::::
the

::::::::
enhanced

:::::
model

:::::
only

::::
leads

:::
to

::::::
modest

:::::::::::
improvement

::::
with

::::::
regard

::
to

:::
the

::::::
motion

:::
and

::::
load

::::::::
responses

:::::
when

:::::
wind

::::
loads

:::::
were

::::::::
included.710

The corresponding PSD and box-plot of the OC5 model for TC 4.1 is shown in Fig 14. Given the fixed rotor speed of

12.1 min−1, the 1P excitation frequency amounts to approximately 0.2 Hz. The PSD can still be categorized into the system’s

natural frequencies, the linear wave frequency range and the range above, which is most visible in the tower loads. Comparing

to the PSD from TC 3.2 in Fig 9, an outstanding effect is the damping visible in the surge and pitch DoFs (Figs 14a and

b) when aerodynamic loads are included. The aerodynamic damping comes into effect by an increased thrust force that acts715

on the tower top when the relative wind velocity in the rotor plan
::::
plane

:
is increased during forward motion and a reduced

during backwards motion. This leads to a more dampened response within the resonant frequencies of the floater. Thereby,
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Figure 14. Softwind
::::
OC5

:::::
model response to TC 4.1 - irregular wave and wind excitation. PSD of (a) surge CoG motion, (b) pitch motion,

(c) tower base fore-aft moment, (d) fairlead tension line 2 and the corresponding box-whisker plots (e) - (h). The qualitative wave (blue) and

wind (red) spectra are displayed with transparent color in the background for reference.

the peak in the surge natural frequency is reduced by about 40%. In contrast, the response within the linear wave range is

not changed. Furthermore, QBlade still shows a closer response to the experiment in the surge eigenfrequency peak due to

the additional wave stretching model. The effect of aerodynamic damping is also seen
::
As

::::
was

:::
the

::::
case

:::
for

::::
the

::::::::
Softwind720

::::::
model,

::::::
when

::::::::
compared

:::
to

:::
the

:::::::::
wave-only

::::
test

::::
case,

::::
the

::::::::
enhanced

::::::
model

:::::
shows

:::::
only

:::::
slight

:::::::::::
improvement

:::::::::
compared

::
to
::::

the

:::::::
baseline

::::::
QBlade

::::
and

::::::::::
OpenFAST

:::::::
models.

::::
This

:::
can

:::
be

::::::::
explained

:::
by

:::
an

::::::
overall

:::::
more

::::::::::
constrained

::::::
FOWT

::
as

:::::
soon

::
as

:::::
wind

::
is

:::::::
included

::::::::
compared

::
to

::::
only

::::::::::::
hydrodynamic

:::::::::
excitation.

:::
The

:::::::::::
aerodynamic

:::::
thrust

:::::
force

:::
and

:::
the

::::::::
increased

:::::::
mooring

:::::
force

:::
that

::::::
results

::::
from

::
a

::::
shift

::
in

:::
the

:::::
mean

::::::
surge

:::::::
position,

:::::::
dampen

::::
the

:::::::::
oscillation

::
at

:::
the

::::::::
system’s

::::::
natural

:::::::::
frequency.

:::
As

::
a
:::::
result

::
of

:::::
this,

:::
the

:::::::
approach

:::
of

::::::::
increasing

:::
the

::::
near

::::::
surface

::::
drag

:::::::::
coefficient

::::
that

::
is

:::::::
followed

:::
by

:::
the

::::::::
enhanced

:::::::
method,

::
is

:::
less

::::::::
effective.

::::
The

::::::
impact725

::
of

:::::::::::
aerodynamics

::::
also

:::::::
becomes

::::::
visible

:
in the box-plot (Fig 14e), where the difference in the spread of the whiskers

::::::::::
interquartile

::::
range

:
corresponding to the experiment in surge compared to the spread

:::
one seen for the numerical codes is reduced (-20% in

QBlade, -23% in OpenFAST). The smaller relative difference between them within the oscillation in natural frequency leads

to a closer alignment in data distribution. The same trend can be observed in the pitch PSD (Fig 14b) with a reduction of

the energy within the pitch natural frequency of close to 50% compared to TC 3.2. The linear response at higher frequencies730

remains largely unchanged. QBlade and OpenFAST show good agreement with one another, with a slight underestimation of

the linear response visible in the QBlade results. The response in the pitch natural period is underestimated by both numerical

tools.
::::::::
Compared

::
to

:::::
them,

:::
the

::::::::
enhanced

::::::
model

:::::::::::
demonstrates

:::::::::
significant

:::::::::::
improvement

::
in

:::
the

::::
pitch

:::::
DoF. Looking at Fig 14f, the
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relative differences in the quantile ranges between the experiment and the numerical tools are similar to the ones observed for

wave-only excitation, despite the reduced relative difference in the pitch motion at low frequencies (QBlade -23%, OpenFAST735

-20%
:::
and

::::::::
enhanced

:::::::::
model-15%). QBlade shows good alignment with the median position of the experiment, while OpenFAST

exhibits a slight underestimation of this position. Moving on to the tower base moment (Fig 14c), two peaks lie within the linear

wave spectrum, one at 0.07 Hz aligning with the dominant wave frequency and a larger one at 0.14 Hz that doesn’t. According to

Robertson et al. (2017) these two peaks inside the linear wave spectrum are caused by the motion of the structure with respect

to the wave. QBlade and OpenFAST capture the both peaks similarly but both underestimate the response compared to the740

experiment. The underestimation of the response in this frequency is in line with the participants of the OC5 collaboration that

deployed a LPMD
::::::
PFMD approach. Furthermore, the tower fore-aft moment PSD shows peaks in the pitch natural frequency

and in the tower fore-aft natural frequency. Here, in contrast to Fig. 9, the shape of the peak predicted by QBlade aligns closely

with the OC5 experiment, while OpenFAST overestimates the response at an accurate tower frequency. Good agreement in the

box-plot that corresponds to the tower fore-aft moment is visible
:::::
Even

::::::
though

:::
the

::::::::
enhanced

::::::
model

::::::::
improves

:::
the

:::::::::
estimation745

::
of

:::
the

::::
peak

::
in
::::

the
::::
pitch

::::::
natural

::::::::::
frequency,

::
its

::::::::
predicted

::::
IQR

::
is
:::::
with

:::::
-20%

::::::
similar

::
to

:::
the

:::::
other

:::::::::
numerical

::::::
models

::::::
(-23%

:::
for

::::::
QBlade

::::
and

:::::
-18%

:::
for

:::::::::::
OpenFAST).

::::
This

::
is

::
a

:::::
result

::
of

:::
the

:::::::::
increased

:::::::
response

::
at
:::::

0.14
:::
Hz

::::
seen

::::
only

::
in
::::

the
:::::::::
experiment

:
(Fig.

14g). The tension within fairlead
:

2 (Figs. 14d and h) reflects the increased loads on the mooring system due to
:::::
caused

:::
by the

aerodynamic loads compared to TC 3.2. Good alignment is present within the linear frequency range. The increased response

of the experimental model in the surge natural period is reflected again in the tension of this line. Moreover, a similar data750

distribution of the QBlade results compared to OpenFAST and the experiment can be seen.

The final case that is discussed in this study is the combined wind and wave excitation case for the Hexafloat model.

As Table
:
5 lists, below-rated conditions are assumed. Consequently, the ROSCO v 2.4.1 controller follows the objective of

maximizing power by adjusting rotational speed to operate at the optimal TSR of 8.06. According to Fig. 5, the aerodynamic

models of DeepLines WindTM and QBlade demonstrate close agreement with regards to the thrust coefficient in this condition.755

Hence, similar response on the motion DoFs and loads are to be expected with similarly behaving hydrodynamic models. A

time series comparison of the motion and load sensors (not shown here for brevity) confirms this with very good agreement

between both simulation tools in the surge and pitch degrees of freedom. In the platform pitch response, QBlade demonstrates

slightly increased amplitudes in frequencies that appeared to be within the linear frequency range of the wave field.

The PSDs in Fig. 15 are dominated by the resonant response in the natural surge and pitch frequencies. The response within760

the linear frequency range only becomes visible within the magnified cut-outs, where good alignment in the time series is

confirmed. In contrast to the other two FOWT models that rely on a LPMD
::::::
PFMD approach, the buoyancy calculation at the

instantaneous position and submerged volumecombined with the ,
:::
the

:::::::
viscous

::::::::
excitation

::::
and

:::
the MacCamy-Fuchs correction

is modeling the wave excitation in this Morison representation. The box-plots show a closely matched distribution of the data,

with the most prominent difference being visible in the surge DoF and in the 99% quantile of the fairlead tension in line 2 (Fig.765

15e and h). This however is not caused by hydrodynamic treatment but due to the coupled effects that the servo-dynamics have

on the overall response of the turbine, as will be discussed next.
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Figure 15. OC5
:::::::
Hexafloat

:
model response to TC 4.1 - irregular wave and wind excitation. PSD of (a) surge

:::
cog motion, (b) pitch motion,

(c) tower base fore-aft moment, (d) fairlead tension line 2 and the corresponding box-whisker plots (e) - (h). The qualitative wave (blue) and

wind (red) spectra are displayed with transparent color in the background for reference.

Hexafloat model response to TC 4.1 - irregular wave and wind excitation. PSD of (a) surge cog motion, (b) pitch motion, (c)

tower base fore-aft moment, (d) fairlead tension line 2 and the corresponding box-whisker plots (e) - (h). The qualitative wave

(blue) and wind (red) spectra are displayed with transparent color in the background for reference.770

The small deviation described above in the floater pitch response can partially be traced back to the rotational speed that is

controlled by the ROSCO controller. Figure 16 displays for reference the floater pitch along with the rotational speed which

contains a high frequency component in the QBlade results that is not captured in DeepLines WindTM (Figs. 16a and b).

As a result of the small spikes visible in the rotational speed time series, the thrust force will follow this behavior in QBlade

and thus cause the slightly increased pitch motion of the floating platform. Following the causal chain further, this deviation775

is visible in the generator torque (Fig. 16c), where DeepLines WindTM predicts a calmer torque control response compared to

QBlade. Since the turbine is operating at below-rated condition, the blade pitch is only activated temporarily when the rotor

speed briefly exceeds rated speed. One example of this can be seen at 1350 s of simulation time, where the increase in rotor

speed causes the controller to pitch
::
the

:
blades (Fig. 16d). The controller response in QBlade is more dynamic, and it triggers

the controller to activate the blade pitch at a few, much shorter torque spikes
:::::::
instances. Even though the differences in drive780

train dynamics and the following pitch controller actuation seem to have only minor influence on overall dynamics, this picture

changes drastically when the FOWT is operating in regimes with above-rated wind speed. Figure 17 shows an example of

this. The turbulent wind in this figure contains velocities above-rated between 700 s and 1100 s. Here, the rotational speed
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Figure 16.
:::::::
Hexafloat

:::::
model

::::::::
controller

:::::::
actuation

:::::::
(ROSCO

::::
2.4.1)

:
-
::::::::
combined

::::::
irregular

:::::
wave

:::
and

::::
wind

::::::::
excitation:

::
(a)

:::::::
platform

::::
pitch,

:::
(b)

::::
rotor

:::::
speed,

::
(c)

:::::::
generator

:::::
torque

:::::
(high

::::
speed

:::::
shaft)

:::
and

::
(d)

:::::
blade

::::
pitch.

once again fluctuates more in QBlade compared to DeepLines WindTM and this leads to larger blade pitch actuation (Figs. 17a

and b). The drastic influence on system dynamics is visible in the surge and pitch DoFs. The QBlade model undergoes much785

larger oscillations with amplitudes of 5.5 m in surge and 4.5 deg in pitch compared 1.5 m and 1.2 deg in DeepLines WindTM.

When the wind speed dips below-rated and the blade pitch actuation is not required (above 1100 s), the platform surge and

pitch responses quickly align (Figs. 16c and d). We have not yet fully understood the large differences seen for this model

when above-rated conditions are present. Especially, given the accuracy of the QBlade results compared to OpenFAST and the

Softwind experiment at above-rated conditions, which also include a controller. Further research must be carried out to better790

understand this phenomenon and isolate whether it emerges from differences between QBlade and DeepLines WindTM in the

aerodynamic treatment or the controller interface.

5 Conclusion and Outlook

In this work, the hydrodynamic module QBlade-Ocean, developed to expand the capabilities of the wind turbine simulation

tool QBlade for offshore simulations, is verified and validated on three floating offshore wind turbine models. The three795

models encompass a variety of different substructure concepts. They are the semi-submersible OC5FOWT (5MW MSWT on

the DeepCWind structure), the Softwind FOWT (DTU 10 MW RWT on a spar-buoy type platform called Softwind) and the

Hexafloat (DTU 10 MW RWT on the Hexafloat substructure)
::::::
FOWTs. In case of the former two, an experimental campaign

was used to validate the results produced within QBlade. Furthermore, equivalent models were built in OpenFAST to verify

the results with a state-of-the-art code. In case of the Hexafloat model, a code-to-code comparison with the simulation tool800

DeepLines WindTM was carried outas no experimental data was available. The OC5 and Softwind models were simulated
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Hexafloat model controller actuation (ROSCO 2.4.1) - combined irregular wave and wind excitation: (a) platform pitch, (b) rotor speed, (c)

generator torque (high speed shaft) and (d) blade pitch.

7.5

10.0
(a) - Rot. speed [rpm]

QB
DLW

5
10

(b) - Blade pitch 1 [deg]

80
90

(c) - Surge [m]

700 800 900 1000 1100 1200 1300
Time [s]

0

10
(d) - Pitch [deg]

Figure 17. Hexafloat model controller actuation and motion response - combined irregular wave and wind excitation: (a) rotor speed, (b)

blade pitch, (c) platform surge and (d) platform pitch . Wind with 11.4 m/s, 15 % TI and wave field with JONSWAP spectrum with H = 7.7 m

and T = 12.4 s.

using linear potential flow theory combined with Morison drag, whereas the Hexafloat model was simulated using a strip

theory based full Morison approach.

The validation and verification cases ranged from simplified test cases up to fully coupled aero-hydro-servo-elastic simulations

with irregular wave and wind excitation. The simplified cases were selected to confirm a correct model definition. In these805

cases,
:::::::::::
Additionally,

::
an

::::::::
enhanced

:::::::
method

::
to

:::::::
improve

:::
the

::::::::
prediction

:::
of

::::::::
excitation

::::::
within

:::
the

:::::::
resonant

::::::::::
frequencies

::::::::
developed

:::
by

:::::::::::::::
Wang et al. (2022)

:::
has

::::
been

::::::
tested

::
in

:::::::
various

:::::::::
conditions

::::::::
including

::::::::
turbulent

::::
wind

::::
and

:::::::
irregular

::::::
waves.

::::
The

::::::::
influence

:::
of the

neutral position, the mooring system, the relevant natural frequencies as well as the aerodynamic performance of the rotor on a

constrained platform were analyzed. On the one hand, these tests helped to validate and verify some of the newly implemented

functionality such as the buoyancy and mooring modules in static conditions . On the other hand, the model definitions810

themselves were confirmed and uncertainties stemming from using different aero-elastic modules could be estimated. The

complexity of the test cases gradually increased thereafter with cases that omitted the influence of aerodynamics and solely

excited the FOWTs with regular and irregular wave fields. The final case analyzed the fully coupled system of a floating

offshore wind turbine with irregular waves, turbulent wind and a full supervisory wind turbine controller
::::
wave

:::::::::
stretching

::::
type

::
on

:::
the

::::::::
method’s

:::::::
efficacy

:::
and

:
a
:::::::::
parameter

:::::
study

::::::::
indicating

:::
its

::::::::
sensitivity

::::
have

:::::
been

:::::
shown.815

In the decay tests, both QBlade and OpenFAST recreated
::::::
aligned

::::
well

::::
with

:
the experimental results, thus validating the

implementation of the radiation forces and Morison drag. As is common practice, both tools required minor tuning of damping

and stiffness parameters to fully align with the reference. Uncertainties in the model specification of the experiments are one

reason for this. OpenFAST showed a tendency to overpredicted the length of the surge natural periods of both, the OC5 and
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Softwind models, compared to the QBlade model and the experiment. DeepLines WindTM and QBlade showed close to perfect820

alignment throughout all degrees of freedom in the decay tests on the Hexafloat.

Regular wave excitation cases validated the implementation of diffraction effects and Froud-Krylov
::::::::::::
Froude-Krylov forces.

In QBlade they can be modeled either through linear potential flow theory (OC5 and Softwind) or through the use of the

full Morison equation with the MacCamy-Fuchs correction combined with explicitly calculating the buoyancy based on the

instantaneous submerged volume (Hexafloat). The RAOs in relation to the reference (experiments for OC5 and Softwind)825

and
::::::::::
experimental

::::::
results

::::
and to DeepLines WindTM (for the Hexafloat) validated and verified both approaches in QBlade.

The deviation
:::::::
observed

::::::::::
differences to the experiments were comparable to those of OpenFAST and amounted to less than

3% in surge, 6% in heave and 12% in pitch, where amplitudes are minor and and thus cause large relative differences for

small absolute values. Moreover, the spectral analysis of the models responses showed excitation of the tower structure natural

frequencies outside of the frequency of the regular wave. This highlights the importance of importing identical wave elevation830

data to experimental campaigns for such comparisons.
:::
The

::::::::
enhanced

::::::
model

:::::::
showed

:
a
:::::

50%
::::::::
reduction

::
in

:::
the

::::::
heave

::::
RAO

:::
of

::
the

:::::
OC5

::::::
model,

::::::::
revealing

:::::::::::
shortcomings

::
in

:::
its

::::::::::
applicability

:::
in

::::::
regular

::::
wave

::::::::
regimes.

::::::::
However,

::
it

:::
was

:::
the

:::::
only

:::
one

::
to

:::::::
capture

::::::::
non-linear

:::::::::
excitation

:::::
effects

:::::
from

:::
the

::::::
regular

::::
wave

::::
field

:::::::::
generated

:::::
during

:::
the

::::::::::
experiment

:::
and

:::::::::
accurately

::::::::
predicted

::
its

::::::::
influence

::
on

:::
the

:::::
tower

::::
load

:::::::::
amplitudes

::
at

::::::
regular

:::::
wave

:::::::::
frequency.

In the next step, QBlade’s ability to capture non-linear excitation and more complex system dynamics was verified with835

irregular wave excitation. For the FOWTs modeled with LPMD
:::::
PFMD, sum- and difference frequency quadratic transfer func-

tions (OC5) and Newman’s approximation (Softwind) were applied to capture the mean drift and non-linear forces. For the full

Morison treatment, weak, non-linear excitation was calculated through the application of hydrodynamic loads at the instanta-

neous position. Wheeler stretching was employed for each model in QBlade. The analysis
:::
The

:::::::
analysis

:::
of

:::
the

:::::::::::
conventional

::::::::
numerical

::::::
models

:
in the spectral space confirmed the observations made throughout the OC5 and OC6 collaborations; Non-840

linear excitation frequencies were captured accurately but with a considerably dampened response compared to experiments.

As stated by Robertson et al. (2020) and Robertson and Wang (2021) the tuning process might be part of the reason for this.

Wheeler stretching led to a 6%
::::::
QBlade

:::::::::::::
underestimated

:::
the

::::
IQR

::
in

:::::
surge

:::
and

:::::
pitch

::
by

::::
28%

::::
and

::::
22%

:::::::::::
respectively.

:
A
:::::
slight

:
im-

provement compared to OpenFAST with respect to the OC5 experiment in the surge direction. The Softwind platform showed

discrepancies in mooring tensions between numerical codes and the experiment.
::::
(32%

::::
and

:::::
23%)

:::
that

:::::
could

::
be

:::::::::
accounted

::
to

:::
the845

:::::::
Wheeler

::::::::
stretching

:::::::
method.

::::
The

::::
main

:::::
cause

:::
for

::::
this

::::::::
deviation

:::
lies

::
in

:::
the

:::::::::::::
underprediction

:::
of

:::
the

::::::::
non-linear

::::::::
response,

::::::
which

::
is

::::::::::
significantly

::::::::
improved

::::
with

:::
the

::::::::
enhanced

::::::
model.

:::::::::::
Consequently,

:::
the

::::
IQR

::
in

:::::
surge

:::
and

:::::
pitch

:
is
::::::::::::
overpredicted

::
by

::::
only

:::
6%

::::
and

:::
2%

::::::::::
respectively.

::::
The

:::::::
analysis

::
of

:::
the

:::::
PSDs

:::
for

:::
the

:::::::
Softwind

::::::
model

:::::::
showed

::::::
similar

::::::::
responses

:::::::
between

:::
the

:
QBlade and OpenFAST

overestimated the loads by 6.3% and 5% respectively. These discrepancies potentially could be attributed to uncertainties

in the description of the experimental setup and the required tuning to match the system characteristics of the experiment.850

Nonetheless, the analysis of the PSDs yielded similar responses between QBlade , OpenFAST and the experiment for platform

motions and loads.
::::::
models

::
in

:::
the

:::::
linear

:::::
wave

:::::::::
frequency

:::::
range

:::
for

::::::::
platform

:::::::
motions

:::
and

::::::
loads.

::::::
Again,

:::
the

::::::::
enhanced

::::::
model

:::::::::::
demonstrated

:::::::::
significant

:::::::::::
improvements

::
in

:::
the

:::::::::
non-linear

::::::
motion

:::::::
response

::
in
:::
the

:::::
surge

::::
DoF

:::
and

:::
the

::::::::::::
corresponding

::::
load

:::::::
sensors.

::::::::::
Specifically,

:::
the

::::::::
enhanced

::::::
model

::::::
resulted

:::
in

:
a
::::
14%

::::::::::::::
underestimation

::
of

:::
the

:::::
surge

::::
IQR,

:::::::::
compared

::
to

:::
the

::::
29%

::::::::::::::
underestimation
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:::::::
observed

:::
for

:::
the

::::::::
baseline

:::::::
QBlade

:::
and

::::::::::
OpenFAST

:::::::
models.

:::::::::
Compared

:::
to

:::
the

::::
OC5

::::::::::::::::
semi-submersible,

::::
both

:::::::
baseline

:::::::
models855

:::::::::::
demonstrated

:::::
better

::::::::
accuracy

::
in

::::::::
capturing

::::
the

:::::::::
non-linear

::::
pitch

::::::::
response

:::
for

:::
the

::::::::
Softwind

:::::
spar.

:::::::::::
Nevertheless,

:::
the

:::::::::
improved

:::::
model

::::
still

:::::::::::
demonstrated

:::::
better

:::::::::
alignment

::::
with

:::
the

:::::::::::
experiment. The comparison to DeepLines WindTM, based on the Hex-

afloat model, showed good accordance in the frequency domain, with modestly increased energy within the several peaks

predicted by QBlade. In terms of interquartile ranges this led to a increase of the spread by 14% in surge and 19% in pitch

motions.860

The final test case validated and verified the fully coupled aero-hydro-servo-elastic response predicted by QBlade for the

three FOWTs. The discrepancy within the non-linear excitation in the natural frequencies of the LPMD
:::::
PFMD

:
models contin-

ued to stand out. However,
::
be

:::::::::
noticeable

:::
for

:::
the

::::::::::
conventional

::::::::
methods,

:::::
albeit

::::
less

::::::::::
significantly

:
due to aerodynamic damping,

with reduced difference regarding the experimental campaigns. Otherwise, the qualitative and quantitative analysis of the

QBlade results yielded steadily comparable results to OpenFAST with partially closer agreement to the experiments, due to865

some advanced capabilities such as kinematic stretching, increased aerodynamic fidelity and explicit buoyancy calculation. A

:
.
::::::
QBlade

::::::::
produced

:::::::::::::
improvements

::
of

:
3 and 5 percentage point improvement

:::::
points

::::
over

::::::::::
OpenFAST

:
in the surge interquar-

tile range was seen for the OC5 and Softwind models respectively. The ,
::::

due
::
to
::::::::

Wheeler
:::::::::
stretching.

:::
In

:::::::
contrast

::
to
::::

the

::::::::
wave-only

::::::
cases,

:::
the

::::::::
enhanced

::::::
model

::::::::
produced

:::::
only

::::::
modest

:::::::::::::
improvements

::::
over

:::
the

:::::::
baseline

:::::::
QBlade

::::::
model

::
in
::::

the
:::::
surge

::::
DoF

:::
that

::::::::
amounted

:::
to

:
4
:::::::::
percentage

::::::
points

:::
for

::
the

:::::
OC5

:::::::
platform

::::
and

::
no

:::::::::::
improvement

:::
for

::::::::
Softwind.

::::
The

:::::
cause

:::
for

:::
the

:::::::
reduced870

::::::
efficacy

::
in
:::::

surge
::
is
:::
the

::::::::::
constrained

::::::
floater

:::::::::
movement

:::::
under

:::::
wind

:::::
loads

:::
that

:::::
leads

::
to

:::::::
reduced

:::::::
viscous

:::::::::
excitation.

::
In

:::
the

:::::
pitch

::::
DoF

:::::::
however,

:::
the

::::::::
treatment

::
of

:::
the

::::
axial

::::::::::
heave-plate

::::
drag

::::::::
remained

:::::::
effective

::::
with

:
a
::
9

:::::::::
percentage

::::
point

:::::::::::
improvement

::::::::::
concerning

::
the

::::
IQR

:::
of

:::
the

::::
OC5

:::::::
platform

::::
over

:::
the

:::::::
baseline

::::::
model.

::::
The

:
code-to-code comparison on the Hexafloat demonstrated the influ-

ence of minor differences in the controller actuation to the overall system dynamics. It was found that the combination of an

extremely slack mooring system, a minor increase in the motion response to the linear wave spectrum in QBlade and a more875

inert behavior of the drive train dynamics in DeepLines WindTM led to differences in the dynamics of platform pitch. These

differences between QBlade and DeepLines WindTM were vastly amplified when operating conditions above-rated wind speed

were analyzed. Here, amplitudes in the substructure pitch oscillations up to 4.5 degrees where seen in QBlade compared to

1.2 degrees in DeepLines WindTM.

Concluding this study, the openly available simulation suite QBlade was expanded by a hydrodynamic module called880

QBlade-Ocean. This module addresses a need for accurate and fast simulation tools that enable more competitive FOWT

designs. The flexible framework of QBlade allows the combination of different modeling approaches. The LPMD
:::::
PFMD

:
and

full Morison approaches were validated with two experimental campaigns and verified against the state-of-the-art simulation

tools OpenFAST and DeepLines WindTM. The results of QBlade-Ocean showed good agreement with both tools and the

experimental results. Differences
:::
The

::::::
largest

::::::::::
differences that were seen mostly related to the application of distinct aerody-885

namic and structural models
::
on

:::
the

::::::::
Hexafloat

:::::::
FOWT. In the case of QBlade, these models were validated in previous studies.

Since a floating offshore wind turbine is a complex, tightly coupled multi-disciplinary system, differences in the modeling

approaches will influence the overall dynamics and loads of the system. It was already shown in this study that differences in

aero-servo-dynamic modeling can cause significant deviation in the overall dynamic system response of the Hexafloat model
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. Work conducted concurrently with this study included
::::::::
Moreover,

::::
the

::::::::
inclusion

::
of

:::
an

::::::::
enhanced

:::::::::::::
hydrodynamic

:::::
model

:::
to890

::::::
capture

::::::
viscous

:::::::::
excitation

::::::::
developed

:::
by

:::::::::::::::
Wang et al. (2022)

::::::::
improved

:::
the

:::::::::
prediction

::
of

::::::::
non-linear

::::::
floater

:::::::
response

:::::::::::
significantly

:::::
under

::::::::::::
hydrodynamic

:::::::::
excitation.

::::::
When

:::::::::::
aerodynamic

:::::
loads

::::
were

::::::::
included

::::::::
however,

:::
the

:::::::::
enhanced

:::::
model

::::::::::::
demonstrated

::::
less

:::::::::::
effectiveness.

::
In

:::
Part

::
II
:::
of

:::
this

:::::
work

:::::::::::::::
(Papi et al., 2023),

:
a quantitative analysis to determine the effects of using more accurate modeling

approaches, such as the LLFVWaerodynamic solver, in
:::::
higher

:::::::
fidelity

::::::::
modeling

:::::::
methods

::::::::
(LLFVW,

::::::::
structural

::::::::
dynamis)

::::::
during895

FOWT simulations on damage equivalent loads under
:::::
design

::::::
driving

:::::
loads

:::::
during

:
realistic environmental conditions . This is an

important step towards a possible improvement of future FOWT designs. As part of the FLOATECH project, a paper focusing

on this matter has been submitted recently (Papi et al., 2023).
:
is

::::::
carried

:::
out.

:
Future work will focus on the integration of QBlade

with optimization algorithms, where the increased fidelity in the structural and aerodynamic methods could be leveraged

to facilitate the development of more accurate surrogate models, which in turn can be included efficiently in optimization900

problems.
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Ext stretch Extrapolation stretching915

FEA Finite Element Analysis

FOWT Floating Offshore Wind Turbine

GUI Graphical User Interface

LLFVW Lifting Line Free Vortex Wake

MARIN Maritime Research Institute Netherlands920

MSWT MARIN Stock Wind Turbine

NREL National Renewable Energy Laboratory

PFMD Potential Flow approach with the addition of Morison Drag

QTF Quadratic Transfer Function

PSD Power Spectral Density925

SIL Software-In-the-Loop

TSR Tip Speed Ratio

TUB Technische Universität Berlin

Whe stretch Wheeler stretching
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Appendix A
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Figure A1.
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Influence
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High-pass
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filter
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defined
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by
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(Wang et al., 2022)
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applied
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on

:
a
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velocity
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signal
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in
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global
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time
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