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for a selected installation site.

In the offshore wind energy field, reducing energy costs involves optimizing and analyzing each system compo-
nent. A key component influenced by the installation site is the mooring system, which can be designed using
various concepts. This study focuses on examining a taut-leg mooring system and its impact on the overall system
behavior. Due to a lack of experimental data on taut-leg mooring systems for Floating Offshore Wind Turbines
(FOWTs) in the existing literature, our work aims to provide the scientific community with an extensive experi-
mental dataset to validate various numerical models and support the design process of a taut-leg mooring system

The full-scale mooring system was designed, scaled down, and evaluated through experiments at a 1:96 scale

using a mooring configuration realized with springs. Springs offer a constant axial stiffness, reflecting the ideal
structural behavior. Our paper highlights significant observations for this configuration, even under off-design
conditions with modified pre-tension levels. Regular and irregular waves were tested to establish a baseline
hydrodynamic response, assess the wind turbine’s impact on the floater, and evaluate operating conditions. An
environmental contour (EC) was defined to analyze the system’s behavior in ultimate and accidental limit states.
System identification (ID) waves streamlined the characterization process by reducing the number of required
waves. Additionally, free decay tests were performed to assess the system’s dynamic characteristics at resonance.
The analysis of experimental data reveals that pre-tension variations minimally influence the dynamics of the
floating structure. Results showed that the tested mooring system exhibits stability during power production and

withstands ultimate and accidental limit states.

1. Introduction

The global challenge of climate change has prompted a relentless
pursuit of sustainable energy solutions to reduce greenhouse gas emis-
sions and transition towards a greener future. Within the global and Eu-
ropean panorama of combating climate change and, consequently, of the
production of green energy, Italy is actively participating in the Euro-
pean effort to achieve the zero emissions goal outlined in the Green Deal
(The European Commission, 2023). In addition to the widespread decar-
bonization efforts in sectors like construction, industry, transportation,
and agriculture, it’s important to remember that smaller off-grid entities
not connected to the national electrical grid also need to be included in
the transition to a green economy.
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Non-interconnected minor islands stand as unique entities with dis-
tinct geographical and energy characteristics. As part of the European
Commission’s efforts, the Clean Energy Secretariat for EU islands has
set the stage for energy transition pathways through the Clean Energy
Transition Agenda (CETA) instrument (Secretariat, 2023). Among these
islands, Lampedusa, situated south of Sicily in the Mediterranean Sea,
holds a special significance. Unlike mainland regions, it is not connected
to the national electricity grid and solely relies on locally produced elec-
tricity derived from fossil fuels. As part of the “Isole Verdi” (PNRR,
n.d.) project under the “Piano Nazionale di Ripresa e Resilienza,” the
urgency to decarbonize Lampedusa’s energy supply has led to a pio-
neering initiative: the installation of a Floating Offshore Wind Turbine
(FOWT).
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To effectively design a FOWT and its mooring system, several factors
have to be considered. Different mooring options have been explored,
and the taut-leg mooring system emerged as the most promising for
the Lampedusa installation site due to several advantages. Firstly, it is
cost-effective compared to traditional catenary mooring systems (Bach-
Gansmo et al., 2020). Secondly, a taut-leg system has shorter mooring
lines and requires less seafloor space than a catenary mooring system.
Moreover, the taut-leg system exhibits significantly higher linear stiff-
ness compared to the catenary system. This offers several benefits, in-
cluding improved control of offsets under average loads and reduced
overall tension in the mooring lines. Additionally, the taut-leg system
facilitates better load distribution among neighboring mooring lines.
However, one drawback of this system is that the mooring lines must
possess sufficient elasticity to absorb the floater’s motions without be-
coming overloaded. For this reason, it is crucial to choose the right ma-
terial so that the mooring lines have sufficient elasticity to absorb the
motions of the floating body (Sgrum et al., 2023).

Despite the relevance of the taut-leg mooring system for FOWTs,
all the publicly available experimental datasets are related to catenary
mooring systems. In (Stewart and Muskulus, 2016), a list of the main
experimental campaigns published on offshore wind up to 2016 is re-
ported. All the experimental campaigns reported in this work have a
scale factor ranging from 22.5 to 105 and include various types of sub-
structures and methodologies for reproducing the aerodynamic forces
developed by the wind turbine. In fact, in Utsunomiya et al. (2009), a
2 MW turbine with a spar-type structure moored using catenary mooring
was studied. The experimental campaign was conducted using both reg-
ular and irregular waves. The same type of substructure, the spar buoy,
was also tested in Myhr et al. (2011) and (Myhr and Nygaard, 2015)
with a tension leg mooring system and without wind-induced loads. On
the other hand, in Roddier et al. (2010); Jonkman (2010); Azcona et al.
(2014), semi-submersible substructures with catenary mooring systems
are experimentally analyzed. In (Martin, 2011), catenary moorings are
tested for spar, semi-submersible, and tension leg platform substruc-
tures, where wind loads are scaled to realistically simulate the turbine
rotor. In more recent studies like (Lopez-Olocco et al., 2023), an exper-
imental campaign was conducted on spar buoy platforms with a shared
mooring catenary configuration. In (Hallak et al., 2022), a mooring sys-
tem with constant stiffness and horizontally oriented mooring lines is
tested, providing the substructure with predefined surge stiffness. The
work presented in Robertson et al. (2020) uses the same substructure as
the one used in this paper, employing a spring mooring system to repro-
duce the linear response of the system with the originally tested catenary
mooring in Robertson et al. (2017). The same substructure was tested
in a very recent study (Tagliafierro et al., 2023) using a mooring sys-
tem consisting of springs, in which the hydrodynamic forces acting on
the substructure were validated through DualSPHysics simulation tool
(Martinez-Estévez et al., 2023).

The literature review, summarized above, highlights a substantial
lack of comprehensive experimental data concerning taut-leg mooring
systems. Therefore, the aim of our research activity was to characterize
the SMW NREL Wind turbine with the DeepCWind substructure utiliz-
ing an innovative taut-leg system that had been refined through genetic
algorithms.

The campaign aimed to characterize the system’s response under
various conditions, including operational, extreme, and off-design
scenarios. To define the hydrodynamic response of the moored sub-
structure, tests were conducted in regular waves with varying periods
and steepness. These tests aimed to provide a cost-effective dataset for
easy validation with high-fidelity numerical models like CFD (Com-
putational Fluid Dynamics). To efficiently characterize the dynamic
response of the system across the entire range of frequencies of interest,
tests with variable amplitude multisine waves were performed. By
varying the amplitude of individual multisine waves, it was possible to
define the nonlinearities of the moored system. These two sets of waves
were tested for modeling and dynamic characterization purposes. On
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the other hand, tests in irregular waves were intended to characterize
the response of the system installed off the coast of Lampedusa under
real operational conditions during which a thrust force correlated to the
wind speed is applied at the nacelle. These tests were designed following
a thorough analysis of the meteorological and marine conditions at the
site detailed in Section 4. In these tests, wind force was applied to the
rotor statically using an actuator line connected to the tower through
a fairlead positioned at the rotor’s height. Irregular waves not only
allowed the determination of the system’s dynamics under operational
conditions but also assessed the turbine’s energy production. Finally, for
the purpose of structural integrity verification under adverse weather
and marine conditions, Ultimate Limit State (ULS) and Accidental Limit
State (ALS) tests were conducted. The extreme event associated with
these tests was defined using the methodology detailed in DNV (DNVGL-
RP-C205, 2017). Under ALS conditions, various damage scenarios were
simulated, including the disconnection of the bow mooring line, one of
the two stern mooring lines, and the simulation of actuator failures re-
sponsible for pitch control of the blades. The insights gained from these
tests provided critical guidance for designing taut-leg mooring systems
and underscored the importance of considering pre-tensioning levels
in a mooring system composed by lines with constant stiffness. This
dataset would not only support the design of taut-leg mooring systems
for FOWTs but also contribute to the broader field of floating offshore
wind energy. To maximize the impact of this research and support
the broader scientific community, the experimental data is available
for download at the following link or can be found by reference Niosi
et al. (2023b). The detailed list of the tests performed can be found in
Appendix A. However, it is essential to acknowledge the limitations of
the study, particularly the small model scale of 1:96 and the assumption
of constant thrust during the tests. Working at this scale introduces
potential challenges due to scale effects, as certain hydrodynamic and
structural responses may not directly translate from model scale to
full scale. Nonetheless, scaling down a taut leg mooring system is less
affected by these scaling issues than other mooring configurations,
such as catenary moorings, because the primary forces governing
taut mooring systems are largely based on linear stiffness and tension
properties. Studies such as Robertson and Jonkman (2011) suggest that
tension-dominant mooring systems exhibit more consistent behavior
under scaled testing conditions, as their response relies primarily on
mass and stiffness, which are less sensitive to scale-induced variations.

While viscous damping could be influenced by the reduced scale,
existing studies indicate that its effect is generally minor for structures
with low-amplitude motions, such as those with taut moorings (Thi-
agarajan and Troesch, 1994). Furthermore, in Kimball et al. (2005)
emphasize that, while precise hydrodynamic scaling can be challenging
to achieve, the mooring stiffness dominates the response of taut
mooring systems, thus reducing the criticality of exact hydrodynamic
scaling. To address these considerations, we used calibration proce-
dures for instrumentation and conducted sensitivity and repeatability
analyses to ensure data reliability. These procedures showed that
potential measurement errors had a limited impact on the final
results. We acknowledge, however, that while these methods improve
experimental accuracy, they do not fully eliminate scale effects, and we
have incorporated relevant literature to contextualize these limitations.

2. Floater design overview

This study focuses on investigating the mooring system configura-
tion for a semi-submersible substructure, specifically the DeepCWind
model from the OC5 project (Robertson et al., 2015). Unlike the OC5
project, which utilized a 1:50 scale and the deep MARIN basin, this re-
search aims to assess the mooring system for installing a turbine in the
Mediterranean Sea, particularly in Lampedusa, Sicily. The research em-
ploys a 1:96 scale model due to the constraints of the wave tank used
for the experiment.


https://data.4tu.nl/datasets/9f32fe66-ec63-4cad-bf6a-7e9fe62d68e8
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The DeepCWind scaled model consists of four columns: three outer
columns and one inner column supporting the wind turbine. The model
is constructed using PVC pipes, with sizes of 125 mm and 250 mm for
the high columns and heave plates, respectively. The middle column is
built using a 63 mm pipe. The heave plates attached to the outer columns
serve as connection points for the mooring lines. Interconnections be-
tween the outer columns and the inner column are facilitated by steel
rods at the top and bottom, with additional shear resistance provided by
three inclined rods towards the inner column. The wind turbine is sim-
ulated using a 2m vertical carbon fiber rod installed in the central col-
umn, with a nose cone connecting the tower to the actuator line, which
applies a constant force to simulate the thrust generated by the tur-
bine when activated by the wind. In the context of FOWTs, the primary
environmental loads consist of hydrodynamic and aerodynamic forces.
Achieving accurate motion and dynamic responses necessitates simulta-
neous simulation of these loads. However, satisfying both Reynolds and
Froude scaling laws simultaneously at the model scale is impractical
(Chen et al., 2022). Given that hydrodynamic loads contribute signif-
icantly to the environmental load and Froude scaling is more readily
met at model scale, experiments are typically conducted under Froude
scaling law. Under Froude scaling, hydrodynamic loads can be sim-
ulated comprehensively and accurately, albeit at the cost of reduced
aerodynamic loads faithfull representation due to lower Reynolds num-
bers. Consequently, major aerodynamic performance characteristics of
the rotor, such as thrust coefficient (CT), power coefficient (CP), and
tip speed ratio (TSR), are considered. To establish equivalence in aero-
dynamic performance, the scaled-down model’s CT, CP, and TSR must
match those of the full-scale prototype across various wind speeds. CT,
CP, and TSR are closely related to aerodynamic thrust, torque, and rotor
speed, respectively. Aerodynamic thrust primarily affects global motion
responses, torque influences rotor control strategies, and rotor speed
impacts gyroscopic moments and frequency multiplication forces. Dur-
ing rotor model scaling, achieving equivalence in aerodynamic thrust
is prioritized over aerodynamic torque and rotor speed. To realize the
equivalence of aerodynamic loads under the Froude scaling law, the
most common approach is to simulate the major components of aerody-
namic loads, while neglecting the minor components. Since this study
aims to characterize the global motion responses primarily influenced by
hydrodynamics, mooring, and turbine thrust, we adopted an approach
using an actuator line to replicate only the thrust effect. In reality, forces
slightly vary during the test as the substructure motions affect the actu-
ator line held in tension by a wind winch. This approach substantially
simplifies the experimental setup. Further details of the model construc-
tion and the characteristics of the constant-tension winch can be found
in Metsch (2023). The geometric characteristics of the scaled model are
illustrated in Fig. 1, while Table 1 presents the inertial properties of
the scaled model against the prototype scaled characteristics. The tar-
get column refers to the scaled value of the full-scale prototype detailed
in Robertson et al. (2014). From the table, it can be seen that all errors
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Fig. 1. Substructure dimensions in isometric, side, and top views (all dimen-
sions in mm).

Table 1
Inertia properties of the model-scaled vs. prototype scaled value (target
column).

Property Measured Target Unit of Relative
measure error (%)
Mass 15.90 + 0.01 15.77 kg 0.82%
1., 1.772 +0.036 1.710 kgm? 3.6%
I, 1788£0.030  1.907 kgm? -6.7%
I, 1.22 +0.03 1.379 kgm? 10.9%
oG from bottom 128+2 125 mm 2.4%
Draft (Free-Floating) 208 +2 208 mm <0.1%

are below 7 %, except for the one related to the yaw inertia moment
1,,. Since the experimental campaign will only include head sea tests,
this error does not significantly affect all the measurements that will be
taken during the tests.

The constructed scaled model is shown in Fig. 2. In the same figure, it
is also possible to observe the wooden board used to attach the mooring
system described in the following section.

Fig. 2. Mooring configurations sketch.
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3. Mooring description

The mooring system of the floating turbine has been designed using a ge-
netic algorithm aimed at minimizing the cost of the mooring system and
the structural dynamics in both Maximum Operative Sea State (MOSS)
and Ultimate Limit State (ULS) sea states which, for this case study, co-
incide respectively to the sea states IW_OP_05 (MOSS) and IW _EX_PR
(ULS) described in Section 4. In this study, we focus on the optimiza-
tion of a taut mooring system composed of three equally spaced lines.
Although taut mooring systems are generally employed in deep waters,
in this study, we adopt this configuration due to the constraints of the
optimization workflow. The genetic algorithm used for the mooring sys-
tem design is specifically formulated to handle taut mooring configura-
tions, limiting the exploration of other mooring types. Nevertheless, this
choice allows us to systematically investigate the performance, advan-
tages, and limitations of taut mooring systems at intermediate water
depths, a topic that remains underexplored in the existing literature.
The optimization variables are: Anchor Radius, Rope Material, Rope Di-
ameter, Line Length, and Chain Diameter. The five variables are free
to vary between specific boundaries. The optimization workflow uses a
Non-Sorted Genetic Algorithm-NSGA-II (Deb et al., 2002), which aims
to minimize system cost and motion while adhering to specific physical
constraints, detailed as follows:

¢ Natural Periods Check: To avoid resonance, the natural periods of
the structure must satisfy the following conditions for surge, heave,
and pitch modes:

[ M+ A
Td,Surge ~ n,Surge = 27 K > TSurge, min (1)
11moor
M + Ay
T Heave = T}y Heave = 2z K K > THeave, min (2)
33hydro + K33moor
Iss + Ass
Tapiteh & Tpiteh = 274 | —————— > Tpitch, min 3
55hydro + Kssmoor

where:
= Ty surge> Tapeaves and Ty pien are the resonance periods in the
surge, heave, and pitch directions, respectively.

= T, surge> T Heave> @d T}, pitch, Tepresent the natural periods in the

surge, heave, and pitch directions.
— M denotes the total mass of the structure.
- Is5 represents the pitch inertia of the structure.
= A|los A33e0, and Ass, are the added mass terms in surge, heave,
and pitch at infinite frequency.
= K| moor is the mooring stiffness in the surge direction.
= Ks3hydro and K33meor are the hydrodynamic and mooring stiffness
in the heave direction.
= Ksshydro and Kssmqor are the hydrodynamic and mooring stiffness
in the pitch direction.
= Tsurge, min> THeave, min> @A Tpitch, min are the minimum allowable
natural periods for surge, heave, and pitch as specified by regu-
latory standards.
If any natural period does not satisfy these minimum conditions, the
individual solution is penalized.

e Slack Conditions Check: For taut mooring configurations, it is es-
sential to prevent the mooring lines from reaching slack conditions,
maintaining a minimum line tension when the turbine is at its maxi-
mum offset. To ensure this, the tension in the line, T},;;,, must satisfy:

Toin > 0.05 - Ty “4)

where:
— Tpin is the minimum allowable tension on the mooring line.
- T, represents the pretension level of the mooring lines.
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This threshold ensures a minimum tension of 5% of the pretension
level, adjustable to project requirements.

e Static Limits Check: After static simulations, including both aero-
dynamic and hydrodynamic loads, the maximum system responses
in surge, heave, and pitch are derived. Regulatory standards require
that these responses do not exceed predefined maximum values:

Xmax < Max Allowable Offset 5)
P.x < Max Allowable Pitch (6)
where:

— Xpax is the maximum allowable offset in the surge direction.

- ®@,,. is the maximum allowable pitch angle.
These limits are project-specific and can be customized based on tur-
bine characteristics. Violations of these constraints result in penal-
ization. In this case X,,,, and @, were selected based on Vigara
et al. (2019), with their respective values set to 30 m and 7°.

¢ Safety Factor Check: The mooring line maximum tension must be

below the line Minimum Breaking Load (MBL). Since the simulation
model used within the optimization algorithm is quasi-static, it can
only estimate the maximum predicted tension in the mooring lines.
Therefore, the safety factor equation has been simplified as follows:

L5 - Tymax < MBL Q)

where:
= Tmax is the maximum achievable tension on the mooring line.
— MBL represents the Minimum Breaking Load of the mooring line.
This formulation is a simplification of the design practice pre-
scribed by DNV guidelines, which define separate safety factors for
the static and dynamic components of mooring loads. However, once
the mooring system is selected, a full time-domain analysis is con-
ducted to verify that the system meets the required safety factors
according to DNV standards, accounting for both static and dynamic
contributions as well as mooring system redundancy. This ensures
the reliability and safety of the mooring system under maximum
loads.

e Static Check: During each static simulation, the output is monitored
to ensure that the simulation remains stable and completes success-
fully. MATLAB tracks the simulation status in Orcaflex, verifying that
the generated individual does not cause the simulation to fail, be-
come unstable, or get stuck.

The quasi-static simulations in MOSS and ULS, which are used to eval-
uate the system dynamics, are constructed by applying loads from wind
and waves. Wave loads are modeled using first-order spectral theory,
while wind loads are applied as static forces, increased by a portion ac-
counting for turbulence effects. Wind turbulence is considered in the de-
termination of the aerodynamic load applied in the quasi-static model.
A time-domain simulation is performed with the turbine fixed in place,
using a turbulent wind field corresponding to the wind speed that gener-
ates the maximum thrust force. The turbulence intensity, which depends
on the site conditions, influences the wind time history and affects peak
thrust forces. From this simulation, a cumulative probability distribution
(CDF) of thrust peaks is constructed using a Generalized Extreme Value
(GEV) distribution and the Peak Over Threshold (POT) method (Veritas
and Lloyd, 2017). The 99th percentile thrust force is then extracted and
used as the input for the quasi-static model, ensuring that the effects of
turbulence are incorporated into the aerodynamic loads considered for
mooring system optimization. A similar approach is applied for the ULS
condition, but with the rotor in a parked condition, representing the
extreme operational scenario where the turbine is not actively generat-
ing power. The Pareto front analysis aids in identifying trade-offs where
cost reductions may lead to increased motion. The Capex calculations
rely on cost functions developed by the MORE research group (MORE,
2023), and static and dynamic simulations are conducted through the
MATLAB-Orcaflex interface (Ghigo et al., 2022). The detailed descrip-
tion of the genetic algorithm is out of the scope of this paper and is
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Table 2
Fairlead and anchor position for the full-scale and the model-scale.
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Table 3
Mooring description: full-scale vs. model-scale.

Full-scale Model-scale
X (m) Y (m) Z (m) X (m) Y (m) Z (m)
Fairlead,(F)) 20.4 35.4 -14.0 0.213 0.369 —0.146
Anchor|(A)) 36.6 65.1 -100.0 0.381 0.678 —1.042
Fairlead,(F,) —40.9 0.0 -14.0 —-0.426 0.000 —0.146
Anchor,(A,) -75.0 0.0 —100.0 —0.781 0.000 —1.042
Fairlead;(F;) 20.4 -35.4 -14.0 0.213 —-0.369 —0.146
Anchor;(As) 36.6 —65.1 —-100.0 0.381 —-0.678 —-1.042
5 MW Wind Turbine
DeepCWind

Chain

8-strand Nylon Line

Chain Anchor

N
p

Fig. 3. Full-Scale Numerical Model Sketch.

yet to be published. Once the mooring system was selected from the
Pareto front, scaling operations were carried out to prepare for the ex-
perimental tests. The full-scale model was designed with nylon mooring
lines, assuming a constant stiffness value obtained from the OrcaFlex
® wizard. The axial stiffness was scaled down to determine the equiva-
lent stiffness of the spring used in the experiments. To more accurately
replicate full-scale conditions, a stiff polyester line was added after the
spring in the model setup. This placement ensured that the polyester
line did not affect the overall stiffness of the mooring system, as it is
orders of magnitude stiffer than the spring. The main characteristics
of the full-scale mooring system versus the model-scale parameters are
presented in Tables 2 and 3; Fig. 3 shows the optimized mooring system
used in the full-scale numerical model. The mooring system is designed
for the installation site shown in Fig. 5, where the water depth is esti-
mated to be 100 m. The optimization results have shown that both first
and second-order hydrodynamic loads influence the mooring system de-
sign, especially in extreme conditions. In operative conditions, the most
important effect on the mooring line is given by wind loads. For the
optimization concerning this case study, nylon lines are the preferable
solution for the mooring system due to their lower stiffness compared to
polyester lines. Nylon lines allow resonance periods of the structure to
be sufficiently distant from the sea spectra. However, for deeper water
depths, this trend may change because the stiffness of the line decreases
with its length. Nylon lines also can be a potential solution for other
types of wind substructures, as they uniquely influence the resonance
periods of low-frequency motions.

Scale factor Model-scale UM

(45)

Full-scale UM

Pre-Tension 1504 kN 3 1.7 N

Max Load (ULS/MOSS) 3200 kN 3 3.62 N

EA 17,622 kN 3 19.92 N
Nominal Diameter 386.4 mm 1 4.03 mm
Length of Nylon Rope 60.6 m 1 0.63 m
Axial Stiffness 290.9 kN/m 2 0.032 N/mm
Water Depth 100 m 1 1.04 m

It is important to acknowledge that a mooring system is subject to
various forces, which can be categorized as follows:

e Mass-related forces: These forces arise from the inertial properties of
the mooring line. The mass of the line contributes to its resistance
to acceleration and deceleration, the added mass effect caused due
to the surrounding fluid being accelerated by the mooring line, and
the static weight of mooring lines, they affect the overall system dy-
namics.

Drag-related forces: These forces result from the relative velocity be-
tween the mooring line and the surrounding fluid. The drag force is
influenced by factors such as the flow velocity, the shape of the line,
and the surface roughness, and it impacts the overall behavior of the
mooring system.

Stiffness-related forces: These forces can be further divided into two
components:

- Geometrical stiffness: This stiffness is associated with the geom-
etry and configuration of the mooring line. It influences the re-
sponse of the line to changes in position and shape, affecting the
stability and motion of the system.

— Axial stiffness: This stiffness relates to the axial properties of the
mooring line, such as its material properties and cross-sectional
area. It affects the resistance of the line to stretching and plays a
role in the overall structural behavior of the mooring system.

It is indeed challenging to achieve a scaled version of each force
component (Barltrop, 1998) of a mooring system. In the proposed exper-
imental campaign, since we are dealing with a taut-leg mooring system,
the axial stiffness is selected as the most influential force component in
the system, and it is scaled accordingly. The choice made in this work is
based on the understanding (Bach-Gansmo et al., 2020) that axial stiff-
ness has a significant impact on the overall behavior of taut mooring
systems. In other experiments, for instance, those analyzed in Niosi et al.
(2023a), the mass properties of the mooring are scaled, not the stiffness
properties. These decisions should be made based on the type of moor-
ing being studied. In the context of this physical problem, adjusting the
axial stiffness of the lines holds greater significance compared to scaling
down the diameter of the line. The forces associated with line drag are
expected to be minimal due to the absence of high dynamics experienced
by the device and the mooring system, which does not exhibit charac-
teristics of a catenary configuration where such effects could be more
pronounced. To create the small-scale mooring model, a spring layout
configuration (LCS) was adopted. Using springs with a constant stiff-
ness allowed modeling the system under exact design conditions. This
condition simplifies and speeds up numerical validation and can be im-
plemented in real-life applications using spring mooring compensators
(Seaflex, 2023). The scaling operations led to the mooring configuration
shown in Fig. 4 and detailed in Table 5.

Table 4 presents a comparison of the diagonal components of the
restoring mooring stiffness matrices for the full-scale prototype, the
scaled model using a 1:96 Froude scaling, and the test model. The terms
K1, Ky, and K35 represent translational stiffness components with units
of N/m, while K4, K55, and K4 denote rotational stiffness components
in Nm/rad.
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Fig. 4. Mooring layout configuration with Springs (LCS).

Table 4

Comparison of diagonal components of the restoring mooring stiffness matricx:
full scale (prototype), scaled prototype values, and test model with percentage
error.

Term Unit Full scale Scaled Model Percentage
(Prototype) (Prototype) error (%)

Ky N/m 1.26 x 10° 13.6 12.4 9.7

Ky N/m 1.26 x 10° 13.6 12.7 7.1

Ky N/m 7.33%x 10° 79.6 78.9 0.9

Ky, Nm/rad 5.91x 108 6.96 6.54 6.0

Kss Nm/rad 591 x 103 6.95 6.55 5.6

Ko Nm/rad 1.98 x 10° 2.32 1.88 23.9

Table 5

Mooring characteristics for the springs configuration; each element is connected
between two points (P), numbered as in Fig. 4. N.D. stands for Not Defined.

Component Unstreched length (mm)  Stiffness (N/m)  Supplier
PO-P1 Snaps+Load Cell 100.45 K >> K pine Futek
P1-P2  Polyester 45 K >> K N.D.
P2-P3 Spring 52 30.4 Lee Spring
P3-P4 Polyester 560 K >> K ping N.D.
P4-P5 Turnbuckle 44-66 (min-max) K >> K, ing N.D.
P5-P6 Polyester 45 K >> King N.D.

The 1:96 scale model consists of three mooring lines, each equipped
with a spring in a water depth of 1 m. At the fairlead, a line tensioner
(turnbuckle) is installed to ensure the appropriate pre-tension in the
mooring lines. The turnbuckle ensures that the lines are adequately
tightened to maintain the desired value of tension. At the anchor end of
each mooring line, a load cell is employed to monitor and measure the
forces exerted on the system. This load cell provides real-time data on
the forces acting on the mooring lines, allowing for precise monitoring
and adjustment as necessary. The length of the mooring lines, excluding
the previously mentioned components, is made of polyester, chosen for
its high stiffness and durability. The polyester, which is connected in
series with the spring and has a very high stiffness, allows the mooring
system to be characterized by considering only the linear stiffness of the
spring.

Different pre-tension values were tested to investigate the behavior
of the structure under off-design conditions. In fact, during the instal-
lation phase or when the mooring lines shorten over time (The SyR,

Table 6
Mooring lines (ML) pre-tension levels.

Spring pre-tension values (N)

ML1 ML2 ML3

LCS1 1.69 1.74 1.68
LCS2 1.45 1.52 1.42
LCS3 1.18 1.26 1.17
LCS4 0.66 0.76 0.66
LCS5 2.49 2.26 2.23

2018), the pre-tensions of taut lines may slightly differ from the design
values. In Table 6, the different mooring configuration with varying pre-
tension levels are reported. The design pre-tension value is indicate as
LCS1 in Table 6. The pre-tension values refer to the average values of
pre-tension, measured when the substructure is stationary and not sub-
ject to any aerodynamic or hydrodynamic loads. The pre-tension values
are experimentally obtained by varying the turnbuckle extension.

For ease of numerical modeling of the presented mooring systems, it
can be assumed that the lines are composed of a combination of a spring
and a polyester line only in the LC S configuration. The drag coefficients
of the lines can thus be ignored, which is a reasonable assumption given
that the polyester line is very thin and the load cell and snap hooks are in
the bottom of the tank, where velocities are quite low. Additionally, the
turnbuckle can be omitted from the model since its weight and diameter
do not significantly affect the overall dynamic behavior of the structure.

4. Metocean data analysis and experimental tests definition

This section presents the chosen tests, outlining the decision-making
process for selecting the tests to be conducted. The site identified for
the environmental analysis, presented in Fig. 5, was chosen as a case
study for the “Isole Verdi” project, included in the “Piano Nazionale di
Ripresa e Resilienza”.

The project involves the installation of a FOWT off the coast of
Lampedusa Island, in order to integrate renewable energy into the is-
land’s energy mix, which currently relies on fossil fuels only. Lampedusa
Island is one of the many Italian island communities where electricity
production occurs locally due to the lack of integration with the national
electrical grid (Moscoloni et al., 2022). The current paper will not delve
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Fig. 5. Lampedusa Island, Mediterranean Sea: site location and marine traffic density layer.

Table 7

Installation site: main characteristics.
Country Italy
Region Sicily
Municipality Lampedusa
Latitude 35.570 deg N
Longitude 12.498 deg E
Average Bathymetry 100 m
Average Wind Speed 7.4m/s
Distance from Shore 3.45NM
Distance from Cabin 5.79NM

Marine Traffic Density Low
Fishing Intensity Low
Posidonia Oceanica Not Present

into the specific criteria (such as wind resource, sea state, water depth,
etc.) that were used to select the site in question. In Table 7 are reported
the main characteristics.

Once the site was defined, we proceeded to collect metocean data
from the ERAS5 database (Hersbach et al., 2020). This comprehensive
dataset provides a wealth of meteorological and oceanographic infor-
mation, including significant wave height (H,), peak period (1), and
wind speed (W,). The dataset covers a period of 50 years and consists of
measurements taken at three-hour samples. The waves selected in the
experimental campaign are chosen to be representative of the statistical
distribution found in the ERA5 dataset, compatible with the constraints
in the facilities. Furthermore, additional tests were performed to assess
the system dynamics which do not depend on the installation site.

Collectively, the experimental campaign encompassed a range of
wave conditions and test scenarios, providing a comprehensive under-
standing of the system’s response. Several types of tests were considered:
regular waves, operative irregular waves, extreme irregular waves, sys-
tem identification waves, and free decay tests. The convention used to
define the names of the tests is listed in Table 8.

4.1. Regular waves

Regular waves are employed to establish a baseline response of
the system under controlled conditions and without considering wind

Table 8

Test name convention.
Abbreviation ~ Meaning
ALS Accidental Limit State
CA Constant Amplitude
EX Extreme
FD Free Decay
w Irregular Wave
Moor Test With Mooring
MS MultiSine
ND No Device
NwW No Wind
NoMoor Test Without Mooring
oP Operative Conditions
PR Parked Rotor
RW Regular Wave
s; Seed i,
St Maximum Steepness

forces. Twelve regular waves are chosen, comprising 6 different fre-
quencies of interest for one steepness, and 3 frequencies for each one
of the other 2 steepness values. This selection aimed to explore the sys-
tem’s response and determine whether the system behaves as a linear
mechanical system, thus the Response Amplitude Operator (RAO) of the
device is constant irrespective of the wave height. Table 9 provides an
overview of the tests conducted for this specific purpose.

4.2. Operative irregular waves

Irregular waves are considered fundamental tests during the exper-
imental campaign as they aimed to capture the dynamic behavior of
the system in ocean environments, under wind loading. With irregular
waves, it is also possible to assess the turbine performances under re-
alistic conditions. The irregular waves were defined using a JONSWAP
Spectrum, with I equal to 3.3 as it is the most suitable for the Mediter-
ranean Sea (Hasselmann et al., 1973). In operational conditions, we aim
to test the system at a specific wind speed. To achieve this, we condition
H; and T, on W, to evaluate the most probable sea state values for a
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Table 9
Regular waves: full-scale waves vs. model-scale values.

Full-scale Model-scale
Wave name
H (m) T (s) H (mm) T (s) Steepness(H [ A,,)
RW_NW _OP01 1.12 6.0 11.7 0.61 1/30
RW_NW _OP02 1.53 7.0 15.9 0.71 1/30
RW_NW _OP_03 2.00 8.0 20.8 0.82 1/30
RW_NW _OP_04 2.53 9.0 26.3 0.92 1/30
RW_NW_OP_05 3.12 10 32.5 1.02 1/30
RW _NW _OP_06 4.49 12 46.8 1.22 1/30
RW_NW _OP07 1.68 6.0 17.6 0.61 1/25
RW_NW_OP_08 3.00 8.0 31.2 0.82 1/25
RW_NW _OP_09 6.74 12 70.2 1.22 1/25
RW_NW_OP_10 2.81 6.0 29.3 0.61 1/20
RW_NW OP_11 4.99 8.0 52.0 0.82 1/20
RW_NW OP_12 11.2 12 117 1.22 1/20
Table 10

Operative irregular waves.

Full-scale Model-scale
Wave name
H, (m) T, (s) W, (m/s) H, (mm) T, (s

IW_OP01 1.29 6.09 3.0 13.4 0.62
IW_OP02 1.37 6.19 5.0 14.3 0.63
IW_OP_03 1.50 6.36 7.0 15.6 0.65
IW_OP_04 1.67 6.58 9.0 17.4 0.67
IW_OP05 1.91 6.86 11 19.9 0.70
IW_OP_05_s02 1.91 6.86 11 19.9 0.70
IW_OP_05_s03 1.91 6.86 11 19.9 0.70
IW_OP_05_s04 1.91 6.86 11 19.9 0.70
IW_OP_05_s05 1.91 6.86 11 19.9 0.70
IW_OP_06 2.20 7.19 13 22.9 0.73
IW_OP07 2.56 7.57 15 26.7 0.77
IW_OP08 3.00 8.01 17 31.3 0.82
IW_OP_09 3.52 8.50 19 36.7 0.87
IW_OP_10 4.13 9.04 21 43.0 0.92
IW _OP_11 4.83 9.62 23 50.3 0.98
IW _OP_12 5.62 10.2 25 58.5 1.05

given W,. Thus, in this case, W, serves as the independent variable. The
JPDF of H|W, has been evaluated to determine the most likely H at a
given W,. To describe H a 3-parameter Weibull distribution is chosen.
The location parameter of the distribution is fixed, while the scale and
shape parameters vary based on the value of W:

k) (ﬂ )k('”)_1 e~ (=AW s

S, w, (xlw) = 4\ Aw) ®
0, x <0.

Mw) = ey + ew ©

K(w) = f +f2wf3 10)

where y is the location, 1 is the scale, and « is the shape parameter of
the Weibull distribution. Subsequently, the most likely 7, was evaluated
considering the JPDF of 7,| H,. To describe T, a lognormal distribution
is chosen:

1 (In(t) — p(x))* )
tx) = ——— - an
Ir, 1, (11%) Y exp ( 2600)2
u(x) = ag + a;x® 12)
o(x) = by + b, as)

where u is the mean, ¢ is the standard deviation of the natural logarithm
of T, and their functions are reported by Det Norske Veritas (DNV) in
DNVGL-RP-C205 (2017). Table 10 illustrates the irregular wave condi-
tions determined using this procedure. The irregular operational wave
that resulted in the maximum thrust from the wind turbine (/W _OP_05)
is generated using five different seeds.
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4.3. Extreme irregular waves

For the analysis of extreme conditions, the Environmental Contour
(EC) of the chosen site is evaluated. The construction of the EC follows
the prescribed procedure outlined in the DNV standard (DNVGL-RP-
€205, 2017). Unlike the operational case, W and T, have been condi-
tioned on H,, which in this case is therefore the independent variable.
The CDF of H, has been described via a 3-parameter Weibull distribu-
tion:

Fy(x=1-" 14

T, is described using a lognormal distribution conditioned on Hs:

Fi i, (t1) = %(1 +erf<’"(\’/)5_—("()"))) 1s)
o (X

W, is described using a 2 parameter Weibull distribution conditioned
on Hs:

— (- k()
Fy 1, (w]x) = 1 = ¢~ 700 (16)

where 4 is the scale and « is the shape of the Weibull distribution. As
for T, the parameters of the CDF of W are described in function of H,
(DNVGL-RP-C205, 2017):

K(x) = ¢y + ¢ x2 a7n
Mx) =dy +d, H® 18)

The value of the parameters based on the dataset are reported in Ta-
ble 17. The EC was developed considering the probability associated
with a return period of 100 years:

1
Py =|——— (19)
100 - 365 - 2*

where 365 - 2 (three-hour samples) represent the number of event per
year. The value of , the radius of the sphere in Gaussian space, was
determined by calculating the ICDF of the standard Gaussian function
(with ¢ = 0 and ¢ = 1) for the identified probability.

=" (Py) (20)
u; = fcosf 21
u, = fsinf cos ¢ (22)
uz = fsinfsin¢ (23)
0[0,2x] ¢l0, ] 24)

The Gaussian space was transformed using the inverse of the CDFs iden-
tified previously:

H, = Fy(¢w))) (25)
T, = Fy |, (@) 26)
W, =Fyly @s3) 27)

The resulting EC is reported in Fig. 6.

After obtaining the 3D environmental contour, it becomes possible
to ascertain the utmost extreme event. If we consider a two-dimensional
EC based on Hg and T, it is typical to test a set of conditions ranging
between the maximum Hs and the maximum 7, as detailed in Padu-
ano et al. (2024). However, in this specific EC, higher T, values lead
to a rapid decline in H,. Furthermore, the maximum period remains
near the T, associated with the maximum H,. To streamline the testing
process and avoid excessive tests related to ULS conditions, a numerical
simulation was conducted before the experimental tests. It was observed
that the most severe system response, in terms of both motions and ten-
sions, occurs under conditions characterized by the maximum H. This
sea state was selected as representative of the utmost extreme event. To
ensure an accurate statistical representation of this phenomenon, five
distinct extreme irregular waves were generated using different seeds.
The characteristics of the extreme sea state are reported in Table 11.
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(a) 3D environmental contour

(b) Section of the EC at different Wind Speed

Fig. 6. Environmental contour of Lampedusa with a 100 year return period.

4.4. Accidental limit state

In addition to the tests performed in Section 4.3, the system was also
assessed in ALS. Four distinct load case scenarios were defined to simu-
late various failure scenarios, reported in Table 12. In the first configu-
ration (Test ID 154), the system was tested without the forward mooring
line in extreme irregular sea state. In the second configuration (Test ID

155), the system was tested without one of the two bow mooring lines
in the extreme irregular sea state. In the third configuration (Test ID
156), the system was tested considering the failure of the blade pitch
actuator, adding to the system the thrust (generated considering the
blade pitch fixed at 0 deg and rigid blades). In the fourth configuration
(Test ID 188) the same condition of the test 154 was replicated for the
LCN3. It should be emphasized that the ALS conditions refer to the
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Table 11
Extreme irregular wave.
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Table 14
Waves tested with different pre-tension values.

Full-scale Model-scale Full-scale Model-scale
Wave name Wave name
H, (m) T, (s H, (mm) T, (s H (m) T, (s W, (m/s) H, (mm) T, (s)
IW_EX_PR_s01 8.27 12.2 86.2 1.24 IW_OP_05 1.91 6.86 11 19.9 0.70
IW_EX_PR_s02 8.27 12.2 86.2 1.24 MS_CA_Stmax_19 / / / / /
IW_EX_PR_s03 8.27 12.2 86.2 1.24 MS_CA_Stmax_11 / / / / /
IW_EX_PR_s04 8.27 12.2 86.2 1.24 IW_EX_PR_s04 8.27 12.2 / 86.2 1.24
IW_EX_PR_s05 8.27 12.2 86.2 1.24
Table 12
ALS load scenarios. 5. Experimental setup
Full-scale Model-scale . . X .
Wave name The experiments were conducted in Towing Tank 2 of the Ship Hy-
Hym) T, W, m/s)  H mm) 7,0 dromechanics Laboratory at Delft University of Technology. The tank
154_ALS_EX_PR_s04  8.27 12.2 / 86.2 1.24 measures 85m in length, 2.76 m in width, and has a maximum water
IS5 ALS EX PRs04 827 12.2 / 86.2 1.24 depth of 1.25m. It is equipped with a flap-type wavemaker at one end,
136 ALS_EX_s04 8.27 122 28 86.2 1.24 featuring an adjustable virtual hinge point. This mechanism allows the
188 ALS_EX_PR.s04  8.27 12.2 / 86.2 1.24 ] . .
hinge point to be set continuously between the bottom of the tank and
bl infinitely deep, effectively enabling the flap to operate in piston mode.
Table 1,3 . A wave-damping beach is positioned at the opposite end of the tank. For
System identification waves. . . . o
this experimental campaign, the wavemaker was used in piston mode.
Wave Name H/A,,, The water level was set to 1042 mm to match the water depth of 100m
MS CA Simax 28 1/28 at the project location, scaled to 1:96.
MS_CA_Stmax_19 1/19 A sketch of the experimental setup for conducting tests in the tank is
MS_CA_Stmax_14 1/14 shown in Fig. 7. This diagram includes the relevant distances between
MS_CA_Stmax_11 /1 the wave gauges and the prototype, the mooring line anchor points, the
MS_CA_Stmax_9 1/9

scenario where the fault conditions have already occurred. In this case,
the system’s response is examined without analyzing what happens at
the moment the failure occurs. This aspect will be further investigated
in the future and will be the subject of the next experimental campaign.

4.5. System identification waves

To perform the system identification with a limited wave set, several
multisine waves with constant amplitude were considered. The multi-
sine waves were designed to have a flat spectrum within the period of
interest, which was defined as [0.6, 1.3]. The maximum steepness of the
wave train was calculated considering the minimum A,,. The phase of
the multisine waves was defined using the Schroeder method (Kimpian
and Augusztinovicz, 2016), such that longer waves are generated before
the shorter waves as the wave transport velocity is higher for longer
waves. This is done to prevent the overlap of the waves. The signal,
lasting 100 s, was repeated 3 times for each test (Table 13).

4.6. Free decays test

In addition to wave-induced tests, free decay tests were conducted to
analyze the system’s natural oscillations and assess its damping charac-
teristics. These tests provided insights into the system’s inherent proper-
ties and response in the absence of external excitations. Free decay tests
for Heave, Roll, and Pitch were conducted under two different condi-
tions, with and without mooring, while for Surge, Sway, and Yaw free
decay tests were conducted only with the mooring system. All the free
decays are reported in Table 21.

4.7. Load scenario for additional mooring configurations

Additional experiments are conducted during the campaign to inves-
tigate the effects of different pre-tension applied to the mooring system.
Four load scenarios, as detailed in Table 14, are selected from the pre-
viously described tests and performed to examine the variations in the
system’s response under different mooring lines pre-tension.
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positioning of the wind winch, and the overall dimensions of the tank. It
is important to note that wave gauge 2 (WG2) is marked with an asterisk
(*) to indicate its presence only during the empty tank tests, not when
the prototype is in the water. All measurements are referenced to the
global system depicted in Fig. 7 and labeled as X and Yj;.

A photograph of the actual experimental setup in the test tank is
shown in Fig. 8.

In Fig. 9, the block diagram of the entire acquisition system used
during the experimental campaign is shown.

Load cells are positioned at the anchor of each mooring line to cap-
ture tension data. The wooden plate in Fig. 2b is placed at the bottom of
the tank, perforated at the three anchoring points for the secure fasten-
ing of three eyebolts. Each eyebolt is connected to a metal clip, to which
the load cell is attached. A spring is placed after the load cell, followed
by the polyester line. These load cells act as reliable sensors, enabling
precise measurement of the tension forces experienced by the mooring
lines. Additionally, four wave gauges are installed in close proximity to
the model to capture valuable information related to wave elevation,
monitoring and analyzing wave characteristics such as amplitude and
frequency.

An Optitrack motion tracking system (NaturalPoint, 2023) is em-
ployed to accurately measure the motions of the wind turbine device.
This setup provides detailed and precise motion data, enabling analysis
of the dynamic behavior of the wind turbine under various operating
conditions.

The acquisition system incorporates various components for auxil-
iary purposes. Wave maker input files are generated to simulate differ-
ent wave scenarios and study their impact on the wind turbine. A trigger
signal is implemented to activate an LED light, providing synchronized
timing information for specific events during the experiments.

A constant-tension winch (Metsch, 2023) equipped with a load cell
is used to apply wind force during the experiments. This setup allows
accurate tuning and measurement of the force applied to the wind tur-
bine. The load cell provides real-time readings of the applied wind force.
The thrust force is applied as a constant value at the rotor height. The
value to be applied is determined, according to the sea state to be tested,
by taking the associated value from the thrust curve of the turbine as
shown in Figure. The scatter points represent the specific thrust values
applied to the winch for each operative irregular sea state in Table 10.
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Fig. 7. Graphical representation of experimental setup with Wave Gauges (W G,), Anchor Points (4;). The reported distances are expressed in meters.

Fig. 8. Photograph of the experimental setup in the wave tank.

These values are appropriately scaled down to represent the mean thrust
observed during time-domain simulations. In the ALS condition, where
a failure occurs in the blade pitch controller (Test 156, see Section 6.7),
the thrust value is determined through numerical time-domain simula-
tions by locking the rotor and blades. This approach provides a realistic
estimation of thrust values across varying wind conditions, enabling the
analysis of platform responses under both operational and failure sce-
narios (Fig. 10).

All the components, including load cells, winch, wave gauges, trigger
signal, and wave maker output, are integrated using a National Instru-
ments USB device. This device serves as the central interface for data
acquisition, enabling collection and management of the diverse range
of signals generated during the experiments. The acquired signals are
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processed and analyzed on the host PC to extract meaningful insights
from the data.

BMCM amplifiers are employed to amplify the signals before they are
captured, ensuring the accuracy and reliability of the acquired signals by
mitigating potential noise or distortion. The camera system utilized for
capturing visual information directly acquires data from the software,
which is then saved on the host PC. This comprehensive acquisition sys-
tem, with its various components working together, facilitates detailed
analysis of the wind turbine’s behavior under different conditions and
provides valuable insights into its performance and response character-
istics.

Analog signals, including data from the wave maker, load cells, and
wave probes, are recorded at a frequency of 1000 Hz, while those



Niosi et al.

Ocean Engineering 328 (2025) 121067

( N
! Device .
1 Orientation '
{} Wave Maker
Input File

Motion Tracking

Wave Maker
Output

Wave Maker
External Position

Loads on '
Mooring Lines |

System
(6 units)

LED \‘A:J
TRIGGER

OptiTrack Prime* 13

. 1/0 device

National Instrument

Measurlng Ampllfler <:I-

BMCM APSa backplane

Resistive Wave

1
Lepic2it BMCM MA-UNI Probes
(4 units)
Produced in house
(1 unit)
TTAATIESSITTS et \
OptiTrack Slim* 13 |' Wind Force ‘| |I !
1 Transducer 1 ! Water Level |
1
1 1 1 1
‘. _Produced in house_ _! STTTTTTTTTTmms ’
Fig. 9. Acquisition system block diagram.
900
co I =D
@ IW_OP.05 ce
L 14Y _
800 o) |
/'/ \
/ \‘\
/ \
700 — / A ]
/ N
/ YW _0oP.06
N,
IW_OP 04 \
600 — ! Q\ -
> 95 Sy IWooP07
z ; %
/ O IW.OP.08
+, 500 — / Sl —
é /. \\G. IW_-OP_09 )
= w.op.0f S~ w-.or-10
= K4 ~O-- IW.OP.11
/ .~'N.~ IW_QP12
400 @ O~ o =
/ O
Val =
l/,
IW_OP.02,
300 — R -
o --—-Thrust Curve of 5SMW NREL Wind Turbine
/s’ .
P o Full-Scale Thrust Values for Operative Irregular Sea States
QP01
200 — e o
6}
100 \ \ \ \
5 10 20 25

15
Wind Speed (m/s)

Fig. 10. Thrust curve for the turbine with scatter points indicating thrust values assigned to the winch for each irregular sea state and ALS case.

from the camera system are captured at 100 Hz. Although the acqui-
sition system in LabVIEW records at 1000 Hz, wave-induced dynamic
responses do not require such a high sampling rate for accurate anal-
ysis. Therefore, data is subsequently interpolated to 100 Hz to align
with the camera acquisition rate, ensuring consistency across measure-
ments while maintaining sufficient resolution for capturing dynamic re-
sponses. In Fig. 2, the positioning of the markers monitored by the cam-
era system is shown. The output motions from the Optitrack software
are referenced to the geometric point monitored by Optitrack (Natu-
ralPoint, 2023), located at a distance d = [111.75,—-4.75,—-224.12] mm
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from the substructure’s center of gravity. All results presented in the
following sections refer to motions relative to the center of gravity
after performing the standard rototranslation operations for a rigid
body.

6. Experimental results
This section presents the results of the experimental campaign,

focusing on assessing the system’s response in terms of kinematics
and mooring system tensions. The evaluation began with the baseline
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Table 15

Free decay tests results, including linear and quadratic damping coefficients (B, and B,,,,), resonant period
(T,.,), adjusted coefficient of determination (R2 ;> and sum of squared errors (SSE). B, and B,,,, represent the
linear and quadratic damping coefficients, respectively. 7T,,, indicates the resonant period for each motion type,
measured in seconds. R? ;s the adjusted R? value, reflecting the goodness-of-fit of the damping model, while SSE
denotes the sum of squared errors, which measures the residuals between observed and fitted values. The table

includes tests conducted with mooring (Moor) and without mooring (NoMoor) for various degrees of freedom

(DoF) such as surge, sway, heave, roll, pitch, and yaw.

Test ID Test name By, (% ) B (ﬁ) Thes (8) R, SSE

057 FD_Moor_Surge 0.10 93.3 10.1 0.978 2.68E-04
061 FD_Moor_Sway 0.17 83.7 10.0 0.901 3.23E-04
065 FD_M oor_H eave 0.51 287 1.65 0.833 6.27E-02
163 FD_NoM oor_H eave 0.24 277 1.81 0.933 6.45E-03

N N

Test ID Test name B, (ﬁ) : (ﬁ ) T, () R, SSE

066 FD_Moor_Roll 0.04 3.02 2.51 0.860 4.69E-03
069 FD_Moor_Pitch 0.06 2.98 2.51 0.303 6.55E-02
074 FD_Moor_Y aw 0.06 0.92 6.48 0.913 1.43E-04
168 FD_NoMoor_Pitch 0.03 3.47 3.45 0.951 1.56E-03
171 FD_NoMoor_Roll 0.03 3.50 3.47 0.943 1.70E-03

configuration, LCS1, and was later extended to various configurations
by altering the pre-tension level of the mooring lines.

6.1. Free decay analysis

The free decay tests are conducted to assess the resonant period, lin-
ear term, and quadratic term of damping in the system. The evaluation
of linear and quadratic viscous damping terms followed the methodol-
ogy presented in Fontana et al. (2020), which was previously applied
to a substructure for a floating offshore wind turbine (FOWT) in Niosi
et al. (2023c¢).

The methodology for calculating damping values starts by examining
the system response during free decay test. The objective is to quantify
how quickly the system loses energy, which is influenced by both linear
and quadratic damping effects.

To analyze this, each oscillation cycle is observed, and the ampli-
tudes of successive peaks in the decay are measured. By calculating the
logarithmic decrement (the rate of decrease in amplitude between con-
secutive peaks) it is possible to estimate the effective damping for each
cycle. This decrement provides insight into the total damping force act-
ing on the system, which includes contributions from both linear and
quadratic damping.

To distinguish between these linear and quadratic components, the
effective damping coefficient is plotted against the mean amplitude of
each cycle. This creates a set of points representing how damping varies
with amplitude. A linear regression is then applied to this data, fitting
a line to capture the trend. The intercept and slope of this line provide
the linear and quadratic damping coefficients, respectively.

As shown in Table 15, the linear damping term remains very small
compared to the quadratic term in all tests, indicating that non-linear
viscous effects are the main contributors to damping. The impact of the
mooring system on the response of the device was observed by com-
paring the results of free decay tests conducted with and without moor-
ing. The tests revealed that the resonant period in pitch and roll with
mooring was shorter than without mooring, which can be attributed to
the increased stiffness introduced by the mooring system. Additionally,
damping values were modified as they depend on the motion frequency.

Results from the free decay analysis indicate a reasonably good fit
across most degrees of freedom (DoF), except in the case of the pitch free
decay test with mooring. In this case, a less accurate fit can be attributed
to coupling between pitch and surge, which is introduced through the
mooring system. This coupling effect occurs because the pitch free decay
motion also excites surge motion, complicating the damping fit for pitch
with mooring. In contrast, the coupling of roll with sway did not impact
the test results because sway motion was controlled and minimized dur-
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ing the roll tests, isolating the response of roll effectively. The calculated
damping values for roll align closely with expectations, consistent with
similar damping values obtained for roll.

The goodness-of-fit was evaluated using the adjusted coefficient of
determination (Rﬁ ” ) and the sum of squared errors (SSE), as reported
in Table 15. For cI]arity, the table includes abbreviations for key pa-
rameters and methods used. The calculation of the damping coefficient
followed the methodology by Fontana et al. (2020), incorporating spe-
cific formulations for the linear and quadratic viscous damping terms.
The experimentally identified viscous damping terms obtained in this
analysis are important for numerical validation, as they can be inte-
grated into potential flow numerical software to enhance the estimation
of low-frequency motions for the floating structure.

6.2. RAO in regular, irregular, and multisine waves

To provide a concise analysis of the experimental findings presented
in Tables 22, 23 and 25, a frequency domain analysis was conducted
by constructing the RAOs for tests conducted under regular, irregular,
and multisine wave conditions. The process for constructing the RAOs
under regular wave conditions followed these steps:

e Temporal data from all acquisition channels (motions, tensions,
wave elevation, trigger, wave maker position) is processed by re-
moving the transient phase of the test and using a periodic signal.

¢ The Single Side Spectrum Amplitude (SSSA) of the trimmed signal is
calculated to extract the amplitude of the main harmonics.

e The same procedure is applied to the empty-tank wave conditions
corresponding to the regular wave tests, and the amplitude of the
main harmonic in the signal associated with WG2, where the device
is located, is calculated.

e RAOs were then constructed by dividing the amplitude of the wave
frequency main harmonic for surge, heave, and pitch motions, as
well as the tensions in the three mooring lines, by the wave ampli-
tude obtained from the Fast Fourier Transform (FFT) of the empty
WG2 test.

The procedure used to obtain the RAOs in regular waves has been re-
ported in Eq. (28) and detailed in Niosi et al. (2023a):

FFT(S[(ttrimmed))lfw

RAO; =
" FFTW G2(tyimmea)| fuo

(28)

in which S; is the chosen signal which can vary among Surge, Heave, and
Pitch motions and Mooring Line 1, 2, and 3 tension. F FT(S;(t,smmea )| fuo
is the value of the FFT applied on the trimmed Signal at wave frequency



Niosi et al.
50.6»’\\
£
o 04r o
= -
0.2+ T~ —
& V- e v
—
U}S 0 | | | |
0.8 1 1.2 1.4 1.6
£ 03
. S
£ s
20.2» S
| N
ot e
5 e ®
:E) 0 | | | |
0.8 1 12 1.4 16
E30p
- - @ -
g |lo-- “e
320' \‘)\
g
< 10F R
A~ 08 1 1.2 1.4 1.6

Wave Frequency(Hz)

Ocean Engineering 328 (2025) 121067

Ea®.

o 8r haie

<< e

- hal

S 2 L - Y NN
0.8 1 1.2 1.4 1.6

F10m

105

\Z./ \\

Q T

< 57 *s

ot L4

o~ Ss L@ ®

- A 20
0 1 1 1 1

= 0.8 1 1.2 1.4 1.6

EP N

28 So -® RAO-Regular Waves Steep 1

— \\* ¢ RAO-Regular Waves Steep 2

2 61 ‘~‘ RAO-Regular Waves Steep 3

= .-

2‘ 2 L L Y W PN
0.8 1 1.2 1.4 1.6

Wave Frequency(Hz)

Fig. 11. Experimental RAOs in regular waves obtained with tests reported in Table 22.

(f). FFT(W G2(t,,ipmmea )| f1 is the value of the FFT applied on the WG2
trimmed time history acquisition calculated at wave frequency. It should
be noted that the set of regular waves used in the analysis includes waves
with three different steepness levels, as shown in Fig. 11. From the fig-
ure, it can be observed that there is not a significant variation in the
RAOs as the wave steepness changes, indicating a linear behavior of the
floating structure.

To calculate the RAOs in irregular waves, the following procedure is
followed:

¢ The time-domain signals from different acquisition channels are ini-
tially trimmed to exclude any transient effects. Then, FFT is applied
to both the acquired signal and the wave elevation signal from empty
tank tests, resulting in the Single-Sided Spectral Amplitude (SSSA) of
each signal.

¢ To ensure that the frequency vectors of the FFT outputs from the
acquired signal and the wave elevation match, both signals must be
sampled over the same time period, resulting in FFT vectors of equal
length.

e Prior to dividing the SSSA values, a smoothing process is applied
to reduce numerical noise. Specifically, Gaussian smoothing is used
with a window of 41 samples. A sensitivity analysis (see Appendix A,
Fig. 27) was conducted to determine the optimal window size, bal-
ancing noise reduction with accurate system response representa-
tion.

e The RAOs are then computed by dividing the smoothed SSSA of the
wave elevation by the smoothed SSSA of the acquired signal. The
frequency bandwidths for each test vary slightly to accommodate
slight shifts in the peak frequencies of the irregular waves, which
affect the energy distribution in the experimental wave spectrum.

e After obtaining the RAO for each tested wave condition, we calcu-
late the AETFE (Averaged Experimental Transfer Function Estimate),
which represents the system’s average response across different wave
frequencies and wind conditions (see Fig. 12). The AETFE is calcu-
lated as a mean over the tested wave conditions:

Nwaves
3T RAO, (w)
N,

‘waves

AETFE(w) = (29)
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where:
FFT(S;(t
RAO;(w) = _TFISED (30)
FET(1pape, (1))
Here, N, .. represents the number of individual wave condi-

tions tested. Each RAO;(w) corresponds to a different tested wave
condition, and the AETFE is effectively the mean RAO across these
conditions, providing a robust average response of the system across
varying wave states.

The calculation of the AETFE for multisine waves follows the same
procedure used for irregular waves, with the difference being that, while
in irregular waves, the frequency band used for constructing the indi-
vidual RAO varies depending on the peak wave period, in this case, the
frequency band is constant. This is because the frequency spectrum of
multisine waves is a rectangular box with a constant amplitude ranging
from 0.8 to 1.8 Hz as shown in Fig. 13.

In Fig. 14 we present a comparison of the RAOs using three types of
waves. Firstly, it is important to note that for irregular waves, which rep-
resent the operating conditions of the structure, a constant wind force is
applied through an actuator line. The thrust values are the design val-
ues provided in document (Jonkman et al., 2009) for the NREL turbine.
In Fig. 14, it can be observed that the differences between the three
RAOs are practically negligible, indicating that if the stiffness of a taut-
mooring is constant, the dynamic operating conditions of the structure
are not dependent on the incident wind on the turbine. Conversely, as
seen in Fig. 15, wind forces primarily and noticeably impact the aver-
age values of surge and mooring tensions. A strong correlation between
the mean surge and mean tension in the mooring system can be ob-
served. The maximum mean surge corresponds to the MOSS condition,
which underlines that the thrust force is more impactful with respect
to the mean drift force on mean Surge and mean tension values. In the
same figure, it can be seen how, for system ID waves, the average values
of surge are much lower, despite the initial pre-tension of the mooring
lines being the same as that of the irregular waves. This confirms that
the mean drift forces have a reduced effect compared to the thrust, as
in this case, they are the only forces acting on the moored structure.
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Fig. 12. AETFE: irregular waves obtained considering tests with ID from 95 to 106 and 128, reported in Table 23.
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6.3. Repeatability analysis

In this section, the repeatability of the conducted analyses is as-
sessed. Specifically, the irregular operational wave with maximum
thrust has been chosen as the test case to be repeated 10 times. The test
conditions remain consistent to ensure the most coherent result possible.
Generally, when conducting a repeatability analysis, a physical quantity
acquired by the sensor is selected (ITTC, 2014). In this case, H; and T, of
the wave gauges have been considered as parameters of the repeatability
analysis. The results are presented in Fig. 16. In general, the normalized
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standard deviation is 1.1 % for H, and 0.3 % for T, regarding Wave Gauge
1, indicating a faithful reproduction of the generated wave. It’s impor-
tant to note that there is a difference in wave height readings among the
various wave gauges. This difference is attributed to the diffraction and
radiation phenomena of the prototype.

Additionally, the RAOs of the system were evaluated following the
methodology for irregular waves described in Section 6.2. Fig. 17 il-
lustrates the RAO of the device for each conducted test, the aver-
age response, and a +3¢ confidence interval calculated for each fre-
quency. In general, it can be affirmed that the results of the repeatability
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Fig. 14. Experimentral RAO in regular waves, AETFE in irregular and multisine waves.
Fig. 15. Mean values of surge, mooring lines tension, and thrust force.
analysis are favorable, highlighting the ability of the experimental setup and mooring line tensions (ML1, ML2, and ML3) across different wave
to faithfully reproduce data, both in terms of the generated wave and frequencies, as well as in the bar plot (Fig. 19), which shows the average
the device response. surge displacement and mooring line tensions for each load case. The
load cases are organized by pre-tension level in the following order:
6.4. Maximum operative sea state: pre-tension effect LCS5 > LCS1 > LCS2 > LCS3 > LCS4, with LCS5 representing the highest
pre-tension.
The dynamic response of the system under varying levels of pre- The RAO plots indicate that changes in pre-tension have a limited
tension is illustrated in the RAO plots (Fig. 18) for surge, heave, pitch, effect on the kinematic responses of the system (surge, heave, and pitch).
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Fig. 16. Repeatability test results on wave gauges acquisitions obtained considering tests with ID from 128 to 136, reported in Table 23.

Fig. 17. AETFE: repeatability tests obtained considering tests with ID from 128 to 136, reported in Table 23.

Surge and heave responses peak around 1.0 Hz and then decrease as
the frequency increases, showing minimal variation across load cases.
This stability suggests that changes in pre-tension do not significantly
impact the overall movement of the system in surge and heave. In the
pitch RAO, slight differences can be observed, with LCS5, the case with
the highest pre-tension, showing a marginally different response. This
indicates a minor influence of pre-tension on pitch dynamics.

In contrast, the RAO plots for the mooring line tensions (ML1, ML2,
and ML3) demonstrate a noticeable impact of pre-tension. Higher levels

17

of pre-tension lead to consistently higher RAO values for the tensions in
the mooring lines, especially around 1.0 Hz. This effect is particularly
pronounced in ML2, where increased pre-tension amplifies the dynamic
response, suggesting that load distribution among the mooring lines is
sensitive to changes in pre-tension.

The bar plot (Fig. 19) provides additional insights, showing aver-
age surge displacement and average mooring line tensions for each
test. Surge displacement is higher in cases with lower pre-tension
(e.g., LCS4 and LCS3) and decreases as pre-tension increases, with
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Fig. 18. MOSS RAO: pre-tension levels. Results obtained considering tests with ID 128 144 149 157 199 178 180 189, reported in Tables 23 and 26.

Fig. 19. Mean value of surge and mooring lines tension. Results obtained considering tests with ID 128 144 149 157 199 178 180 189, reported in Tables 23

and 26.

the lowest surge value observed in LCS5. This trend suggests that
higher pre-tension contributes to stabilizing the horizontal motion of
the structure by reducing surge displacement. Conversely, the aver-
age tension in each mooring line increases with higher pre-tension lev-
els, with the highest values observed in LCS5 for all three mooring
lines.

In summary, pre-tension has a significant effect on both surge dis-
placement and mooring line tensions. Higher pre-tension levels reduce
the average surge displacement, contributing to increased stability of
the structure, but also lead to greater loads in the mooring lines. This
dual effect highlights the importance of carefully balancing pre-tension
to manage both the motions of the structure and the loads experienced
by the mooring lines, which is essential for ensuring system stability
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and protecting the integrity of the mooring lines under operational con-
ditions.

6.5. Multisine waves: pre-tension effect

In this subsection, we present the results obtained from multisine
wave tests conducted under different pre-tension configurations, follow-
ing the methodology outlined in Section 6.2. Unlike the case described
in Section 6.4, these tests do not include turbine thrust load; only hydro-
dynamic loads associated with the multisine wave spectrum, as defined
in Section 6.5, are considered.

The RAO plots in Fig. 20 illustrate the dynamic response of the
system under these conditions. Overall, variations in pre-tension levels
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Fig. 20. Multisine RAO: pre-tension levels. Results obtained considering the mean RAO of multisine wave M .S_CA_Stmax_19 and M.S_CA_Stmax_11.

have limited influence on the dynamic response of the system, both in
terms of motions (surge, heave, and pitch) and mooring line tensions
(ML1, ML2, and ML3). This indicates that the absence of thrust allows
the wave-induced hydrodynamic forces to dominate the response.

In terms of motions, the RAO curves for surge, heave, and pitch
show only minor differences across the pre-tension levels (LCS1 through
LCS5), suggesting that pre-tension adjustments have minimal impact on
these motion responses. The surge and pitch RAOs maintain a stable pro-
file, peaking around 1.0 Hz and then decreasing with higher frequencies.

The tension RAO plots for mooring lines ML1, ML2, and ML3 reveal
some interesting trends in the absence of thrust. Lines ML1 and ML3 ex-
hibit a higher RAO response compared to the case with thrust (Fig. 18),
indicating that without the stabilizing effect of thrust, these lines are
subjected to greater dynamic tension fluctuations. This effect is most
evident at frequencies around 1.0 Hz, where the RAO peaks for ML1
and ML3 are more pronounced.

In contrast, the behavior of ML2, the bow line that typically expe-
riences direct influence from turbine thrust, changes markedly in this
scenario. Without the thrust force, ML2 shows a reduction in RAO val-
ues compared to the thrust-loaded case, showing that an increase in the
average tension value of mooring lines reduces the dynamic components
of the tension.

In summary, while pre-tension variations have a limited effect on
the overall motion dynamics of the system, the absence of turbine thrust
leads to noticeable changes in mooring line tensions.

6.6. Ultimate limit state (ULS) analysis: pre-tension effect

In this subsection, a comparison is presented between different con-
figurations of the mooring system, focusing on surge motion, pitch, and
the tensions in the mooring lines. The analysis considers the system re-
sponse to an extreme irregular wave condition, which excites the struc-
ture within a frequency range from 0.7 Hz to 1.2 Hz. The FFT was
applied to examine the response amplitude across various frequencies.
The comparison was conducted using the extreme irregular sea state
IW_ND_EX _s04.

Unlike previous analyses where RAO plots were used, the Figures in
this section display the direct amplitude of the response as a function
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of frequency. Fig. 21 shows the surge amplitude response across the
frequency range for each mooring configuration, revealing a consistent
response pattern across different pre-tension levels. Small variations are
observed in the primary wave frequency range, indicating that the sys-
tem response remains stable regardless of the pre-tension configuration.

However, at lower frequencies, small variations appear. Specifi-
cally, as pre-tension in the mooring lines increases, the resonant fre-
quency of the surge shifts slightly towards higher frequencies, ranging
from approximately 0.08 Hz to 0.11 Hz. This shift can be attributed
to changes in the surge mooring stiffness term (K, ,) induced by varying
pre-tension levels. The FFT analysis also shows an absence of significant
coupling between surge and pitch motions, suggesting that the coupling
term (K,s) in the stiffness matrix has a minimal effect on the system
response.

In Fig. 22 is reported the frequency response amplitude of Pitch. A
strong coupling between Pitch and Surge is observed, indicating a signif-
icant value of the coupling term (Kj,) in the stiffness matrix. Also, in the
wave frequencies, the response of the system is consistent across differ-
ent pre-tension. The behavior of the Pitch at low frequencies exhibited
similarities to Surge. Increasing the pre-tension in the mooring system
causes a shift in the peak to higher frequencies. Also, with higher pre-
tension, the peak is reduced in amplitude because the coupling term
(Ks,) is reduced with higher pre-tension. The resonant frequency of
Pitch remained almost constant at 0.4 Hz, attributed to the constant
geometrical stiffness (Kss) in Pitch.

In Fig. 23 is reported the FFT of Heave. At low frequency, the re-
sponse is null, indicating as expected that Heave and Surge are com-
pletely decoupled. The response is consistent across all frequencies, sug-
gesting no impact of the pre-tension of the mooring system on heave.
The resonant frequency in this configuration is 0.59 Hz, which is con-
sistent with the results found in the free decay tests.

The tensions in the mooring system are influenced by surge, heave,
and pitch motions. Fig. 24 shows a relatively consistent response across
the entire frequency range, with noticeable differences primarily at the
surge resonance frequencies, where the geometrical stiffness K, varies
due to different pre-tension levels. However, because the surge reso-
nance frequency lies well outside the wave spectrum, changes in K},
have a limited effect on the amplitude of the response. In contrast, the
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Fig. 25. Surge, heave, pitch and mooring lines frequency R response in different ALS conditions.

stiffness associated with heave and pitch is mainly governed by the in-
herent stiffness of the mooring lines, so variations in pre-tension do not
impact their response as significantly.

The FFT analysis of the forward mooring line tension reveals promi-
nent peaks at frequencies distinct from the peak period of the sea state.
This indicates that tension in the mooring system is particularly sensitive
to the resonant frequencies of surge, heave, and pitch. Minor variations
in amplitude are observed at the low-frequency resonance points, high-
lighting a subtle influence of pre-tension on the response. However, the
amplitude at the primary sea state frequency shows negligible varia-
tion, suggesting that pre-tension has minimal effect on tension response
within this frequency band.

6.7. Accidental limit state test

To evaluate how the system responds under accidental damage con-
ditions, ALS analyses were conducted on the moored structure under
various damaged scenarios. The specific ALS tests performed are as fol-
lows:

e Test 154 simulates the disconnection of the forward mooring line.

e Test 155 simulates the disconnection of one of the two stern mooring
lines.

e Test 156 simulates the failure of the actuators controlling the pitch
angle of the turbine blades.

Fig. 25 presents the dynamic frequency responses associated with
these specific tests for clearer analysis. Additionally, for comparison,
the frequency response from a similar test with no damage (Test 117)
is included. From the analysis of Fig. 25, the following conclusions can
be drawn:

e In the wave frequency band, the dynamic response of the system
remains relatively stable across all tests, indicating that the structural
motions are not significantly affected.
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e In the low-frequency band, however, significant changes in reso-
nance periods and amplitudes are observed in the surge and pitch
motions:

— In Test 154, where the forward mooring line is disconnected,
the pitch resonance frequency shifts closer to the resonance fre-
quency of the structure in a free-floating state.

— The surge resonance period also undergoes a substantial shift,
causing the structure to oscillate at frequencies lower than those
originally designed for.

- In Test 156, where a thrust force acts on the turbine, no major
differences are observed, apart from a decrease in the amplitude
of pitch oscillation near the resonance frequency.

Fig. 26 shows the average values indicating the structural charac-
teristics, providing further insights into the effects of damage on the
system:

¢ In the reference test (Test 117), both surge and pitch average values
are virtually zero, as the line pre-tension values are balanced and all
mooring lines are intact.

In Test 154, where the forward mooring line is absent, the pre-
tension level in the remaining two lines is reduced, leading to a sig-
nificant offset in both surge and pitch. This reduction in pre-tension,
while preserving an unchanged frequency response, drastically low-
ers the probability of further mooring line failures.

In Test 155, a similar effect is observed, but the offset is smaller in
magnitude and occurs in the opposite direction compared to Test
154.

Test 156 represents the most critical condition. Here, an increase of
over 40 % in the average tension of the bowline is observed, along
with substantial offset values. It is noteworthy that the thrust applied
in this test was determined using numerical software (OrcaFlex) by
locking the blades at a pitch angle of 0° and applying the rotor brake.

These analyses provide a comprehensive view of the dynamic of the
system and average responses across different accidental damage con-
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Fig. 26. Surge, pitch, mooring lines and thrust mean values in different ALS conditions.

ditions. The results help to assess the stability of the moored structure
and highlight potential risks in both operational and failure scenarios.

7. Conclusions

In this paper, we have presented the dataset and findings from an
extensive experimental campaign conducted at the Ship Hydromechan-
ics Laboratory of Delft University of Technology, Faculty of Mechanical
Engineering. The dataset, which includes all the tests described in this
article, can be accessed at the following link. This repository provides
freely downloadable CSV files containing the time histories of the tank
tests, along with a readme file detailing the organization of the data.
These resources are intended to facilitate validation of numerical mod-
els and to support further research within the scientific community. De-
tailed information about the mooring model and floating device is also
provided to enable accurate calibration of these models.

The model setup and scaling procedure were carefully designed to
ensure the results would be representative of the full-scale system. We
began with a full-scale model featuring nylon mooring lines with con-
stant axial stiffness. The model was then scaled down according to
Froude scaling laws. For the scaled model, we replaced the nylon lines
with springs, adjusting the stiffness to maintain a constant axial stiffness
in accordance with Froude scaling. This approach allowed us to monitor
the motions of the structure and the tensions in the mooring lines under
controlled scaled laboratory conditions.

The goal of the experimental campaign was to evaluate the perfor-
mance of a floating system moored with taut lines under operational,
extreme (ULS), and damaged (ALS) conditions. A key focus of this study
was the role of pre-tension in the mooring lines as an important factor
influencing system behavior. To capture a wide range of realistic con-
ditions, a series of wave and wind scenarios was designed based on an
in-depth analysis of the site resources. This approach enabled a complete
characterization of the system with a minimal number of tests, which
included regular waves, irregular waves with wind, multisine waves for
system identification, and extreme irregular waves with the turbine ro-
tor parked.

A major finding of the campaign was that the dynamic response of
the system, when moored with constant-stiffness lines (using springs),
remained unaffected by the thrust force applied to the turbine. With
mooring lines of constant stiffness, the thrust force primarily influences
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the mean tension in the mooring lines and the mean offset of the struc-
ture, as long as the lines do not experience slack. However, it should be
noted that in this experimental model, wind turbulence is not replicated,
which significantly impacts the low-frequency dynamics of the system,
especially under operational conditions.

In the extreme irregular wave tests, which examined the resilience of
the system under severe conditions, various levels of pre-tension were
considered. While pre-tension had a limited effect on motion amplitudes
and mean values in operational and irregular wave conditions, slight
variations were observed in extreme waves (see Section 6.6). Higher
pre-tension levels led to minor shifts in the resonance frequency of surge
due to changes in geometrical stiffness (K, ;). However, these shifts were
not substantial enough to significantly impact the overall dynamic re-
sponse of the system. The campaign also included tests simulating ex-
treme events under damaged conditions, where the resilience of the sys-
tem was assessed with a detached mooring line (ALS conditions). In
these cases, the taut mooring configuration played a vital role in main-
taining stability. When a line was detached, the loads on the remaining
lines decreased due to the reduction of the system mooring stiffness,
which led to increased motions. This reduction in stiffness also lowered
the risk of cascading failures, effectively placing the system under “safe”
conditions. With the loss of a mooring line, the motions of the floating
structure increase considerably (see Figs. 26 and 25), making turbine
operation unfeasible under damaged conditions.

This study highlights several advantages of taut mooring systems.
These configurations provide excellent stability with minimal motion,
which can improve turbine productivity and reduce fatigue loads on the
structure. With such limited motion, the acceleration at the nacelle re-
mains low, which is a critical parameter to consider for the fatigue life
of the nacelle. Moreover, the shorter length and lower material require-
ments of taut mooring lines contribute to cost savings compared to semi-
taut and catenary systems. However, the anchoring requirements for
taut moorings present potential challenges, especially in complex seabed
conditions. Further research is needed to address the installation com-
plexities associated with anchoring in varying geological environments.

Future experimental campaigns could benefit from implementing a
hardware-in-the-loop (HIL) system to simulate variable thrust. Such a
system would adjust thrust dynamically based on the motion of the sub-
structure and the ambient turbulence levels, providing a more realistic
representation of operating conditions and further enhancing the accu-


https://data.4tu.nl/datasets/9f32fe66-ec63-4cad-bf6a-7e9fe62d68e8

Niosi et al. Ocean Engineering 328 (2025) 121067

racy of the obtained dynamic results. Future work will aim to replicate Table 17

the nonlinear stiffness behavior of materials like nylon, whose rigidity Environmental contour parameters.

depends on the load applied. Testing with nylon or polyester mooring Parameter name  Value fitted

lines that exhibit load-dependent stiffness will be particularly interest- 0.400

) . . . . v .

ing, as it would bring the study closer to practical, real-world condi- Weibull distribution for H, A 0.794

tions. K 1.104
ay 0.444
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Appendix A.
Table 16.
Table 16
List of abbreviations.
Abbreviations Meanings
AETFE Averaged Experimental Transfer Function Estimate
ALS Accidental Limit State
CDF Cumulative Distribution Function
CETA Clean Energy Transition Agenda
CFD Computational Fluid Dynamics
CoG Center of Gravity
DNV Det Norske Veritas
DoF Degree of Freedom
EC Environmental Contour
ECMWF European Centre for Medium-Range Weather Forecasts
ERA5 fifth generation ECMWF atmospheric reanalysis
FFT Fast Fourier Transform
FOWT Floating Offshore Wind Turbine
GEV Generalized Extreme Value
H, Significant Wave Height
ITTC International Towing Tank Conference
LC Load Cell
LCs, Layout Configuration Spring with i pre-tension
ML Mooring Line
MOSS Maximum Operative Sea State
NREL National Renewable Energy Laboratory
PDF Probability Density Function
POT Peak Over Threshold
RAO Response Amplitude Operator
SSSA Single Side Spectrum Amplitude
SWL Sea Water Level
T, Peak Period
ULS Ultimate Limit State
WG Wave Gauge
W, Wind Speed
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Table 18
Empty tank tests, regular waves: wave height results.
Wave heigth [mm] Wave heigth variation %

D Wave name Target WG1 WG2 WG3 WG4 WG5S WG1 WG2 WG3 WG4 WG5S
004 RW_ND_OP01 11.7 11.6 11.7 11.1 12.2 11.4 0.7 % -0.1% 5.1% -3.9% 2.2%
006 RW _ND_OPO02 15.9 139 15.7 13.4 14.9 14.1 12% 1.5% 16 % 6.3% 12%
007 RW _ND_OP_03 20.8 21.5 22.1 20.3 21.8 21.1 -3.1% -6.4% 2.6 % -4.8% -1.3%
009 RW _ND_OP_04 26.3 25.8 25.1 27.1 25.7 28.0 1.8% 4.6 % -29% 2.4% —-6.5%
010 RW _ND_OP_05 32.5 34.9 33.3 34.4 33.2 34.5 -7.3% -2.4% -6.0% -2.1% -6.3%
023 RW_ND_OP_06 46.8 47.7 41.6 45.0 46.9 47.2 -1.9% 11% 3.9% -0.2% —-0.9%
015 RW _ND_OPO07 17.6 18.3 18.9 17.2 18.6 18.4 —-4.0% -7.7% 2.1% -6.0% -5.0%
0l6 RW_ND_OP_08 31.2 30.8 32.9 29.2 31.2 31.2 1.3% -5.5% 6.3 % -0.1% -0.1%
024 RW_ND_OP_09 70.2 70.2 70.0 71.5 75.8 74.2 -0.1% 0.3% -1.9% -8.0% —-5.7%
018 RW _ND_OP_10 29.3 31.3 26.1 29.4 28.0 25.8 -7.2% 11% -0.5% 4.3% 12%
020 RW_ND_OP_11 52.0 54.2 52.3 56.9 56.5 57.7 -4.3% -0.5% -9.4% -8.6% -11%
021 RW _ND_OP_12 117 120 135 133 133 133 -2.8% -15% -13% -14% -14%

Table 19
Empty tank tests, irregular waves: significant wave height results.
Wave heigth [mm] Wave heigth delta %

D Wave name Target  WG1 WG2 WG3 WG4 WG5 WG1 WG2 WG3 WG4 WG5
047 IW_ND_OPO1 13.4 12.5 12.8 12.5 12.7 119 -7.3% —4.5% -7.0% -5.5% -11%
029 IW_ND_OP2 14.3 12.4 12.9 12.5 12.6 13.0 -13% -9.6% -12% -12% -8.9%
049 IW_ND_OP03 15.6 14.9 15.0 14.6 14.7 14.2 —-4.6% -4.0% —6.6 % -5.9% -9.1%
050 IW_ND_OP_04 17.4 16.7 17.6 16.6 16.6 16.7 —4.0% 1.2% —4.6 % —4.6% —-4.0%
036 IW_ND_OP_05 19.9 18.8 18.1 19.3 18.3 19.1 -5.5% -9.0% -3.0% -8.0% —-4.0%
037 IW_ND_OP_06 229 20.9 22.3 21.8 22.7 21.7 —-8.8% -2.7% —4.9% —-0.9% -5.3%
038 IW_ND_OP07 26.7 27.0 27.0 27.2 26.9 26.0 1.3% 1.3% 2.0% 0.9% -2.5%
039 IW_ND_OP_08 31.3 31.4 32.4 30.6 31.9 30.4 0.5% 3.7% -2.1% 2.1% -2.7%
051 IW_ND_OP09 36.7 36.5 38.0 35.0 37.0 35.0 —-0.5% 3.6% —4.5% 0.9% —4.5%
041 IW_ND_OP_10 43.0 43.4 43.5 42.4 44.0 44.8 0.9% 1.1% -1.4% 2.3% 4.1%
042 IW_ND_OP_11 50.3 51.9 53.0 53.5 51.8 52.9 3.2% 5.3% 6.3% 3.0% 5.1%
043 IW_ND_OP_12 58.5 58.7 61.0 61.4 61.9 61.8 0.3% 4.2% 4.9% 5.7% 5.6%
044 IW_ND_EX 501 86.1 84.0 88.9 88.0 88.9 87.4 -2.5% 3.2% 2.2% 3.2% 1.5%
045 IW _ND_EX 502 86.1 86.2 93.3 90.0 89.6 89.3 0.1% 8.3% 4.5% 4.0% 3.7%
046 IW_ND_EX s03 86.1 86.3 91.0 86.7 89.4 88.4 0.2% 5.6% 0.6 % 3.8% 2.6%

Table 20
Empty tank tests, irregular waves: energetic period (Te) results.
Energetic period Te [s] Energetic period Te delta %
ID Wave name Target WGl WG2 WG3 WG4 WG5 WG1 WG2 WG3 WG4 WG5
047 IW_ND_OPO01 0.57 0.60 0.61 0.61 0.60 0.61 6.2% 8.0% 8.0% 6.2% 8.0%

029 IW_ND_OP02 0.57 0.63 0.63 0.64 0.60 0.62 9.7% 9.7% 11% 4.5% 8.0%
049 IW_ND_OP03 0.59 0.63 0.63 0.64 0.63 0.63 6.8% 6.8% 8.5% 6.8% 6.8%

050 IW_ND_OP_04 0.61 0.65 0.64 0.65 0.65 0.65 6.5% 4.8% 6.5% 6.5% 6.5%
036 IW_ND_OP_05 0.64 0.69 0.69 0.69 0.69 0.69 8.4% 8.4% 8.4% 8.4% 8.4%
037 IW_ND_OP06 0.67 0.88 0.75 0.75 0.74 0.74 32% 12% 12% 11% 11%

038 IW_ND_OPO7 0.70 0.76 0.75 0.75 0.75 0.75 8.2% 6.8 % 6.8% 6.8% 6.8 %
039 IW_ND_OP_08 0.74 0.79 0.79 0.79 0.78 0.79 6.3% 6.3% 6.3% 5.0% 6.3%

051 IW_ND_OP_09 0.79 0.81 0.83 0.82 0.83 0.83 2.7% 5.2% 4.0% 5.2% 5.2%
041 IW_ND_OP_10 0.84 0.88 0.88 0.88 0.87 0.88 4.9% 4.9% 4.9% 3.7% 4.9%
042 IW_ND_OP_11 0.89 0.94 0.94 0.94 0.93 0.94 5.3% 5.3% 5.3% 4.2% 5.3%
043 IW_ND_OP_12 0.95 0.98 0.99 0.99 0.99 0.99 3.1% 4.2% 4.2% 4.2% 4.2%
044 IW_ND_EX _s01 1.13 1.16 1.16 1.16 1.16 1.16 2.9% 2.9% 2.9% 2.9% 2.9%
045 IW_ND_EX 502 1.13 1.15 1.16 1.16 1.14 1.15 2.0% 2.9% 2.9% 1.1% 2.0%

046 IW_ND_EX _s03 1.13 1.18 1.18 1.18 1.17 1.17 4.7 % 4.7% 4.7% 3.8% 3.8%

25



Niosi et al. Ocean Engineering 328 (2025) 121067

Table 21 Table 24
Free decay tests. Extreme irregular waves tests with design pre-tension value (LCS1).
Test ID Test name Pre-tension ID Test ID Test name Empty tank wave ID Pre-tension ID
057 FD_Moor_Surge LCS1 107 IW_EX_PR_s01 044 LCS1
061 PL_Moor_Sway LCS1 110 IW_EX_PR_s02 045 LCS1
065 FD_M oor_H eave LCS1 112 IW_EX_PR_s03 046 LCS1
066 FD_M oor_Roll LCS1 117 IW_EX_PR_s04 \ LCS1
069 FD_M oor_Pitch LCS1 118 IW_EX_PR_s05 \ LCS1
074 FD_Moor_.Y aw LCS1
163 FD_NoM oor_H eave \
168 FD_NoM oor_Pitch \
171 FD_NoMoor_Roll \
Table 25
System ID waves tests with design pre-tension value (LCS1).
Test ID Test name Empty tank wave ID Pre-tension ID
Table 22 119 MS_CAStmax28 210 LCs1
Regular waves tests with design pre-tension value (LCS1). 120 MS CA Stmax 19 211 LCS1
Test ID Test name Empty tank wave ID Pre-tension ID 121 MS_CA_Stmax_14 212 LCs1
123 MS_CA_Stmax_11 213 LCS1
083 RW_NW _OP_01 004 LCS1 124 MS_CA_Stmax9 214 LCS1
084 RW_NW _OP02 006 LCS1
085 RW_NW _OP_03 007 LCS1
086 RW _NW _OP_04 009 LCS1
087 RW _NW _OP05 010 LCS1
088 RW_NW _OP_06 023 LCS1
089 RW_NW_OP07 015 LCS1 Table 26
090 RW_NW_OP08 016 LCS1 Irregular and system ID waves tests with off-design pre-tension val-
091 RW_NW_OP09 024 LCS1 ues.
092 RW_NW _OP_10 018 LCS1
093 RW_NW _OP_11 020 LCS1 Test ID Test name Empty tank wave ID Pre-tension ID
094 RW_NW OP_12 021 LCS1
144 IW_OP_05 036 LCS2
145 MS_CA_Stmax_19 211 LCS2
146 MS_CA_Stmax_11 212 LCS2
147 IW_EX_PR_s04 \ LCS2
149 IW_OP05 036 LCS3
150 MS_CA_Stmax_19 211 LCS3
Table 23 151 MS_CA_Stmax_11 212 LCS3
Operative irregular waves tests with design pre-tension value 152 IW EX PR s04 \ LCS3
(LCSD). 157 IW_OP.05 036 LCS4
Test ID Test name Empty tank wave ID Pre-tension ID 159 MS_CA_Stmax_11 212 LCs4
160 IW_EX_PR_s04 \ LCS4
095 IW_OPO01 047 LCS1 162 MS_CA_Stmax_19 211 LCS4
096 IW_OP_02 029 LCS1 196 MS_CA_Stmax_19 211 LCS5
097 IW_OP_03 049 LCS1 197 MS_CA_Stmax_11 212 LCS5
098 IW_OP_04 050 LCS1 198 IW_EX_PR_s04 \ LCS5
100 IW_OP_06 037 LCS1 199 IW _OP05 036 LCS5
101 IW_OP07 038 LCS1
102 IW_OP_08 039 LCS1
103 IW_OP_09 051 LCS1
104 IW_OP_10 041 LCS1
105 IW_OP_11 042 LCS1
106 IW _OP_12 043 LCS1 Table 27
113 IW_OP05.502 \ LCS1 ALS tests.
114 IW_OP_05_s03 \ LCS1
115 IW_OP_05_s04 \ LCS1 Test ID Test name Empty tank wave ID Pre-tension ID
116 IW_OP 05505\ Lest 154 ALS_EX_PR.s04  \ 1CS1 damaged 1
128 IW_OP05 036 Lest 155 ALS_EX_PRs04  \ LCS1 damaged 2
129 IW_OP 05 036 LCs1 156 ALS_EX _s04 \ LCS1 damaged 3
130 IW _OP05 036 LCS1
131 IW _OP_05 036 LCS1
132 IW_OP_05 036 LCS1
133 IW_OP05 036 LCS1
134 IW_OP_05 036 LCS1
135 IW_OP05 036 LCS1
136 IW_OP05 036 LCS1

26



Niosi et al.

Ocean Engineering 328 (2025) 121067

40 T T T

w
(3]
I

w
o
I

N
[¢]
I

-
[¢)]

-
o

MooringLine2 RAO (N/m)

[¢;]

No Smooth

——Window: 11 Samples
—— Window: 21 Samples H
—— Window: 41 Samples
—— Window: 101 Samples
Window: 201 Samples||

0
0.8 1 1.2 1.4 1.6
Wave Frequency(Hz)
Fig. 27. AETFE sensitivity analysis: variation on number of samples for smoothing.
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