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Abstract. Among floating foundations for offshore wind turbines, the barge is considered one
of the most cost-effective platforms, owing to its ease of manufacturing, transport, and
installation. However, the barge platform is susceptible to wave-induced stress due to its
extensive waterplane area, potentially leading to fatigue in critical structural components such
as the platform, tower, nacelle components and moorings. This paper delves into the prospect of
mitigating fatigue damage in the barge concept by introducing a pendulum ballast, which can be
installed at the offshore site using polyester ropes. The primary focus of this research is the
assessment of the ‘barge-pendulum’ concept, aimed at reducing load cycles that could lead to
fatigue failure, with a specific emphasis on the tower base as a representative indicator of device
damage. The analysis is conducted using MOST, a time-domain simulation code developed in
Matlab-Simscape environment. The findings show that the barge-pendulum concept has a poorer
performance in terms of fatigue life, due to the increased sensitivity to wave forces.

1. Introduction

The increasing global demand for sustainable energy sources has driven remarkable growth in offshore
wind energy production. Harnessing the abundant and consistent wind resources offered by the world's
oceans presents a significant opportunity to transition towards a cleaner and more sustainable energy
landscape. Offshore wind turbines (OWT), with its potential as a renewable energy source due to higher
wind speeds and larger available areas, present a promising alternative to onshore wind. However, the
challenge lies in its relatively high costs. In contrast to the mature onshore wind technology, offshore
wind technology faces greater challenges due to demanding operating conditions and increased costs.
OWT experience higher structural loads than their land-based counterparts. Typically, offshore wind
turbines are deployed near the coastline, where water depths are less than 60 meters, making fixed-
bottom foundations economically viable. But as we venture into deeper waters, the need for floating
support structures becomes apparent, and this shift poses a significant challenge for industrialization.
Opportunities for cost reduction include strategies such as reducing platform size and weight, optimizing
mooring systems and anchors, and enhancing installation and maintenance processes.

Within the industry, three major platform types are commonly utilised: buoyancy-stabilised (semi-
submersible, barge), mooring-stabilised (tension-leg platform), and ballast-stabilised (spar buoy) [1].
Emerging innovative designs that blend various substructure principles are increasingly gaining
attention. Hexafloat [2] showcases an innovative hexagonal framework tethered to a central ballast
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through six ropes. In addition, the industry has witnessed the introduction of the TetraSpar, a creation
of Stiesdal, and a damping pool barge, a concept patented by Ideol [3]. The TetraSpar’s design stands
out for its use of a tubular steel framework and a keel that hangs beneath it. The idea behind the TetraSpar
is to use components that are already well-established in industrial manufacturing, making it easier to
build and scale up [4]. Ideol's barge design features a unique moonpool intended to modify the platform's
natural frequency as per the patent's concept [5].

The barge is recognized as one of the most cost-effective alternatives in offshore platforms, mainly due
to its straightforward manufacturing, transportation, and installation processes. However, the barge
platform is susceptible to wave-induced stress due to its extensive waterplane area and higher natural
frequencies, potentially leading to fatigue in critical structural components such as the platform, tower,
nacelle components and moorings. To address this, we'll explore a strategy to reduce fatigue damage in
the barge design by introducing a magnetite or concrete ballast or pendulum. The purpose of the
pendulum is to lower natural frequencies and nacelle acceleration thanks to a higher pitch inertia and
obtain the same static pitch angle with small dimension of the platform, reducing excitation forces on
the body. The pendulum can be installed at the offshore site using a set of polyester ropes. The primary
focus is the assessment of the barge-pendulum concept, aimed at reducing load cycles that could lead to
fatigue failure, with a specific emphasis on the tower base as a key indicator of device damage.
Additionally, this work includes the analysis of the barge-only platform for comparison purposes,
evaluating differences in mass and tower fatigue.

Finally, we'll look at differences in size and how each design affects different properties, like static pitch
angle, natural frequencies, effect of waves, ultimate loads, and finally fatigue on tower base, providing
a comprehensive understanding of the benefits and limitations.

2. Methodology

The turbine under consideration is the IEA 15 MW wind turbine [6], while the properties of the tower
are taken from [7], more suitable for the floating condition. The control system is based on the ROSCO
(Reference Open-Source COntroller) [8]. It employs standard wind industry control strategies like tip
speed ratio (TSR) tracking and gain-scheduled PI control for generator torque and blade pitch, but also
incorporates advanced functions such as a feedback-based nacelle velocity control loop and thrust peak
shaving to limit maximum thrust near the rated wind speed, albeit with an energy production trade-off.
To facilitate a comprehensive evaluation and enhancement of the two concepts, named barge-only and
barge-pendulum platform (figure 1), we use a systematic evaluation procedure. This evaluation process
is organized into three fundamental steps for each of the concepts.

Barge - only Barge - pendulum
Wind turbine
tower
Tower base

Width (15m above SWL)

—

Sea water level (SWL)

| S —

v

) Draft (6m)

Sea water ballast

Pendulum ballast
(80m under SWL)

Figure 1. illustration of the two concepts.
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In the initial step, the focus is on assessing the hydrostatic parameters, such as the platform mass, centre
of gravity, submerged volume, and the determination of the required ballast mass to achieve static
equilibrium. The second step is the frequency domain analysis, intended to analyse the natural frequency
and the wave induced nacelle acceleration. The third step is a time-domain analysis.

We conduct a time domain analysis using MOST, a Matlab-Simscape model capable of simulating the
complex multibody dynamics of the pendulum [9]. In this analysis, we treat the pendulum as a separate
body, connected to the main platform by means of four ropes, each of which is modelled as a linear
spring. The platform's geometry is modelled using Salome [10], an open-source software capable of
generating three-dimensional geometry based on predefined parameters. The geometry is imported into
Nemoh [11], enabling the extraction of linear hydrodynamic properties such as added mass, radiation
damping, and excitation forces.

2.1. Hydrostatic analysis

The hydrostatic analysis involves the computation of the mass, inertia, and the necessary ballast to
achieve the desired draft.

The variables under consideration are the platform's width W and draft D. The computation of the mass,
centre of mass and moment of inertia is carried out using Salome 9.9.0 [12]. The external and internal
geometry is shown in figure (2). for all surfaces, the thickness is set at 2 cm. The material employed is
structural steel, which has a density of 7850 kg m>.

The net mass My,; required to maintain the design draft is evaluated in equation (1), Where p is the
density of sea water (1025 kg m™), V; is the submerged volume, M;ypine is the mass of the wind turbine,
including tower, rotor and nacelle assembly (2425 ton) and M, is the structural mass of the platform,
Frnoorpreloaa 18 the mooring preload divided by the gravity acceleration.

Fmoorpreload

1
g (1)

Myer = p - Vo — Msteer — Meyrbine —

To calculate the centre of mass and inertia of the internal water ballast for the barge-only configuration,
it is assumed that the ballast is fully enclosed within the barge, beginning from the platform's base, and
mass of ballast is equal to My,;. To determine the final mass of the pendulum ballast, considering its
submersion in seawater, the additional buoyancy provided by the body requires an increase in mass.

Figure 2. Representation of external and internal geometry of the barge in Salome 9.9.0. The skirt
width is 4 meters beyond the barge’s width and 1 metre height, 5 internal stiffeners are located
internally, located as squared grid, and a transition piece, modelled as a cone, is placed to connect the
barge to the tower base. All elements are modelled as surfaces with thickness 2 centimetres.
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This concept can be expressed as follows:

Ppaliast

Myet (2

M —
Pendutumbatiast (pballast - pwater)
The ballast may be built using either magnetite, which has a density of 5170 kg/m?, or concrete, with a
density of 2400 kg/m>®. A comparative analysis will be conducted between these two types of ballast,
focusing on their respective impacts on total inertia and drag.

This study adopts mooring line characteristics akin to those of the Volturn US platform [7], with minor
deviations. Four lines are attached to the platform's extremities, and the linear mass is reduced to 565
kg/m. The fairlead is connected to the platform's corners at its bottom and is dependent on the platform's
dimensions (table 1). The mooring lines are catenary (steel chains).

To maintain consistency in mooring stiffness compared to the reference model, adjustments are made
to the anchor depth and radial distance, ensuring the same horizontal and vertical distances relative to
the fairlead. The mooring line tension is modelled using the catenary equation. The mooring forces are
then applied to the body’s reference system.

Table 1. Definition of mooring lines in function of platform geometry. D is the draft; W is the width.

Number of Lines ) 4 Fairlead Radial Spacing (m) W /N2
Dry line linear mass (kg) 565 Anchor radial spacing (m) | 779.6 + W/\2
Anchor depth (m) 186 +D Fairlead Depth (m) D
Extensional Stiffness | (MN) 3270 Line Unstretched Length | (m) 850

2.2. Pendulum analysis

The pendulum is modelled as a six degrees of freedom body using the library of Simscape Multibody;
the ballast is connected to the main body by means of four ropes, connected to the corner of the platform,
modelled as linear springs. In our work, the height of the pendulum is equal to the radius and the mass
and volume are evaluated in equation (1). The values for minimum breaking load and stiffness for
different materials are taken from Orcaflex database [13], [14]. Polyester rope is chosen in this study,
because it has an intermediate stiffness value between nylon and wire ropes. The load design, compared
with minimum breaking load (170466 d?) is equal to the net mass of the pendulum (ballast mass minus
buoyancy) divided by the number of ropes, with a safety factor of 2.5. Once obtained the diameter
dimension, the spring stiffness is computed using the axial stiffness of the material (1.09x10° d?).

2.3. frequency domain analysis

The hydrodynamic analysis involves the computation of the response amplitude operator ¢ (w) (RAO),
the device’s pitch resonance period T and root-mean-square (RMS) of the nacelle acceleration due to
wave response NacAccgys, shown respectively in equation (3), (4) and (5), where w is the frequency
(rad/s), and hp,,, is the hub position respect to SWL (150 m). The mesh created in Salome is imported
in Nemoh 3.0 to evaluate the added mass A, radiation damping B and excitation forces F,,;, M is the
pitch inertia of the platform and turbine combined. In this context, JONSWAP spectrum S;p(w) is
employed to determine the unidirectional irregular sea state condition, as implemented in WecSIM [15].

Fext (W)
—w? (M + A(w)) +iwB(w)+K

§w) = A3)
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NacAccrys = f W2 - &piccn (W) - hyup|™ Sjp(W) dw (5)
0

2.4. Time domain analysis

The time-domain model is implemented in MOST. MOST is a Matlab-simscape model created by
Politecnico di Torino [16]. MOST is created to satisfy the needs of a new simulation environment to
accommodate for a fast prototyping and proof of new concepts, based on multibody dynamics of
platforms. In our work, MOST is needed to evaluate the multibody motion of the pendulum and the
main floating structure. The hydrodynamics of the platform is based on the boundary element method
(BEM), based on linear hydrodynamics, as implemented in Wec-Sim [17].

The aerodynamics is implemented using blade element momentum theory as described in [18]. The
aerodynamic properties of the blade like chord, twist etc. are taken from the distribution of the code in
the Github repository [19]. The comparison of the code of MOST with OpenFAST is done in [16].

The resolution of the BEM considers the floating motion of the rotor, by adding the relative velocity of
each node of the blade to the wind speed and rotor speed taking into account the motion in six degrees
of freedom.

2.4.1. Quadratic drag coefficients

The quadratic drag forces are not included in the boundary element method as the hypotheses are based
on the potential flow theory, and the additional formulation is treated separately. To evaluate the drag,
the most used formula is to relate the square of the velocity with a constant value, depending on the
geometry (equations 6), where p,, is the density of the sea water, x; is the velocity of the platform with
i the relative degree of freedom, taken relative to the centre of buoyancy, D is the draft and W is the
width. The representative area for the rotational degrees of freedom is found by following the equations
used in Orcaflex [20]. Although these coefficients are not validated with experimental/CFD data, we
assume that they could be representative of the real drag forces experienced by the platform.

1 A 1 ws o\
Farag, = (3105 pu W D [ ) 2 Marag, = (3105 pu s linl )
1 5
— _ . . 1 W
degz (2 1.05p, WD |xz|)xz MdraQS = <E 1.05 Pw3—2 |cb2|>a')2 (6)

1 A
Fdrag3 = (El-os Pw w? |x3|> X3 1 DwW* .
Mdra96 = E 0.8 pw? lws| | s

The quadratic drag coefficient for the pendulum is proportional to the front area (equation 7).

1 .

F =
drag surge/sway

(7

1 ).
Fdragheave = (§0-6 prT[ Dzzwend |X3|)X3
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2.5. Fatigue analysis

To evaluate the damage fatigue on the tower, the literature review proposes different solutions. Different
standards are presented to evaluate the fatigue, Eurocode3 [21], DNV-GL [22] or DNV-RP-C203
standards [23]. For offshore wind turbine towers, the DNV-RP-C203 standard is the most cited [24],
[25], [26]. Other works cite DNV-GL guidelines [27]. The damage of the tower is evaluated using the
diagram for steel published by DNV.

The mechanical stress is evaluated in equation (8), Where F, is the normal force, M, is the roll moment,
M,, is the pitch moment, « is the angular position along the tower base circumference, 1 is the radius of
the tower base, A and | are the area and inertia moment of tower base section.

Table (2) reports the data of the tower base. The data for the material properties are taken from the
ontology file [19].

E, Mx My ;
o A+ ] r-cosa + ] T-sina ()
Table 2. Geometry properties at the tower base and material properties of steel [19].
Geometry Material properties
External diameter 10 m Yield stress S, 345 MPa
Internal diameter 9.9210 m Ultimate load stress S;,; | 450 MPa
Area A 1.2359 m?
Inertia J 15.3272 m*

The equation for evaluating the damage equivalent load (DEL) of the tower are described in equations
(9, 10, 11, 12,13). DNV reports the equation (9) to link the alternate stress Ao, with the number of
cycles, where N' is the number of cycles to failure with zero mean and constant amplitude (determined
experimentally), log,, @ is the intercept of the curve, m is the slope of the S-N curve. We add the
Goodman curve (10) to consider the effect of the mean stress g,,,. The equivalent stress Aog,, is computed
in equation (11) using the Goodman curve, to be used in equation (12), replacing the original Ag,. Sy¢
is the ultimate load stress of the material (450 MPa).

o} and ¢}, are the alternate and mean stress of each load cycle evaluated with the Rainflow algorithm,
as implemented in Matlab. Finally, the DEL is computed using linear cumulation of damage (Miner
method) in equation (13).

logyo N' =logyo @ — mlogyo Adj 9)
ol o}
—t =1 (10)
AO’elq Sut
als .
; a—uti if o, >0
AO-eq =1{Sut — Om (11)
ol if o, <0
log,o N' = log;oa@ — mlogq Aaéq (12)
n
1
DEL = Zﬁ (13)
i
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DNV classifies different fatigue curves based on the typology of connection, ranging from non-welded
connections, bolted connections, welded connections with parallel direction of the stress and transverse
butt welds.

In this work, the tower base is classified as transverse butt weld, welded from both sides (classification
D in DNV standard). Table (3) resumes the parameters of the employed bilinear S-N curve.

Table 3. fatigue details of the bilinear goodman diagram of steel from DNV-RP-C203 [23]

Number of cycles logip @ m
For N < 107 12.164 3
For N > 107 15.606 5
3. Results

In this section, results are compared for different platforms’ width. The draft is fixed to 6 meters for all
platforms and the centre of mass of the concrete or magnetite pendulum is set to 80 meters under sea
water level (figure 1).

The mass of steel used for the main platform is the same for all designs (whether they include a magnetite
pendulum, a concrete pendulum, or internal water ballast). The mass of the concrete ballast is larger
than the mass of the magnetite ballast, because of the lower density of concrete. Both types of pendulum
ballasts are heavier than the steel mass (between 1200-2200 ton), as illustrated in figure (3). A specific
design load case is used for time domain analysis. The design load case uses a turbulent wind speed of
11 m/s, corresponding to rated wind speed when the turbine experiences the maximum thrust, a
significant wave height of 1.89 meters, and a peak wave period of 6.24 seconds, taken as average of sea
condition in Mediterranean Sea for 11 m/s of wind speed.

0 Components mass 10 Static pitch angle 0 Natural period
—6— Steel mass —&— Barge only
25 —&—— Magnetite mass —&—— Magnetite pendulum
Concrete mass 8 Concrete pendulum |35
20
> J — 6 30
(2} —
E 15 ﬁ \ ©
= 4 25
10 > Q\<
C b\@\ -
) W ’ e S 20 %9&
0 15
40 45 50 55 60 40 45 50 55 60 40 45 50 55 60
Platform width (m) Platform width (m) Platform width (m)
RMS of RAOnac acc Tower base max stress <10 Tower base fatigue
0.18 180 5
0.16 Q\Sﬁ\@o@ @/@@/@’f ‘ 160
Ng 0.14 fn(-u\ 140
2 s
Eo12 W =120
0.1 100
0.08 80 0
40 45 50 55 60 40 45 50 55 60 40 45 50 55 60
Platform width (m) Platform width (m) Platform width (m)

Figure 3. Comparison of different properties among barge only, magnetite and concrete pendulum
platforms in function of width.
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The waves are codirectional with the wind speed and modelled according to Jonswap spectrum with
peak enhancement factor (Gamma) of 1.7, that describes the wave spectrum distribution of energy. Each
simulation ran for 22 minutes, discarding the first 2 minutes to avoid transient effects. Figure (3)
resumes the results from static analysis, frequency analysis, and time domain analysis. The pitching
natural period of the platforms becomes lower with the platform’s width, suggesting that the hydrostatic
stiffness is predominant respect to pitch inertia for larger widths.

the RMS values for nacelle acceleration in frequency domain are very similar among the different
geometries. The concrete pendulum shows the lowest values.

Platform pitch (deg) Nacelle acceleration (m/s)
6f ' r Barge only [ ' r
5 Magnetite pendulum 05 ‘
[ Concrete pendulum I 1
| M dl’\‘ \‘ 1l ”‘ [ || | ‘ l
al | ‘ | ‘ A il M ’
f / / 0 J\' M l M:'W i W IV h i {’; M'WWMNJ.M i )'
3 L |
! '. \ | I
2f / osf i |
400 560 660 760 800 400 560 660 760 800
MX (MNm) MY (MNm)
150 500 T .
100+ 1
al /\/\\/\ /} | twﬂh N‘W: |j‘lll'\
| A Wi i ‘
0 b F \O{ M'
50 ] !
-100 . . . :
400 500 600 700 800 700 800

time (s)

Figure 4. Comparison of pitch motion, nacelle acceleration along x axis and tower base moments for a
platform width of 50 meters and 6 meters draft among barge only, concrete pendulum and magnetite
pendulum barges.
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E i Ei T
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Figure 5. Non-dimensional spectrum of MY moment compared to JONSWAP spectrum, RAO of
nacelle acceleration, natural period and 3P (blades pulsation) frequency.
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Time domain analysis results show both the maximum stress at the tower base and fatigue damage
experience during the load case. The maximum stress is higher for lower static pitch angles due to higher
gravitational moment of the rotor nacelle assembly on the tower base.

For the barge-only platform, increasing the platform's width led to a significant reduction in tower base
damage until 52 meters width, a trend depicted in figure 3. However, the situation is different for the
barge-pendulum configurations. Here, there is no clear minimum DEL. Instead, the DEL remains almost
constant for a range of 42-60 meters of width. The barge-only configuration ensures a lower DEL respect
to barge pendulum configuration. When comparing the types of ballast used, concrete and magnetite,
only a small difference in performance can be noted.

For more detail on time domain analysis results, we can select a variety of quantities to be plotted in
time domain and frequency domain (Fast Fourier Transform). Figure 4 shows the comparison between
the platform pitch, nacelle acceleration, tower base moment around roll angle (MX) and around pitch
angle (MY). The barge-only is a platform with 50 meters of width and for concrete and magnetite
pendulum a platform of 40 meters. They share the same value for the static pitch angle (4 degrees).
Barge-only and magnetite pendulum have a similar pitch natural period (28 seconds), but concrete
pendulum has a higher natural period (32 seconds). Figure 5 shows the non-dimensional spectra of the
tower base moment MY, together with the wave (JONSWAP) spectrum and the RAO of the nacelle
acceleration (|W2 “Epitcn(W) - hhub| ), the pitching natural period of the platform and the value of 3P,
that corresponds to the pulsation due to the passage of the three blades and it is related with the rotor
speed. The highest load cycles for the tower base moment MY are caused by the wind and the platform
compliance, that generates a high gravitational moment derived from rotor-nacelle assembly weight
force.

It can be noted that there is a discrepancy between the intermediate results of rms values of RAO of
nacelle acceleration obtained from the frequency domain analysis and time domain results. Frequency
domain analysis shows that the concrete-pendulum barge has a lower excitation due to the waves, that
is identified as the cause of the higher DEL experienced by the pendulum barge platforms using time
domain simulations. This discrepancy needs to be better investigated in future related works.

4. Conclusion
The present paper assessed the stability, stress, fatigue of the barge-pendulum configuration using a
hydrostatic, frequency and time domain approach. It maintains stability with platform widths ranging
from 38 to 46 meters, offering potential advantages in construction and port requirements. However, the
design poses challenges in terms of transportation and installation due to its reliance on the pendulum
for stability. From preliminary analysis, the fatigue properties of the pendulum-barge are lower than
barge-only, determining that the pendulum-barge has not emerged as a solution to mitigate the fatigue
damage typically caused by the compliance of the floating device. No significant differences are
identified between the concrete and magnetite pendulum. New advancements on this topic may
investigate different geometries of the platform, like semisubmersible platforms with pendulum, the
relative position of the pendulum and the control system behaviour.
The key points of the study can be summarized as follows:
1. A new methodology for assessing a novel concept of a platform is implemented, based on tower
fatigue damage using time domain simulations.
2. The capabilities of MOST for modelling multibody dynamics of a hybrid barge-pendulum
platform are demonstrated.
3. the use of a pendulum in place of internal water ballast appears to result in a comparatively
poorer performance in terms of fatigue life.
4. The cause of the higher fatigue damage of pendulum barge are attributed to higher nacelle
acceleration, caused mainly by the waves.
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