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As a result of more stable wind conditions and the depletion of near-shore locations, wind farms are moving
farther offshore into deeper waters, challenging the current limits of offshore heavy-lift operations. This
paper presents and verifies a novel frequency-domain framework to perform extensive site-specific analysis, of
floating installations of wind-turbine towers, subjected to wind and wave loads. The versatility and potential
of this framework is demonstrated with a case-study of a wind farm near the coast of Portugal. The results lead
to the following conclusions: (1) Only considering beam-seas the yearly workability is 39 %; (2) Workability

is mostly limited by wave loads; (3) Tower motions tend to decrease with tower size and are not significantly
affected by hook-tower distance (sling length); and finally, (4) In this case-study the most contributing
frequencies for tower motions are 0.3 and 0.4 rad/s, corresponding mainly to the first pendulation mode.

1. Introduction

Current environmental circumstances require an immediate step
away from fossil fuels as main energy sources. Therefore, Europe aims
at increasing the installed offshore wind power at least 25 times by
2030, compared to the total of 14.6 GW in 2021, Offshore Renewable
Energy (2023). As a result of more stable wind conditions and the de-
pletion of near-shore locations, wind farms are moving farther offshore
into deeper waters (Ramirez et al., 2019), challenging the current limits
of offshore heavy-lift operations.

Initially motivated by the fossil fuel industry in the mid-1950s (Pratt
et al.,, 1997), offshore heavy-lift operations consist of handling large
and heavy structures at sea. Given the exposure to weather conditions
and the risk involved, safety is of primary importance. Because of the
lack of data, the requirement of safety poses challenges when facing
new, dynamic and exponentially growing markets, such as offshore
wind (Bilgili and Alphan, 2022).

Over time, the design of offshore crane vessels has converged to a
semi-submersible crane-vessel (SSCV) type. Although semi-submersibles
are known for being sensitive to hanging loads, in comparison to mono-
hulls (Nojiri and Sasaki, 1983; Clauss and Riekert, 1990), they provide
flexible ballasting and enough deck area to accommodate two cranes
of large capacity, outreach and lifting heights (Clauss and Riekert,
1990). In contrast to this, in the offshore wind industry jack-up vessels
have been dominating the scene due to higher stability. However,
this increased stability comes at a price, which is: operational water

depth limit (up to 80 m Next Generation Jack-Up, 2023), dependency
on seabed conditions, vulnerability to wind direction changes and
jack-up time (Buitendijk, 2016). Limitations that floating vessels can
overcome, as shown by Heerema Marine Contractors (HMC), Delft
Offshore Turbine (DOT) and Delft University of Technology (TUDelft)
with the FOX project (TU Delft on Board the World Largest Crane Vessel
for Exploring Future Offshore Wind Turbines, 2023). However, ensure
that no safety limits are exceeded during the installation of an Offshore
Wind Turbine (OWT), it is crucial to have a good understanding of how
wind and wave induced motions can be mitigated and how these affect
workability, according to the following definition:

Workability represents the percentage of time for which a pre-defined
operational limit is not exceeded during an installation time-frame.

The mitigation of load motions is an intrinsic challenge of heavy-
lift operations. Some heavy-lift cranes feature heave compensation to
control vertical motions by adjusting the cable length (Neupert et al.,
2008). However, not every crane has this capability. To address this,
Seaqualize has launched a series of semi-active heave compensators
that are placed between the hook and the load (Active Heave Compen-
sation, 2023). For horizontal-plane motions, tugger-lines are the to-go
choice, despite their limitations in the side-to-side direction. Tugger-
winches with constant tension (CT) control (Cozijn et al., 2008) are
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the standard. This method mitigates snap loads, but does not reduce
pendulation. In this regard, damping tuggers are a more promising
concept (Meskers and van Dijk, 2012; Ku et al.,, 2013). The field
of tugger-line control is an active field of research, an example of
this is the holistic approach presented in de Kruif and Rossin (2021),
where the interaction of tugger-line control and dynamic-positioning
(DP) is studied, showing that actuator usage can be reduced by taking
into account this interaction. However, the effect of improving this
interaction on yearly workability was outside the scope of the article.
In this regard, the approach presented in Clarenburg (2014) addresses
this by leveraging the properties of linear frequency-domain methods,
reducing the cost of workability calculations by a factor of 1000, which
allowed to efficiently explore a larger design space and perform a
manual sensitivity analysis of a motion compensated gangway. Given
the sheer size of wind farms, every percent of extra downtime is quickly
amplified by the large number of operations required, which increases
the interest in tailored solutions. This is addressed in specific literature
about floating installation of OWTs, most of it can be divided in three
categories: installation of foundations (Nejad et al., 2018; Schepers
et al., 2022); blade installation (Ren et al., 2018a; Jiang et al., 2018;
Ren et al., 2018b, 2019; Gao et al., 2018); and new concepts of vessels
and installation methods (Lu et al., 2011; Hoogendoorn et al., 2021;
Hong et al., 2023). With a relevant example of research in this field
being the work presented in van Beek et al. (2018), where a cost, system
dynamics and loads analysis are presented for novel single-lift instal-
lation method. This installation method consists of using two cranes
simultaneously with a lifting-frame that holds the fully assembled wind
turbine by the tower. This research concluded that: (1) The installation
of pre-assembled wind-turbines is economically feasible for wind-farms
over 1500 MW; (2) Waves can cause guidance pins stabbing outside the
buckets; and (3) Using 2-minute wave forecasts can drastically reduce
the installation time. However, there are still operational challenges
to be overcome, such as: ensuring tower integrity, limitations in crane
height capacity, difficult use of heave-compensation, and the need of
feeder barges to transport assembled OWT or to facilitate their assem-
bling on-site. From a more scientific perspective, the main limitations
of this work lie in the fact that wind loads are neglected and the results
are not reproducible, due to intellectual property protection.

Currently, literature lacks information about the workability and
dynamics of floating installation of OWT towers, leaving unanswered
questions, such as: How should floating installation of wind turbine
towers be modelled and how can it benefit from motion compensa-
tion? This work aims at making a step towards answering to these
questions by developing a mathematical framework that it is used
to: Assess yearly workability based on site-specific weather data for
head and beam waves; Perform a Sensitivity Analysis, using Sobol’s
global method (Marelli et al., 2022b), to characterize the impact of
variations in system parameters on tower motions; And finally, to
determine the frequency ranges where the operation is most vulnerable
to environmental conditions by means of a Dynamic Error Budgeting
analysis (Jabben and van Eijk, 2011; Clarenburg, 2014).

To summarize, the main three contributions of this article are: (1)
The development and verification of an open-source frequency-domain
framework for floating installation of OWT towers; (2) Assessing the
workability of this type of operation based on site-specific weather
records; and (3) Providing a better understanding of the effect of wind,
waves and system’s parameters, on tower motions. Complementary
to this, a reference open-source SSCV design is presented, with the
intention of stimulating open-research.

This paper is structured in the following way. In Section 2 the
structure and derivation of the frequency-domain framework is pre-
sented. This is followed by the introduction of a case-study in Section 3,
allowing the verification of the framework in Section 4. In Section 5
the results of workability, sensitivity and error budgeting analyses
are presented and discussed, in the context of the case-study earlier
defined, showing the framework’s versatility and potential. This finally
leads to the conclusion of this paper, in Section 6.
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Fig. 1. Framework overview.

2. Mathematical framework

This section presents a frequency-domain framework for floating
installation of OWT towers, subjected to stochastic disturbances from
wind and waves. The goal is to assess site-specific workability based on
weather records and operational limits. Fig. 1 displays the structure of
the framework.

As it can be seen, the inputs are: significant wave height (H, in m);
wave peak-period (T, in s); mean wind speed (V_w in m/s); the prob-
ability of occurrence (p) of a combination i; the installation tolerance
(4;;» in m) and the installation time (7,,,; in s). The “Disturbance
Models” block is responsible for converting the environmental data
into wave and wind power spectral density (PSD), S(») and S,,(») in
m? s and m? /s, respectively. From here, using the equations of motion
of the system, it is possible to determine the response PSD S, .(w), in
m?s. Once S,(w) is known, the statistical properties of PSD are used to
determine the percentage of time for which the operation can be safely
executed, i.e.: workability. The following subsections describe in detail
each module of the framework.

2.1. Disturbance models

Wind and waves are stochastic in nature, due to turbulence and the
superposition of a large amount of wave components, which excites the
system in an undesired way, reducing workability. In the context of this
work, both wind and waves assumed unidirectional. Wind turbulence
is modelled using the Kaimal PSD (der Male and Lourens, 2015; Bianchi
et al., 2010), given by:

By 4L,
Sy(w) =0, — —
V,(1+6wL,,/(2zV,))>/3

(€8]

in which V,, represents the mean wind speed in m/s, o, is the standard
deviation of wind speed (~ 0.15-V,) and L,, is a turbulence length scale
in meters (~175 m) (Bianchi et al., 2010). Note that in the context of
this framework, ¥, represents the mean wind speed at the tower centre
of gravity.

Irregular waves are modelled using the JONSWAP PSD (Journée
et al., 2015), which is described by the following expression:
—19500~4 A

2 _
30HS 07 : @

Se(w) =
¢ Tp4
where y is the peakness factor (often assumed to be 3.3), A is an
exponential function of the peak-period 7, and ¢ a step function which
assumes different values for the range of frequencies below and above
the peak frequency. More details can be found in Journée et al. (2015).
The first block in the framework consists of these two spectra. In
the coming section, a mathematical model is derived which allows
correlation of output disturbances PSD with tower motions.

2.2. Equations of motion

Reduced-order models describe systems working within a narrow
operational range such that the governing physical laws can be approx-
imated to their local solutions. Their simplicity and reduced computa-
tional cost allow to explore wider design spaces and provide a more
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Fig. 2. Diagram describing system parametrization.

clear perspective on the role of specific physical phenomena on the
system behaviour. An example of this, is the work presented in Bos
and Wellens (2021), where a reduced order model is used to provide a
better understanding of the fluid-structure interaction between regular
waves and a simple pendulum.

To derive a reduced-order model it is necessary to define frames of
reference and parameterize the system. Two frames or reference are
adopted in this research, an inertial one ([X,Y,Z], earth-fixed) and an
non-inertial one ([x’,y’,z’], ship-fixed), as shown in Fig. 2, below. The
non-inertial frame of reference is located at the vessel’s centre of gravity
with the x-axis pointing towards the bow, the y-axis pointing towards
port-side and the z-axis perpendicular to the undisturbed water surface,
according to the right hand convention. The parameters shown in Fig. 2
characterize the system. The sources of disturbances (in red) are: wind
speed (V,,) and wave elevation (¢). The disturbances (in orange) are:
crane tip motion (y,) and aerodynamic force (F,). The variables that
describe the states of the system (in yellow) are: off-lead angle (¢;),
sling angle (¢,), tower angle (¢,) and the distance between the tower
bottom and foundation (y,). And finally, (in grey), the properties of
the system: mass and inertia of the vessel (M, I,), hook block mass
(M,), tower mass and inertia (M,, I,), length of the hook block cable
(L,), sling (L,) and tower (L,), and finally, crane tip height (H}).
For simplicity, the system is modelled in 2D by assuming long-crested
waves. Given this, the next step is to model the effect of disturbances
on the system by deriving the governing equations.

2.2.1. Wave induced motions

The wave loads are composed of a mean-component, low-frequency
component and a high frequency component (Journée et al., 2015).
In the context of this research, only the high-frequency component
(first-order wave loads) are considered. The interaction of current
and second-order low-frequency wave loads with the vessel’s dynamic
positioning (DP) system can induce slow varying motions on the vessel.
Given their low frequency, these are not expected to significantly
excite tower pendulation. Therefore, in this paper it is assumed that
the DP system perfectly cancels these motions. It has been shown in
the literature that there is a degree of interaction between the DP
and pendulation control system (de Kruif and Rossin, 2021), in future
work it would be interesting to assess impact the DP performance on
workability.

The wave induced motions are considered to be linear and fre-
quency dependent (Journée et al., 2015). They are described using
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response amplitude operators (RAOs). These can be obtained using
potential-flow panel-methods (Journée et al., 2015), and map wave-
amplitudes to steady-state ship motions, as follows:

r (@) - |RAO, ()| = v/RAO,(») - RAO (w)*

— Im{RAO,(w)} ’
C (@) ZRAO,.(w) = arctan(—Re(RAOr(w)) )

RAO,(w) =

[re(®), y(w)] € C, 3

where r,(w) and {,(w) are complex numbers representing the system
response and wave amplitudes in meters, respectively. The norm of
RAO,(w) represents the amplitude of the relative response and the
argument the phase angle, in radians. Note that % represents the
complex conjugate. Since turbine towers are likely to represent less
than 1% of a SSCV’s displacement, tower to vessel interactions are
considered negligible, and therefore the use of RAOs in this context
deemed valid (Nojiri and Sasaki, 1983; Clauss and Riekert, 1990).
Given this, the vessel’s response PSD is as follows (Journée et al., 2015):

S, 1 (@) = S;(@) - [RAO,(@)|* . “@

in which S, (w) is the wave energy spectra, as previously introduced.

2.2.2. Wind loads

In contrast to traditional heavy-lift installations, wind disturbances
are believed to be important in the context of OWT installations, given
the light weight of the components and the fact that these installations
take place in regions of high wind energy. In order to simplify the
problem, it is assumed that the wind turbine tower is a perfect cylinder;
the aerodynamic centre of pressure is located at the tower’s centre
of gravity (CoG); wind disturbance is caused by aerodynamic drag.
Furthermore, it is also considered that vessel’s wind-induced motions
are much smaller and of much lower frequency than wave-induced
motions. Therefore, not being expected to significantly contribute to
OWT tower motions. A quantitative assessment of these motions is
recommended for future work. Given this, the aerodynamic force, F, in
Fig. 2, acting on the tower is described as follows (Bishop and Hassan,
1964):

1 2
FA = EpairVu,; DtLtCD ’ (5)
in which, p,;, represents the air density in kg/m’, ¥/ the relative
wind speed in m/s, C, the drag coefficient of a cylinder, and D, and
L, the tower diameter and length in m. The expression for the relative
wind speed is:

Vi, = Vo = Vicoc , (6)

where y, ¢, is the velocity of the tower’s CoG, in m/s. By substituting
the previous equation into the aerodynamic force expression, Egs. (5)
and (6), the latter can be decomposed into an aerodynamic excitation

. . damp .
component (F$¥) and damping component (F W), as follows:
1 . 2
FA = Epair(Vw - yt,CoG) DtLrCD =
1 2 1 v 17
ijc = Eﬂm»'Dr LCpV, ~ 5 Pair D, L,CpV, Vi =E4Vy, @

damp _ | N y i
= FA = EFuu'DIL/(‘ [)(*2‘/11')'1.("(1(: +/‘/.('u(:)

R =Puir Dy L CpVidicoc = = baVicoG
where E, and b, are the aerodynamic excitation and damping coeffi-
cients, in Ns/m, both functions of mean-wind speed (V_M,). The expres-
sions are linearized in order to allow a linear frequency-domain repre-
sentation. Given that y, ¢, is much smaller than typical wind speeds,
inOG is neglected. The linear expression for the aerodynamic damping
force only ensures damping for non-zero wind-speeds, which is a real-
istic setting. In the coming section this is addressed by introducing an

extra damping term by,,,.
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2.2.3. System dynamic model
While previous sections modelled the environmental disturbances

acting on the system, y, and F,, this section models the system re-

sponse using the Lagrange method, presented as follows:

a9 <0T(¢I,~)> _0T(g) + JR(g;) + oU(g;)

ot oq; 0q; aq; 0q;

= Qi 5 (8)

in which ¢, represents an independent coordinate system of each degree
of freedom, in this case: block angle ¢,, sling angle ¢, and tower angle
¢,, all in rad. T(g;), U(g;) and R(q;) are functions of ¢;, representing the
system’s kinetic, potential and dissipative energies, in J. O, represents
the external loading applied to each g;. In order to determine these
expressions, the system is simplified to a 2D, driven, tripe-pendulum
with a distributed mass. Given this, the crane tip position, relative to
the initial condition is:

-

==+ -2k, 9

in which y, and z, are the horizontal and vertical coordinates of
the crane tip, in m. The superscript 0 represents undisturbed initial
conditions. j and k are unit vectors in the Y and Z axis, respectively.
From this, the block and tower position vectors, p;, and , ¢, are given
by:

Dy =Dr + Ly (sin¢,,f+ 1- cosqﬁ”%)
Brcos = By + Ly (sind, j+ (1 - cosg,) k) 10
+ % (sin¢,f+ 1- cosqﬁ,)%)
From here, analytical expressions can be derived for the potential

U(¢y, b5, &), kinetic T(¢y, ¢y, ¢,) and dissipative R(¢,, ¢, ¢,) energies
of the system, as well as for the external loading Q;:

Uy, b5 b)) = g(Myzy + M, 2,)
T borb) = 3 Myl + MilFcogl” + 1,67

1 . .
) Ry, b5, 9)) = 2 (bAinDG + bsys.Vi)

1D
0, =LyEV,
Qs = LSEAVw
L
0, = TIEAVLW

where the subscripts b, s and ¢ refer to the coordinates ¢,, ¢, and ¢,,
see Fig. 2. b, is an additional generic damping coefficient term, in
Ns/m, which accounts for mechanical losses of the system (e.g.: sheaves
and cables) aerodynamic damping at non-zero wind-speeds and energy
dissipated by the vessel through water viscosity. Note that the dot on
top of a vector is used to represent a time derivative, analogous to %

By combining the Egs. (8) and (11), the dynamic model of the
system is obtained. To ensure linearity, small angle approximation is
adopted and the vertical motion of the crane tip neglected, as follows:

Zy =%, =%, =0
sin(¢p) ~ ¢ (12)
cos(¢p) = 1,

in which ¢ is representative of ¢, ¢, and ¢,. Although neglecting crane
tip vertical motion can affect the pendulation behaviour, it is not ex-
pected to significantly affect workability since side-to-side accelerations
are expected to be much larger.

A common way to represent coupled ordinary differential equations
is with state-space modelling. A variety of tools is implemented in
common programming languages to manipulate, analyse and solve this
type of system, making it convenient to use. In the coming section the
equations of motion, here derived, are represented in this form.
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2.2.4. State-space model
The general form of a state-space representation is:

X = Ax+ Bu as3)
y=Cx+ Du,

where A is the dynamics matrix, B the input matrix, C output matrix
and D the direct term matrix. x, u and y are the state, input and output
vectors, which in the context of this problem are:

5]
Vi
by
bl | Ik
QSS = |:Vwind
¢y

é,
L9, ]

in which the inputs of the system are crane tip acceleration (j,) and
wind speed (V,,). The output is the tower bottom position, y,. Since the
latter requires a double integration of the crane tip acceleration signal,
a second-order high-pass filter is added to mitigate numerical drift:

Bﬂ ) [_zglfwc o g] [ﬁ:] * Ll)] [l as)

where {, it is the damping ratio of the filter and w, the cut-off
frequency, in rad/s.

Conventionally, the A, B, C and D matrices have constant values.
However, both the aerodynamic excitation E 4 (V_w) and damping b, (V_w)
coefficients are functions of the mean wind speed V,, as shown in Eq.

(7), meaning that matrix A and B are functions of V,,.

] = v+ Ly + Ly + Ly 14)

2.2.5. Frequency response
The state-space model can be converted to the frequency-domain
using the Laplace transform (Johan Astrém and Murray, 2021). With
s being the complex frequency-domain parameter, the system can be
described by the following two transfer functions:
G (5) = 22

Z(s) 16)

_ R®
Gur(9) =35
in which R(s) represents the system response (tower bottom mo-
tion), Z(s) the wave elevation and V,(s) the wind speed, all in the
Laplace space. Analogously to Eq. (4), the responses PSD of the system,
S¢ (@) and S, (@), are given by:

{S;,,(w) = S;(@) - |G, (i)

17
S (@) = Sy(@) - |Gy (i), an

where the normal |G, ,(iw)| and |G, (i»)| are gain spectra of the re-
spective transfer functions (Johan Astrém and Murray, 2021). Given the
stochastic nature of wave and wind induced motions, the phase angle
e of the spectrum is described by a uniform probabilistic distribution
in the range of [0, 2x] rad/s, Journée et al. (2015). Thus, the response
PSD S,(w) of the system, subjected to wind and waves, is given by:

S, (@) = S (@)’ + 8, (w)e'® (18)

This step completes the equations of motion block in Fig. 1. In the
coming section, the last block of the framework is described, concerning
the workability model.

2.3. Workability model

For the successful installation of a wind-turbine tower, it is nec-
essary to ensure that no operational safety limits are exceeded. The
goal of the workability model derived in this section is to rapidly
assess whether or not an installation can be completed, based on site-
specific environmental conditions. For this the following definition of
workability is adopted:
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Workability (W) represents the percentage of time for which a pre-
defined operational limit (4;;,,) is not exceeded during the installation
ﬁme’ﬁame (Tinstall)'

This can be assessed by making use of the statistical properties of the
response PSD of the system, S,(w). According to Journée et al. (2015),
the amount of times (N,,,) that an operation limit (4;;,,) is expected to
be exceeded during the installation time (7,,,,) is given by:

T

Nexc = l;fm” - P{r> Alim} > 19
2r

where T,, denotes the average zero-crossing period of the system
response, and P{r > 4;,} the probability of the response exceeding
the operational limit 4;;,, with the former being given by:

Mo,

T, =214 — , 20
2r n s, ( )

in which m,, denotes the nth order moment of S, (w):

m,, = / @" - S, (w)dw s 21)
0

According to Journée et al. (2015), S,(w) can be assumed narrow
banded. In this case the cumulative probability function of the system
response is approximated by a Rayleigh distribution:

2
Aiim

P{r> Ay, =e®r . (22)
From the workability definition we find that a condition is workable
if the expected number of times that an operational limit is exceeded
is lower than 1, ie.: N,, < 1. This results in a binary condition:
workable or not workable. Using the probability of occurrence p' of an
environmental condition i, it is then possible to compute workability
W, as follows:

N
W= p-86NL) (23)
i=1

in which N represents all the existing combinations of sea-states, p’ the

respective probability of occurrence and 5(N! ) a Dirac function:

) 1 ,N <1
S(N! )= {0 foc . 24)

exc —

3. Case-study

Research about floating installation of OWTs has been increasing
in recent years, as jack-up vessels start not to suffice the demands
of the market. However, intellectual property regulations of offshore
companies are strict, which often limits open-research in this field. To
overcome this, in this section a case-study is presented, in which an
open-source semi-submersible crane-vessel (SSCV) is performing the
installation of DTU 10 MW wind turbine towers near the Portuguese
coast. This case focuses on the final tower installation stage, in which
the bottom end of the tower is suspended 3 m above the foundation
waiting for a weather window for the set-down. Below, Fig. 3 shows
the open-source crane-vessel, which we name SSCV Prometheus.

Prometheus is a 160 m semi-submersible crane-vessel, representa-
tive of existing ones of its kind. For the sake of results reproduc-
tion, its design consists of straight lines. Table 1 describes the main
characteristics.

The 3D geometry, as well as response amplitude operators and
hydrostatic data are publicly available (Domingos et al., 2023). The
vessel and crane are considered as one rigid body. In this case-study
two operational conditions are considered: (1) Head wave, installing
the tower over the bow, the vessel is free to surge and pitch; (2) In
beam waves installing the tower over star-board, in which it sways and
rolls.

The wind-turbine tower is inspired by the DTU 10 MW reference
wind turbine, Bak et al. (2013). It is 115 m tall, with a diameter of
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Fig. 3. Prometheus, an open-source SSCV (Domingos et al., 2023).

Table 1

Prometheus’ characteristics (Domingos et al., 2023).

Description Notation Value Unit
Length Overall LOA 160 m
Beam B 90 m
Draft D 25 m
Submerged Volume v 196 250 m?
Transverse Metacentric Radius BM, 25.4 m
Longitudinal Metacentric Radius BM, 56.8 m

5.5 m and a weight of 600 ton. The location of the installation is
inspired by a recent tender for 10 GW of offshore wind energy to be
installed before 2030 in Portugal (Portugal to Launch First Offshore
Wind Auction, Eyes 10 GW by 2030, 2023). One of the designated
areas, Figueira da Foz wind park, Fig. 4, is planned to have an installed
capacity of 4 GW. Located at an average water-depth of over 100 m,
as shown in Fig. 4 below, this wind park is beyond the depth-limits of
any currently existing jack-up vessel (Next Generation Jack-Up, 2023).
The great exposure to Atlantic swell, makes the Figueira da Foz wind
park a relevant case-study for floating installation of OWTs.

The operational limits here considered are: installation tolerance
(ie.: the allowable misalignment between the tower and the founda-
tion) and the maximum off-lead angle (¢,), a mechanical limitation
of the crane. Regarding the installation time-frame (T},,,;,), van Beek
et al. (2018) considers 65 s. This accounts for set-down time, thinking
time and mechanical system delays. However, this value does not
include monitoring time and buffer time in case any of any extra delay.
Thus, 120 s is considered to be a more realistic time interval to ensure
a safe operation.

Site-specific weather data is obtained from satellite measurements,
publicly available in ESOX (2023). These records consist of 30 years
of hourly measurements of sea-states and average wind speeds, be-
tween the years of 1990 and 2019. The wind-speeds are interpolated
to the vertical position of the tower’s CoG using a boundary-layer
power-law (Kundo et al., 2016).

All the relevant parameters describing this case-study are to be
found in Table 2. The coming section uses this case study to validate
the framework previously presented, against a high-fidelity model.
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Fig. 4. Location of Figueira da Foz wind farm (Ministerios: Economia e Mar, Ambiente
e Acao Climatica e, Infraestruturas e Habitacao, 2023) and bathymetric map (Map
Viewer, 2023).

Table 2

Case-study parameters.
Description Notation Value Unit
Crane tip height H 176 m
Block cable length L, 35 m
Sling length L, 10 m
Tower height L, 115 m
Tower diameter D, 5.5 m
Hook block mass M, 50 x 10° kg
Tower mass M, 600 x 103 kg
Tower moment of Inertia L 66.125 x 107 kgm?
Installation tolerance A]yi‘m 1.5 m
Off-lead angle limit Af:“ 3 deg
Installation time-frame Tinstan 120 s
Sea-water density Pu 1025 kg/m?
Air density Pair 1.293 kg/m?
Tower drag coefficient Cp 0.65 -
Additional system damping byys 17 kNs/m
Installation site coordinates N-E 40.25-9.5 deg

4. Verification of wave induced motions

Model verification is an essential step in the development process
of a mathematical model. Inspired by Makarov and Harada (2022), this
section makes a direct comparison between a WEC-Sim model and the
mathematical model previously presented in this paper. The case-study
introduced in the previous section is used for the verification of wave
induced motions. In future research it is recommended to verify wind
induced motions recurring to CFD, for more accurate aerodynamic
force estimations.

4.1. Hydrodynamic calculations

WEC-Sim is a open-source, multibody, non-linear, time-domain sol-
ver for floating bodies (Ogden et al., 2022; Makarov and Harada, 2022).
The hydrodynamic data required by WEC-Sim to determine wave loads
is computed, in this paper, using the diffraction code Capytaine (An-
cellin and Dias, 2019; Babarit and Delhommeau, 2015). From this
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Fig. 5. Prometheus SSCV mesh for BEM calculations.

hydrodynamic data, crane tip acceleration RAOs are also computed,
which are used by the framework, under the assumption of negligible
tower to vessel interaction

Fig. 5 shows the mesh for the diffraction calculations. It is composed
of 2D quadrangles, with a reference size of 2 m, fulfilling Capytaine’s
recommendations: maximum element size needs to be smaller than
M@pax)/8, Where A(w,,,,) represents the shortest wave length of inter-
est. This mesh was obtained using the open-source meshing software
Salome (Salome Mesh User’s guide: Introduction to Mesh, 2023). For
the Capytaine calculations, the wave frequency range varies according
to the range w = [1072;2] rad/s in steps of 10~2 rad/s.

In the present case, the distance from the top of the floaters to the
free-surface is of 12.5 m. Numerical instabilities of the BEM code were
observed for shallower drafts, when this distance becomes 10 m or less.
It is caused by the presence of panels with normals pointing towards
the free-surface (Kroft et al., 2022). The hydrodynamic characteristics
of Prometheus can be also found in Domingos et al. (2023), as well as
geometry and other relevant information such as mass, draft, moments
of inertia, among others. The crane tip acceleration is as follows:

RAO, ] = (RAOS,MYJ_"+ H ¥ x RAom,l?) , (25)

in which H, is the crane tip height (Table 2), RAO,,,, the response
amplitude operator in sway and RAO,,; in roll. Note that [, ], k] are
unit vectors representing the axis [X,Y, Z] of the earth fixed frame of
reference, respectively.

4.2. Verification results

The WEC-Sim simulator setup is shown in Fig. 6.

A beam-sea characterized by a JONSWAP spectrum with 8 s peak-
period (T,) and 3 m significant wave height (H,) is chosen as a
representative limiting condition. Given the stochastic nature of the
disturbances and the relevance of the statistical properties of the sys-
tem’s response spectra in the context of this work, cumulative standard
deviation, co(w,), is chosen as a verification criterion:

CO’((O,,) = VmU(wn = /wn S,(Cl))d(l), (26)
v 0

where w, represents a discrete frequency n, in rad/s. This criterion
provides detailed information about the contribution of each frequency
to the total standard deviation. To obtain the tower-bottom motion PSD
from WEC-Sim, the time trace is first converted into an amplitude spec-
trum y,(w,) using Fast Fourier Transform (FFT) and then normalized by
the discretization frequency 4w in the following manner (Journée et al.,
2015):

(27)
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Fig. 6. WEC-Sim setup for the verification.
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Fig. 7. Comparison of cumulative standard deviation of tower bottom motions between
the framework’s model and a WEC-Sim model.

Fig. 7 shows good agreement between the WEC-Sim model and the
framework model in terms if the cumulative standard deviation. While
the framework’s mathematical model over-estimates the response am-
plitude by 2%, it perfectly predicts the main contributing frequencies
to the standard deviation. The 2% difference between the framework
model and WEC-Sim is thought to originate from tower to vessel
interaction. The difference is small enough to consider the framework
verified.

5. Results and discussion

This section aims at providing a better understanding of the floating
installation of OWT towers, by answering to a number of questions
that literature has not answered yet, such as: What is the expected
yearly workability? Is head-seas the most favourable condition? What
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Workability: Figueira da Foz Offshore Wind Farm (1990-2019)
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Fig. 8. Workability at Figueira da Foz offshore wind farm in beam and head seas.

are the most important system parameters? Are waves the main source
of disturbance?

This type of insight is important for the improvement of float-
ing offshore operations. Therefore, this section applies the framework
presented in this paper to the case-study defined in Section 3. It
answers the previous questions, while demonstrating the versatility and
potential of the framework.

5.1. Workability

In Fig. 8, the workability of this operation is assessed and compared
for beam and head waves, on the monthly basis.

The grey bars represent the workability if only assessed consider-
ing wind, therefore, independent from wave direction. The blue bar
represents workability when only considering wave induced motions.
Finally, the dark blue dots connected by a dashed line, represent the
total workability, i.e. the workability considering wind and waves. As
can be expected, the summer period is the one with higher workabil-
ity (50%-60%), in contrast to winter. It is also possible to see that
workability is mainly limited by wave induced motions, except in some
summer months, explaining the popularity of jack-up vessels. Also,
the total workability is significantly lower than any of the previous
two, stressing the importance of considering waves as well as wind in
planning of operations. Perhaps, a less intuitive observation, is the fact
that the most limiting wave direction is head-seas, with an average
yearly workability of 24% compared to the 39% in beam-seas. This
difference is caused by the higher hydrostatic stiffness in pitch than in
roll, leading to larger crane-tip accelerations. During the simulations
it was also possible to observe that a 3 degrees off-lead angle limit
is seldomly reached. A projection based on these results and field
data (Installation Time, 2023) suggests that it would take from 4 to
5 years for this vessel to perform the installation of Figueira da Foz wind
farm.

5.2. Sensitivity analysis

A sensitivity analysis is a type of analysis that characterizes the
impact of variations in system parameters on the output. This
information provides a better understanding of a system’s behaviour,
which is useful from the operational point of view, as well as from
the modelling point of view. It allows for quantification of model
uncertainties, and identifies unnecessary parameters in an informed
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Table 3
Parameter’s variation intervals for sensitivity analysis.

Description Notation Interval Unit
Sling length L, [2.5; 17.5] m
Tower height L, [90; 140] m
Hook block mass M, [25; 75] x 103 kg

way. Most of the approaches for sensitivity analysis can be split in
three groups: Sample-based methods, Linearization methods and Global
methods (Marelli et al., 2022b). In the context of this research a
global method is adopted via Sobol’s Sensitivity. This method performs
an evaluation of the model at different working points by means of
a Monte-Carlo simulation. Then the variance of the model output
is related to the variance of each parameter (Meloni and Dellino,
2015), being the reason why this method is also known as ANOVA
(ANalisys Of VAriance). There are first-order Sobol’s indices and higher-
order ones. While the first-order ones assess the impact of varying
individual parameters, higher-order indices assess the impact of varying
combinations of parameters. Despite the fact that the computational
cost increases linearly with the order of the indices (Marelli et al.,
2022b), in the context of this research, the added value of considering
higher-order Sobol indices is not considered significant, and therefore
neglected. The sensitivity analysis is performed with the open-source
software UQLab (Marelli et al., 2022a).

The system sensitivity to parameter variations is assessed based on
the tower bottom’s motion standard deviation (¢). The environmental
conditions are: 8 s peak-period (7,), 3 m significant wave height
(H,) and 10 m per second average wind speed (V_w). In order to
ensure physically meaningful sets of parameters, the system is reduced
to 3 independent variables: sling length (L), tower length (L,) and
hook block mass (M,). Table 3 contains the intervals for which each
parameter was varied, using a uniform probabilistic distribution.

According to dimensional analysis, the remaining variables are
functions of tower length (L,):

Ly=hgy—L,—L,— Az,

L
D; =D, (L_:o) ~ L
(28)

3
L
M, =M, (L_;[u> ~ Lr3
1
I=5 ML~ L],

where Az is the 3 m clearance between the tower bottom and the
foundation, and the subscript O refers to the reference values defined
in Table 2. The crane tip height (H,) is kept constant to ensure the
same operational setting between simulations. The Sobol’s sensitivity
indices shown in Fig. 9, below, are computed from a sample of 1250
Monte Carlo simulations. According to these results, tower length (L,)
is the parameter that affects tower bottom motions the most, by a large
margin, independently from wave direction. Hook block mass (M,) is
the second most relevant parameter, especially in beam waves, since
it affects the stiffness of the second pendulation mode. However, not
as much as tower size, since M; ~ L?. The least important parameter
is sling length (L,), showing a very limited influence on the results.
This is explained by the fact that the sling length is only relevant for
the third pendulation mode, which occurs at frequencies above 2 rad/s,
near which the wave spectrum has minimal energy content. This result
is particularly interesting, since it indicates that the degree of freedom
¢, might be superfluous. It is expected that neglecting it can reduce
the computational cost of the model and its derivation by over 50 %
(assuming Gaussian elimination), while having a limited impact on the
relevance of the results.

Although Sobol sensitivity provides useful information about how
much variations in the system’s parameters can affect the output, it
does not provide information about in which way the response is
affected. In order to assess this, the 3D surface plot of Fig. 10 shows,
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Fig. 9. Sobol’s sensitivity indices.

Sensitivity Trend: Head Waves

-

Fig. 10. Surface plot showing the effects of varying tower length (L,) and hook block
mass (M,) on the standard deviation (¢) of the tower bottom position.

for the case of beam waves, the explored design space, neglecting the
variation sling length. The black dots are the data points from the Monte
Carlo. The 3D surface is the result of a linear interpolation between
Monte Carlo data points. Looking at this data, it is possible to identify
clear trends. Tower bottom motions increase with block weight (M)
and decrease with tower length (L,). Following the same reasoning
as before, increasing block mass decreases the natural frequency of
the second pendulation mode, bringing it closer to wave excitation
frequencies. While increasing tower size increases the natural frequency
of the second pendulation mode (away from wave excitation) as well
as making the system more resilient to wind gusts. The scaling law for
tower weight (Eq. (28)) also explains why for larger towers the effect
of varying block mass is of less importance than for smaller towers. It
is not intuitive that when these results are extrapolated to workability,
that workability increases with tower size. To confirm this hypothesis
a similar study must be conducted assessing workability. However, it is
important to ensure that tower to vessel interactions remain irrelevant
for larger tower sizes, according to the current assumptions of the
framework.

5.3. Disturbance analysis

Although the analysis provide a picture of the system limitations
and behaviour, they do not provide information about what frequencies
are limiting workability the most. In this section, this is assessed using
Dynamic Error Budgeting (DEB) (Jabben and van Eijk, 2011; Clarenburg,
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Error Budgeting: Figueira da Foz Offshore Wind Farm (1990-2019)
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Fig. 11. Error budgeting for all the recorded combinations of weather conditions from 1990 to 2019, for beam and head seas.

2014), a method born in the field of precision engineering, that uses the
concept of cumulative standard deviation (introduced in Section 4) to
assess the effects of stochastic disturbances on a system’s response. In
this context, DEB provides in-depth knowledge that is crucial to explore
means to improve workability.

In order to draw meaningful conclusions about the effect of envi-
ronmental disturbances on the system response, all the possible weather
combinations are taken into account. This results in the error budgeting
clouds shown in Fig. 11, providing an indication of how the standard
deviation of tower bottom motion builds-up over frequency. Please note
that the opacity represents the probability of occurrence and the larger
the gradient, the larger the contribution of the respective frequencies
to wind turbine bottom motions.

The plots on the left column, in Fig. 11, refer to beam seas and the
ones on the right to head seas. The first row shows error budgeting
clouds for wind disturbances, since these ones do not depend on wave
direction, both plots are analogous. The second row shows the con-
tribution of wave induced motions to standard deviation. The bottom
row refers to the motions caused by wind and waves simultaneously.
The fading of the error budgeting clouds represents the probability of
occurrence of each environmental condition. The dashed lines represent
the weighted average of the clouds. From these results it is possible to
immediately notice a difference in the scale of the vertical axis between
beam and head waves. This is caused by significantly higher values of
standard deviation in tower bottom motions in head seas, with sea-
states causing standard deviations up to 20 meters. This is caused by the
higher stiffness in pitch, with these results challenging the assumption
of linearity behind the model. Nevertheless, it is an indication that for
this system head waves are not a favourable condition, which is in
line with the workability results shown earlier. When looking at wind
induced motions, it is possible to observe that most of the contributions
occur at around 0.3 rad/s, with maximum standard deviation reaching
close to 3 m and a weighted average below 1 m. As mentioned, wave
induced motions are highly dependent on wave direction. In beam
waves, the wave contributions occur in two intervals: a narrow one
close to 0.3 rad/s (same as wind induced motions); and a broad one
ranging from 0.5 to 0.7 rad/s, containing the larger portion of the
contributions. Furthermore, the standard deviation in beam waves is
not expected to be over 6 m, and the weighted average converges
about 1 m. In head waves it is different, with most of the contribution
concentrated close to 0.4 rad/s, a maximum standard deviation of over
20 meters and a weighted average close to 3 m. When considering wind
and waves simultaneously, it is possible to see that for the beam waves

case most of the contributions end-up being concentrated at 0.3 rad/s
while for head waves at 0.3 and mostly at 0.4 rad/s, with the weighted
average converging to about 1 and 3 m, respectively. Overall the most
contributing frequencies to tower motion are located in the range of 0.2
to 0.7 rad/s, with the main peaks at 0.3 and 0.4 rad/s. Wind acts on
the lower range of this spectrum. Furthermore, these results back-up the
workability analysis, where it is concluded that head-waves constitute
a more challenging condition than beam waves, and workability is
mainly limited by waves. Regarding the latter, it has been shown in
literature that accounting for wave directional spreading can affect
the performance of installation vessels (Buitendijk, 2016), given that
it induces 3D motions on the ship and load. This should be addressed
in future research.

Although these results show which frequencies contribute the most
to tower motions, they do not explain which pendulation modes are
being excited the most. For this purpose, Fig. 12 shows the Frequency
Response Function (FRF) of the system: According to this FRF, is
possible to conclude that the main pendulation mode is the first one.
The natural frequency of the third pendulation mode occurs at around
4.5 rad/s, explaining its small relevance. It is also interesting to note
the presence of anti-resonant dips from wind excitation to tower bottom
motions, meaning that at these frequencies minimal tower bottom
displacements are expected, in contrast to the resonance peaks.

6. Conclusions

In recent years attention has shifted to floating installation of OWT.
This installation method overcomes some of the current limitations of
jack-up vessels and allows conventional offshore heavy-lift contractors
to enter the wind market. With the goal of creating a better under-
standing of this type of operations, this paper presents a validated
open-source framework for floating installation of OWT towers and
applies it to a case-study. A by-product of this work is the novel
open-source crane-vessel, aimed at promoting open-research in this
field (Domingos et al., 2023).

The framework is successfully validated using WEC-Sim. The results
show a 2% over-estimation of the system response to the first pendu-
lation mode, while the main contributing disturbance frequencies are
predicted with no error. These results justify the use of a linear model
with no tower to vessel interaction. The versatility of the framework is
demonstrated by means of the case study in which the installation of a
DTU 10 MW wind turbine tower on the Portuguese coast is analysed.
Based on on-site records from 1990 to 2019, the results show that the
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Fig. 12. Crane tip acceleration amplitude spectra and tower bottom position response
to crane tip accelerations.

workability in beam-waves is higher than in head-waves, with an yearly
value of 39%. The overall difference in workability between beam
and head-waves comes from the higher hydrostatic stiffness in pitch,
resulting in larger crane-tip accelerations. It is also shown that waves
limit workability the most, except in the summer, and that positional
installation tolerance is critical. Also, a projection based on these results
and field data (Installation Time, 2023) indicates that it would take
approximately 4 to 5 years for the wind farm in this case-study to be
completed.

In order to better understand the influence of the system’s pa-
rameters on tower motions, a sensitivity analysis based 1250 Monte
Carlo simulations was performed. The results show that larger towers
tend to reduce motions, which is explained by the reduction of the
second pendulation mode. In contrast to this, tower motions tend to
increase with block mass, since it reduces the natural frequency of the
second pendulation mode, making it more vulnerable to environmental
disturbances. Variations in this parameter do not affect motions as
much as tower size, given that tower mass scales with L?. Also the same
analysis points in the direction that sling angle (¢,) is a superfluous
degree of freedom, which increases the computational cost of the model
by over 50% while having very limited influence on tower motions. The
third pendulation mode frequency is too high to be significantly excited
in this case study.

While workability and sensitivity analyses provide a picture of
the system’s limitations and behaviour, an error budgeting analyses
provides information about the most relevant frequencies exciting the
system. Error budgeting clouds are computed for all the combinations
of significant wave height, peak-period and mean wind speed, taking
into account their probability of occurrence. Showing that, for this case-
study, the main contributing frequencies for tower motions occur at 0.3
and 0.4 rad/s, with wind acting at the lower range of this spectrum.

This work contributes to existing literature by providing a better
understanding of the susceptibility of floating installation of OWT
towers to environmental conditions, in the context of an open-source
case-study and framework.
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