Referee 1 - Anonymous

The authors thank the referee for the feedback provided. Please find below the referee's comments (RC),
the corresponding author's comments (AC) and the changes in the manuscript. PXLY refers to page X and
line Y in the revised manuscript.

RC: This paper presents a simplified modeling approach, called QULAF, to calculate towerbase loads in a
floating wind turbine. The approach is an interesting one and is well thought out and presented.

RC: Some items that | think would make the paper better include a larger discussion on what makes this
modeling approach unique from others that have done simplified modeling in the past. Other work is
presented, but the differences are not well described.

AC: To the authors’ knowledge, this work is the first simplified tool for floating wind turbines to include
both stochastic wind and waves (see P2L24), and to compare not only motion PSDs but also extreme values
and fatigue loads. This has been made clearer in the end of Section 1, see for example P3L17.

RC: A second point would be to better describe how the authors see this approach benefiting the design
process for a floating wind turbine.

AC: The model is meant to complement existing state-of-the-art tools, giving a preliminary quick overview
of the response and loads for a wide range of environmental conditions. After this preliminary screening,
the time-domain model should be used to analyze in more detail specific load cases - e.g. cases with
extreme loads or transient events (see P3L22-24 and P32L16-22). See also new Section 5.10.

RC: There appears to be several steps in developing the simplified model which could make it time
consuming, such as the extraction of damping coefficients. How much of this work can be automated,
versus how much needs to be done manually? What would the total time to develop this approximated
model from the original? With super computers now, 50,000 simulation could be run in a couple of days.

AC: For this study, the focus has been on assessing the simplified approach and identifying potential
improvements, therefore many things have been done manually (e.g. linearization of mooring system and
extraction of aerodynamic damping). However, the authors believe that most of this work can be
automated if needed. In addition, aerodynamic loads and damping coefficients have to be extracted only
once for a given wind turbine. We cannot give an exact figure on the time spent developing the model
because it has been an incremental process, through which we have tried many ideas that finally were not
included in the final version. It is true that supercomputers make state-of-the-art models more attractive,
but not all concept developers have access to such resources and the simplified model will always run a few
order of magnitude faster (e.g. the 50,000 simulations with QULAF would take a couple of minutes in a
supercomputer). This discussion has been added to the manuscript, see new Section 5.10.

RC: In addition, the authors are still using WAMIT in the pre-computation stage, which will be time
consuming. The time savings seems to come from being able to do multiple simulations for the same
design. However, it does not seem like this approach would allow designers to quickly examine different
design approaches due to the time components for creating the model. Why not consider using a Morison
model for the hydrodynamic loading? While it may not be completely accurate for larger structures, it
seems the represent the system fairly well, especially considering the level of accuracy in this simplified
approach. Was a comparison to this approach done?



AC: The choice of a radiation-diffraction solver for the hydrodynamic modelling was motivated by the study
case, given the shape and size of the chosen floating substructure. In an optimization process where many
design variations are to be evaluated, the WAMIT panel geometry can still be parameterized and the
WAMIT analysis can be done automatically. On the other hand, for slender simpler geometries (such as
spars) it would be natural to employ a Morison approach, thus simplifying the whole process. No
comparison to the Morison approach has been done in this study. This discussion has been added to the
manuscript, see new Section 5.10.

RC: While | can see such a model could predict steady-state loading, and thus be able to estimate the
fatigue loading of the system, it would not capture the discrete events that tend to cause extreme loading
in the system, which can be a design driver. | therefore think a more thorough discussion of where this tool
fits within the design process would be beneficial.

AC: As stated in the paper, the model presented here is not meant to replace state-of-the-art tools, but
rather to complement them by allowing a faster exploration of the design space. In addition, the QULAF and
FAST models presented in this study have been recently used in the LIFES50+ project for a broader analysis
of different design-driving load cases, including normal operation, extreme and transient events (report
available at http://lifes50plus.eu/wp-content/uploads/2018/07/D78-GA_640741.pdf). Generally, the
results were quite satisfactory and the main findings and model limitations are in line with the ones
discussed in the paper. In the extended study the effect of aerodynamic damping on tower vibrations was
found to also play an important role in the DEL prediction. The extended report is now mentioned in the
paper and the discussion has been extended in Section 7, including the effect of aerodynamic damping on
tower vibrations.

Please note that other minor changes have been introduced in the text to improve readability and fix a few
typos. Figure 3 has also been improved.



Referee 2 — Tor A. Nygaard

The authors thank the referee for the feedback provided. Please find below the referee's comments (RC),
the corresponding author's comments (AC) and the changes in the manuscript. PXLY refers to page X and
line Y in the revised manuscript.

RC: | enjoyed reading this article. It is easy to read, has a complete set of equations, and explains the results
very well.

RC: This work is relevant. Floating wind turbine evaluations with State-of-the-Art (SoA) time-domain
integrated models require significant resources in terms of computations and post-processing of the
results. The load case matrix is large, and usually each load case is computed with several realizations of
irregular waves and turbulent wind. In floating wind turbine research, the focus has mostly been on time-
domain models, due to concern about large motions, nonlinearities and coupling. As these models mature,
and experience is gained with different floating platforms, it seems like many cases can be properly
linearized and solved in the frequency domain. The impact of this work could be extension of time-domain
integrated models to allow efficient computations of some of the load cases in the frequency domain. |
think the key to application of methods like the one presented in this article (QULAF) is automation of the
input. If a SOA model is set up for input preparation to QULAF, the choice is then to just run the SoA model
for all the load cases by cloud computing, or invest in some additional work setting up QULAF, which
hopefully then will be recovered by the very fast execution of QULAF.

AC: Agree. Although the focus of this study has been on assessing the simplified approach and identifying
potential improvements, and therefore many things have been done manually (e.g. linearization of mooring
system and extraction of aerodynamic damping), the authors believe that most of this work can be
automatized if needed. This discussion has been added to the manuscript, see new Section 5.10.

RC: The quality of the article is very good. In my opinion, it lacks only a few clarifications to be ready for
publication.

RC: The description of QULAF, section 5 is quite complete, but | think it would benefit from a few
statements right away, on the forcing term on the right-hand-side (RHS) of eq. 5. This information is given
later in the paper, but it would be easier to understand the mass matrix, eq. 4, with this information
upfront.

AC: As suggested, Sections 5.1 Dynamic response vector and 5.2 Dynamic load vector have been moved to
the beginning of Section 5, right after the equation of motion (eq.3) and before the matrices are
introduced.

RC: From eq. 15, we can see that the external forces are transformed to forces and moments at the water
line, component 1 -3 in the RHS F. The physical interpretation of component 4 is not mentioned in the
article; to me it looks like it represents the part of the external force/moment (component 1 -3) performing
work on tower deflection.

AC: That is correct, the last component of Faero represents the effect of aerodynamic loads on the tower
modal deflection, and includes aerodynamic thrust force and tilt torque at the shaft. This information has
now been added to the text at the end of Section 5.2.

RC: Instead of just defining the mass matrix, | suggest a few sentences on how it is derived (energy
method?). All components of the mass matrix except (4,4) can be understood directly by looking at which



forces are required to produce unit accelerations along DOF 1 -3. For example, column 1 (and row 1) is the
forcing required to produce a unit horizontal acceleration, with no tower bending. Column 4 represents the
external (component 1 -3, already known from symmetry) and internal (component 4) forcing required to
obtain a tower top acceleration of phi_hub.

AC: The matrices were derived from a free body diagram where all the forces were included using
D'Alembert principle. More precisely, the mass matrix it was derived by looking at the forces needed to
produce unit accelerations in each DoF. A note on this was added to the text in the beginning of Section
5.3.

RC: Consider moving the sections 5.4, dynamic response vector and 5.5, dynamic load vector to the
beginning of section 5; this would probably solve the issues mentioned above.

AC: As suggested, Sections 5.1 Dynamic response vector and 5.2 Dynamic load vector have been moved to
the beginning of Section 5, right after the equation of motion (eq.3) and before the matrices are
introduced.

RC: For a floating wind turbine with a catenary mooring system, mean drift and current can be important
for the mooring line characteristics at the mean platform position. The way | understand the model, this
can be taken into account when evaluating mooring line and other mean position characteristics with the
SoA model. If this is the case, | suggest mentioning explicitly that mean drift (along the wave direction) and
current from any direction can be taken into account in QULAF.

AC: True. Although only wind has been considered in this paper, the position-dependent mooring stiffness
matrix can include effects from other mean forces such as mean drift and current. This has now been stated
in the text at the end of Section 5.5.

RC: Misalignment of wind, waves and current can be important for fatigue calculations. I think the article
would benefit from a few comments on extension of QULAF to include sway and roll. Do the authors think
this would be straightforward, or are there issues with coupling terms etc.?

AC: The extension of QULAF to out-of-plane degrees of freedom is on the list of possible improvements. The
authors do not foresee major issues in doing so, and perhaps the aerodynamic loads and damping is where
one should be more careful. A paragraph on future improvements has been added to the end of Section 7,
including this and other possible improvements.

RC: A separate file contains the article, with highlights in yellow and sticky notes with minor
guestions/comments and edits for consideration.

AC: The suggested text edits have been implemented, and the questions/comments are addressed below.

P5L17: Although this section mainly serves as motivation, | think the mathematically straightforward
switch from time to frequency domain deserves a more precise comparison than 'practically identical'.
After the initial transient, the differences, if any, should be due to the finite time step in the time stepping
scheme, and the corresponding finite number of frequencies in the FFT/iFFT, right? | assume you selected
the time step based on a sensitivity study. For example, how much do the maximum deflections computed
with the time domain approach change when doubling the time step ? How much do the corresponding
solutions in the frequency domain change?. What is the maximum difference between deflections
computed with time and frequency domain models differ (making sure the comparison is done after the
initial transient is gone) . The time step of 0.01s is typical for time domain-simulations of full-scale floating



wind turbines. Does the selected values for mass, damping and stiffness in this example reflect one of the
DOFs for the platform in this paper?

AC: Yes, the error between time- and frequency-domain solutions is mainly due to discretization. In the
draft version, the example presented in Section 3 was obtained with a 1-DoF model of a lab-scale spar
subjected to linear hydrodynamic forcing, used for teaching. Since the only purpose of this section is to
illustrate the two methods to solve the equation of motion and to compare the execution time for the
same time step, there is no relation between the properties of that spar and the semisub used in the paper.
The time step in QULAF is the same as in the SoA model, which was chosen based on a sensitivity study.

In the revised version, the example in Section 3 has been replaced by a 1-DoF model of the OC3-Hywind
demo (full scale), and a second plot has been added to show how the error between time and frequency
domain solutions behaves with time. The error has also been quantified and is mentioned in the text.

P10L16: is the nacelle total velocity (caused by platform surge, pitch and tower deflection) taken into
account when computing the aerodynamic damping?

AC: The aerodynamic damping for each DoF (surge, pitch, tower) is extracted from a separate simulation
where only the relevant DoF is active and all the other DoFs are restrained (see P18L28, P19L6 and the
caption of Figure 4).

P23: This is small in a printed version
AC: All results plots have been trimmed and enlarged to improve readability.
P25L4: Gumbel distributions are often used in extreme value statistics. Would that be relevant here?

AC: We believe that in this case the Rayleigh distribution is more adequate to predict the distribution of
peaks in one realization. Gumbel distributions, on the other hand, are useful to predict extreme values of
many realizations (e.g. estimation of 50-year wave height from annual maxima).

P27L6: Did you try running FAST with rigid blades here? That would be an interesting comparison

AC: Yes, and for the case "Waves + wind 3" (the case with "worst" results in wind and waves) the DEL error
changes from -6.87% to -5.56% when the blades are rigid in FAST, hence the blade flexibility plays a role
here, but it is not the only cause. This discussion has been added to Section 6.4.

P27L7: why? is it more linear in this region than below rated ?

AC: We believe it has to do with the thrust curve being more "flat" above rated than below. This comment
has been added to the end of Section 6.4.

P29: ok with web address as reference?

AC: We prefer to reference the software's website rather than a specific version of the manual. The same is
done with FAST, MoorDyn, etc.

Please note that other minor changes have been introduced in the text to improve readability and fix a few
typos. Figure 3 has also been improved.
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Abstract. A model for Quick Load Analysis of Floating wind turbines, QuLAF, is presented and validated here. The model
is a linear, frequency-domain, efficient tool with four planar degrees of freedom: platferm-floater surge, heave, pitch and
first tower modal deflection. The model relies on state-of-the-art tools from which hydrodynamic, aerodynamic and mooring
loads are extracted and cascaded into QuLAF. Hydrodynamic and aerodynamic loads are precomputed in WAMIT and FAST
respectively, while the mooring system is linearized around the equilibrium position for each wind speed using MoorDyn. An
approximate approach to viscous hydrodynamic damping is developed, and the aerodynamic damping is extracted from decay
tests specific for each degree of freedom. Without any calibration, the model predicts the motions of the system in stochastic
wind and waves with good accuracy when compared to FAST. The damage-equivalent bending moment at the tower bettom
base is estimated with errors between 0.2 % and 11.3 % for all the load cases considered. The largest errors are associated
with the most severe wave climates for wave-only conditions and with turbine operation around rated wind speed for combined

wind and waves. The computational speed of the model is between 1300 and 2700 times faster than real time.

1 Introduction: the need for an efficient, frequency-domain tool

Offshore wind energy is a key contributor to a carbon-free energy supply. Most of today’s offshore wind farms are bottom-fixed,
meaning their feasibility is limited to shallow and intermediate water depths. On the other hand, the wind resource in deep water
represents an enormous potential that can be unlocked with the deployment of floating wind farms. An important step in making
floating wind turbines economically feasible is the application of larger wind turbines and the ability to design the floater to a
minimum cost. The design of a floating platferm-substructure for offshore wind deployment depends on many design variables,
and each possible combination ef-design—variables-is a potential design. In the design process, the candidate designs need to
be simulated in different environmental conditions in order to assess the magnitude of the motions and loads in the system.
These simulations are typically carried out with time-domain numerical tools, which allow a representative modelling of the
physical phenomena involved -and can simulate at about real-time CPU speed. However, these-models-this approach can be
computationally expensive, especially if one needs to evaluate different floater designs under several environmental conditions.
For an improved design process, faster tools are needed to allow optimization in the initial design stage, where the design space

has to be thoroughly explored and a broad overview of the system response is desirable.
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A few studies of simplified design models for offshore wind turbine floaters exist in the literature. Lupton (2014) presented
a frequency-domain numerical tool for the analysis of the OC3-Hywind spar floating wind turbine (Jonkman, 2010), with
eight degrees of freedom (DoFs): one normal mode per blade, two tower fore-aft modes, and ptatferm—floater surge, heave
and pitch. The model included linear hydrodynamics computed with a potential-flow panel codeand-linearized-viseous-drag.
The aerodynamic forces were included through harmonic linearization, and the mooring lines were represented by a stiffness
matrix. The frequency-domain code was benchmarked against an equivalent Bladed (DNV-GL AS, 2016) model with Morison-
based hydrodynamics, and with a stiffness mooring matrix. Neither the frequency-domain model nor the Bladed model included
viscous drag. Results were shown for regular waves and uniform, harmonic wind, and the frequency-domain code was reported
to be up to 37 times faster than the Bladed model. In Lemmer et al. (2016) a-simplified time-domain medel-models of the OC3-
Hywind spar (Jonkman, 2010) and OC4-DeepCwind semi-submersible (Robertson et al., 2014) floating wind turbines was
were introduced. The medet-has-models had four DoFs: platferm-floater surge and pitch, tower first fore-aft mode, and rotor
azimuthal position. Linear hydrodynamics from a radiation-diffraction panel code was included in the time-domain model
through the Cummins equation (Cummins, 1962). Aerodynamics was computed by coupling the code to AeroDyn. Quasi-
static mooring forces were computed by solving the catenary mooring equations at each time step. A linearized version of
the code was also presented. In the results, the linearized frequency-domain version was successfully benchmarked against
the nonlinear time-domain version, by comparing the linear transfer function from wave height to tower-top displacement
to-with its nonlinear equivalent. The work of Wang et al. (2017) involved a frequency-domain model of the DeepCwind
semi-submersible (Robertson et al., 2014) with two rigid-body DoFs: platferm-floater surge and pitch. Linear hydrodynamics,
linearized drag and drift forces were computed with the commercial software AQWA. The aerodynamic loads were included
through a linearized version of the actuator disk-point equation, where the aerodynamic contribution was divided into a constant
force and a damping term — thus neglecting stochastic wind forcing. The mooring loads were included through a stiffness
matrix, obtained from both quasi-static and dynamic mooring models. The model was validated against DeepCwind test data
in terms of natural frequencies, response-amplitude operators (RAOs) and power spectral density (PSD) plots of surge and
pitch response, generally obtaining a good agreement. However, a frequency-domain model for floating wind turbines able to
incorporate realistic aerodynamic loads is still needed.

For bottom-fixed offshore wind turbines, Schlger et al. (2018) recently developed a—guickan efficient, frequency-domain
model named QuLA (Quick Load Analysis), using-considering the DTU 10MW Reference Wind Turbine (RWT) (Bak et al.,

2013). The monopile foundation and the wind turbine tower were defined as an Euler beam, and the first fore-aft modal

deflection of this beam was the only DoF. The-Inspired by the work of van der Tempel (2006), the rotor and nacelle were
represented by a point mass at the tower top, and aerodynamic ferees—and-damping-loads and damping coefficients were
precomputed in the time-domain aeroelastic tool Flex5 (@ye, 1996). Compared to the work of van der Tempel (2006), the
aerodynamic damping in QuLA was considered as dependent on mean wind speed. Hydrodynamic forcing was included

through the Morison equation (Morison et al., 1950), where the structure velocity and acceleration were neglected. The code

was validated against Flex5 in terms of time series, PSD, exceedance probability curves and fatigue damage-equivalent load
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(DEL). The bending moment at the seabed was estimated by QuLA within a 5 % error, and the code was reported to be
approximately 40 times faster than its Flex5 equivalent.

This study presents the extension of QuLA to floating offshore wind turbines. The resulting model, QuLAF (Quick Load
Analysis of Floating wind turbines), was first presented in Pegalajar-Jurado et al. (2016), with only two DoFs: floater surge and
tower first fore-aft bending mode. Here we present an improved version of the model, a frequency-domain code that captures the
four dominant DoFs in the in-plane global motion: floater surge, heave and pitch, and tower first fore-aft modal deflection. The
model, which is here adapted to the DTU 10MW RWT mounted on the OO-Star Wind Floater Semi 10MW platform-(Yu et al.,
2018), was set up through cascading techniques. Hereln the cascading process, information is precomputed or extracted from
more advanced models (parent models) to enhance the simplified models (children models). In this case, the hydrodynamic
loads are extracted from the radiation-diffraction, potential-flow solver WAMIT (Lee and Newman, 2016). The aerodynamic
loads and aerodynamic damping coefficients are precomputed in the numerical tool FAST v8 (Jonkman and Jonkman, 2016),
and the mooring module MoorDyn (Hall, 2017) is employed to extract a mooring stiffness matrix for different operating
positions. This way, the model includes standard radiation-diffraction theory and realistic rotor loads through precomputed
aeroelastic simulations. In the model, the system response is obtained by solving the linear equations of motion (EoM) in the
frequency domain, leading to a very efficient tool. While the radiation-diffraction results allow a full linear response evaluation
for rigid structure motion in waves, the ambition of this model is to extend them with the flexible tower and realistic rotor
leadsstochastic rotor loads, thus going one step further than other simplified models in the literature, The results from QuLAF
are here benchmarked against results from its time-domain, state-of-the-art (SoA) parent model +-in terms of time series, PSD,
exceedance probability and fatigue DEL. We are-able-to-assess the strengths and weaknesses of the cascading process by
comparison with the original time-domain model, and further develop techniques to improve the accuracy of the simplified
model with respect to planar motion and tower-base loads. In this way, the potential of the model as a reliable tool for pre-
design and as a complement to SoA models is demonstrated. The idea is thatmere-advanced-SoA-modelscan-be-used-in-the
analysis-of-load-eases-, once the conceptual floater design is established with the efficient pre-design model, more advanced

SoA models can be used for further design verification with a full design load basis that includes extreme and transient events.

2 The case study

The floating wind turbine chosen for the present study is the DTU 10MW Reference Wind Turbine (Bak et al., 2013) mounted
on the OO-Star Wind Floater Semi 10MW platferm-(Yu et al., 2018). The main properties of the DTU 10MW RWT are given in
Tab. 1 below, and further information can be found in Bak et al. (2013). The Baste-basic DTU Wind Energy controller (Hansen
and Henriksen, 2013) is utilized, tuned to avoid the ptatform-floater pitch instability commonly known as the "negative damping
problem" and reported in, for example, Larsen and Hanson (2007).

The floating platferm—substructure (see Fig. 1), developed by Dr.techn. Olav Olsen AS (www.olavolsen.no), is a semi-
submersible floater made of post-tensioned concrete. It has a central column and three outer columns mounted on a star-shaped

pontoon with three legs. Each outer column is connected to the sea-bed-seabed by a catenary mooring line with a suspended


www.olavolsen.no

Table 1. Key figures for the DTU 10MW Reference Wind Turbine.

Rated power Rated wind speed  Wind regime  Rotor diameter ~Hub height

10 MW 11.4m/s IEC Class 1A 178.3 m 119 m

clump weight. The main properties of the floating platferm-substructure are collected in Tab. 2, and further information can be
found in Yu et al. (2018).

Figure 1. The OO-Star Wind Floater Semi 10MW concept (www.olavolsen.no).

Table 2. Key figures for the OO-Star Wind Floater Semi 10MW platfermanchored at the selected site.

Water depth  Mooring length  Draft Freeboard Displaced volume Mass incl. ballast

130 m 703 m 22 m 11m 23509 m? 21709 t
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3 Time vs. frequency domain: advantages and disadvantages

Floating wind turbines can be considered harmonic oscillators with multiple, coupled DoFs. To illustrate the strengths and
weaknesses of solving the relevant EoM in the time or the frequency domain, a simple one-DoF mass-spring-damper system

is considered,

mé () +bE(t) + cxcd (t) = F(t), (1)

where m is the system mass, b is the damping coefficient, ¢ is the restoring coefficient, «(#)-{(t) is the system displacement
from its equilibrium position, and F'(¢) is a harmonic excitation force. Equation (1) can be also written in complex notation, by
expressing the excitation force at the frequency w as F/(t) = R{F(w)e™'}, where R{}-R indicates the real part, F'(w) is the
Fourier transform of F'(t) and ¢ is the imaginary unit. If the initial transient part of the response is neglected, the steady-state

system response at the given frequency can also be written as ﬁbéﬁ%%{%{w—}%m leading to the equation

of motion in the frequency domain,

F(w)

—m b e~ HWF@). @)

[—w?m4iwb+é(w) = Flw) = &w)=

The frequency-domain response %{w}—e&m@%e obtained by simply multiplying the frequency-domain excitation
force ﬁ’(w) by the transfer function H (w). This can be done at all frequencies and, due to the linearity, one can add the results
at each frequency to get-obtain the total solution. Thus, once %{w—ﬁé&z)\has been determined for all frequencies, the time-
domain response #{#)-£(¢) is obtained through an inverse Fourier transform of 4{@}{@ If fast Fourier transform (FFT) and
fast inverse Fourier transform (iFFT) are used, the solution can be obtained very quickly.

Figure 2 shows the response-{t)-surge response £(t) of a one-DoF eseillator-model of the OC3-Hywind spar floating wind
turbine (Jonkman, 2010) subjected to stochastic hydrodynamic linear forcing. The response labeled as "Time domain" was
obtained by time-stepping of Eqn. (1) with the classical 4'"-order Runge-Kutta method and initial conditions #{0}—=0-and
%%ML;WQ The response labeled as "Frequency domain" was computed by first obtaining the frequency-
domain excitation force F'(w) = FFT(F(t)), calculating the frequency-domain response using Eqn. (2), and finally going
back to the time-domain response, #(£)—=REEET( () H (1) = R{IFFT(£(w))}. The simulation time step was 0:04-0.025
s and the total simulated time was 600-5400 s, although only the first 60-1000 s are shown here. The time-domain solution
took +3-674-69.41 s to run, while the frequency-domain solution was done in 6:665-0.03 s, or 26+5-2344 times faster. The
two responses diverge at the beginning, where the time-domain solution is dominated by the transient response to the initial
conditions, which is negleeted-not present in the frequency-domain solution. However, after approximately 36-800 s (or six
natural periods) and until the end of the simulation, the two solutions are practically identical, with errors between 0.2 % and
0.5 %, likely due to the time and frequency discretizations.

In addition to the gain in CPU speed, solving the EoM in the frequency domain allows an easier handling of frequency-

dependent properties, such as hydrodynamic added mass and radiation damping. On the other hand, it has also been shown
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Figure 2. Response Top: surge response of a-one-DOF-mass-spring-dampersystem-the OC3-Hywind floating wind turbine (Jonkman, 2010)
to stochastic hydrodynamic linear forcing in a one-DoF linear model, computed in both the time and frequency domains. Bottom: Relative
error between the time- and frequency-domain solutions. Only the first 66-1000 s are shown.

that transient effeets-are-response due to initial conditions is only captured by time-domain models. However, as in the above
example, the transient response due to initial conditions is an artifact of the time-domain formulation and is often discarded
in the analysis. Perhaps the most clear disadvantage of frequency-domain models is that they can only accomodate loads
that depend linearly on the response and its time derivatives, such as hydrodynamic added mass loads or hydrostatic loads.
They cannot directly accomodate loads that depend on the response in a nonlinear manner, such as viscous drag from relative
structural motion or catenary mooring loads. Hereln those cases, simplified or linearized formulations have to be implemented

instead.

4 The time-domain, state-of-the-art numerical model

In state-of-the-art models the nacelle, hub and fleating-platform-floater are often considered rigid, whereas the tower and blades
are flexible. The platferm-floater motion typically has six DoFs: surge, sway, heave, roll, pitch and yaw. Aerodynamics are
normally computed using unsteady Blade Element Momentum (BEM) theory (Hansen, 2008). Hydrodynamics are typically
represented by radiation-diffraction theory (Newman, 1980), the Morison equation, or a combination of both. The mooring
lines can be modelled with either quasi-static or dynamic approaches. In general, SoA models are more accurate than simplified

models, but they also have a higher CPU cost.
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A state-of-the-art, time-domain numerical model of the OO-Star Semi + DTU 10MW floating wind turbine was used in
this study as a parent model to QuLAF. The SoA model was implemented in FAST v8.16.00a-bjj (Jonkman and Jonkman,
2016) with active control and 15 DoFs for turbine and platfermfloater: first and second flapwise blade modal deflections, first
edgewise blade modal deflection, drivetrain rotational flexibility, drivetrain speed, first and second fore-aft and side-side tower
modal deflections, and platferm-floater surge, sway, heave, roll, pitch and yaw. The turbulent wind fields were computed in
TurbSim, and the aeredynamies-aecrodynamic loads were modelled with AeroDyn v14. The Basie-basic DTU Wind Energy
controller interacts-with FAST-throtgh-a-dynamictink-was applied through a dynamic-link library (DLL). The mooring loads,
calculated by MoorDyn (Hall, 2017), inelude-included buoyancy, mass inertia and hydrodynamic loads resulting from the
motion of the mooring lines in calm water. Hydrodynamic loads on the platferm-floater were first computed in WAMIT (Lee
and Newman, 2016) and are-coupled to FAST through the Cummins equation. Viscous effects were modelled internally by the
Morison drag term. Further details on the modelling of floating wind turbines in FAST can be found in Jonkman (2009), while a
thorough description of the FAST model used in this study is presented in Pegalajar-Jurado et al. (2018b) and Pegalajar-Jurado
et al. (2018a).

5 The frequency-domain, cascaded numerical model

The simplest model for the dynamic analysis of floating wind turbines would only have a few DoFs, typically rigid-body
motion of the platferm-floater in surge and pitch. Aerodynamic loads would be represented by a point force at the rotor hub
and defined by an actuator disk-point model. If the floating ptatferm-substructure is slender compared to the incident waves, a
strip-theory approach ean-may be applied to compute the hydrodynamic loads from the Morison equation. The forces exerted
by the mooring system can be included through a stiffness matrix in the linear eguation-equations of motion. Simplified, low-
order models are very CPU-efficient but their accuracy is often limited. The-simplified-model-presented-in-this-paper-In the
following we present a simplified model that combines elements extracted from a SoA model into a very efficient tool, and
aims at getting close to the accuracy of the SoA model, while still retaining the CPU efficiency of low-order models.

QuLAF represents the floating wind turbine as two lumped masses — floating-platform-floater and rotor-nacelle assembly
— connected by a flexible tower. The model captures four DeFs:-platform-planar DoFs — floater surge, heave, pitch and first
tower fore-aft modal deflection — and is thus applicable to aligned wind and wave situations. The floating wind turbine used
for-this-study-isrepresented-in-Qul-AFs represented as depicted in Fig. 3. The equation of motion is a matrix version of Eqn.
2,

[—w2(M +A(w)) +iwB(w) + C] f(w) =Fw) = f(w) =H(w)F(w), 3)

where M is the structural mass and inertia matrix, A (w) is the frequency-dependent, hydrodynamic added mass and inertia
matrix, B(w) is the frequency-dependent damping matrix and C is the restoring matrix. The vector £(w) is the dynamic

response in the frequency domain for the four degrees of freedom and F(w) is the dynamic vector of excitation forces and
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Figure 3. Sketch of the floating wind turbine as seen by the QuLAF model.

moments in the frequency domain. The system transfer function is given by H(w). The different elements in Eqn. (3) are

described in detail below.

5.1 Dynamic response vector

The dynamic response vector,

) “)

has one element for each DoF: floater surge, heave, pitch and first tower fore-aft modal deflection. The sign convention is

that shown in Fig. 3, with positive surge in the downwind direction, positive heave upwards, positive pitch (about flotation
oint O) clockwise and positive tower deflection in the downwind direction. The physical tower deflection at any height z
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can be obtained by multiplying the mode shape ¢(z) and the modal deflection «(t). The tower deflection at the hub height

h is therefore given by d(¢) = «at). If the absolute nacelle displacement is sought, the contributions from floater surge

and pitch motions must be added to the tower deflection, and the global response vector & w) 1s found by introducing a

transformation matrix T ,;.p,

10 0o 0][&w
. 01 0 0 | |&(w) .
Ejiop(W) = . =Tyé(w). (5)
ghob 00 1 0 ||&w e
1 0 hrw Onuw| | G(w)
5.2 Dynamic load vector
The dynamic load vector,
(1) = Fuyro() + Fuerofw). ©

contains hydrodynamic loads Fryqra(w) and acrodynamic loads Fuero(w). Hydrodynamic loads are extracted from the
solution to the diffraction problem, which provides a vector of wave excitation forces and moments in all six degrees of
freedom, namely X (w). These excitation forces are normalized to waves of unit amplitude, therefore the wave loads for a
specific time series of free-surface elevation 7)(t) are obtained by the product X (w)7i(w). The vector of wave excitation forces
and moments is reduced to adapt it to the simplified model, and a zero is added in the fourth element for the tower DoF,

Fhyiro(w) =X (w)i(w) =

N> Q>3<> ><)

E (). @

where 7)(w) can be computed from an input time series 7(¢) or from a theoretical wave spectrum. The only viscous

effect considered in the model is viscous damping (see Section 5.8.1), but viscous forcing is neglected to keep the model

computationally efficient. This simplification, however, is considered reasonable because hydrodynamics for this floater is
dominated by inertia loads, and viscous forcing is expected to be relevant mainly for severe sea states, which lie on the border
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of the model’s applicability. The vector of aerodynamic loads contains only the dynamic part of the wind loads and has the
format

Aaerml (w)

]';‘ (w) _ aero,3 (w)
e Faero,l (w)hhub + 7A_ae7‘o (w)

Faero,l (w)¢hub + %aero (w)¢z,hub

®)

where F ro.1(w) and F 3(w) represent the horizontal and vertical components of the aerodynamic loads on the rotor.

respectively. The aerodynamic tilt torque on the rotor is w). The fourth element of F represents the effect

of the aerodynamic loads on the tower modal deflection, hence the mode shape deflection evaluated

at the hub are involved. The time-domain aerodynamic loads for each mean wind speed W are precomputed in the SoA model

p and its slope ¢

5.3 Structural mass and inertia matrix

The symmetric matrix of structural mass and inertia, obtained by looking at the forces needed to produce unit accelerations in
the different DoFs, is defined as

_ N, -

Mot 0 mtotztct;i\/[ mrn(bhub + Z p~z¢zA21

i=1
Mot 0 0
M= o T & ©)
Itot mrn(bhubhhub + Irn (bz,hub + Z pz¢zZzAzz
2 TT 42 ]\;‘_i 2
Men @y + Lrn 0% pup + Zl pig; Az
L 1= .

where m,,; is the total mass of the floating wind turbine, mo; = mjy +my.,, + Zf\il p:Az;, which includes the mass of the
floater m, the rotor-nacelle mass m,., and the mass sum of all the IV, elements that compose the flexible tower, each with a

mass per length p; and a height Az;. The total mass inertia of the system areund-the-about the y axis at the flotation point O
is given by I, = I¢ + I

m T % piz2Az;, including the floater inertia 9, the rotor-nacelle inertia 79, and the inertia of each
of the tower elements, locatedza:tlan absolute height z; = (2;; + h), where z; ; is the heightvertical position of the element ¢
with respect to the tower base, located at a height h;. The centre of mass (CM) of the whole structure is given-by-located at
zGM = (my z]?M +Mmpnhhub + 25\21 piziAz;) /Miot, With contributions from the floater CM at Z?M , the rotor-nacelle CM at
the hub height Ay, and the CM of each of the tower elements. The mode shape deflection of the tower evaluated at a generic
tower element % is ¢;, while ¢pyp and ¢, pyp are the mode shape deflection and its slope evaluated at the hub. Finally, ITTHT
represents the mass inertia of the rotor-nacelle assembly referred to the tower top. The tower structural properties and first

mode shape are the same as the ones given as an input to the state-of-the-art model.

10
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5.4 Hydrodynamic added mass matrix and damping matrix

The frequency-dependent, hydrodynamic added mass and radiation damping matrices A (w) and B,..4(w) +-can be precom-
puted in a radiation-diffraction solver. Here, the same WAMIT output files used for the SoA model are loaded into QuLAF.
However, the original 6x6 matrices are reduced by removing the rows and columns corresponding to the DoFs not included in

the simplified model (sway, roll, yaw), and a row and column of zeros is added for compatibility with the tower DoF,

all(w) a13(w) a15(w) 0 bll(w) blg(w) b15(w) 0

A(w) _ asiq (w) ass ((JJ) ass (w) 0 7 Brad(w) _ b31 (w) b33 (w) b35 (w) O (10)
(151(&)) ass (w) ass (W) 0 b51(W) b53(0.)) b55 ((.d) 0
0 0 0 0 0 0 0 0

The global damping matrix includes contributions from the hydrodynamic radiation damping B,..4(w), the hydrodynamic

viscous damping B,;s, the aerodynamic damping B,;.,(w) and the tower structural damping B g;;4,c,

B(w) = Brad(w) +Buyis + Baero(w) + Batrue- (11

The hydrodynamic viscous damping matrix B,;, is analytically extracted from the Morison equation, as shown in Section

5.8.1. The aerodynamic-damping-matrixdiagonal matrix of aerodynamic damping,

baero,ll (CU) 0 0 0
0 0 0

Baero(w) - 5 (12)
baer0,55 (W) 0

baeroﬂfow

is extracted from the SoA model for each mean wind speed W, as detailed in Section 5.8.2. The matrix of structural damping

only concerns the tower and is given by

0 0 O 0
0 0 0
Bitrue = 5 (13)
0 0
2<struc,tow \% CtowMtow

where the structural damping ratio for the first fore-aft tower mode (Cstruc,tow i directly taken from the input to the
state-of-the-art model, and C',,, and M,,,, are the last diagonal elements of the system restoring matrix C and the mass inertia

matrix M, respectively.

11
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5.5 Restoring matrix

The restoring matrix includes hydrostatic stiffness Cy, 5, structural stiffness Cgyy and mooring stiftness C,, 001

C= Chst + Cstruc + Cmoor~ (14)

The hydrostatic matrix should only include the contributions from centre of buoyancy (CB) and waterplane area. It is com-
puted as part of the radiation-diffraction solution, and is reduced following the same procedure as for the added mass and

radiation damping matrices. The struetural-stiffness-matrix-symmetric matrix of structural stiffness is given by

0 0 0 0
0

Cstruc =

ST (15)
_mtotgzg)iv[ _mrng(bhub - E P19¢1Azz ’
=1

N 0
i=1

where g is the acceleration of gravity, and E'J; and ¢, ; are the bending stiffness and the curvature of the mode shape for
the tower element ¢, respectively. The off-diagonal term represents the negative restoring effect of the tower and rotor-nacelle
mass on the tower DoF when the platfermfloater pitches. The mooring restoring matrix C,,0r is position-dependent and
therefore extracted from the SoA model for each mean wind speed W, as detailed in Section 5.8.3. Although in this study wind
is the only effect considered to affect the mean position of the floating wind turbine, other effects such as mean drift forces and
current can be taken into account in the SoA model when linearizing the mooring system.

5.6 Dynamieresponse-veetor

The-dynamieresponse-veetor;
&1 (w)

2 és(w)

E(w)=1.

) £5(w)
a(w)




hhub  Onub | | G(w)
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Il
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Faera(w) -

Faero,l (W)
Faeroﬁ (W)

~ )

Faero,l (W)hhub + 7A-a,ero (UJ)

Fa,ero, 1 (W) Ghub + Taero (w)d)z,hub
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5.6 Static load and response

Static loads are related to the equilibrium of the structure. In the model, the static part of the response, &,,, is added to the
dynamic part £(w) when it is converted from frequeney-to-the frequency to the time domain via iFFT. The static loads applied

are

Fst = Faero,st + Fgra'u + Fbuoya (16)

which include the static part of the aerodynamic loads F4¢;.0,s¢, the gravity loads Fg,.,,, and the buoyancy loads Fy,,0,. The

gravity load vector is given by

0

—Mtotd — Fmoor,z

CM
m’l“ngmrn

Fgrav = (17

CM
MyrndTyy qbz,hub

where I,00r,- is the vertical force exerted by the mooring lines in equilibrium, and xan is the horizontal coordinate of the
rotor-nacelle CM.

The buoyancy load vector is

0
wgV/
Fgr’a'vbuoy: PuIts y (18)
A CB
—PwgVrxy
0

where p,, is the water density, Vy is the volume displaced by the floating-platformfloater, and ZCJC:B is the horizontal coordinate
of the floater CB.

With no wind and only linear wave forcing -the floating wind turbine operates around its equilibrium position with a stiffness

matrix Co. If wind (or any other mean force) is introduced, the floating wind turbine is moved to a new equilibrium position,

14
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where the stiffness matrix is Cyy. The static response &, is therefore obtained from the static loads by considering a mean

stiffness matrix Cg;,

_ Co+Cw

Cst 2

Cstgst = Fst~ (19)

This approximation is accurate to second order.
5.7 System natural frequencies

The vector of natural frequencies wy is found by solving the undamped eigenvalue problem given by

[~wo?(M+A(wo)) +Clé(wo) =0 = w3é(wo)=(M+A(wp)) 'Cé(wo). (20)

Since the matrix of added mass depends on frequency, the eigenvalue problem is solved in a frequency loop. For each
frequency w, the four possible natural frequencies are computed. When one of the four possible frequencies obtained is equal to
the frequency of that particular iteration in the loop, a system natural frequency has been found. The system natural frequencies

obtained-with-computed in QuLAF are compared to those obtained with the SoA model in Section 6.1.
5.8 Cascading techniques applied to the simplified model

In Section 3 it was stated that one disadvantage of frequency-domain models is their inability to directly capture loads that
depend on the response in a nonlinear way. Some ebvieusTelevant examples are viscous drag, aerodynamic loads and catenary
mooring loads. This section gives a description of the cascading methods employed to incorporate such nonlinear loads into

the simplified model.
5.8.1 Hydrodynamic viscous loads

Viscous effects on submerged bodies depend nonlinearly on the relative velocity between the wave particles and the structure,
hence they can only be directly incorporated in time-domain models. In the offshore community this is normally done through
the drag term of the Morison equation, which provides the transversal drag force dF on a cylindrical member section of

diameter D and length dl as

1
dF:ipCDDh)ffvs|(vfffus)dl7 21

where p is the fluid density, C'p is a drag coefficient, and v; and v, are the local fluid and structure velocities perpendicular

to the member axis. The equation can be also written as

1 1
dF = ipC’DDsgn(vf —vs)(vy — vs)zdlggipC’DDsgn(vf — Us)(v; + 02 —2upv,)dl, (22)
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which shows that the drag effects can be separated into a pure forcing term, a nonlinear damping term and a linear damping
term. Since the hydrodynamics on the given floating platferm-substructure are inertia-dominated and under the assumption
of small displacements around the equilibrium position, the two first terms are neglected and only the linear damping term
is retained in the QuLAF model. Invoking further the assumption of small displacements and velocities relative to the fluid

velocity, we have sgn(vy — v,) = sgn(vy). With this assumption the linear damping term of the viscous force becomes

1
dF, = EpC’DDsgn(vf —v,)(—2vsvs)dl = —pCpD|vy|vsdl. (23)

A symmetric viscous damping matrix B,,;, is now derived by applying Eqn. (23) to the different DoFs. For the surge motion,

integration over the submerged body gives the total viscous force in the x direction as

0
Fy=- / pCpDlul$1dz, (24)
Zmin

where 2, is the structure’s lowest-deepest submerged point, u is the horizontal wave particle velocity and ¢, is the surge
velocity. The integral in Eqn. (24) requires the estimation of drag coefficients and the computation of wave kinematics at several
locations on the submerged structure, which can be involved for complex geometries. These computations would hinder-on
CPU-efficieney-reduce the CPU efficiency relative to the radiation-diffraction terms, so instead the local drag coefficient and
wave velocity inside the integral are replaced by global, representative values outside the integral, C'p, and u,.p. Then-Hereby

the force becomes

0 0
Fl = 7/751 / CDD|U|dZ =~ pr’Dmump& Ddz = *pCDzAzurepél = 7blléla (25)

Zmin Zmin
and-where A, is the integral of the local diameter D over depthis-, or the floater’s frontal-area—~—-Azarea projected on the
yz plane. This defines the surge-surge element of the viscous damping matrix B,;,. Further the bs; element of the viseous

damping-matrix is obtained by consideration of the moment from F around the point of flotation,

0 0
1 = _pél / C'Dl)|u|2"d2’/ ~ _pCDzurepél / Dzdz = _pCDxSy,Aa:urepél = _b51£1a (26)

where S, 4, is the first moment of area of A, about the fletation-point-y axis (negative due to z < 0) and bs; is the surge-

pitch element of the viscous damping matrix. In a similar way, the heave-heave and heave-pitch coefficients of the—viscous

damping-matrix-B,,, are obtained by applying Eqn. (23) to the heave motion,

F3 = _pé?) / C(DD‘U)|dx ~ _pCDzwrepé?) / Ddz = _pCDzAszepé?) = _b33é37 (27)

Tmin Tmin
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r=pés [ CoDluleds pCovnés [ Dade=pCp.Syactnas = ~biate 8)
Tmin Tmin

Here &3 is the heave velocity, w is the wave particle vertical velocity, A, is the floater’s bottom area projected on the zy

plane and S, 4. is the first moment of area of A, about the fletation-pointy axis, which is zero for the present floating platfern

substructure due to symmetry. Finally, by applying Eqn. (23) to the pitch motion, the pitch-pitch element of the viscous damping

matrix, bss, is found. When the platform-floater pitches with a velocity &5 & generie-point-at-an arbitrary point on the floater
with coordinates (z, z) moves with a velocity (25, —2&5). The motion creates a moment due to viscous effects given by

0 Tmaz
5 = —p€s / CpDlu|2dz — p&s / CpDlw|z?dz =~ —p(Cpely Axtivep + Cp2Iy Az Wrep)Es = —bssEs, (29)

where I, 45 and I, 4. are the second moments of area of A, and A about the y axis, respectively. The complete symmetric

matrix of viscous damping is therefore

pCDzA:curep 0 pCDzSy,Azurep

C ZAZ re 0
Byis = prpzfatlrey (30)

p(ODwa,AIurep + CDZIy,Azwrep)

o o o o

The global drag coefficients above have been chosen as Cp, =1 and C'p, = 2, given that the bottom slab of the given
floating-platferm-floater under consideration has sharp corners and is expected to oppose a greater resistance to the flow than
the smooth vertical columns (see Fig. 1). To obtain the representative velocity ., the time- and depth-dependent horizontal

wave velocity at the platfermfloater’s centreline u(0, z,1) is first averaged over depth and then over time,

0
1
Uavg(t):ﬁ / u(0,z,t)dz =

Zmin

§R{1FFT <wﬁ]§‘“) (1 - Smh(slfr(jl’zk'];; h)))> } = Upep = [tlavg]. 31)

Here £ is the wave number for the angular frequency w and h is the water depth. The representative velocity wy.p is chosen

as the time average of the vertical wave velocity at the centre of the bottom plate,

w(wg(t) =w(0, zmin,t) == Wrep = |wavg|. 32)

This simplification of the wave fieldkinematics history, although drastic, allows the characterization of the viscous damping

for each sea state and avoids the need to compute wave kinematics locally and integrate the drag loads.
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5.8.2 Aerodynamic loads

Aerodynamic loads depend on the square of the relative wind speed seen by the blades. The relative wind speed includes con-

tributions from the rotor speed, the blade deflection, the tower deflection, and the motion of the platformfloater. The fact that the

aerodynamic thrust depends on the blade relative velocity produces the well-known aerodynamic damping(e-g-Earsen-and-Hansen; 2007

. State-of-the-art numerical models incorporate aerodynamic loads based on relative velocity, because both the wind speed and
the blade structural velocity are known at each time step. However, the-same-this cannot be done in a frequency-domain model.
In the approach implemented in QuLAF, the aerodynamic loads considering the motion of the blades are simplified and ap-
proximated by loads considering a fixed hub with rigid blades and linear damping terms. The time series of fixed-hub loads
and the aerodynamic damping coefficients are extracted from the state-of-the-art-SoA model for each mean wind speed.

The aerodynamic loads are obtained at each wind speed W by a SoA simulation with turbulent wind and no waves where
all DoFs except shaft rotation and blade pitch are disabled and where the wind turbine controller is enabled. The time series
of fixed-hub, pure aerodynamic loads Fiero,1(t), Fuero,3(t) and T,e(t) are extracted from the results and stored in a data
file which is loaded into the model. Hence, these FAST-SoA simulations need to be as long as the maximum simulation time
needed in the simplified model (5400 s in this case).

For a given rotor, the work carried out by the aerodynamic damping is a function of wind speed, rotational speed, turbulence
intensity, motion frequency and oscillation amplitude. Here, we define an equivalent linear damping which delivers the same
work over one oscillation cycle and can be extracted from a decay test. Schlger et al. (2018) used this principle for the tower
fore-aft mode of a bottom-fixed offshore turbine and found that the damping was only slightly dependent of the motion am-
plitude. We make a further simplification and carry out the decay tests in steady wind. Since the mass and stiffness of floater
and tower only affect the aerodynamic damping through the motion frequency, we transfer the damping coefficients b from the
decay tests in FAST to the QuLAF model. On the contrary, if the damping ratio { was transferred, changes in mass or stiffness
properties would imply a change in the aerodynamic forcing, which is not physically correct. With the transfer of damping
coefficients b, recalculation of the decay tests is only necessary in the event that the change of natural frequencies should affect
the damping values significantly. Here, the decay tests from which aerodynamic damping ratios are-were extracted were carried
out at representative natural frequencies equal to those of the present floater. These decay tests in calm water and with the wind
turbine controller active were carried out for each DoF with all the other DoFs locked. This way, the floating wind turbine is
was a one-DoF spring-mass-damper system in each case, where the horizontal position of the hub xy,,; is-was of interest. The
decay tests are-were carried out as a step test in steady wind where the wind speed goes from the minimum to the maximum
value with step changes every 600 s. With every step change of wind speed, the structure moves to a new equilibrium position.
If all sources of hydrodynamic and structural damping are disabled, the aerodynamic damping is the only responsible for the

decay of the hub motion, and it can be extracted from the time series of xy,;. The n peaks extracted from the signal are used
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in pairs to estimate each local logarithmic decrement d;, and from it, a local damping ratio (;, which is then averaged to obtain

the aerodynamic damping ratio (,e,-, for the given DoF and W:

x ) d. n—1
di _ IOg hub,i — Ci _ i

1
Thub,i+1 JirrE Cacro = -7 21: Gi- (33)
Figure 4 shows examples of x,,;(t) and selected peaks for surge, pitch and clamped tower DoFs for a wind speed of 13
m/s. The wind changed from 12 m/s to 13 m/s at ¢ = 0, and the mean of the signals has been subtracted. For surge and pitch,
peaks within the first 40 s are neglected to allow the unsteady aerodynamic effects to disappear. For the tower DoF, however,
the frequency is much higher and the signal has died out by the time the aerodynamics are steady. For that reason, the tower
decay peaks are extracted after 300 s, and a sudden impulse in wind speed is introduced at ¢ = 300 s to excite the tower. This

method was chosen since the standard version of FAST does not allow an instantaneous force to be applied.
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Figure 4. Example of time series of hub position and selected peaks for the extraction of aerodynamic damping. From top to bottom: surge,
pitch and clamped tower BeFsdegrees of freedom.

In Fig. 5 the aerodynamic damping ratio is shown for all DoFs as a function of W. It is observed that the aerodynamic

damping in surge is negative for wind speeds between 11.4 m/s and 16 m/s, due to the wind turbine controller. However,
in real environmental conditions with wind and waves, it has been observed that the hydrodynamic damping contributes to a
positive global damping of the surge motion. This controller effect is similar to the "negative damping problem" reported in, for

example, Larsen and Hanson (2007). The negative aerodynamic damping in surge may be eliminated if one tunes the controller
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natural frequency so it lies sufficiently below the surge natural frequency of the floating wind turbine, as it was done in Larsen
and Hanson (2007) for the floater pitch motion. This solution, however, would make the controller too slow and would affect
power productionane-, thus it was not adopted here because the global damping in surge has been observed to be positive when

all other damping contributions are taken into account.

T T

—6— Surge
—&—Pitch |7
—e— Tower

4 6 8 10 12 14 16 18 20 22 24
W [m/s]

Figure 5. Aerodynamic damping ratios for different BeFs-degrees of freedom as a function of wind speed.

The damping ratio for the i*" DoF and each wind speed, (er0.i (W), is next converted to a damping coefficient by

bae'ro,i (W) = 2Cae'ro,7,' (W) \/Cn (Mn + Aii (W) )> (34)

where C;, M;; and A;;(w) are taken from the one-DoF oscillator in the corresponding decay test. The table of aerodynamic
damping coefficients as a function of wind speed by, (W) is stored in a data file, which is loaded into the model. Since the
aerodynamic damping coefficients are extracted from simulations with steady wind, but applied in the model in simulations
with turbulent wind, an averaging is applied to account for the variability of the wind speed in turbulent conditions. Given
the time series of wind speed at hub height +-V'(¢), the probability density function (PDF) of a normal distribution given by
N(V,ov) is used to estimate the probability of occurrence within V (¢) of each discrete value of 1. Then the aerodynamic

coefficient for the given turbulent wind conditions and the i*" DoF is

Nw
bacroi = Y PDF(W;)bacroi(W;). (35)

j=1

5.8.3 Mooring loads

The equations that provide the loads on a catenary cable depend nonlinearly on the fairlead position. In dynamic mooring

models -the drag forces on the mooring cables are also included, therefore the mooring loads also depend on the square

20



10

15

20

25

of the relative velocity seen by the lines. These nonlinear effects can easily be captured by time-domain models, but cannot
be directly accomodated in a linear frequency-domain model. In QuLAF, the mooring system is represented by a linearized
stiffness matrix for each wind speed, which is extracted from the SoA model and where hydrodynamic loads on the mooring
lines are neglected. The dependeney-dependence of the mooring matrix on wind speed is necessary because different mean
wind speeds generally produce different mean thrust forces, which displace the floating wind turbine to different equilibrium
states. The stiffness of the mooring system is different at each equilibrium position because of the nonlinear force-displacement
behaviour of the catenary mooring lines.

For each wind speed ;-a first SOA simulation is needed with steady uniform wind and no waves, where only the tower
fore-aft and platferm-floater surge, heave and pitch DoFs are enabled. After some time the floating wind turbine settles at its
equilibrium position (£c4.1,&eq,3,Eeq,5), Which is stored. These simulations should be just long enough so that the equilibrium
state is reached (600 s in this case). Then, a new short SoA simulation with all DoFs disabled is run, where the platferm-floater
initial position is the equilibrium with a small positive perturbation in surge, (€¢q,1 + A&1,£eq,3,Eeq,5)- This simulation should
be just long enough for the mooring lines to settle at rest (120 s in this case). The global mooring forces in surge and heave

T e

and the global mooring moment in pitch are stored, namely ( T ). The process is repeated now with a

moor,1’~ moor,3’ 'moor,5
. . . .. 1— 1— 1— .. . .
negative perturbation in surge (§cq,1 — A&1,8eq,3,Eeq,5), glVINg (Ffwon17 Sworyg,rfnoor’ 5). All this information is enough to

compute the first column of the mooring matrix C,,, 00 for the wind speed W. Perturbations in heave A&z-and-piteh- ASEAL,
and pitch £A¢&5 provide the necessary information to compute the rest of the columns, and therefore the full matrix:

[ oEl+ pél— F£3+ _ é3— pest  pgs- T
moor,1 moor,1 moor,1 moor,1 moor,1 moor,1 0
) 2A& c ; 2A&3 c ¢ 2A¢&5 ¢
1+ 1— 3+ 3— 54 5—
Fmoor,S ~ “'moor,3 Fmoor,B - Fmoor,B Fmoor,3 ~ “'moor,3 0
Cmoor(W) = - 2A£1 2A§3 2A€5 (36)
A E1+ £1— £3+ £3— £5+ £5—
Tmoor,5 — Tmoor,5 moor,5  'moor,5 Tmoor,5 — Tmoor,5 0
208 2483 2A¢s
0 0 0 0

The first element of the mooring matrix Cy,0r,11 iS shown as a function of wind speed in Fig. 6. It is observed that the
stiffness in surge reaches its maximum around rated wind speed (11.4 m/s), where the thrust is also maximum and the floating
wind turbine is the furthest from its-equilibrivm-position-the equilibrium position with no wind.

In the method applied here ;-the linearization of the mooring system has been done with the state-of-the-art model. However,
in a real design study where the mooring characteristics change, the above procedure can be made significantly faster by direct

static analysis of the nonlinear mooring reactions around the floater equilibrium positions.
5.9 Estimation of extreme responses: a spectral approach

Classical Monte-Carlo analysis of response to stochastic loads entails running a simulation, extracting the peaks from the
response time series, sorting them in ascending order and assigning an exceedance probability to each peak based on their

position in the sorted list. Several simulations of the same environmental conditions with different random seeds provide a
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Figure 6. Surge mooring stiffness as a function of wind speed.

cloud-of-pointsfamily of curves in the exceedance probability plot, from—which-an-extreme-response-can-be-estimated—In
this-seetion—which can be used to estimate the expected response level for a given exceedance probability. We note that the
extracted exceedance probability curves are based on the assumption that the peaks are independent, which may not always be

the case. Yet, in this section the linear nature of the simplified model will be further exploited to obtain an estimation of the
extreme responses to wave loads by solely using the wave spectrum and the system transfer function, thus eliminating the need
of a response time series and the bias introduced by a particular random seed. An extension of the method to wind and wave
forcing is further presented and discussed.

In a Gaussian, narrow-banded process, the peaks follow a Rayleigh distribution. In linear stochastic sea states, the linearfree-

surface elevation 7)(¢) is a Gaussian random variable R,, with zero mean;-thus-the-wave-erests-, Thus, within the narrow-banded

RAAAARIRAAANAANAANANANARARANANRRARTN

assumption, which often applies to good approximation, the crest heights follow a Rayleigh distribution (Longuet-Higgins,
1956) given by

3()
P(R, >n) =exp—2e 2\9/ | (37)

where the variance of 7(t) is 0727, which can be obtained from the integral of the wave spectrum,

o2 = / S, (w)deo. (38)
0
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If we consider only linear wave forcing, for the linear system in Eqn. (3) the response is also Gaussian. If the response is
also narrow-banded, its exceedance probability can be found via the standard deviation of the response, which in turn can be

obtained by integration of the response spectrum. From Eqn. (3) we have

{W) =HWXWw) = €uopw) = TaupHW)X(w)i(w) = TF, e (@)i(w), (39)
where TF,,_,¢(w) is a direct transfer function from surface elevation to global response. The global response spectra

Se giob(w) is related to the wave spectrum S, (w) in a similar way (Naess and Moan, 2013),

Se giob(w) = Ty ¢ (w) Sy (w) TF; ¢ (w). (40)

n—¢

Here B*2+*T indicates the transpose and complex conjugateef-B. By virtue of Eqn. (37), the exceedance probability of e.g.

the surge response &; is known from the the variance of the surge response a? 1> which is given by

o0
2. =15 d 41
Ogq = ¢ glob,11(W)dw. (41)
0
For nacelle acceleration ;-we can write the response as a function of the global nacelle displacement g;p 4, therefore

oo

EglobA(W) = —wgma(w) = 0?}4 = /w4S§,glob,44(w)dw- (42)
0

The turbulent part of the wind speed can also be considered a Gaussian random variable (Longuet-Higgins, 1956). On the

other hand, aerodynamic loads are not a linear function of wind speed. Therefore the response to wind loads cannot be assumed

to be Gaussian, and the approach shown above is not valid. However, the method above can be applied to cases with wind and

wave forcing, bearing in mind that the

results may not be accurate

since the necessary assumptions are not fulfilled. If wind and wave forcing are considered, Eqn. (3) can be written as

Ew)=HwWFw) = §&uw)=TusHw)F(w)=TFp¢(w)F(w), (43)

where TF p_,¢(w) is a direct transfer function from load to global response. The global response spectra S¢ gi05(w) is now

given by (Naess and Moan, 2013)

Se g1on(@) = TFp_¢ (w)SF(w)TF;., ¢ (w). (44)

23



10

15

20

25

Here S (w) is the spectra of the total loads (hydrodynamic and aerodynamic),

1 N ~AxT

Sr(w) = 5 F@F " (@) (45)

This method provides the exceedance probability of the dynamic part of the response, therefore the static part should be
added after applying Eqn. (37). Exceedance probability results from this method are compared in the next section to the

traditional way of peak extraction from response time series.

5.10 Integration of QuLAF in optimization loops

The main purpose of QuLAF is to provide a quick assessment of loads, response and natural frequencies early in the design
hase, where several variations of the baseline design are to be evaluated. The efficiency in the model is achieved by i
considering onl

a few degrees of freedom; ii) solving the linear equations of motion in the frequency domain; and iii

precomputing the acrodynamic loads and acrodynamic damping coefficients. The application of the model to an optimization
loop can be divided into two stages: a preparation stage, which needs to be done only once for a given baseline floating wind
turbine, and a calculation stage, which can be repeated for each variation of the baseline design. After the optimal design has
been found through optimization, it should be verified by running a complete load basis in a SoA model.

— Preparation stage. Once the wind turbine, the baseline floater design and the design basis are defined, the preparation

stage entails:

1. Computation of time series of aerodynamic loads at the shaft for the needed wind speeds and turbulence random
seeds, considering rigid blades and fixed nacelle. The wind turbine controller should be active and tuned accordin
to the pitch frequency of the baseline design.

2. Extraction of aerodynamic damping coefficients for the needed wind speeds, by carrying out decay tests in stead
wind of the surge, pitch and clamped tower DoFs.

3. Storage of the aerodynamic loads and damping coefficients in a database that can be reused for several candidate
designs.

— Calculation stage. The calculation stage is done for each candidate design in the pre-design optimization loop, by

following these steps:

1. Computation of the radiation-diffraction solution in e.g. WAMIT.

2. Extraction of structural mass and stiffness properties._

3. For each wind speed, calculation of the equilibrium position and linearization of the mooring system around it.
4. Prediction of the natural frequencies, response and loads for several environmental conditions using QULAF.
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When compared to the same number of simulations in the state-of-the-art model, the advantage of the simplified model
resides in the low computational cost of applying the calculation step 4 to several environmental conditions and different
variations of the baseline design. The extra work needed to achieve the speed up comes from the acrodynamic precomputations
in the preparation stage and from the linearization of the mooring system (step 3) in each iteration of the calculation stage.
However, the aerodynamic loads need to be extracted from the SoA model only once for a given wind turbine, while the
aerodynamic damping coefficients can also be reused for different variations of the baseline floating wind turbine, provided that
the system natural frequencies do not change significantly between different design iterations. The linearization of the mooring
system and the computation of the radiation-diffraction solution may also be automated. Alternatively, for slender, simpler
geometries (such as spars) a Morison approach may be implemented in QULAF, thus eliminating step 1 in the calculation
stage. For the present study, however, the radiation-diffraction solution was chosen due to the shape and size of the floating
substructure in consideration, and a comparison to the Morison-based alternative has not been conducted.

6 Validation of the QuLAF model

We now compare and discuss the QuULAF and FAST responses to the same environmental conditions (see Tab. 4) representative
of the Gulf of Maine (Krieger et al., 2015). The cases considered include irregutar-waves-five irregular sea states with and
without turbulent wind, with a single realization for each sea state. In all cases s-the total simulated time was 5400 s in both
models. The first 1800 s were neglected to discard initial transient effects in the time-domain model. The surface-free-surface
elevation of irregular sea states was computed in FAST from a Pierson-Moskowitz spectrum, and the turbulent wind fields in
TurbSim from an IEC-Kaimal spectrum. Since the turbulent wind fields used in the SoA simulations are the same employed
for the precomputation of aerodynamic loads, and the free-surface elevation signal in the cascaded model is also taken from
the FAST simulation, a deterministic comparison of time series is possible for all cases. In the plots shown in this section 5
the left-hand side shows a portion of the time series of wind speed at hub height, free-surface elevation, platform-floater surge,
heave and pitch, and nacelle acceleration; and the right-hand side shows PSB-the PSDs of the same signals. The PSD signals
were smoothened with a moving-average filter of 20 points to ease the spectral comparison between models. The short blue
vertical lines in the PSD plots indicate the position of the system natural frequencies predicted by the simplified model (see
Tab. 3). In addition, exceedance probability plots of the responses with both models are shown, based on peaks extracted from
the time series. The peaks were sorted and assigned an exceedance probability based on their position in the sorted list. The
exceedance probability of the extracted peaks is compared to the one estimated with the method described in Section 5.9—
these-eurves-are-, labeled as "Rayleigh".

6.1 System identification

The system natural frequencies were calculated in QuLAF by solving the eigenvalue problem in Eqn. (20). In FAST, decay
simulations were carried out with all DoFs active, where an initial displacement was introduced in each relevant DoF and

the system was left to decay. A PSD of the relevant response revealed the natural frequency of each DoF. A comparison of
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natural frequencies and periods found with the two models is given in Tab. 3, where it is shown that all platferm-floater natural
frequencies in the simplified model are within 1.3 % error compared to the SoA model. On the other hand, the tower frequency
is 8.6 % below the one estimated in FAST. This difference is due to the absence of flexible blades in the simplified model,
which are known to affect the coupled tower natural frequency. With rigid blades, the SoA model predicts a coupled tower

natural frequency of 0.684 Hz, only 0.3 % above the tower frequency in QuLAF.

Table 3. Natural frequencies and periods obtained in FAST and QuLAF.

Surge  Heave Pitch  Tower

Natural frequency FAST [Hz] 0.0054 0.0478 0.0316  0.746
Natural frequency QuLAF [Hz] 0.0054 0.0480 0.0320  0.682

Error [%] 0.00 +0.42  +1.27 -8.58
Natural period FAST [s] 185.19  20.92 31.65 1.34
Natural period QULAF [s] 185.19  20.83 31.25 1.47
Error [%] 0.00 -0.42 -1.25 +9.38

The model presented here ean-may be calibrated against other numerical or physical models if needed, by introducing user-
defined additional restoring and damping matrices. For the present study, however, no calibration against the state-of-the-art

model was applied, in order to keep the model calibration-free and assess its suitability for optimization loops.
6.2 Response to irregular waves

The response to irregular waves with H, = 6.14 m and T}, = 12.5 s (case "Waves 5" in Tab. 4) is shown in Fig. 7. On the PSD
frequency side, all motions show response mainly at the wave frequency range, and there is a very good agreement between
both models for surge and heave. In pitch — and consequently in nacelle acceleration — the QuLAF model shows a lower
level of excitation at the wave frequency range when compared to FAST. This deviation was traced to the absence of viscous
forcing in the simplified model, since the two pitch responses are almost identical if viscous effects are disabled in both models.
As expected, the agreement is better for milder sea states, where viscous forcing is less important. In surge and pitch ;-some
energy is visible at the natural frequencies, only in the FAST model. Since the peaks lie out of the wave spectrum and are not
captured by QuLAF, they could originate from nonlinear mooring effects or from the drag loads, which are also nonlinear.
Figure 8 shows exceedance probability plots of the response to irregular waves. The Rayleigh curves fit well to the responses
given by the simplified model, which is expected, given that the free-surface elevation and the hydrodynamic forcing are
linear in the model, and the response can be considered narrow-banded. In the comparison between the two models, the
surge and heave peaks are very well estimated by QuLAF. In nacelle acceleration and especially in pitch, however, the model
underpredicts the response, with a difference of about 30 % in pitch and about 8 % in nacelle acceleration for the largest peak
when compared to FAST. These observations in extreme response are consistent with the spectral results of Fig. 7 discussed

above.
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Figure 7. Response to irregular waves in time and frequency domain.

6.3 Response to irregular waves and turbulent wind

The response to irregular waves with H; = 6.14 m and T}, = 12.5 s (case "Waves + wind 5" in Tab. 4) and turbulent wind at
W =22 m/s is shown in Fig. 9. The surge motion is dominated by the surge natural frequency, which is clearly excited by
the wind forcing. The linear model slightly underpredicts this resonance of the wind forcing with the surge natural frequency.
Heave is dominated by the wave forcing, and the response of both models agree well. In pitch, resonance with the natural
frequency also exists in both models, although QuLAF predicts more energy at that frequency than FAST. This-overprediction
Both surge and pitch responses are resonant, thus they are especially sensitive to the amount of damping. The overprediction
of pitch motion also leaves a footprint on the PSD of nacelle acceleration, which shows energy at the pitch natural frequency,
the wave frequency range and the tower natural frequency. The level of excitation of the tower mode at 0.682 Hz, however, is
slightly underpredicted by QULAF, likely due to an overestimation of the acrodynamic damping on the tower DoF.

The associated exceedance probability plots are shown in Fig. 10. In this case --the Rayleigh curves generally do not fit the

responses predicted by the linear model, beeause-as the extreme peaks are no longer Rayleigh-distributed. This is because the
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Figure 8. Exceedance probability of the response to irregular waves.

nonlinear nature of the wind loads makes the response non-Gaussian, and in some cases broad-banded with distinct frequency
bands excited —+-e:(e.g. the tower response cannot be considered narrow-banded here). The best fit is seen for heave, which is
mainly excited by waveleadslinear wave loads and is also narrow-banded. When compared to FAST, however, QuULAF shows

a good agreement with errors in the largest response peaks of approximately 8 % in surge, 12 % in pitch and 4 % in nacelle

acceleration.
6.4 Comparison of fatigue damage-equivalent loads

Table 4 below shows a summary of fatigue DELs for a wider range of environmental conditions. Each case is defined by the
significant wave height H, the wave peak period T}, and the mean wind speed W. The fatigue damage-equivalent bending
moment at the tower bottom-base estimated with the two models is presented, as well as the error for the simplified model.
Finally, the last column shows the ratio between the simulated time and the CPU time in QuLAF, T.;. The cases labeled as

"5" correspond to the results discussed in the previous section. The two DEL columns in Tab. 4 are also shown in Fig. 11 as a

bar plot.
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Figure 9. Response to irregular waves and turbulent wind in time and frequency domain.

For the cases with waves only, the model underpredicts the DEL at the tower bettom-base with errors from 0.2 % to 11.3
% that increase with the sea state, as observed in Fig. 11. The significant wave height also increases with the sea state, as do
the associated nonlinear effects of position-dependent mooring stiffness and viscous hydrodynamic forcing, which are both
included in FAST. As-QuLAF does not include viscous hydrodynamic forcing, and as a linear model, QuEAF s-acetracy-is
bounded-ts accuracy is bound to the assumptions of small displacements around the equilibrium point. Hence, it is expected that
the linear model performs worse for the environmental conditions where nonlinear effects are not negligible. This observation
is also consistent with the discussion around Fig. 7, which corresponds to the most severe sea state considered here.

For the cases with wind the errors range from 1.5 % to 6.9 %, but the trend is not as clear. The predictions seem to be worst
for the environmental condition corresponding to rated wind speed. Around rated speed the wind turbine operation switches
between the partial- and the full-load regions, which correspond to very distinct regimes of the generator torque and blade
pitch controller. The complexity of the dynamics involved in this transition zone is not well captured by the simplified model.
The vibration of the tower is also more likely to be excited around rated wind speed, when-where the thrust is maximum. As

the coupled tower natural frequency is different for the two models, this will also have an impact on the resulting DEL. This
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Figure 10. Exceedance probability of the response to irregular waves and turbulent wind.

effect has been quantified for rated wind speed ("Waves + wind 3”), where the DEL error becomes -5.6 % when the FAST

simulation is carried out with rigid blades, which indicates that the difference in coupled tower frequency has some impact on
the DEL error. In addition, the aerodynamic damping — which plays an important role in the resonant response of the tower —
is dependent on the frequency at which the rotor moves in and out of the wind. Since the acrodynamic damping on the tower is
extracted from a SoA simulation with fixed foundation and rigid blades, it corresponds to a tower natural frequency of 0.51 Hz,
different to the coupled tower frequency observed when the floater DoFs are active (0.682 Hz in QULAF, 0.746 in FAST). This
difference in the frequencies at which the aerodynamic damping is extracted and applied is likely to lead to an overprediction
of the aerodynamic damping, and an underprediction of the tower vibration and the DEL. This observation is consistent with

the level of tower response at the coupled tower frequency shown in Fig. 9. On the other hand, the aerodynamic simplifications
in the cascaded model seem to work best for wind speeds above rated, likely due to the thrust curve being flatter in this region.

The last column of Tab. 4 shows that the ratio between simulated time and CPU time is between 1300 and 2700 in a standard
laptop with an Intel Core i5-5300U processor at 2.30 GHz and 16 GB of RAM. In other words, all the simulations in Tab. 4

together, 1.5 h long each, can be done in about half a minute.
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Table 4. Summary of environmental conditions Krieger-et-al«2615)-(Krieger et al., 2015) and DEL results obtained in FAST and QuLAF.

Case Hs;[m] T,[s] Wim/s] DELpast [MNm] DELgurar [MNm] Error[%] Tre (-]
Waves 1 1.51 7.65 - 75.69 76.44 +1.00 2402
Waves 2 1.97 8.00 - 98.44 98.62 +0.19 2695
Waves 3 2.43 8.29 - 120.74 119.95 -0.65 2595
Waves 4 3.97 9.85 - 179.45 170.55 -4.96 2404
Waves 5 (Figs. 7, 8) 6.14 12.50 - 219.31 194.63 -11.25 2595
Waves + wind 1 1.51 7.65 6.0 167.13 158.74 -5.02 1354
Waves + wind 2 1.97 8.00 9.0 290.96 284.53 -2.21 1409
Waves + wind 3 2.43 8.29 114 375.12 349.37 -6.87 1400
Waves + wind 4 3.97 9.85 17.0 319.95 324.68 +1.48 1365
Waves + wind 5 (Figs. 9, 10) 6.14 12.50 22.0 339.01 348.77 +2.88 1408
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Figure 11. Damage-equivalent bending moment at the tower bottom-base for different environmental conditions.

7 Conclusions

A model for Quick Load Analysis of Floating wind turbines, QuLAF, has been presented and validated. The model is a linear,
frequency-domain tool with four planar degrees of freedom: platferm-floater surge, heave, pitch and tower modal deflection.
The model relies on higher-fidelity tools from which hydrodynamic, aerodynamic and mooring loads are extracted and cas-
caded. Hydrodynamic and aerodynamic loads are precomputed in WAMIT and FAST respectively, while the mooring system
is linearized around the equilibrium position for each wind speed using MoorDyn. A simplified approach for viscous hydro-

dynamic damping was implemented, and the decay-based extraction of aerodynamic damping of Schlger et al. (2018) was
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extended to multiples-multiple degrees of freedom. Without introducing any calibration, a case study with a semi-submersible
10MW configuration showed that the model is able to predict the motions of the system in stochastic wind and waves with
acceptable accuracy. The damage-equivalent bending moment at the tower botter-base is estimated with errors between 0.2
% and 11.3 % for all the five load cases considered in this study, covering the operational wind speed range. The largest er-
rors were observed for the most severe wave climates in wave-only conditions and for turbine operation around rated wind

speed for combined wind and wave conditions, due to three main limitations in the model: i) underprediction of hydrodynamic

loads in severe sea states due to the omission of viscous drag forcing; ii) difficulty to capture the complexity of aerodynamic

loads around rated wind speed, where the controller switches between the partial- and full-load regions; and iii) errors in the

estimation of the tower response due to underprediction of the coupled tower natural frequency and overprediction of the
aerodynamic damping on the tower. The computational speed in QuLAF is between 1300 and 2700 times faster than real time.

Although not done in this study, introducing viscous hydrodynamic forcing and calibration of the damping against the SoA
model would likely result in improved accuracy, but at the expense of lower CPU efficiency and less generality in the model
formulation.

It has been shown that the model can be used as a tool to explore the design space in the preliminary design stages of a floating
platform-substructure for offshore wind. The model can quickly give an estimate of the main natural frequencies, response and
loads for a wide range of environmental conditions with aligned wind and waves, which makes it useful for optimization loops.
Although a better performance may be achieved through calibration, a calibration-free approach was used here to emulate the
reality of an optimization loopwithin-the-design-proeess, where calibration is not possible. In such process, once a-potentiatly
optimat-an optimized design has been found, a full aero-hydro-servo-elastic model is still necessary to assess the performance
in a wider range of environmental conditions, including nonlinearities, transient effects and real-time control. Since the model
is directly extracted from such a state-of-the-art model, this step can readily be taken. While the state-of-the-art model should

thus still be used in the design verification, the present model provides an efficient and relatively accurate complementary

tool for rational Engineering design of offshore wind turbine floaters. In addition, the QULAF and FAST models presented
including normal operation, extreme and transient events (Madsen et al., 2018). Generally, the results of the broader study and
the conclusions drawn are aligned with the ones presented here, as well as the limitations observed in the simplified model

when compared to its SOA counterpart.

Given the model limitations observed in this study and in Madsen et al. (2018), possible improvements of QuLAF ma
; 1) modelling the effect of blade flexibility on the tower natural frequency; iii

improvement of the extraction of aecrodynamic damping from the SoA model; and iv) extension of the model to out-of-plane
DoFs to make it applicable to cases with misaligned wind and waves.

involve: i) inclusion of viscous drag forcin
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