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A B S T R A C T

As floating wind turbines (FWTs) increase in size and power, the relative contribution of
wave and wind loads to their global responses differs from what has been observed for 5–
10 MW units. In addition, the larger deflections at the platform, increased natural period range
for some degrees of freedom, and larger RNA weight at higher heights invite a review on
structural modeling methods, design constraints, dynamic analysis, and control systems. This
paper explores these topics through the design and structural analysis of three spar-type 20 MW
FWTs, with different constraints on the static pitch angle at rated wind speed. Time-domain
simulations are performed with a non-linear aero-hydro-servo-elastic software, and sectional
fatigue damage and extreme motions and axial stresses for the three designs are compared.
The platform is modeled as a flexible body, with hydrodynamic loads evaluated with potential
theory and distributed over the hull. A control system with a motion compensation strategy is
adopted, ensuring the same controller bandwidth for the three FWTs and showing significant
performance improvements compared to detuning the controller gains. In addition to impacting
steel and ballast mass, the static pitch angle at rated thrust affects the platform dynamics and
fatigue damage/extreme loads significantly. The platforms with larger restoring in pitch present
less fatigue damage at the platform, but more at the tower. Extreme stresses are largely affected
by gravitational loads, such that the designs with larger pitch at rated thrust have the highest
extreme stresses at the platform and most of the tower sections. Load cases associated with
the rated wind speed often govern the extreme loads, unlike previous studies with 5 MW and
10 MW FWTs.

1. Introduction

Floating wind technology has been progressing towards increased power per unit. Current projects planned to be built in the
next 5 years comprise wind parks with 8–13 MW floating wind turbines (FWTs) [1–3], while wind turbines with nominal power
of 14 MW [4] and 16 MW [5] are reaching commercial maturity — and academic research has investigated the feasibility of
20 MW [6–8], 25 MW [9], and even 50 MW [10] machines.

The increased wind loads and heavier turbines challenge the design and performance of their supporting structures. The dynamic
behavior and structural integrity of FWTs have been extensively investigated in the last decade, benefiting in a broad extent from
the NREL 5 MW [11] and DTU 10 MW [12] reference wind turbines. Larger FWTs will, however, have different natural periods and
response to wind and wave loads — the structural dynamics of large wind turbines were listed by Veers et al. as one of the ‘‘grand
challenges in wind energy science’’ [13]. Thus, the conclusions obtained from 5–10 MW structures may not necessarily apply to
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those beyond 15 MW. In addition, appropriate methods to model and analyze the structural loads and coupled dynamics of large
FWTs must be developed.

One point that needs further investigation relates to the modeling of FWTs as fully-flexible structures. While a significant
olume of work models the platform as a rigid body, this assumption can be questionable when the dimensions increase and
tructural deflections become more important. Modeling the platform as a flexible body, on the other hand, requires the appropriate
istribution of hydrodynamic loads over the structure [14–18]. The accuracy of the predicted sectional stresses on the platform can
e compromised if radiation and diffraction loads are simplified, while computational time can increase significantly depending on
ow these loads are evaluated in time domain.

Cyclic loads in floating wind turbines are mainly caused by the action of wind, waves, and the loads associated with rotation of
he blades and drivetrain machinery [19]. Kvittem and Moan [20] assessed fatigue damage calculation for a 5 MW semi-submersible
WT, considering bin size, simulation length, and number of realizations. Engebretsen et al. [18] compared fatigue damage for a
MW spar FWT when modeling hydrodynamic loads using Morison formulation and distributed potential theory (DPT), noting

ignificant over-prediction when the former approach is adopted. Hegseth and Bachynski [21] assessed the distribution of fatigue
amage over a 10 MW spar FWT platform and tower, in the context of design optimization.

Extreme axial stresses are important in the assessment of structural yielding and buckling. In addition, extreme platform pitch
otions and nacelle fore-aft acceleration can cause large loads on the drivetrain and interruptions in production. For FWTs, extreme

vents result from the combination of harsh wave loads with the low-frequency motions induced by the wind. Karimirad and
oan [22] analyzed the extreme loads on a 5 MW spar FWT, finding extreme bending moments at the platform and tower to

e associated with storm load cases – i.e., those corresponding to extreme wind conditions, when the turbine is idling. Li et al. [23]
roposed to also consider the cut-off condition in the analysis for a 5 MW semi-submersible FWT, ensuring that load cases with an
perating turbine are included — the rated condition, however, was found to be non-important for extreme loads for the platform
onsidered.

Control systems play a significant role in the dynamic response of FWTs. Interaction with the FWT motions can provoke serious
nstabilities, resulting in large pitch motions and structural bending moments [24,25]. Controller ‘‘detuning’’ [26] is a common
trategy to cope with this problem in academic research, but the method reduces the controller performance and can be unrealistic
or larger FWTs, due to the increased pitch natural periods. Skaare et al. [27] used an observer to remove the influence of the FWT
otions from the controller, avoiding the instability without needing to reduce the controller gains. A similar, but simpler method
as proposed by Lackner [28], who used the FWT pitch velocity to modify the reference rotor speed. Hegseth et al. [29] used the

atter method in the design optimization of 10 MW spar FWTs, obtaining reduced wall thickness for the tower compared with a
esign based on a detuned controller.

The objectives of this paper are to investigate the design, control system, and structural modeling considerations of 20 MW spar
WTs; and to perform a comprehensive dynamic and structural analysis, focusing on the relative importance of wind and wave loads
n the fatigue life and extreme stresses at different locations of the platform and tower. Three spar FWTs supporting the 20 MW wind
urbine from Ashuri et al. [6] are obtained from a parametric design process, with the diameters at the bottom and at sea water level
SWL) as design variables; the static pitch angle at rated wind speed constrained at 6◦, 8◦, and 10◦; and the draft fixed at 90.0 m for

all concepts. The entire structure is assumed as elastic, and modeled with finite elements. Hydrodynamic loads are evaluated with
potential theory and distributed over the hull. A controller with motion compensation based on feedforward of the nacelle velocity
is adopted, avoiding the instabilities related to controller-motion interactions. The analyses are based on fully-coupled, non-linear
time-domain simulations, using an aero-hydro-servo-elastic software.

The parametric design of the platform, as well as adaptations to the original tower from Ashuri et al. [6] are presented in
Section 2; the control system is introduced in Section 3, and the structural and hydrodynamic model is explained in Section 4; the
dynamic analysis is described in Section 5, and results are presented and discussed in Section 6; conclusions are drawn in Section 7.

2. FWT design

2.1. 20 MW wind turbine model

Ashuri et al. [6] presented a 20 MW upwind, land-based wind turbine model, resulting from a multidisciplinary design
optimization with constraints on structural life, modal frequencies, tip-speed ratio, and blade-tower clearance. The turbine is adopted
in the present work, with some modifications related to its use on a floating platform.

One of the modifications is the tower design. The natural frequencies of the first tower bending modes of a bottom-fixed wind
turbine are expected to increase when the same structure is installed on a floating platform [30]. Consequently, the shifted 1st
fore-aft and side-side tower bending frequencies can lie within the 3p blade-passing range, rather than the soft-stiff range (Fig. 1),
leading to resonant excitation and increased fatigue damage.

The tower is first shortened by 10 m, which is the desired height for the base above still water level (SWL). Then, the tower
diameter and thickness are increased until the 1st bending frequency exceeds 3 × 𝛺𝑟 = 0.36 Hz when the tower is installed on a
floating platform, where 𝛺𝑟 is the rated rotor speed. By increasing the diameter of all the sections by a factor of 1.2, and keeping
the diameter-to-thickness ratio of 160 [6], it is possible to obtain a 1st bending frequency ranging between 0.41–0.42 Hz (stiff-stiff),
depending on the spar design. This solution is in line with the design optimization by Hegseth et al. [21], who found feasible
solutions for stiff-stiff tower only, for a 10 MW FWT.

Although 6p excitation is not as critical as 3p, it is also desirable to avoid interactions at the 6p range. This is done by increasing
the cut-in rotor speed to 4.2 rpm. This strategy avoids overlapping between the 3p and 6p ranges, allowing for the tower 1st
bending frequency to be out of any blade-passing ranges. Table 1 shows the main properties of the wind turbine and tower, after
the modifications. The mass and vertical centers of gravity (VCG)s (given with respect to SWL) are presented in Table 2.
2
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Fig. 1. Blade-passing frequency ranges for the 20 MW turbine.

Table 1
20 MW wind turbine properties [6].

Number of blades 3
Rotor diameter (m) 276.0
Hub height (m) 160.2
Cut-in, rated, cut-off wind speed (m/s) 3.0, 10.7, 25.0
Cut-ina, rated rotor speed (rpm) 4.20, 7.15
Gear ratio 164.0
Generator efficiency (%) 94.4
Rated power (MW) 20.0

Tower base, top diametera (m) 12.00, 7.44
Tower base, top thicknessa (cm) 7.50, 5.58

aIndicates a modification from the original design.

Table 2
Mass and VCG (w.r.t. SWL) of wind turbine components and tower.

Component Mass (kg) VCG (m)

Tower 2.07 × 106 70.79
Blade × 3 7.77 × 105 160.59
Hub 2.53 × 105 160.20
Nacelle 9.45 × 105 157.18

2.2. Spar parametric design

The spar is assumed to be a cylindrical, hollow structure, with constant thickness along its length and at the bottom plate. The
iameter, however, is variable, so the platform is divided in three parts: the bottom, the mid, and the top (Fig. 2). The smaller
iameter at the top is intended to reduce wave loading near the surface, at the price of lower hydrostatic restoring in heave. The
id part is tapered, with the diameter varying from the larger radius at the bottom to the shorter one at the top. The tower begins
0.0 m above SWL.

The fundamental constraint for the spar design is the weight–buoyancy balance, expressed by
(

𝑚ℎ𝑢𝑙𝑙 + 𝑚𝑏𝑎𝑙 + 𝑚𝑡𝑜𝑤 + 𝑚𝑟𝑛𝑎 + 𝑚𝑚𝑜𝑜𝑟
)

𝑔 = 𝜌𝑔𝑉𝑠𝑢𝑏 , (1)

where 𝑚ℎ𝑢𝑙𝑙 is the hull steel mass; 𝑚𝑏𝑎𝑙 is the ballast mass; 𝑚𝑡𝑜𝑤 is the tower mass; 𝑚𝑟𝑛𝑎 is the rotor-nacelle assemble mass; 𝑚𝑚𝑜𝑜𝑟 is the
ass-in-water of the mooring lines’ hanging portion; and 𝑉𝑠𝑢𝑏 is the submerged volume of the platform. In addition, the following

onstraints are imposed for determining the solution space:

1. The draft (𝑑) is always 90.0 m, to cope with limitations on typical shipyard capacity and transportation to the wind park.
2. The bounds on the diameter of the top section are 10.0 m to 16.0 m, allowing for a compromise between restoring in heave

and wave loading.
3. The bounds on the diameter of the bottom section are 15.0 m to 26.0 m.
4. The tapered section starts 6.0 m below SWL. The length of the tapered section is determined from the fixed taper angle

(30 deg) and the diameters.
5. The metacentric height must be larger than 1.0 m [31].
6. The heave natural period must be longer than 25 s. The pitch natural period must be always 5.0 s longer than the heave

natural period, to avoid coupling effects (reducing the likelihood of Matthieu instability).

The hull steel mass is obtained from the volume of the spar wall and base, with steel density (𝜌𝑠𝑡𝑒𝑒𝑙) assumed as 7850.0 kg/m3.
he ballast consists of a cylindrical column of high-density concrete, extending from the base of the spar to a height ℎ𝑏𝑎𝑙. The ballast
ensity 𝜌𝑏𝑎𝑙 is assumed as 4000.0 kg/m3, which corresponds to commercially available high-density concrete [32].

The mooring system consists of 3 catenary chain lines. Despite the small contribution of the mooring system to the total FWT
ass, disregarding it in Eq. (1) could result in significant miscalculation of the FWT draft, due to the low hydrostatic restoring in
eave. The procedure for obtaining the mooring line length for a given required stiffness in surge follows the equations for quasi-
tatic catenary mooring systems [33]. The necessary mooring stiffness in surge is normally dependent on the allowable platform
3
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Fig. 2. Parts of the spar platform.

In order to estimate the natural periods during the parametric design stage, it is important to obtain a fair prediction of the
added mass. The long-wave approximation for a cylinder is used to obtain the added mass coefficient in surge [34]:

𝑎11 = ∫

0

−𝑑
𝑎𝑡𝑑𝑧 = 𝜌𝜋 ∫

0

−𝑑
𝑟(𝑧)2𝑑𝑧 , (2)

where the section radius 𝑟 varies along the platform. The added mass coefficients in pitch (𝑎55) and coupled surge-pitch (𝑎15) are
obtained as follows:

𝑎55 = ∫

0

−𝑑
𝑎𝑡(𝑟)𝑧2𝑑𝑧 = 𝜌𝜋 ∫

0

−𝑑
𝑟(𝑧)2𝑧2𝑑𝑧 , (3)

𝑎15 = ∫

0

−𝑑
𝑎𝑡(𝑟)𝑧𝑑𝑧 = 𝜌𝜋 ∫

0

−𝑑
𝑟(𝑧)2𝑧𝑑𝑧 . (4)

For heave, the added mass is assumed as half of the displaced mass of the volume of a sphere with the same radius as the bottom
section.

The linear restoring terms in heave and pitch are directly obtained from the dimensions and metacentric height of each candidate
solution, respectively. For heave, the natural period is estimated based on an 1-DOF system. For pitch, coupling with surge is taken
into account in a 2-DOF system. The latter system is also used for determining the static platform pitch angle at rated thrust, 𝜃𝑟.
A MATLAB script is used for combining the platform dimensions and computing the corresponding inertia, volume, added mass,
restoring coefficients, mooring properties, and natural periods — subjected to the constraints listed above.

3. Wind turbine control system

The control system consists of a variable speed, variable pitch (VSVP) approach, with a motion compensation strategy based on
feedforward of the filtered nacelle velocity above rated wind speed. In addition, a peak shaving approach is adopted to limit thrust
around rated wind speed. A modified version of the NREL ROSCO controller [35] is adopted, where the nacelle velocity feedforward
approach is implemented.
4
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Table 3
Wind turbine control parameters.
Controller natural frequency (rad/s) 0.31
Controller rel. damping (–) 0.7
Nac. velocity feedforward gain (rad/m) −6.4
Nacv̇el LP-filter cut-off frequency (rad/s) 0.18
Torque regime above rated Constant power
Gen. torque const. in Region 2, HSS (N m s2/rad2) 11.99

3.1. Below rated

Following Ashuri et al. [6], the control strategy below rated rotor speed is based on the NREL 5 MW baseline controller,
hich combines an operational region for power optimization, with transitional regions near cut-in and rated rotor speeds. The

orresponding parameters were obtained from the accompanying FAST model.

.2. Above rated

Above rated wind speed, the original wind turbine model [6] adopted a proportional–integral (PI) controller to regulate the rotor
peed error through the blade-pitch angle:

𝛥𝛽 = 𝐾𝑝𝛥𝛺 +𝐾𝑖 ∫

𝑡

0
𝛥𝛺𝑑𝑡 , (5)

ith 𝐾𝑝 and 𝐾𝑖 being the proportional and integral gains. The rotor speed error 𝛥𝛺 is given by

𝛥𝛺 = 𝛺 −𝛺𝑟 , (6)

here the reference 𝛺𝑟 = 𝛺0 is the rated rotor speed.
Although this formulation provides satisfactory performance for a bottom-fixed turbine, its use in floating wind turbines can

ntroduce resonant motions associated with controller-motion interaction [24–26]. Controller detuning is a common approach to
eal with the problem. The idea is to reduce the gains, preventing the controller to respond to rotor speed variations caused by
itch motions.

Despite being widely used in academic research for FWTs, detuning reduces the controller’s ability to cope with wind fluctuations
n the order of the pitch natural period, leading to significant power fluctuations. In addition, excessive pitch motions can take place,
eading to large structural loads and turbine shutdown [36]. Controller detuning is particularly problematic for the present work,
ince the pitch natural periods are relatively long compared with smaller FWTs. In addition, one of the main interests is to compare
WTs with different restoring – and thus natural periods – in pitch. A fair comparison between the different designs would then not
e possible, since the controller bandwidths would vary for each FWT, affecting their dynamics significantly.

Lackner [28] avoided the instability associated with pitch motions by modifying the reference rotor speed as a function of the
latform pitch velocity. In this work, an equivalent strategy is adopted, where the low-pass filtered nacelle velocity, 𝑣𝑛,𝑓 , is used to
pdate 𝛺𝑟:

𝛺𝑟(𝑡) = 𝛺0 +𝐾𝑓𝑓 𝑣𝑛,𝑓 , 𝐾𝑓𝑓 < 0 . (7)

ncluding the time-varying 𝛺𝑟(𝑡) in the rotor speed error (Eq. (6)) is equivalent to informing the controller whether the turbine
s moving downwind or upwind, preventing it from responding to rotor speed fluctuations caused by the platform motions. This
pproach is thus known as feedforwarding of the nacelle velocity.

The platform pitch response to waves, although relatively low, can be amplified by the long arm from the center of rotation to
he nacelle. Therefore, the nacelle velocity is low-pass filtered to avoid wave-frequency components being fed into the controller
hrough 𝛺𝑟(𝑡). A 2nd-order Butterworth filter was found to provide satisfactory filtering performance. Stability of the controller is
erified based on a linearized system [37], including states from the nacelle motion, the rotor speed, and 2nd-order low pass filter.
irst-order aerodynamic derivatives were obtained using FAST’s linearization module.

The PI controller with feedforward of the nacelle velocity allows the same controller natural frequency 𝛺𝑐𝑡𝑟 to be used for all spar
esigns. 𝛺𝑐𝑡𝑟 corresponding to 20 s, just longer than the typical wave frequency range, avoids interactions with wave responses. A
ain-scheduling strategy is implemented in the form of a look-up table, to ensure that the required natural frequency is maintained
or all blade pitch angles. The main parameters of the above-rated controller are provided in Table 3.

.3. Peak shaving

Peak shaving is a strategy based on starting to pitch the blades just before rated wind speed, thus limiting the thrust and reducing
tructural loads [38]. The implementation in ROSCO consists of a look-up table where the minimum blade pitch angle is set as a
unction of the low-pass filtered wind speed. Instead of peaking at rated, the thrust then becomes flat at the range where peak
5
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Fig. 3. Thrust and power curves with and without peak shaving.

A consequence of peak shaving is a reduction of power capture just below the rated wind speed, which depends on the level of
reduction in thrust required. In this work, the thrust is limited to 2.8 × 106 N, corresponding to ca. 87% of the original peak thrust
t rated wind speed. Fig. 3 compares the thrust and power curves with and without peak shaving, for wind speeds close to rated.
hen peak shaving is active, a loss of power is observed for wind speeds between 9.5 m/s and 11.0 m/s, reaching up to 8% for
= 10.6 m/s.

. Hydroelastic modeling

A consistent representation of the actual structural deflections, as well as of the hydrodynamic loads, is needed for accurately
redicting the platform internal loads at the sections of interest. Two main approaches can be used for representing structural
lexibility: a finite-element (FE) model, with the hydrodynamic loads distributed over the structure [14,16–18]; or a model based
n modal superposition, with additional (generalized) degrees of freedom in order to represent flexible modes and the associated
ydrodynamic loads [15,39,40].

The former approach is adopted in this work. The spar platforms are represented with FE beam elements, and divided in sections
here the hydrodynamic loads are applied. Radiation and diffraction loads from 1st-order potential theory are applied at each

ection, combined with quadratic drag terms.

.1. Simulation tool

The simulations are carried out using SIMA, which performs coupled time-domain analyses combining the software RIFLEX and
IMO [41]. RIFLEX [42] is a finite element (FE) software for structural analysis of slender marine structures, and is used in this
ork for modeling the platform, tower, and wind turbine blades. It also computes the wind turbine aerodynamic loads using a
lade element momentum (BEM) formulation, with Glauert’s correction for high induction factors and Prandtl’s correction factors
or losses associated with the hub and blade tip. Øye’s formulations for dynamic wake and dynamic stall are also included in the
ode. Hansen [43] provides details on the BEM method, as well as the corrections mentioned above. Tower shadow is accounted
or based on 2-D potential flow around a circle.

SIMO [44] is a simulator of marine operations for large bodies. In this work, it is used for modeling global linear damping,
nd-order wave forces, the mooring system, and the nacelle inertia properties. Skaare et al. [36] presented a comparison between
imulations using SIMA with measurements from a real 2.3 MW spar floating wind turbine.

All realizations were run for a total of 4000 s, where the initial 400 s were assumed as transient and removed from the analyses.
time-step of 0.005 s was used for all cases. In order to improve numerical stability of the FE model, a global stiffness-proportional

ayleigh damping factor of 2.5 × 10−3 was adopted in all simulations, while mass-proportional damping was not used to avoid
rtificially damping LF modes [45]. The inclusion of numerical damping results in an increase of about 0.3% in the global relative
amping at the 3p frequency (0.40 Hz), which is the highest relevant frequency of excitation in the system.
6
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Fig. 4. Sectional axial force from hydrostatic equilibrium for an upright spar — the free-body diagrams illustrate the difference between the force obtained with
the FE model and the analytical solution.

4.2. Structural model

4.2.1. Platform
The spar platform is modeled in RIFLEX using beam elements, with axisymmetric cross sections. The platform is subdivided in

egments, on which the hydrodynamic loads are applied. The length of each segment varies according to its vertical position, but is
imited to 5.0 m at the bottom and mid parts; and 3.0 m at the top part. Since the lower position of the mid part varies according
o the design, the hull discretization varies slightly among the different spars.

The cross-sectional mass is determined based on the section diameter and thickness, and on the steel density given in Section 2.
steel modulus of elasticity 𝐸 = 2.0 × 1011 Pa is assumed for calculating the axial and bending stiffness. Since the torsional mode

s not of interest for this work, an excessively large value was assigned to the torsional stiffness. For the portion filled with ballast,
he mass is correspondingly increased, but the stiffness is assumed to remain unchanged.

In RIFLEX, the buoyancy and weight are applied at the center of each section. From the static equilibrium of forces in Fig. 4,
he mean axial force at the 𝑝-th section is given by

𝐹 𝐹𝐸
𝑠𝑒𝑐,𝑖 = 𝑊𝑝 − 𝐵𝑝 = 𝑔

𝑝
∑

𝑖=1

(

𝑚𝑖 − 𝜌𝑉𝑖
)

, (8)

here 𝑚𝑖 and 𝑉𝑖 are the mass and volume of each section. For a real spar, however, the buoyancy in an undeflected position will be
etermined by the pressure distribution at the bottom and at the tapered segment. At the bottom, an upward force 𝐹𝑏 is applied:

𝐹𝑏 = 𝜌𝑔𝑑𝜋
𝐷2

𝑏
4

, (9)

where 𝑑 is the draft and 𝐷𝑏 is the base diameter. Thus, below the mid (tapered) section, the following correction must be considered
for the axial force:

𝐹 𝑏𝑜𝑡
𝑠𝑒𝑐,𝑖 = 𝐹 𝐹𝐸

𝑠𝑒𝑐,𝑖 + 𝜌𝑔

( 𝑝
∑

𝑖=1
𝑉𝑖 − 𝑑𝜋

𝐷2
𝑏
4

)

. (10)

At the mid (tapered) part, the pressure integration of the hull results in a downward force with magnitude:

𝐹𝑡 = −𝜌𝑔𝑧𝜋
𝐷2

𝑏 −𝐷2
𝑠

4
, (11)

where 𝑧 is the vertical position of the section and 𝐷𝑠 is the section diameter. The correction at this part of the platform becomes:

𝐹𝑚𝑖𝑑
𝑠𝑒𝑐,𝑖 = 𝐹 𝐹𝐸

𝑠𝑒𝑐,𝑖 + 𝜌𝑔

[ 𝑝
∑

𝑖=1
𝑉𝑖 − 𝑑 𝜋

4
(

𝑑𝐷2
𝑏 + 𝑧𝐷2

𝑏 − 𝑧𝐷2
𝑠
)

]

. (12)

For the top part, the upward force corresponds to the platform buoyancy. The correction is then given by:

𝐹 𝑐𝑜𝑟𝑟
𝑠𝑒𝑐,𝑖 = 𝐹 𝐹𝐸

𝑠𝑒𝑐,𝑖 + 𝜌𝑔

( 𝑝
∑

𝑖=1
𝑉𝑖 − 𝑉

)

. (13)

This correction is particularly important for the extreme analysis, especially for the sections closer to the spar bottom. For the
fatigue analysis, on the other hand, it has a minor impact, since dynamic variations in the axial force have only minor contribution
to the axial stresses, compared with the bending moments.
7
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4.2.2. Wind turbine
The wind turbine blades are modeled with 19 beam elements, using double-symmetric cross sections. The structural and

eometrical properties, as well as the airfoil coefficients, are obtained from the FAST model which accompanies the wind turbine
efinition [6]. The hub and nacelle inertia properties are also obtained from the same model.

The tower is modeled with 20 beam elements, using thin-walled cross sections. The inertia and stiffness properties are obtained
imilarly as for the platform.

.3. Mooring system

The mooring system is modeled as a quasi-static system. An equivalent matrix of horizontal stiffness coefficients is found based
n the mooring line mass and length, as well as fairlead and anchor positions, and based on catenary equations. Dynamic effects
ssociated with velocity and acceleration of the line are not taken into account.

In order to increase the restoring arm in yaw, spar mooring systems typically include a ‘‘crow-foot’’ arrangement [36,46]. This
onfiguration is not considered in the simplified mooring model adopted in this work. Instead, a linear stiffness coefficient in yaw
s added at fairlead position to represent the crow-foot system, chosen to provide a natural period of 16.0 s in yaw for all designs.
his is sufficiently longer than the cut-in 1p excitation period of 14.3 s, avoiding resonant yaw motions.

.4. Hydrodynamic model

The 1st-order potential theory loads are obtained with WAMIT [47], with the spars assumed as rigid bodies. The mesh is created
nsuring that panels are not intersected by the sections defining the segments, so that each segment contains whole panels only.
he panel length is kept at approximately 1.0 m through the entire mesh. Wave periods from 3.0 s to 25.0 s, with steps of 1.0 s,
ere adopted in the computation of hydrodynamic loads.

WAMIT offers the option to output the complex panel pressures corresponding to the radiation and diffraction problems,
eparately. It is then possible to reconstruct the radiation coefficients and excitation transfer functions in 3 (translational) DOFs
or each spar segment, using the pressures at the corresponding panels and the fundamental equations of potential theory (see e.g.
vendsen [14]). RIFLEX then evaluates the diffraction and radiation loads in the time domain simulations. The latter requires the
olution of convolution integrals of the retardation functions [48,49], which can be time-consuming when the number of sections
s large. These integrals are approximated by the software as series of exponential functions, to reduce computational time. See e.g.
aghipour et al. [50] for details on this approach. Viscous drag is added based on a quadratic model, with the non-dimensional
ransverse drag coefficient 𝐶𝑑 = 0.6 for all the sections [51]. Drag loads in the longitudinal direction are not included.

The reconstruction of radiation coefficients from the distributed model does not result in a perfect representation for roll and
itch. For these DOFs, the method approximates the loads by the summation of lumped forces in surge and sway, respectively,
ultiplied by the squared distance from each segment to the origin – i.e., the fluid perturbation associated with the rotations are
eglected. Fig. 5a compares the rigid-body and reconstructed pitch added mass for Spar8, whose dimensions are presented later in
able 8. The reconstructed coefficients are somewhat larger than their rigid-body counterparts. The difference is lower than 5% for
he entire range of periods. Excitation loads are not affected by the same problem, but can be influenced by the hull discretization.
ig. 5b shows that the curves for excitation in pitch are nearly coincident, indicating that the hull discretization is satisfactory.

In addition to the distributed hydrodynamic loads over the body, the hydrodynamic model also includes a global linear damping
atrix, in surge, sway, heave, and yaw. The damping coefficients are added to avoid unrealistic resonant responses at these DOFs.
he criterion was to reach the same relative damping coefficients as obtained for the OC3Hywind spar [46].

.4.1. Difference-frequency 2nd -order wave loads
Due to the large size and low natural frequencies of rigid body motions of the platforms, it is of interest to include the difference-

requency second order wave loads. This effect can be accounted for with quadratic transfer functions (QTFs), obtained from the
olution of the second-order potential in addition to second-order terms of the first-order potential.

The QTFs were calculated for the spars using WAMIT, considering difference frequencies up to 0.28 rad/s. This range covers
he natural periods of all DOFs except yaw (which is not excited by waves for a spar). In WAMIT, it is possible to approximate
he computation of the second-order potential by neglecting the integration of the quadratic forcing over the free surface, avoiding
he discretization of this area and reducing computational time significantly. Simos et al. [52] evaluated this approximation for a
MW semi-submersible FWT, finding very good agreement with the QTF computed with the complete second-order solution. Free-

urface effects are expected to be even less important for a spar, due to its simpler geometry and larger draft, and the procedure is
hus adopted in this work also.1

The difference-frequency 2nd-order wave loads are not distributed over the hull. Instead, they are applied as a nodal load on
he center of the spar, at mean water line.

1 The adoption of Newman’s approximation [53], on the other hand, is not recommended, due to the relatively short natural periods in heave, pitch, and
8

oll.
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Fig. 5. Pitch added mass and pitch excitation moment amplitude for 0◦ incident waves. Comparison between rigid-body and reconstructed from distributed
model.

5. Dynamic analysis

5.1. Environmental conditions

The fatigue and extreme analyses are performed considering the environmental conditions for the Norwegian Sea, Site 14 from
Li et al. [54]. The long-term joint probability distributions of hub mean wind speed (𝑈), significant wave height (𝐻𝑠), and wave
eak period (𝑇𝑝) are used for obtaining the most probable sea states associated with the wind turbine operational conditions, as
ell as the environmental contours corresponding to the 50-year cases. The distributions are obtained based on 10 years data from
numerical hindcast model. The water depth is set to 320.0 m.

The joint distribution of wind speed, wave significant height, and wave peak period, may be approximated by [54]

𝑓𝑈,𝐻𝑠 ,𝑇𝑝 (𝑢, ℎ, 𝑡) ≈ 𝑓𝑈 (𝑢)𝑓𝐻𝑠|𝑈 (ℎ|𝑢)𝑓𝑇𝑝|𝐻𝑠
(𝑡|ℎ) , (14)

here 𝑓𝑈 (𝑢) is the marginal distribution of the mean wind speed; 𝑓𝐻𝑠|𝑈 (ℎ|𝑢) is the conditional distribution of significant wave height,
or a given mean wind speed; and 𝑓𝑇𝑝|𝐻𝑠

(𝑡|ℎ) is the conditional distribution of wave peak period, for a given significant wave height.2
The marginal distribution of the one-hour mean wind speed at 10 m height, 𝑈10, is assumed to follow a two-parameter Weibull

istribution, with a probability density function (PDF) given as follows:

𝑓𝑈10
(𝑢) =

𝛼𝑈
𝛽𝑈

(

𝑢
𝛽𝑈

)𝛼𝑈−1
exp

[

−
(

𝑢
𝛽𝑈

)𝛼𝑈 ]

, (15)

where 𝛼𝑈 and 𝛽𝑈 are the shape and scale parameters, respectively, and are given in Table 4. Wind shear is assumed to follow a
power law profile:

𝑈 (𝑧) = 𝑈10

( 𝑧
10

)𝛼𝑃𝐿
(16)

where the exponent 𝛼𝑃𝐿 is assumed as 0.14 for all wind speeds.
The PDF for the conditional distribution of the significant wave height, 𝐻𝑠, for a given 𝑈 , is also given by a two-parameter

eibull distribution:

𝑓𝐻𝑠|𝑈 (ℎ, 𝑢) =
𝛼𝐻𝑈
𝛽𝐻𝑈

(

ℎ
𝛽𝐻𝑈

)𝛼𝐻𝑈−1
exp

[

−
(

ℎ
𝛽𝐻𝑈

)𝛼𝐻𝑈 ]

, (17)

with the parameters 𝛼𝐻𝑈 and 𝛽𝐻𝑈 given by

𝛼𝐻𝑈 = 𝑎1 + 𝑎2𝑢
𝑎3

𝛽𝐻𝑈 = 𝑏1 + 𝑏2𝑢
𝑏3 .

The coefficients 𝑎𝑖, 𝑏𝑖 are provided in Table 4.

2 Rigorously, the conditional distribution of wave peak period for a given pair of mean wind speed and significant wave height, 𝑓𝑇𝑝 |𝑈,𝐻𝑠
(𝑡|ℎ, 𝑢), should be
9

sed in Eq. (14). The simplification is proposed by Li et al. [54] and is not expected to affect the estimate of critical conditions significantly.
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Table 4
Distribution parameters for site 14 of Li [54].
𝛼𝑈 2.029
𝛽𝑈 9.409

𝑎1 2.136
𝑎2 0.184
𝑎3 1.000
𝑏1 0.534
𝑏2 0.070
𝑏3 1.435

𝑐1 1.886
𝑐2 0.365
𝑐3 0.312
𝑑1 0.001
𝑑2 0.105
𝑑3 −0.264

The conditional distribution of wave peak period on the significant wave height is assumed to follow a log-normal distribution:

𝑓𝑇𝑝|𝐻𝑠
(𝑡|ℎ) = 1

√

2𝜋𝜎𝑇𝐻 𝑡
exp

[

−1
2

(

ln 𝑡 − 𝜇𝑇𝐻
𝜎𝑇𝐻

)2
]

, (18)

where the distribution mean 𝜇𝑇𝐻 and variance 𝜎𝑇𝐻 are given by

𝜇𝑇𝐻 = 𝑐1 + 𝑐2ℎ
𝑐3

𝜎2𝑇𝐻 = 𝑑1 + 𝑑2 exp(𝑑3ℎ) ,

with the coefficients 𝑐𝑖 and 𝑑𝑖 as provided in Table 4.

5.1.1. Environmental modeling
Waves are generated from time-domain realization of a three-parameter JONSWAP spectrum [33], with a 𝛾-factor of 3.3 for all

sea states. Long-crested waves are assumed.
Wind turbulence time series are generated using TurbSim [55], based on a Kaimal spectrum and with turbulence intensity

following IEC Normal Turbulence Model category B [56] for all conditions. Wind shear is taken into account assuming a power
law with exponent 0.14 for all wind speeds.

5.2. Fatigue analysis

A full long-term fatigue analysis includes all the possible combinations of mean wind speed, significant wave height, and wave
peak period. As the present work focuses on the comparison between the different designs, the adopted fatigue analysis considers
only the most probable sea state associated with each mean hub-height wind speed in the operational range.

Kvittem [20] showed that, for a 5 MW semi-submersible FWT, 4 realizations of 1h-simulations provide fatigue damage estimates
within 5% of estimates based on 10 3-hour realizations. It is assumed that these conclusions are also valid for the FWTs of this
work, such that the fatigue analyses are based on 4 realizations of 1h-simulations.

The most probable sea state associated with each mean hub wind speed corresponds to the 𝐻𝑠 and 𝑇𝑝 providing the highest
value of the PDF’s given by Eqs. (17) and (18), respectively. The mean hub wind speeds cover the turbine operational range from
4.0 m/s to 25.0 m/s with steps of 1.0 m/s. The probability of occurrence associated with bins centered at each mean wind speed,
and bounded with ± 0.5 m/s, is obtained from Eq. (15).

5.2.1. Fatigue damage calculation
The fatigue analysis is based on DNV-RP-C203 [57], which recommends bi-linear S-N curves for offshore structures subjected

to wind and wave loads. The accumulated damage is calculated at different sections of the platform and tower. All the conditions
analyzed assume aligned wind and wave loads. The 1-hour fatigue damage accumulation 𝐷1ℎ is estimated from the average axial
stress time-series of the 4 realizations, which are obtained from each section’s axial force 𝑁𝑥 and fore-aft bending moment 𝑀
ime-series according to:

𝜎𝑥 =
𝑁𝑥
𝐴

+ 𝑀𝑟
𝐼𝑦

, (19)

where 𝐴 is the annular section area, 𝑟 is the section radius, and 𝐼𝑦 is the section modulus around the bending axis.
A rainflow cycle counting procedure is then applied to the axial stress time series, providing a series of cycles with stress range

𝑖. The accumulated damage 𝐷1ℎ is obtained from:

𝐷1ℎ = 1
�̄�

𝑛𝑙
∑

𝑆𝑚1
𝑖 + 1

�̄�

𝑛ℎ
∑

𝑆𝑚2
𝑗 , (20)
10
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Table 5
Load cases considered in the fatigue analysis — operational conditions.
𝑉ℎ𝑢𝑏 (m/s) 𝑃 (𝑉ℎ𝑢𝑏 ± 0.5) (%) 𝐼 (%) 𝐻𝑠 (m) 𝑇𝑝 (s)

4.0 3.75 30.1 1.49 9.3
5.0 4.51 26.2 1.56 9.4
6.0 5.14 23.6 1.64 9.4
7.0 5.63 21.7 1.73 9.5
8.0 5.98 20.3 1.83 9.6
9.0 6.18 19.2 1.95 9.7
10.0 6.23 18.3 2.07 9.8
11.0 6.17 17.6 2.21 9.9
12.0 5.97 17.0 2.35 10.1
13.0 5.69 16.5 2.51 10.1
14.0 5.33 16.1 2.68 10.3
15.0 4.91 15.7 2.85 10.4
16.0 4.46 15.4 3.04 10.5
17.0 3.98 15.1 3.24 10.6
18.0 3.51 14.9 3.44 10.8
19.0 3.05 14.6 3.66 11.0
20.0 2.61 14.4 3.89 11.1
21.0 2.21 14.2 4.12 11.2
22.0 1.84 14.1 4.37 11.4
23.0 1.51 13.9 4.62 11.5
24.0 1.23 13.8 4.88 11.7
25.0 0.99 13.6 5.15 11.8

Table 6
S-N curve coefficients and stress limit for spar and tower sections [57].

Spar Tower

�̄�1 1.0 × 1011.764 1.0 × 1012.164

�̄�2 1.0 × 1015.606 1.0 × 1015.606

𝑚1 3.0 3.0
𝑚2 5.0 5.0
𝑆𝑙𝑖𝑚 (MPa) 52.63 52.63

where 𝑛𝑙 and 𝑛ℎ are the number of cycles in the low and high cycles regions, respectively. The stress limit 𝑆𝑙𝑖𝑚 dividing the regions,
as well as the coefficients �̄�1,2 and 𝑚1,2 defining the S-N curves, are obtained from DNV [57] and are reproduced in Table 6. For the
platform sections, the curves in seawater with cathodic protection are adopted, while for the tower the curves in air are used. A
circumferential butt weld made from both sides is assumed for the spar and tower sections. The thickness effect is accounted for by
modifying the stress ranges as recommended by DNV [57]. Stress concentration factors due to misalignment and thickness in butt
welds are not considered in the analyses.

The damage associated with each of the load cases in Table 5 is then weighted with the probability of occurrence of the respective
bin, providing the averaged 1-hour accumulated fatigue �̄�1ℎ at the platform and tower sections, for each spar.

5.3. Extreme analysis

A full long-term analysis (FLTA) is too time-consuming for practical prediction of extreme responses. In addition, usually a limited
number of conditions govern the tail of the extremes distribution, such that methods for selection of these conditions are normally
adopted in practice.

For floating wind turbines, Li et al. [23] proposed a modified environmental contour method (MECM), where the cut-off condition
is also considered in addition to the 50-year environment. The idea is to account for cases where the turbine is not parked, as it is
normally the case for the 50-year condition, such that loads related to thrust are also included in the analysis.

This approach is used for the analysis of extreme loads in this work, but the condition associated with the rated wind speed,
which gives the largest mean thrust, is also added. Time-domain simulations are carried out for the 3 spars and considering each
load case, with 20 realizations for waves and wind. For the case with 50-year hub wind speed, the turbine is set to idle with no
generator torque and blades feathered to 88 degrees.

5.3.1. Load case selection for the extreme analysis
In the MECM, as adopted here, the sea states forming 50-year contours with three mean hub wind speeds (rated, cut-off, and

50-year wind) are selected. In other words, the 3-D surface formed by combinations of 𝑈 , 𝐻𝑠, and 𝑇𝑝 yielding a 50-year return
period is ‘‘sliced’’ at the wind speeds of interest. The determination of the wind speed and sea state parameters is more easily done
by transforming the random environmental variables (X-space) to a space where the variables follow a standard normal distribution
(U-space):

𝐹 (𝑥 ) = 𝛷(𝑢 ) , (21)
11
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Table 7
Hub mean wind speeds, turbulence intensity, and associated sea state parameters representing
the environmental contours.
𝑈 (m/s) 𝐼 (%) 𝐻𝑠 (m) 𝑇𝑝 (s) ID

10.7 17.8

2.39 3.57 i-rt
3.62 4.64 ii-rt
4.85 6.04 iii-rt
6.08 7.99 iv-rt
7.31 13.00 v-rt

25.0 13.6

3.92 5.11 i-co
5.60 6.34 ii-co
7.28 7.84 iii-co
8.96 9.76 iv-co
10.63 14.07 v-co

49.1 12.1 13.97 15.14 i-50

where 𝑖 = 1, 2, 3 and 𝐹 and 𝛷 are the cumulative density functions in the respective spaces. The points in the U-space corresponding
o a given return period form a sphere, which after transformation back to the X-space, provides the wind and sea state combinations
ith the required return period.

From the 50-year contour, the point providing the 50-year wind speed is associated with one combination of 𝐻𝑠 and 𝑇𝑝 only.
or the rated and cut-off cases, there will be infinite combinations of 𝐻𝑠 and 𝑇𝑝 associated with the respective wind speeds, from

which five are chosen for analysis according to the following wave height and steepness criteria:

• the combination with highest 𝐻𝑠;
• the combination with largest 𝐻𝑠∕𝑇𝑝 ratio;
• three conditions at the lower half of the contour, equally spaced between the two previous ones.

The resulting load case combinations are provided in Table 7, and illustrated in Fig. 6.

5.3.2. Extreme response calculation
For the extreme response estimate, a Gumbel distribution is fit to the maxima from the 20 realizations using the MATLAB

toolbox WAFO [58]. The 90% fractile of the corresponding cumulative density function (CDF) is then used to obtain the 50-year
axial stresses. In addition to the axial stresses, extreme values are also obtained for the platform extreme pitch angle and for the
nacelle acceleration, following the same procedure.

6. Results

6.1. Spar dimensions

A total of 660 feasible solutions resulted from the parametric design process. Fig. 7 shows the steel and ballast mass as a function
of the static pitch angle at rated, for all the solutions. As noted, the requirement of larger restoring in pitch demands up to 30%
larger ballast mass. An increase in steel mass of up to 10% is also observed, due to the larger platform diameter.

The solutions are divided in groups with 𝜃𝑟 ≤ 6◦, 8◦, and 10◦. The solution with lowest steel mass is chosen from each group.
able 8 shows the main dimensions for each of the spars. In addition to having reduced steel and ballast mass, the solutions with

ower restoring in pitch also have lower diameter at the top, and thus reduced wave loading. The displayed natural periods are
btained from decay simulations, thus accounting for radiation effects from potential theory, and viscous damping. The natural
eriod in pitch is significantly affected, with a difference of 10.4 s between Spar6 and Spar10. The difference in mooring system
ass is due to the requirement of same natural period in surge — platforms with lower mass require lower restoring, and thus lighter
ooring lines. It is noted that the actual surge periods are slightly different than 120.0 s, due to the adoption of simplified added
ass and disregarding damping in the parametric design process. The different platform designs do not affect the tower bending

requencies significantly.
Since the different designs have different FE meshes, the platform sections considered in the analysis are placed at slightly

ifferent distances from the keel. The exact positions of the sections for each platform are given in Table 9. For all spars, Sections
–6 are located at the bottom part of the platform; Section 7 is at the tapered part; and section 8 is at the waterline (top part). For
he tower (Table 10), the section positions are the same for all designs.

.2. Control system performance

In addition to responding more promptly to changes in the wind speed, the controller with motion compensation also provides
ore aerodynamic damping to the pitch motions, compared with the detuned controller. This becomes clear when analyzing the
12

losed-loop system eigenvalues, as shown in Fig. 8 for Spar6, under a mean wind speed of 13.0 m/s. The detuned controller gains
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Fig. 6. Environmental contours and load cases for the extreme analysis.

Fig. 7. Steel and ballast mass as a function of static pitch at rated wind speed, for the feasible solutions.

correspond to rotor dynamics with natural period3 of 59.0 s. The natural frequencies and damping corresponding to the eigenvalues
mainly associated with the nacelle motion are shown in Table 11. While for the detuned controller the amount of damping is
marginal, the motion compensation approach based on Eq. (7) introduces a relative damping of 25.2% into the system. The natural
frequencies, on the other hand, are very similar.

Fig. 9 compares the controllers’ performance with a time-window of the pitch motions and generator power, also for Spar6 and
under turbulent wind with a mean speed of 13.0 m/s, and the associated wave conditions from Table 5. Although the instability
due to controller-motion interactions is avoided by controller detuning, large resonant oscillations still are observed, due to the low
level of aerodynamic damping. Large variations are also observed in the generated power. When motion compensation is used, the
resonant pitch oscillations are damped out, and the variations in power are significantly reduced.

The power spectral density (PSD) of the tower base fore-aft bending moment, for the same case, is shown in Fig. 10. The pitch
motions for the detuned case translate into more energy near the pitch natural frequency, as expected. The energy at the wave
frequency range is similar in both cases, indicating good performance of the low-pass filter on the nacelle velocity in preventing
feeding of wave-frequency components to the controller.

3 With the detuned controller, the highest natural frequencies ensuring stability for Spar8 and Spar10 are 0.09 rad/s (68.0 s) and 0.08 rad/s (76.0 s),
13

espectively.
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Table 8
Main dimensions of the three spar FWT designs. Radii of gyration provided with respect to the
origin of the body-fixed coordinate system.

Spar6 Spar8 Spar10

Static pitch (deg) 6.0 8.0 10.0
Draft (m) 90.00 90.00 90.00
Diameter - top (m) 15.90 15.20 14.70
Diameter - bottom (m) 25.50 24.10 23.30
SWL to taper top (m) 6.00 6.00 6.00
SWL to taper bottom (m) 14.31 13.71 13.45
Ballast column height (m) 17.29 17.00 16.79
Ballast mass (kg) 3.53 × 107 3.10 × 107 2.86 × 107

Steel mass (kg) 3.77 × 106 3.55 × 106 3.43 × 106

GM (m) 11.89 9.82 8.40
KG (m) 30.09 32.30 33.75
KB (m) 41.91 42.05 42.09
Displacement (m3) 4.26 × 104 3.82 × 104 3.58 × 104

C11 (N/m) 2.39 × 105 2.14 × 105 2.00 × 105

C33 (N/m) 1.99 × 106 1.82 × 106 1.70 × 106

C55 (N m/rad) 5.09 × 109 3.77 × 109 3.02 × 109

C66 (N m/rad) 8.21 × 108 7.13 × 108 6.59 × 108

Mooring system mass (kg) 6.27 × 105 6.10 × 105 6.01 × 105

r𝑦𝑦 (m) 82.46 82.80 83.04
r𝑧𝑧 (m) 11.04 10.87 10.80

T𝑠𝑢𝑟𝑔𝑒 (s) 124.4 121.0 119.0
Tℎ𝑒𝑎𝑣𝑒 (s) 30.8 30.3 30.3
T𝑝𝑖𝑡𝑐ℎ (s) 38.7 44.2 49.1
1st tower FA freq. (Hz) 0.41 0.42 0.42
2nd tower FA freq. (Hz) 1.55 1.54 1.53

Table 9
Distance of platform sections from the keel, for the different spars.
Section Distance from keel (m)

Spar6 Spar8 Spar10

1 13.22 13.00 12.84
2 26.15 25.15 25.75
3 34.88 32.30 33.75
4 47.98 47.27 47.69
5 57.83 56.33 57.63
6 66.77 66.42 66.72
7 79.84 80.14 80.27
8 90.00 90.00 90.00

Table 10
Tower section positions and sectional dimensions.
Section Diameter (m) Thickness (mm) Dist. from tower base (m) Dist. from keel (m)

1 11.74 73.4 0.00 100.00
2 11.27 70.4 17.13 117.13
3 10.55 65.9 40.38 140.38
4 9.99 62.4 55.88 155.88
5 9.15 57.6 79.13 179.13
6 8.46 52.9 102.38 202.38
7 7.87 41.0 125.63 225.63
8 7.52 47.0 141.13 241.13

Table 11
Natural frequency and damping for the eigenvalues mainly associated with the nacelle motion,
with both controllers.

Detuned Motion comp.

𝜔𝑛 (rad/s) 0.1519 0.1487
𝜁 (–) 0.0153 0.2524
14
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𝑇

Fig. 8. Poles mainly associated with nacelle motion and rotor dynamics for the controller with motion compensation and the controller with detuned gains.
𝑈 = 13.0 m/s.

Fig. 9. Platform pitch and generator power for Spar6, using a controller with nacelle velocity feedforward and a detuned controller. 𝑈 = 13.0 m/s, 𝐻𝑠 = 2.51 m,
𝑝 = 10.1 s.

Fig. 10. Tower base fore-aft bending moment PSD for Spar6, using a controller with nacelle velocity feedforward and a detuned controller. 𝑈 = 13.0 m/s,
𝐻𝑠 = 2.51 m, 𝑇𝑝 = 10.1 s.
15
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Fig. 11. Weighted sectional fatigue damage along the length of the spars.

Fig. 12. One-hour fatigue damage at platform section 8 and tower base, for each of the load cases in Table 5.

.3. Fatigue analysis

Fig. 11 shows the fatigue damage, weighted with the probabilities of occurrence in Table 5, at sections along the platform and
ower. The damage for the platform sections closer to the bottom is several orders of magnitude lower than for locations near SWL.
t the platform section 8, which coincides with SWL, the damage is larger for the designs with larger pitch at rated thrust (i.e., lower
estoring in pitch). For the tower sections, however, the damage becomes larger for the designs with larger restoring in pitch.

The short-term damage associated with each load case is shown in Fig. 12. For the tower base, the discrepancy between the
ifferent designs is more relevant for higher wind speeds, which are associated with more severe waves. Fig. 13 shows the spectra
f the axial stresses for one realization of the condition associated with 𝑈 = 20.0 m/s, for Spar6 and Spar10. For platform section 8,

the difference between both designs is more visible for low-frequency loads, but for the tower base, the WF response is significantly
larger for Spar6. A possible explanation is that Spar6 has larger WF-related RNA accelerations, due to the larger restoring in pitch.
Other sections at the platform and tower show similar trends, but with lower amplitudes.

The same load cases were also analyzed without including the QTFs, thus neglecting second-order wave loads. The difference in
16

the weighted sectional fatigue damage shown in Fig. 11 was within 0.8% for the platform sections and 0.3% for the tower sections.
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Fig. 13. Axial stress PSD for platform section 8 and tower base - 𝑈 = 20.0 m/s, 𝐻𝑠 = 3.4 m, 𝑇𝑝 = 8.7 s.

Fig. 14. Relative error in the fatigue damage obtained with the Morison formulation, compared with distributed potential theory, for Spar6 and Spar10.

.3.1. Alternative hydrodynamic modeling with Morison formulation
Spar6 and Spar10 are also modeled with a pure Morison formulation [33], for comparison against distributed potential theory

n the fatigue analysis. The same drag coefficient is used for the viscous term, while an added mass coefficient 𝐶𝑎 = 1.0 is adopted
for the inertial term. Compared to potential theory, this approach neglects near-field diffraction, resulting in overestimated loads
for shorter wave lengths.

Fig. 14 shows the relative error in the weighted fatigue damage, when Morison formulation is adopted, compared with distributed
potential theory. Morison formulation clearly overestimates the damage for both designs, for both the platform and tower. In Fig. 15
the power spectral density of the bending moment, at the platform section 8, is shown for Spar6 modeled with both methods. The
load case corresponds to mean wind speed of 20.0 m/s, with 𝐻𝑠 = 3.89 m and 𝑇𝑝 = 11.1 s. Near the peak wave frequency the
moment is just slightly overestimated by Morison formulation, while the excitation from the shortest waves is amplified close to
the tower 1st fore-aft bending frequency, leading to the overestimation of the fatigue damage.

6.4. Extreme analysis

The different constraints in the static pitch angle under rated thrust have significant impact on the extreme dynamics, and thus
sectional stresses. Fig. 16 shows the extreme platform pitch angle and nacelle acceleration, for the three spars. The extreme pitch
for Spar6 is 3.0◦ above the static value, while for Spar10 the increase is 4.0◦– resulting in a total of 14◦. The extreme nacelle
17

cceleration for Spar6, on the other hand, is only 18% larger than for Spar10.
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Fig. 15. Power density spectrum of bending moment at platform section 8, for Spar6, modeled with distributed potential theory and full Morison formulation.
𝑈 = 20.0 m/s 𝐻𝑠 = 3.89 m, 𝑇𝑝 = 11.1 s.

Fig. 16. Extreme platform pitch angle and nacelle acceleration.

Fig. 17. Overall extreme sectional load along the length of the spars.

The extreme axial stresses along the platform and tower of all spars are shown in Fig. 17. The designs with largest static pitch
angle are in general the ones with the largest extremes — except closer to the tower top, where Spar6 has the highest value. The
largest differences between Spar6 and Spar10 are at the platform section 8 and at the tower base. When second-order wave loads
were neglected, the difference in the extreme stresses was less than 1.3% for the platform, and less than 4.0% for the tower.

The load cases associated with the extreme stresses are shown in Table 12. For both the platform and tower, the extremes for all
designs correspond to either the rated or the 50-year wind speeds — but never to conditions at the cut-off contour. For Spar6, the
condition associated with 50-year wind governs the extremes at some platform sections, while for Spar8 and Spar10 all the platform
extremes are associated with the rated wind speed. For the tower base, load cases at the 50-year contour govern the extremes for all
designs, but for other sections along the tower the conditions associated with rated wind can be associated with the extreme loads.
18
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Table 12
Load cases associated with extreme sectional stresses for each platform (ID as defined
in Table 7).

Spar6 Spar8 Spar10

Platform

Sec. 1 i-50 v-rt v-rt
Sec. 2 v-rt v-rt v-rt
Sec. 3 v-rt v-rt v-rt
Sec. 4 v-rt v-rt v-rt
Sec. 5 i-50 v-rt v-rt
Sec. 6 i-50 v-rt v-rt
Sec. 7 i-50 iv-rt iv-rt
Sec. 8 i-50 iv-rt iv-rt

Tower

Sec. 1 i-50 i-50 i-50
Sec. 2 v-rt i-50 i-50
Sec. 3 v-rt i-50 i-50
Sec. 4 v-rt i-50 i-50
Sec. 5 i-50 i-50 i-50
Sec. 6 i-50 i-50 i-50
Sec. 7 i-50 i-50 i-50
Sec. 8 i-50 iv-rt iv-rt

The relative importance of each contour for the different designs is also illustrated in Fig. 18, which shows the extreme axial
tresses obtained with rated, cut-off, and 50-year wind speed, and associated sea states. For the platform sections, the different
esigns affect extreme loads at rated more significantly, due to the mean stress associated with the pitch angle at rated. For the
ower, the extreme loads associated with the 50-year contour are also significantly affected by the design.

For a better understanding of the dynamic effects leading to extreme events, the axial stress time-series can be approximated as
ollows:

𝜎𝑡𝑜𝑡 ≈ 𝜎𝑖𝑛𝑒 + 𝜎𝑔 + 𝜎𝑡ℎ , (22)

where 𝜎𝑖𝑛𝑒 is the inertial component; 𝜎𝑔 is the gravitational component; and 𝜎𝑡ℎ is the component associated with the thrust. 𝜎𝑖𝑛𝑒
is obtained from the acceleration time-series multiplied by the structural mass above the sections considered, while for 𝜎𝑔 the
time-varying compression force and bending moments due to the structural weight are used. The thrust multiplied by the distance
to the section is considered for obtaining 𝜎𝑡ℎ.

Fig. 19 shows the axial stress reconstructed according to Eq. (22), for Spar6 and Spar10. Good agreement is obtained with the
actual stresses, which are indicated by the dotted lines in the top subfigures. The time window shown for the platform section 8
(Fig. 19a) is extracted from a rated condition, and it is seen that the main difference is on the LF-varying gravitational component —
indicating that wind loads govern the extremes at this section. For the tower base (Fig. 19b), the time window relates to a condition
associated with 50-year wind. In this case, the largest differences are also observed for the gravitational component, but due to
variations at the wave frequency.

7. Conclusion

In this paper, three 20 MW spar FWTs are designed and compared in terms of global dynamics and structural loading along
the platform and tower. The designs differ regarding the static platform pitch angle at rated wind speed, 𝜃𝑟. The entire structure is
modeled as elastic, and hydrodynamic loads are distributed over the platform with a combination of potential theory and quadratic
drag terms. A control system with a motion compensation strategy is adopted, avoiding the use of detuned controllers. Structural
performance is assessed in terms of fatigue damage and extreme axial stresses at sections over the platform and tower length.

The constraint in 𝜃𝑟 results in designs with distinct platform dynamics. This affects the relative contribution of inertial- and
gravity-related structural loads due to the platform responses to wind and wave loads, resulting in different performance with
respect to fatigue damage and extreme loads. The pitch natural periods, in general, are significantly longer than for published spar
FWTs with 5 MW [46] and 10 MW [21] turbines — reaching 49.1 s for the design with 𝜃𝑟 = 10◦.

One of the consequences of the long natural period in pitch is the inadequacy of a detuned control system, which would require
n excessively low controller bandwidth, leading to unrealistic motions, structural loads, and power quality. In addition, for large
WTs the relative importance of low-frequency motions to those associated with waves increases — which also favors the use of a
ontroller with LF motion compensation. The adoption of a motion compensation strategy, based on modifying the reference rotor
peed according to the nacelle velocity, proved to be a simple and effective solution for keeping a realistic controller bandwidth,
hile still providing aerodynamic damping to the pitch motions. Future research within structural analysis of large FWTs should
void the use of detuned controllers. In addition, the adoption of peak shaving also showed to be beneficial, since the extreme loads
re in general associated with rated wind speed.

Fatigue damage was largest for platform sections closer to SWL, and also to the tower base – a similar pattern to what was
reviously obtained for an optimized 10 MW spar [21]. For the platform, the largest damage was observed for designs with larger
; for the tower, larger restoring in pitch (i.e., lower 𝜃 ) resulted in increased fatigue damage, and the discrepancy in damage for
19
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Fig. 18. Extreme axial stresses at selected platform and tower sections.

the different designs increased with the wind speed. Spectral analysis of the axial stress at the tower base, for a load case near
cut-off, showed increased response at wave-frequency range for Spar6 than for Spar10, suggesting larger influence of inertial loads
associated with the tower top mass.

The comparison between distributed potential theory with Morison formulation confirms the results from Engebretsen et al. [18],
in that Morison formulation over-predicts the fatigue damage significantly. The overestimation is higher for the design with larger
restoring in pitch. The discrepancy is related to diffraction effects, and seems to be strongly associated with excitation of the 1st
tower bending frequency by short-length waves. For a cylindrical structure like a spar, the MacCamy–Fuchs formulation is expected
to provide similar results as those obtained with potential theory.

For the analyses of extreme responses and axial stresses, the modified environmental contour method (MECM) proposed by Li
et al. [23] was adopted, including 50-year contours associated with rated and cut-off wind speeds, as well as the 50-year wind
condition. An extreme dynamic pitch angle of 7◦ was obtained for Spar6, while for Spar10 it reached 14◦. Nacelle acceleration, on
the other hand, was 18% higher for Spar6 than for Spar10.

Regarding the axial stress, the largest extreme values were observed at the platform sections at SWL and at tower base, and for
the designs with largest 𝜃𝑟. The extreme axial stresses resulted from contours associated with both rated and 50-year wind speed,
epending on the platform design and location of the platform/tower section. An analysis separating the relative contribution of
nertial-, gravity-, and thrust-related loads showed that the difference in extreme loads between the different designs was mainly
aused by the moments associated with RNA weight.

Difference-frequency second-order wave loads had limited effects on fatigue damage (0.3% for the platform and 0.8% for the
ower), and small effects on the extreme stresses, (within 1.3% for the platform and 4.0% for the tower).

Previous research for 5 MW wind turbines [22,23] discarded the relevance of conditions at rated wind for extreme load analysis.
he presented results confirm the need to include them in the extreme analysis of larger FWTs. The analysis also suggests that the
tatic pitch angle under rated wind speed has large influence on fatigue damage and extreme motions and stresses. A similar study
20

t the initial design phase of FWTs can be helpful in limiting the range of this variable, and thus reducing the design space.
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Fig. 19. Axial stress components at spar section 8 (rated) and tower base (50-year condition), reconstructed according to Eq. (22). The dotted lines on the top
plots represent the original stress time series, and the vertical dashed lines indicate the instant corresponding to the extreme stress.
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