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Abstract: This study entailed a load evaluation for the tower design of a large floating offshore wind
turbine system in accordance with the wave conditions. The target model includes the IEA 15 MW
reference wind turbine and a semi-submersible VolturnUS-S reference floating offshore wind turbine
platform from the University of Maine. The OpenFAST, which is an aero-hydro-servo-elastic fully
coupled analysis tool, was used for load analysis. The DLC1.2 and 1.6 were used as the design
load cases, and the environmental conditions suitable for the design load cases were cited in the
VolturnUS-S platform report. Load evaluation was performed according to time series and FFT results.
The findings of the study are as follows: first, in the correlation analysis, the tower-top deflection
had the highest correlation, and this further affects nacelle acceleration. Second, the tower-base pitch
moment increased with the significant wave height. However, the wave peak period increased until it
matched the tower-top deflection frequency and decreased thereafter. Third, the comparison between
the normal and severe sea state conditions revealed that the tower-base pitch moments for the two
conditions are almost similar, despite the conditions wherein the wave spectral energy differs by a
factor of 3.5. Fourth, the tower shape is changed while adjusting the diameter of the tower, and the
tower-top and tower-base pitch moments are reviewed using a redesigned tower. Even if the mass is
the same, adjusting the diameter of the tower reduces only the pitch moment.

Keywords: fast Fourier transform; floating offshore wind turbine system; semisubmersible; tower-
base pitch moment; wave spectral energy

1. Introduction

The global offshore wind energy has scaled by over 50 GW in the past year. Most
installed wind turbines are either onshore or offshore fixed types. Commercial floating
offshore wind turbines are virtually nonexistent. This is due to the fact that the initial cost is
higher compared to that of the fixed type [1]. There has been an increase in research studies
on large-scale floating offshore wind turbine systems in recent years due to favorable factors
such as highly stable generator power, which further enables applications in deeper waters
and yields stable wind energy. They can be easily installed in deep water because they are
relatively less dependent on seabed conditions, and this characteristic favors transportation
and installation. Therefore, the commercialization of floating offshore wind turbine system
in the future is almost inevitable, and it is necessary to reduce the overall costs before full
practical use. In fact, publicly available reference wind turbines such as the 5 MW reference

wind turbines [2] developed by the National Renewable Energy Laboratory (NREL), have
been publicly shared in order to study the complex dynamics of the FOWT. The extensive
studies have helped reduce the cost of the entire system.

In 2020, the International Energy Agency (IEA) developed a 15 MW reference wind
turbine with a fixed-bottom monopole support structure [3]. In the same year, the University
Attribution (CC BY) license (https://  Of Maine released a semi-submersible turbine system, which was designed to support the
creativecommons.org,/ licenses/by/ IEA 15 MW reference wind turbine [4]. There has been significant research on large floating
40/). offshore wind turbines such as the 15 MW FOWT. Mahfouz et al. [5] investigated the

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and

conditions of the Creative Commons

Energies 2023, 16, 1862. https:/ /doi.org/10.3390/en16041862 https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en16041862
https://doi.org/10.3390/en16041862
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0001-5366-5725
https://orcid.org/0000-0001-7727-9044
https://doi.org/10.3390/en16041862
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en16041862?type=check_update&version=1

Energies 2023, 16, 1862

20f18

response of a 15 MW floating offshore wind turbine system platform according to different
load cases. They revealed that the platform motion was dominated by low-frequency forces
under small-wave conditions. Liu [6] and Pollini et al. [7] optimized semi-submersible and
spar-type platforms for a 15 MW reference wind turbine. Mendoza et al. [8] implemented
control actions and strategies for a 1:70 scale model of a 15 MW reference wind turbine
in a wind-wave basin. They compared their results with those of numerical models from
three different software tools, and they further demonstrated the ability to effectively
represent the aerodynamic response of the wind turbine to the control actions. Loubeyres
et al. [9] investigated the response of a 15 MW reference wind turbine blade to extreme
wind conditions based on configurations involving severe stall flutter vibrations. They
investigated the sensitivity of the stall flutter phenomenon during calculation, and they
inferred that it is possible to create a link between the local aeroelastic stability properties
of each blade section and the global behavior. Rinker et al. [10] compared the aero-elastic
loads calculated using different fidelities of the blade model in OpenFAST and HAWC2 for
a 15 MW reference wind turbine. Their results were in good agreement with those of the
loads dominated by the aerodynamic thrust and forces, except for the asymmetric loading
of the rotor. Papi et al. [11] compared a 5 MW and 15 MW floating offshore wind turbine
system under the same sea and inflow conditions with varying degrees of severity. They
confirmed that there was no significant difference in the overall performance and rotor
loads. However, they stated that these conditions had a significant impact on the tower
load during the floating installation. The model used in this study is also a 15 MW reference
wind turbine, and the platform integrates a semi-submersible type turbine system. Because
turbines with increased hub height and rotor and nacelle assembly (RNA) weight are used,
a load assessment on the tower must be performed. The turbine weight, tower-top motion,
control complexity, and maximum healing angle were introduced as representative items
to analyze the impact of the stability class on turbine design [12]. Because the tower is
connected to the platform as well as the RNA, the tower load can be significantly large due
to the dynamics and, thus, careful load evaluation is required.

This study entailed an analysis of the significance of wave conditions for the tower
design of a large floating offshore wind turbine system. The load analysis was performed
for the tower-top and tower-base pitch moments according to various wave conditions
with regard to the results of the previous study. The target model includes the IEA 15
MW reference wind turbine and the semi-submersible type VolturnUS-S reference floating
offshore wind turbine provided by the University of Maine. The DLC1.1 and 1.6 were
used as the design load cases, and the environmental conditions suitable for the design
load cases were cited in the VolturnUS-S platform report. It was confirmed that a high
tower-base pitch moment occurs despite the wave condition of low wave spectral energy.
Thus, when designing a tower, it is necessary to review both the Campbell diagram of the
tower and the frequency of the tower-top deflection. If the wave peak period is close to this
value, the tower should be designed such that it avoids the high pitch moment.

The remainder of this paper is organized as follows: Section 2 explains the numerical
model, validation of the numerical setup, and design load cases, including environmental
conditions. Section 3 describes the results of tower-base pitch moment according to various
wave conditions as time series and FFT results. The conclusions are presented in Section 4.

2. Numerical Setup
2.1. Target Model

This study integrates the semi-submersible type VolturnUS-S reference floating off-
shore wind turbine by the University of Maine, which was designed to support the
IEA 15 MW reference wind turbine. The IEA 15 MW reference wind turbine is the largest
among the existing turbine systems. Figure 1 shows the floating offshore wind turbine
system and the reference coordinate system used in this study, and Table 1 summarizes
the important characteristics of the system. Although the detailed design process and
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specifications are not provided here, the same can be obtained by referring to a recent study;,
which we provided in the references [4].

e
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Figure 1. 15 MW floating offshore wind turbine system and reference coordinate system.

Table 1. 15 MW floating offshore wind turbine system general properties.

Parameter Units Value
Turbine rating MW 15
Hub height m 150
Excursion (Length, Width, Height) m 90.1,102.1, 290.0
Platform type - Semisubmersible
Freeboard m 15
Draft m 20
Total system mass t 20,093
Platform mass t 17,839
Tower mass t 1,263
RNR mass t 991
Water depth m 200

Mooring system Three-line chain catenary

2.2. Method

The aerodynamics of a wind turbine were modeled with Turbsim and Aerodyn, part
of the OpenFAST [13] software package developed by the National Renewable Energy
Laboratory. OpenFAST is required for coupled analysis considering aerodynamic loads
and response of wind turbine and platform. This simulation tool considers structural
responses such as aerodynamic, hydrodynamic, control, and elastic behavior of the total
system. Figure 2 shows the some of the various modules connected by OpenFAST, and
for more detailed theory, refer to the user guide or the manual of each package. It has
been proven for years that the dynamics of floating offshore wind turbine system can be
captured well [14,15].
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Figure 2. Various modules connected by OpenFAST (Figure adapted from [16]).

Elastodyn is a structural dynamics module for wind turbine, solved using modal-
bases structures. It can consider the flexibility of blade and tower and platform DOF [17].
Aerodyn [18] is the time domain module that calculates the aerodynamic loads applied to
the blades and tower, and it is modelled using Blade-Element-Momentum theory (BEM).
The blades are modelled using a set of tabulated lift and drag coefficient [11]. Inflowdyn is a
module that processes the inflow of wind generated using a stochastic, full-field, turbulent
wind generation module called Turbsim [19]. Servodyn is a control and electrical drive
dynamics module for OpenFAST. One of the biggest design differences from land-based
wind turbine systems is the control system, and the negative damping phenomenon [20] is
the most active among researchers studying floating offshore wind turbine system. The
reference open-source controller (ROSCO) has been developed by NREL to provide a
modular reference wind turbine controller and included control capabilities such as wind
speed estimation, smoothing algorithm, TSR tracking generator torque and minimum
pitch saturation [21]. The platform is calculated for it interaction with the sea using
Hydrodyn [22], an OpenFAST hydrodynamics module. Hydrodyn requires data such as
added mass matrix at frequency and wave excitation loads from the WAMIT files [23]
which is an external potential flow solver.

2.3. Validation of Numerical Model

The numerical model of the floating offshore wind turbine system was validated
through a free-decay test and steady-state analysis, which further yield detailed insights into
the fundamental performance of the platform and wind turbines, respectively. Free-decay
tests in OpenFAST were considered for all DOFs, including the blades, tower, and platform.
Figure 3 shows the time series of the heave free-decay test, and Table 2 summarizes the
natural frequencies of the system, which are obtained as the average oscillation period for
the decay results shown in Figure 3.

4 —— Simulation «+++=+++ Reference

Platform heave decay [m]

0 10 20 30 40 50 60 70 80 90
Time [s]

Figure 3. Time series of the heave free-decay test.
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Table 2. Rigid-body natural frequencies.

Rigid-Body Model Value Unit
Surge 0.007 Hz
Sway 0.007 Hz
Heave 0.049 Hz
Roll 0.036 Hz
Pitch 0.036 Hz
Yaw 0.011 Hz

The steady-state analysis is used to analyze the performance of the wind turbine
as a function of wind speed using OpenFAST. This further reveals the characteristics of
the applied control system; a detailed description of the control system according to the
aforementioned analysis can be found in the Definition of the IEA Wind 15 MW Offshore
Reference Wind Turbine. Figure 4 shows the result of the steady-state analysis of the
floating offshore wind turbine, and it is confirmed that all results are almost the same as
those in the technical report.

40 4
—=&— Blade pitch angle [deg.] Gen. torque [MN-m] —&— Gen. power [MW]
Rotor speed [rpm] —e— TSR [-] —&— Rotor thrust [MN]

30 ¢ 3

20 /.2

Rotor thrust [MN]

10

3 5 7 9 11 13 15 17 19 21 23 25
Wind speed [m/s]

Figure 4. Steady-state analysis results of the 15 MW floating offshore wind turbine.

2.4. Design Load Cases and Environmental Conditions

To analyze the performance of floating offshore wind turbines, IEC61400-3-2 [24] pro-
posed normal and extreme design load cases. Table 3 summarizes the design load cases and
environmental conditions, which are described in the Definition of the UMaine VolturnUS-S
Reference Platform. The environmental conditions were described by Stewart et al. [25]
and Viselli et al. [26], and these conditions are primarily associated with the U.S. East Coast.
The analysis conditions used in this study include a wind speed of 12 m/s for the DLC1.6.
Next, and the analysis was added by changing the significant wave height and wave peak
period, which were mostly similar to the conditions shown in Table 3. All conditions used
in this study were aligned with the wind and wave directions at 0°, as shown in Figure 1.
The performance of the tower of a floating offshore wind turbine system was analyzed
according to the aforementioned design conditions.

Table 3. IEC design load case matrix.

DLC DLC1.1 DLC 1.6

Wind Speed [m/s]  Hs [m] Tp [s] v [-] Hs [m] Tp [s] v [
4.00 1.10 8.52 1.00 6.30 11.50 2.75
6.00 1.18 8.31 1.00 8.00 12.70 2.75

8.00 1.32 8.01 1.00 8.00 12.70 2.75
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Table 3. Cont.

DLC DLC1.1 DLC 1.6

Wind Speed [m/s]  Hs [m] Tp [s] v I Hs [m] Tp [s] v [
10.00 1.54 7.65 1.00 8.10 12.80 2.75
12.00 1.84 7.44 1.00 8.50 13.10 2.75
14.00 2.19 7.46 1.00 8.50 13.10 2.75
16.00 2.60 7.64 1.35 9.80 14.10 2.75
18.00 3.06 8.05 1.59 9.80 14.10 2.75
20.00 3.63 8.52 1.82 9.80 14.10 2.75
22.00 4.03 8.99 1.82 9.80 14.10 2.75
24.00 4.52 9.45 1.89 9.80 14.10 2.75

3. Results and Discussion
3.1. Comparison of Tower Moment According to Environmental Conditions

Before analyzing the impact on the wave conditions, the tower-top and tower-base
pitch moments when the wind and waves acted individually and when they acted together
were compared. Figures 5 and 6 show the time series of the tower-top and tower-base pitch
moments for the three specified conditions. The simulation time was 5400 s. The statistical
analysis was performed with simulation results of 1 h excluding the transient effect.
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Figure 5. Time series of the tower-top pitch moments for the three specified conditions.
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Figure 6. Time series of tower-base pitch moments for three specified conditions.

In the case of the tower-top pitch moment, the largest moment occurred under the
wave-only condition. It shows the smallest moment in the wind and wave conditions
mainly due to the aerodynamic damping, which occurs because of the rotor rotation.
The mean and standard deviation for the wind-only condition and the wind and wave
conditions were similar. This means that the tower-top pitch moment is significantly
affected by aerodynamic damping but not by the waves.



Energies 2023, 16, 1862

7 of 18

In the case of the tower-base pitch moment, the largest moment occurred under the
wind and wave conditions. The mean value for the wind-only condition and wind and
wave conditions was similar, and that for the standard deviation was different. This means
that in contrast to the tower-top pitch moment, the tower-base pitch moment is significantly
affected by waves but not by aerodynamic damping. Table 4 summarizes the statistical
values of the tower-top and tower-base pitch moments.

Table 4. Statistical values of tower-top and tower-base pitch moments.

Parameter Conditions Min. Mean Max. S.D
Tower-top Wind only 32,650 54,328 76,240 5753
Pitch moment Wave only 62,520 71,719 82,450 2580
[KNm] Wind and Wave 31,540 54,381 78,250 6326
Tower-base Wind only 59,500 245,482 377,300 48,244
Pitch moment Wave only —418,700 —123,044 151,900 68,494
[KNm] Wind and Wave —55,100 241,790 520,500 77,117

Next, the frequency domain analysis was performed using a fast Fourier transform
(FFT). Figure 7 shows the FFT results for the top and base pitch moments of the tower. The
impact of waves on the tower-top pitch moment is relatively high, and the impact of waves
on the tower-base pitch moment is higher than that of wind. In addition, the wind and
wave cases are similar to the sum of the spectra with wind and waves that are applied
separately. In particular, a peak occurred near 0.3 to 0.4 Hz at the tower-top pitch moment,
and this is the natural frequency of the tower fore-after mode.

8 .1097 Wind Only ) 8 .1097 Wave Only 8 .109 Wind and VVVaver
T 6 z 6 T °
e e e
Z4 Z 4 Z 4
£ g §
=2 =2 = 2
0 0L . 0 W, _.L
0 01 02 03 04 05 0 01 02 03 04 05 0 01 02 03 04 05
f [Hz] f [Hz] f[Hz]
8 <10""  Wind Only 8 .10”» Wave Only 8 .10"" Wind and Wave
T 6 T T
= & =
E E E
24 24 24

Mbase y
N
M
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N
M
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N
|

a O_J . o

0 01 02 03 04 05 0 01 02 03 04 05 01 02 03 04 05
f [Hz] f[Hz] f[Hz]

0

o

Figure 7. FFT results of tower-top and tower-base pitch moments for three specified conditions.

3.2. Correlation Analysis

A correlation analysis was performed to determine the parameters with a significant
effect on the tower-base pitch moment in the case of both wind and waves. The main
parameters mentioned in Section 2.4 are used for the correlation analysis. In this study,
because the tower-top and tower-base pitch moments were analyzed according to the wave
conditions, a correlation analysis was performed at frequencies less than 0.2 Hz. Figure 8
shows the FFT results between tower-base pitch moment and main output parameters.
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Figure 8. FFT results between tower-base pitch moment (black) and main output parameters (red).

Approximately four peaks can be identified in the tower-base pitch moment results at
frequencies less than 0.2 Hz. The cause of each peak was identified using the correlation
analysis. First, the correlation between external forces, wind and waves, and the tower-base
pitch moment was examined. The wind exhibited the highest peak at a low frequency,
and waves exhibited the largest peak during the wave peak period (0.076 Hz). Because
the tower-base pitch moment also shows a response at the same frequency, the tower-base
pitch moment is directly affected by the wind and waves. The blade pitch angle and rotor
speed results related to the turbine control system are shown below. Because the control
system of the turbine is closely related to the wind, both parameters showed the highest
response in the low-frequency region. At the rotor speed, some responses occurred even at
the wave frequency. This response appeared because the platform motion caused by the
waves was sensed by the nacelle as relative wind speed. Although some responses also
occur at wave frequency, the nacelle acceleration shows the largest response around 0.12 Hz.
The frequencies around 0.12 Hz also show the largest response even in the tower-base pitch
moment, and they do not appear in all main parameter results except for the tower-top
deflection result. Equations (1) and (2) show the RNA and tower’s dynamic equilibrium
equations and notation. From the equation, it is confirmed that the nacelle acceleration is



Energies 2023, 16, 1862 9of 18

related to the tower-top deflection, as shown in Equation (1), and that the 0.12 Hz frequency
is related to the tower-top deflection.

Vrna = Xo + Lo + z0rNa + 0ul(L, ) (1)
Mtop, y = EIazzg(Lrt)r Mbase, y = ElazzC(Ort) (2)
VRN A Acceleration of the RNA’s CoM (center of mass)
Miop,y, Mpase,y Tower-top and tower-base pitch moments
t Time
L Tower length
z RNA'’s CoM coordinates w.r.t. tower’s top along the z-axis
EI Bending stiffness
Xo Tower-top acceleration
0o Tower-top angular acceleration
ORNA RNA angular acceleration
¢, 02:C Tower deflection function, temporal and spatial derivatives

The results of the rotor thrust and tower-top pitch moment are almost similar, and the
response occurs at low frequencies because it is affected by the wind. Further, the response
occurs at the wave frequency because of the relative wind speed, and this is similar to
the results of the rotor speed. Finally, in the results of the platform motion, the platform
surge shows a response at the surge natural frequency and wave frequency, platform
heave only at the wave frequency, and platform pitch at a low frequency, pitch natural
frequency, and wave frequency. The tower-base is directly connected to the platform.
Therefore, the platform motion had a significant impact on the tower-base pitch moments.
However, under some wave conditions, the tower-top deflection has a greater impact on
the tower-base pitch moment than the platform pitch motion.

3.3. Comparison of Tower-Base Pitch Moment According to Wave Peak Period

The wave conditions in Sections 3.1 and 3.2 include a significant wave height of
8.0 m and a peak period of 13.1 s. From the results of the frequency analysis of the tower-
base pitch moment, it is clear that the impact of the platform pitch motion and tower-top
deflection is significant. Therefore, in this section, the tower-base pitch moment is examined
according to the change in wave peak period. The wave frequency was divided into equal
intervals, and a short wave of approximately 6-28 s, which is the natural period of the
platform pitch motion, was analyzed. Because only the wave peak period is compared, the
significant wave height is fixed. Table 5 summarizes the wave peak periods and frequencies
for difference cases in this section.

Table 5. Wave peak period and wave peak frequency for different cases (Hs: 8.5 m).

Cases (a) (b) (0 (d) (e) ) (g) (h) (i) G) () M (m) (n) (0)

Tp [s] 27.78 22.73 19.23 16.67 14.71 13.10 1191 10.87 10.00 9.26 8.62 8.07 7.58 7.14 6.76
1/Tp [Hz] 0.036 0.044 0.052 0.060 0.068  0.076 0.084 0.092 0.100 0.108  0.116 0.124 0.132 0.140 0.148

Figure 9 shows the FFT results of tower-base pitch moments and waves according to
wave peak periods presented in Table 5. For a fair comparison, identical boundaries of the
y axis were set.
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Figure 9. FFT results of tower-base pitch moments (black) and waves (blue) according to wave

peak periods.

For wave peak periods longer than 10 s, a small peak is observed in the tower-base
pitch moment at the wave frequency. By referring to the results for the period of 13.1 s
shown in the previous section, detailed peaks were identified. On the other hand, for a
wave peak period of less than 10 s, the peak near 0.12 Hz gradually increases and the total
tower-base pitch moment also increases. The total tower-base pitch moment is an area that
indicates the integration over the entire frequency range. This is because the frequency of
the tower-top deflection and the wave frequency tend to become closer. The period wherein
the peak and total tower-base pitch moment are the largest is 8 s, and they decrease again
in the wave peak period of less than 8 s. Figure 10 shows the total tower-base pitch moment
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and normalized value per wave peak frequencies, which are divided by the results for the
frequency of 0.076 Hz indicated by the red bar in Figure 10.
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Figure 10. Total tower-base pitch moment and normalized value per wave peak frequencies.

The total tower-base pitch moment increased with the wave frequency, and it decreased
again below 0.124 Hz. In particular, because 0.036 Hz is the natural period of the platform
pitch motion, the total tower-base pitch moment is slightly greater than the result for the
frequency of 0.044 Hz. According to the normalized value results, as the wave frequency
increases, the total tower-base pitch moment is doubled. However, considering that the
significant wave height used in this analysis is 8.5 m, the wave frequency with more than
twice the total tower-base pitch moment appears infrequently. However, because this
moment does not occur at all thereafter, an analysis of some of the frequencies causing
resonance such as the natural frequencies of the platform motion, rotor-passing frequencies
(1P and 3P), and tower-top deflection is necessary for the tower design.

3.4. Comparison of the Tower-Base Pitch Moment According to Significant Wave Height

In the previous section, the highest total tower-base pitch moment is generated in
the wave condition of 8.07 s with a significant wave height of 8.5 m. Therefore, in this
section, the impact of significant wave height is analyzed for the wave peak period where
the total tower-base pitch moment is the largest. A wave period of approximately 8 s often
occurs, even in real seas. Thus, a detailed review is necessary. Even in the design load cases
presented in the Definition of the UMaine VolturnUS-S Reference Platform, a majority of
the wave peak periods are 7 to 9 s and the significant wave heights are 1.0 to 4.5 m, used
in DLC1.1 and 1.3. Therefore, the significant wave height is divided into equal intervals,
and a low wave of about 1.0 m to about 4.5 m is analyzed. Because only the significant
wave heights are compared, the wave peak period is fixed for now. Table 6 summarizes
the significant wave heights for different cases in this section, and Figure 11 shows the
FFT results of tower-base pitch moments and waves according to significant wave height
presented in Table 6. For a fair comparison, identical boundaries of y axis were set.

Table 6. Significant wave heights for different cases (Tp: 8.07, 1/Tp: 0.124).

Cases ()] (@ (® (s) (t) (w (v) (w)
Hs [m] 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
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Figure 11. FFT results of tower-base pitch moments (black) and waves (blue) according to significant

wave height.

The total tower-base pitch moment and wave spectral energy increased with the
significant wave height. In particular, the peak near 0.12 Hz in the tower-base pitch moment
is low when the significant wave height is less than 2 m. However, as the significant wave
height increases, a large peak occurs at a frequency of approximately 0.12 Hz. On the other
hand, at low frequencies, the total tower-base pitch moments were almost the same for all
conditions. This means that the significant wave height does not have a significant impact
on the low frequency, but it affects the frequency of the tower-top deflection. Figure 12
shows the total tower-base pitch moment and wave spectral energy as values for each
significant wave height. As confirmed previously, the total tower-base pitch moment and
wave spectral energy increased with the significant wave height. However, because the
total tower-base pitch moment in the low-frequency region was almost the same for all
conditions, the increase in the tower-base pitch moment was only due to the tower-top
deflection around 0.12 Hz.

. . . T
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Figure 12. Total tower-base pitch moment and wave spectral energy per significant wave height.
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3.5. Comparison of the Normal Sea State and Severe Sea State

Among the design load cases of IEC61400-3-2, the evaluation using DLC1.1 reveals
that the wave condition is a normal sea state (NSS), and that using DLC1.6 revealed that the
wave condition is a severe sea state (SSS). In this section, by referring to the Definition of
the UMaine VolturnUS-S Reference Platform, the results are compared by applying the NSS
and SSS wave conditions to analyze the impact on the tower-base pitch moment. Table 7
summarizes the two sea conditions compared in this section. The two wave conditions are
most similar to those in the Definition of the UMaine VolturnUS-S Reference Platform; in
other words, they are the valid wave conditions used in the load analysis.

Table 7. Normal sea state and severe sea state conditions.

Cases (w) (6]
Sea state Normal sea state Severe sea state
Hs [m] 45 8.5
Tp [s] 8.07 13.10
1/Tp [Hz] 0.124 0.076

Figure 13 shows FFT results of tower-base pitch moments and waves according to
sea conditions summarized in Table 7, and Figure 14 shows the normalized value that is
obtained by dividing the total tower-base pitch moment and wave spectral energy under
the condition that the significant wave height is 4.5 m for direct comparison of the two
conditions. In Figure 13, the total tower-base pitch moment appears almost identical.
When the wave peak period was 13.1 s, the response of the tower-base pitch moment
appeared even at the wave frequency. Under the condition that the wave peak period is
8.07 s, the tower-top deflection frequency and wave frequency are the same and, thus, the
response of the tower-base pitch moment is excited even at a relatively small wave height.
The responses of the tower-base pitch moment in the low-frequency region were almost
similar for the two conditions. In Figure 14, the wave spectral energy differs by a factor
of approximately 2.5 for the two conditions. However, in the case of the total tower-base
pitch moment, a mere difference of approximately 4% was observed. In other words, the
floating offshore wind turbine system used in the analysis indicates that even under normal
sea state conditions with a wave peak period of 8 s, the total tower-base pitch moment is
similar to that under severe sea state conditions.

10" w)4.5m, 8.07 s i f)8.5m, 13.10 s
gX10” _w)dsm, : 800 gm0 : - 1800
< 6 600 < 6 1600
< ~ L N
~ a7, N A 3
z .- o=
g4 400 E £ 4 fa00 E
> [ ]
o > >
] © ©
S = 2
=2 200 1200
0 : 0 : 0
0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2
f[Hz] f [Hz]

Figure 13. FFT results of tower-base pitch moments (black) and waves (blue) according to sea conditions.
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Figure 14. Normalized values of total tower-base pitch moments and wave spectral energy.

3.6. Tower Redesign by Changing Tower Diameter

The tower-top and tower-base pitch moments according to the change in the dimen-
sions of the tower are compared. The IEA 15 MW tower was designed by dividing into
10 equal heights, and the diameter and thickness were determined for each section. In
this study, dimension analysis was performed by changing the tower diameter of each
tower section while the thickness was fixed. The diameter was determined by minimizing
the change in mass and center of gravity. In case 1, the diameter of the entire section was
9.5m. In cases 2 and 3, the tower-top and tower-base diameters are 8 and 10 m, respectively.
However, case 2 exhibits a sudden change in diameter in the middle, and case 3 is a tapered
type that changes constantly. Table 8 summarizes the tower dimensions as function of
height for four cases and Figure 15 show the tower shape for four cases. Figure 16 shows
the tower-top and tower-base difference from “Original” case as a time series graph.

Table 8. Tower dimensions as function of height for four cases.

Height Thickness Outer Diameter [m]

[m] [m] Original Case 1 Case 2 Case 3
15.000 0.083 10.000 9.500 10.000 10.000
28.000 0.083 9.964 9.500 10.000 9.799
28.001 0.083 9.964 9.500 10.000 9.799
41.000 0.083 9.967 9.500 10.000 9.599
41.001 0.083 9.967 9.500 10.000 9.599
54.000 0.083 9.927 9.500 10.000 9.398
54.001 0.030 9.927 9.500 10.000 9.398
67.000 0.030 9.528 9.500 10.000 9.197
67.001 0.028 9.528 9.500 10.000 9.197
80.000 0.028 9.149 9.500 10.000 8.997
80.001 0.026 9.149 9.500 10.000 8.997
93.000 0.026 8.945 9.500 8.000 8.796
93.001 0.023 8.945 9.500 8.000 8.796
106.000 0.023 8.735 9.500 8.000 8.595
106.001 0.020 8.735 9.500 8.000 8.595

119.000 0.020 8.405 9.500 8.000 8.395
119.001 0.018 8.405 9.500 8.000 8.395
132.000 0.018 7.321 9.500 8.000 8.194
132.001 0.021 7.321 9.500 8.000 8.194
144.582 0.021 6.500 9.500 8.000 8.000
Mass [t] (ratio) 1263 (1.00) 1266 (1.00) 1272 (1.01) 1243 (0.98)

C.G. [m] (ratio) 39.6 (1.00) 425 (1.07) 39.8 (1.01) 40.4 (1.02)
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Figure 15. Tower shape for four cases.
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Figure 16. Tower-top and tower-base pitch moments difference from “Original” case.

The tower-top pitch moment difference between the original case and cases 2 and 3
is not significant; case 1 shows a maximum difference of approximately 5400 kNm. The
average of the four cases is approximately 54,000 kNm, and the maximum tower-top
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pitch moment difference is approximately 10%. The tower-base pitch moment difference
appeared in the order of 1, 3, and 2, and case 1 showed a maximum difference of approxi-
mately 26,000 kNm. The average of the four cases is approximately 240,000 kNm, and the
maximum tower-base pitch moment difference is approximately 10%. Figure 17 shows the
normalized values that were obtained by dividing the total tower-top and tower-base pitch
moments of the original case for a direct comparison of the four cases.

1.04 T
Original [l Case 1 Il Case 2 [l Case 3

Total tower-top pitch moment Total tower-base pitch moment

Figure 17. Normalized values of tower-top and tower-base pitch moments.

In Cases 1, 2, and 3, the differences of the tower-top and tower-base pitch moments
were within 2%. Case 1 showed the smallest tower-top pitch moment because its tower-top
diameter was the largest. Case 2 shows a lower tower-top and tower-base pitch moments
compared to those of the original cases. This is because both the top and base had relatively
large diameters. However, the 80-93 m section, wherein the diameter changes rapidly, is
structurally weaker than the other sections. Case 3 shows a larger tower-top and tower-base
pitch moments compared to those of the original cases. This is due to the steady decrease
in diameter from the base to the top compared to other cases.

4. Conclusions

The characteristics of the tower-top and tower-base pitch moments of the floating
offshore wind turbine system were confirmed through numerical analysis. From a series of
numerical analyses, the following conclusions were drawn.

The correlation analysis was used to analyze the impact of the main parameters related
to the tower-base pitch moment. The tower-top deflection frequency has a significant impact
on the tower-base pitch moment, which is also related to nacelle acceleration. The other
parameters showed a response that was suitable for their respective characteristics, such as
a large response in a natural period.

As the wave peak period approached the tower-top deflection frequency, the response
was excited, and as it moved away, the response became smaller again. However, as the
significant wave height increases, only the wave spectral energy and total tower-base pitch
moment increase in tandem, and no other characteristics are observed. This means that
when designing the tower of a floating offshore wind turbine, the importance of the wave
peak period is higher than the significant wave height.

The conditions of a significant wave height of 4.5 m and a wave peak period of 8.07 s
is compared with those of 8.5 m and 13.1 s. The former refers to a normal sea state, and the
latter a severe sea state. The wave spectral energy differed by a factor of 3.5. However, the
difference in the total tower-base pitch moment was only approximately 4%. As mentioned
previously, the impact of the wave peak period is greater than that of the significant
wave height.

The shape was changed by adjusting the diameter of each section of the tower, and the
tower-top and tower-base pitch moments were examined according to the changed shape.
The larger the diameter at the top or base, the smaller the pitch moment. In addition, the
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pitch moment is lower when the tower-top and tower-base diameters remain the same up
to a certain height.

The hub height and blade length increased with the capacity of the floating offshore
wind turbine system increased. This implies that the tower height and thrust applied
to the blades increased. The beam deflection is often proportional to the force and cube
of the tower height. Therefore, the tower-top deflection increases with the capacity of
the floating offshore wind turbine system. This is because redesigning the tower is the
most economical way to reduce the tower-top deflection rather than reducing the hub
height and blade length. Therefore, in future studies, the tower-top and tower-base pitch
moments will be reduced when redesigning the tower. The tower mass used in this study
is 1263 tons, and there is a need for mass reduction to reduce the cost. The main purpose
of optimal tower design is mass reduction and load reduction. Therefore, the tower mass
is adjusted using the diameter and thickness per tower height, which are directly related
to the tower mass, and the change in the loads on the tower-top and tower-base will be
examined accordingly. The optimal solution is founded by specifying the mass and load as
two objective functions and using Pareto analysis, which is a method of simultaneously
optimizing the two objective functions. However, tower clearance, which is the distance
between the blade tip and tower considering blade deflection in extreme conditions, and
the natural frequency of the tower fore-after and side-side must be additionally considered
in tower design. Future research will design an improved tower that takes all of these
points into account.
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