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Thesis Work Description

MSC THESIS IN MARINE TECHNOLOGY
SPRING 2016
FOR

Mareike Leimeister

Rational upscaling and modelling of a semi-submersible floating offshore
wind turbine

Rasjonell oppskalering og modellering av en halvt nedsenkbar flytende offshore vindturbin

Rationeel opschalen en modelleren van een half-afzinkbare zwevende offshore windturbine

Background:

The recent trend in the offshore wind industry is going to larger wind turbines and deeper water,
implicating the necessity to concentrate on the development of floating structures. Those will be
more challenging than bottom-fixed offshore wind turbines because of more complex conditions.
The large displacements and rotations of floating structures are coupled to the rotor-nacelle
motions. Low frequency modes can influence the aerodynamic damping, which could have an
effect on the stability of the entire system. The mooring also adds an extra system. Further-
more, the non-slender and non-cylindrical shape of the floating platform will cause radiation
and diffraction effects. [60]

Those additional aspects, that have to be considered in the aero-hydro-servo-elastic analysis,
also involve unique challenges in upscaling of floating offshore wind turbines. The scaling of
a whole wind turbine, based on the turbine rating, is a well-known procedure. But there are
no scaling laws that consider the different behavior of the offshore and onshore wind turbine
control systems. Furthermore, for floating structures the accurate representations of frequencies
and internal modes are more important than just following the geometrically scaling. Also the
mooring system has to be treated separately, focusing on the needed stiffness in the full size.

The complexity of floating structures regarding the dynamic behavior is one of the aspects con-
sidered in the Offshore Code Comparison Collaboration Continuation (OC4) project. The 5MW
DeepCwind semi-submersible floating offshore wind turbine has already been studied numeri-
cally within the OC4-project, and tested at 1:50 scale in the ocean basin at MARIN.

For further research, reference turbines reproducing realistic data are needed. Due to the fact
that limited information about modern wind turbines is provided by the manufacturers, and that
the mainly used reference turbines are no longer representing the state of the art, Fraunhofer
IWES has designed a new reference wind turbine within the joint ”Smart Blades” project. This
is designed for onshore purposes and optimized regarding the tower structure and rotor blades.
An offshore equivalent of the IWT-7.5-164 turbine has also been recently designed, including
monopile and transition piece.

In the project work, an initial upscaling of the DeepCwind semi-submersible platform is carried
out, so that a floating platform, including station-keeping system, for the onshore IWT-7.5 MW
turbine is designed. A simple analysis process is developed, and the natural periods, stability,
and hydrodynamic characteristics of the upscaled platform are estimated. Potential problems
with the upscaling are identified and suggestions for modification are made.

iii



Thesis Work Description

In the thesis work, the initial upscaling procedure, performed in the project work, should be
adapted to the offshore IWT wind turbine design. The simple analysis process should be ex-
tended to a more detailed upscaling analysis of the DeepCwind semi-submersible wind turbine.
The preliminary design should be implemented in Modelica as a rigid body with stiff braces,
based on existing models in the OneWind Modelica Library. Based on the results of the pre-
liminary design, unexpected effects in the dynamic behavior, modes, motion interactions and
stability that result from the initial upscaling have to be identified. The upscaling should then
be adapted in such a way, that undesired and unforeseen side effects are avoided. Based on the
load cases of OC4 Phase II, simulations should be run in Dymola/Modelica, in order to prove
reasonable behavior of the upscaled floating wind turbine system. Furthermore, the results
obtained by hand calculations and both computer based simulations (HydroD and Modelica)
should be compared.

The final goal of the master’s thesis is to optimize the upscaling process of the DeepCwind float-
ing turbine in order to find a reasonable design for a semi-submersible platform, which would
fit the offshore IWT-7.5 MW wind turbine, is a producible structure and represents realistic
dynamic behavior. An implementation of the upscaling would be desirable, so that it could be
used for other scales, like the DTU 10 MW wind turbine, as well.

Assignment:
The following tasks should be addressed in the thesis work:

1. Literature study on additional aspects like control system for floating wind turbines, moor-
ing dynamics, 2" order wave loads and viscous effects.

2. Get familiar with Modelica. Work with the online book Modelica by Example and the tool
Open Modelica. Familiarize with the existing models, especially for floating structures,
available in the OneWind Modelica Library. Become acquainted with equation-based
modelling.

3. Implement the preliminary design of the semi-submersible floating platform in Modelica
and include also the wind turbine IWT-7.5-164 and mooring system. Analyze the system
performance and compare with the results obtained by hand calculations and simulation
with HydroD.

4. Optimize the original DeepCwind semi-submersible platform.

5. Adapt the upscaling procedure and design, based on the optimized DeepCwind floater,
a reasonable semi-submersible platform for the offshore IWT-7.5-164 wind turbine. Im-
plement the final design in Modelica and run simulations based on representative load
cases. Analyze the system performance and compare with the results obtained by hand
calculations and simulation with HydroD.

6. Report and conclude on the investigation. Summarize the upscaling criteria and optimiza-
tion approaches. Give a kind of guideline for the upscaling procedure of a semi-submersible
platform depending on the predefined parameters.

7. Write the master’s thesis report.

Theories and conclusions should be based on mathematical derivations and/or logic reasoning,
identifying the various steps in the deduction.

The candidate should utilize the existing possibilities for obtaining relevant literature.
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Thesis Work Description

The original contribution of the candidate and material taken from other sources shall be clearly
defined. Work from other sources shall be properly referenced using an acknowledged referencing
system.

The thesis report should be organized in a rational manner to give a clear exposition of results,
assessments, and conclusions. The text should be brief and to the point, with a clear language.
Telegraphic language should be avoided.

The thesis report shall contain the following elements: A text defining the scope, preface, list of
contents, main body of the project report, conclusions with recommendations for further work,
list of symbols and acronyms, reference and (optional) appendices. All figures, tables and equa-
tions shall be numerated.

Supervisors:

NTNU: Erin Bachynski
Michael Muskulus
Torgeir Moan

TU Delft: Andrei Metrikine
Eliz-Mari Lourens

Fraunhofer IWES: Philipp Thomas

Deadline: 01.06.2016







Summary

Summary

Floating offshore wind turbines are taking on more and more prominence, as the industry moves
towards larger turbines, farther offshore, in deeper water. The increase in turbine size can
reduce the costs of offshore wind energy, but requires larger support structures. Rather than
redesigning the structure completely, a rational methodology for upscaling an existing floating
substructure can improve the efficiency of the design process. This work presents a guideline for
the optimization and upscaling of a semi-submersible floating platform, addressing also special
challenges related to changes in turbine technology, as well as design criteria for floating plat-
forms.

The OC4 semi-submersible platform is used as starting point of this study. Based on analy-
sis results of an initial elementary upscaling procedure, the main criteria, when dealing with a
semi-submersible floating platform, are specified. Optimization is then carried out, focusing on
stability and eigenfrequencies. Reducing the upper column diameter and changing the ballast
position within the columns, yields longer natural periods in heave and pitch, a lighter and
cheaper platform, and a less over-conservative, but still stable and safe system.

Based on this optimized design, a guideline for an upscaling procedure for any other turbine is
given. The main scaling factor is determined from the mass ratio of the top structures, rather
than the turbine rating. The main column is scaled, so that it fits the new tower base diameter.
The scaling factor for the upper columns is computed, based on the ratio of the overturning
moments, and considers the contribution of the different columns to the stiffness component in
pitch. The mooring line length is scaled, such that it can yield a predefined stiffness. Finally,
the controller gains are recalculated, based on the expected natural frequency in pitch.

The optimization and upscaling process is carried out for Fraunhofer’s offshore wind turbine
IWT-7.5-164 and the DTU 10 MW reference wind turbine. The floating wind turbines are an-
alyzed, modelled and simulated by means of simplified spreadsheet methods, linear frequency-
domain calculations (in DNV’s software HydroD), and detailed equation-based models (in Fraun-
hofer’s software Modelica). The systems are evaluated regarding their eigenfrequencies, nominal
pitch, stability and global performance in selected sea states, taking variable buoyancy and
center of buoyancy into account, and adjusting the blade-pitch controller gains. The results,
obtained from both computer programs and the initial hand calculations, are comparable and
satisfying. The structural integrity is proved by a simplified approach, using tank pressure and
sea pressure for computing the equivalent stress. More detailed strength checks for fatigue and
ultimate limit states, as well as optimization of the mooring system, are left for future work.
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Wind energy is an important source of emission-free and self-sufficient energy production. With
the free of cost energy source and the good complementarity with both solar energy for compen-
sating the wind fluctuations, and hydro power for energy storage, wind energy is a competitive
component on the energy market. [25]

1.1 Omnshore Versus Offshore

Despite the positive aspects of renewable and emission-free power production, wind energy also
has some disadvantages.

Onshore wind turbines are often subjectively perceived to be unsightly in the landscape. Nav-
igation lights on wind turbines, or the so called “disco-effect” due to rotating blade shadows
and reflections, strengthen the argument of visual pollution more objectively. Also noise during
transport, erection and production affects neighboring areas. Furthermore, the maximum power
production is limited onshore, as the available wind is slowed down due to the roughness of the
territory, there is only a limited number of available sites where it is efficient and possible to
place wind turbines, wind turbine sizes are restricted due to overland transportation constraints
and local legislations, and maximum rotational speed and sometimes also the operational time
are prescribed, based on noise limits and tolerated hours of shadow flickering [15].

The impacts and limitations, that come with onshore wind energy, make offshore wind more
attractive. Still, the use of offshore wind power is sometimes economically controversial because
of higher installation and O&M costs, limited time windows for installation and transport, more
difficult accessibility, higher loads on the structure due to waves, current and increased wake
effects, arising foundation issues like scour processes, and electrical energy transport to the
shore. On the other hand, more potential areas are available offshore, turbines more than 10 km
from the shore no longer cause any visual impact, transportation of large wind turbines is easier
by sea, and many densely populated coastal regions have huge energy consumption but little
opportunities for locating onshore wind turbines [25]. In addition, the power generation per
wind turbine is higher offshore, as the small roughness length over open sea leads to higher wind
speeds with less turbulence at already smaller heights, bigger wind turbines can be installed due
to feasible transportation and absent size restrictions, and capacity factors of around 40 — 50%
can be achieved [14] because of higher and more consistent wind resource potential, as well as
less restricted operational time due to noise or visual impact limits.

1.2 Floating Wind Turbines

Many promising sites are at deeper water depths (> 50 m), where bottom-fixed foundations no
longer could be used [43]. This brings floating structures more into the focus of interest. In
addition to the advantages of reduced noise during erection, no required scour protection and
cheap anchor installation for the mooring system, challenges like dynamic interaction between
floating structure and wind turbine, or wave excitation frequencies have to be faced.

The most common types of floating platforms under study for offshore wind turbines are spars,
tension leg platforms (TLP) and semi-submersibles, shown in Figure 1.1. Design concepts for
multiple-units or innovative approaches, like for vertical axis wind turbines, also exist. [61]

Semi-submersibles, or also called column-stabilized platforms, consist mostly of three or four
cylindrical columns, which are interconnected by pontoons and/or braces, and make up a float-
able structure [35]. The big distance between the columns and the large waterplane area provide
stability, as well as restoring forces and moments [2]. Heave plates, attached to the bottom of
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(a) Spar [38] (¢) Semi-submersible [40]

Figure 1.1: The most common design concepts of floating platforms

the columns, increase added mass, damping and drag [2]. This way, natural periods outside the
range of wave excitation can be achieved, as given in Table 1.1, which leads to reduced platform
motions and thus less downtime of the wind turbine [35].

Table 1.1: Typical natural periods and frequencies of semi-submersible floating platforms, based on [61]

Translational motion ‘ Unit H Surge ‘ Sway Heave ‘
Natural period S > 40 > 40 17— 40
Natural frequency Hz < 0.0250 < 0.0250 0.0250 — 0.0588
Rotational motion ‘ Unit H Roll Pitch Yaw
Natural period s 25 — 50 25 — 50 >3

Natural frequency Hz | 0.0200 — 0.0400 | 0.0200 — 0.0400 < 0.3333

The low draft of semi-submersible floaters gives the opportunity to assemble the platform onshore
and then tow it as a complete structure to the location offshore. Thereby, the installation time
and effort can be reduced, which is a very important advantage for offshore wind turbines. [35]

1.3 Upscaling

From an economical point of view, installation of bigger wind turbines is preferred, but only
offshore more feasible. So, existing wind turbines are normally scaled up to larger sizes based on
the power rating. Recent technology developments and new designs, however, make this simple
upscaling insufficient. Furthermore, the support structure carrying the upscaled wind turbine
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has to be adjusted, so that floatation and stability are maintained. But floating platforms
come with coupled dynamic motions, wave interaction, low frequency response, and additional
components like mooring system. Those are all further aspects why simple upscaling, based on
the turbine rating, cannot be applied in the case of floating offshore wind turbine systems.

1.4 Content

This master’s thesis examines the criteria that have to be fulfilled during upscaling of a semi-
submersible platform carrying a predefined wind turbine, and gives a guideline for the optimiza-
tion and upscaling procedure.

In Chapter 1, an introduction to wind energy, with the focus on offshore floating wind turbines,
is given, and the problem of upscaling is presented, which is the motivation for this thesis work.

Chapter 2 introduces the reference structures used for this study. Those are the DeepCwind
semi-submersible floating platform, which deals as basic floater design for the optimization and
upscaling procedure, Fraunhofer’s IWT-7.5-164 reference wind turbine, and the DTU 10 MW
reference wind turbine, for which both a semi-submersible platform is to be designed.

Chapter 3 provides the theoretical background. This includes upscaling (Section 3.1), principles
of floatation and stability (Section 3.2), determination of the natural frequencies of a floating
structure (Section 3.3), viscous forces and damping (Section 3.4), station-keeping systems (Sec-
tion 3.5), as well as control systems for floating wind turbines (Section 3.6).

In Chapter 4, the three different methods, based on which the designed floating systems will be
analyzed, are presented and verified.

In Chapter 5, an initial semi-submersible platform design is obtained for the IWT-7.5-164, based
on an elementary upscaling procedure, and analyzed with respect to its static and dynamic per-
formance. !

The main criteria for optimization and upscaling of a semi-submersible floating platform are
defined, based on the results of this initial upscaling, and presented in Chapter 6.

Using those factors, the original DeepCwind semi-submersible platform is optimized and ana-
lyzed in Chapter 7.

This optimized floater design is used in Chapter 8 as basis for upscaling to larger wind turbines.
In Section 8.1 a guideline for the upscaling procedure is presented. This is applied in Sections
8.2 and 8.3, and semi-submersible floating platforms for the IWT-7.5-164 and DTU 10 MW
reference wind turbines are designed, analyzed and compared. For the DTU wind turbine two
floaters are designed, one based on the optimized DeepCwind platform, and the other one using
the floater for the IWT-7.5-164 as basis for the upscaling procedure.

Finally, Chapter 9 recapitulates the developed rational and optimized upscaling procedure, sum-
marizes the obtained semi-submersible floating wind turbine systems, and gives recommenda-
tions for future work on upscaling of a semi-submersible floating platform.

!This chapter mainly covers the work performed in the preceding research project, corresponding to the
specialization project TMR4590 at NTNU, and thus does not count to the final master’s thesis TMR 5950. At
TU Delft, however, the preceding research project counts to the final thesis work.
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The upscaling procedure shall be carried out on the basis of the DeepCwind semi-submersible
floater, which is originally designed for the NREL 5 MW wind turbine. The target scale, how-
ever, is Fraunhofer’s 7.5 MW offshore wind turbine. The generality of the upscaling procedure
is proved in a final step, by designing a semi-submersible platform for the DTU 10 MW.

In the following, all three reference structures are introduced.

2.1 DeepCwind Semi-Submersible

Within the framework of the OC4 (Offshore Code Comparison Collaboration, Continuation)
project, hydrodynamic calculations and code-to-code comparisons were performed for the NREL
5 MW wind turbine on top of the DeepCwind semi-submersible platform [41]. Later on, in OC5
(Offshore Code Comparison Collaboration Continuation, with Correlation), the floating system
was retested at MARIN at a 1:50 model scale [40].

The DeepCwind semi-submersible platform, designed for a water depth of 200 m, consists of
three offset columns (OC) and one smaller central main column (MC). The latter one carries
the NREL 5 MW wind turbine. The offset columns are each subdivided into an upper column
(UC) and a base column (BC) of larger diameter, representing a heave plate and thus serving as
motion suppression device. The offset columns are placed on the edges of an equilateral triangle

KTy @24.0m
FINTA Y o120m
BC2  UC2 -
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Figure 2.1: Design of the DeepCwind floating wind turbine [41]
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of side length 50.0 m, having the main column at its centroid. Offset columns and main column
are interconnected by twelve pontoons and three cross braces. The cross braces (CB) connect
the bottom of the main column to the top of each upper column. The pontoons are subdivided
into delta and Y pontoons. The upper (DU) and lower (DL) delta pontoons interconnect the
offset columns at the top and bottom, respectively, in form of a triangle. The upper (YU) and
lower (YL) Y pontoons, however, build up a Y-connection between the main column and the
top, respectively bottom, of the offset columns. The design of the DeepCwind semi-submersible
floating wind turbine and the arrangement of columns and braces are presented in Figure 2.1.
The platform itself is made out of steel. In order to balance weight and buoyancy, the offset
columns are ballasted with water. As a result, the natural frequencies of the floating system are
below the wave frequency range. The final main dimensions are given in Table 2.1. [41]

Table 2.1: Main dimensions of the DeepCwind semi-submersible platform [41,42]

’ Element H Diameter [m] ‘ Wall thickness [m] ‘ Length [m] ‘ Drag coefficient ‘

MC 6.5 0.03 30 0.56
ucC 12 0.06 26 0.61
BC 24 0.06 6 0.68 (Cp, =4.8)
DU 1.6 0.0175 38 0.63
DL 1.6 0.0175 26 0.63
YU 1.6 0.0175 19.62 0.63
YL 1.6 0.0175 13.62 0.63
CB 1.6 0.0175 32.04 0.63
Elevation of OC above SWL 12 m
Elevation of MC (tower base) above SWL 10 m
Elevation of upper pontoons above SWL 10 m
Elevation of upper end of CBs above SWL 9.13 m
Spacing between OCs 50 m
Depth to lower end of CBs below SWL 16.2m
Depth to lower pontoons below SWL 17 m
Depth of platform base below SWL (total draft) 20 m
Ballast height in UCs 7.83 m
Ballast height in BCs 5.0478 m
Density of metal (steel) 7,850 kgm =3
Total metal mass 3.8522E+6 kg
Density of ballast (water) 1,025 kgm =3

Total ballast mass 9.6208E+-6 kg
1.3473E+7 kg

13.46 m

Total platform mass

Center of gravity below SWL

The floating platform is moored with three catenary lines, which are at an angle of 120° to each
other. The fairleads are at the top of each base column and the anchors are at the sea bottom
200 m below SWL. The station-keeping system properties are presented in Table 2.2. [41]
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Table 2.2: Main dimensions of the DeepCwind semi-submersible mooring system [41]

Depth to fairleads below SWL 14 m

Depth to anchors below SWL 200 m

Radius to fairleads from platform centerline 40.868 m

Radius to anchors from platform centerline 837.6 m
Unstretched mooring line length 835.5 m

Mooring line diameter 0.0766 m
Equivalent mooring line mass density, mass in water | 113.35 kgm ™!, 108.63 kgm !
Equivalent mooring line extensional stiffness 7.536E+8 N
Gravity force in undisplaced position -1.839E+6 N

The wind turbine on top of the DeepCwind semi-submersible platform is mainly based on the
NREL 5 MW [31]. Only the tower dimensions are adjusted such that the hub height of 90 m
remains the same. The main properties of tower and turbine are given in Tables 2.3 and 2.4.

Table 2.3: Main dimensions of the tower of the DeepCwind system [31,41]

Elevation of tower top above SWL 87.6 m
Elevation of tower base above SWL 10 m
Overall tower length 77.6 m
Tower top diameter and thickness 3.87 m, 0.019 m
Tower base diameter and thickness 6.5 m, 0.027 m
Tower steel density 8,500 kgm ™3
Overall (integrated) tower mass 249,718 kg
Center of gravity above SWL on tower centerline 43.4m

Table 2.4: Main characteristics of the turbine of the DeepCwind system [31]

Rated power 5 MW
Cut-in, rated and cut-out wind speed | 3 ms™!, 11.4 ms™!, 25 ms—!
Cut-in and rated rotor speed 6.9 rpm, 12.1 rpm
Rated tip speed 80 ms!
Overhang, shaft tilt and precone 5m, 5°, 2.5°
Hub height above SWL 90 m

Hub diameter 3m

Rotor diameter 126 m
Number of blades 3

Rotor mass 1.100E+5 kg
Nacelle mass 2.400E+5 kg

The high-speed drive and multiple-stage gearbox are directly taken from the NREL 5 MW [31].
However, the variable-speed, blade-pitch-to-feather controller, originally for onshore purpose,
has to be adjusted. In order to avoid negative damping, the pitch controller gains are reduced
and the generator control system is modified from constant power to constant torque. [41]
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The entire floating system - wind turbine, platform and lifted parts of the mooring lines together
- weighs 1.426E + 7 kg. The natural frequencies are 0.009 Hz in surge, 0.058 Hz in heave and
0.037 Hz in pitch. [41,42]

2.2 TWES IWT-7.5-164

The 7.5 MW wind turbine was designed by Fraunhofer IWES within the “Smart Blades” project
[59], for the purpose of having a state-of-the-art onshore reference turbine. This was then
modified to an offshore-adapted wind turbine within the joint project “TANDEM” [8]. The
concept is in general based on the IEC61400-1 standard and assumes worst case conditions by
utilizing wind class IEC 1A. A direct drive mechanism, meaning a generator without gearbox, is
used. The main technical properties of the IWT-7.5-164 wind turbine are given in Table 2.5. [46]

Table 2.5: Main dimensions of Fraunhofer’s wind turbine IWT-7.5-164 [46]

Rated power 7.5 MW
Cut-in, rated and cut-out wind speed 3ms™, ~ 11 ms~!, 25 ms~!
Cut-in and rated rotor speed 5 rpm, 10 rpm
Rated tip speed 85.9 ms~!
Design tip speed ratio 8.4
Overhang, shaft tilt and precone 6.13 m, 5°, 2°
Hub height (without offshore-adaption) 111.6 m (120 m)
Hub diameter 4m
Rotor diameter 164 m
Number of blades 3

Rotor mass 158,053 kg
Nacelle mass 335,311 kg

An optimized design of the rotor blades is the main focus of the “Smart Blades” project. Three
Fraunhofer airfoils and four airfoils developed by TU Delft are used for the rotor blades. Be-
tween the different airfoils, blade parameters, like relative thickness, chord length and twist
angle, are numerically interpolated. The blades are pre-bent in flapwise direction, in order to
increase the tower clearance. The blade-pitch system allows individual pitching. Each pitch
drive is equipped with a backup system and a passive break system. Furthermore, an individual
pitch control aims the minimization of the loads on the blades. The turbine control itself is
based on a combined torque pitch controller for variable speed wind turbines. An additional
peak shaver, which activates the blade-pitch control already shortly before rated wind speed,
ensures a smoother transition to rated power, and reduces high thrust and fatigue loads. [46]

Within the “TANDEM” project, the tower design was modified, and a monopile and transition
piece were added as offshore support structure. With changing the original hybrid tower to a
pure steel tower and shortening the overall tower length, the tower mass could be reduced by
a factor of four and the hub height was decreased from 120 m (onshore) to 111.6 m (offshore).
The basic parameters for the tower are presented in Table 2.6. For a water depth of 30 m, a
monopile of 27.6 m length and 8 m diameter is designed. A 24 m long transition piece connects
monopile and tower. The Young’s modulus of the support structure (E = 1.92E + 11 Nm—2)
differs slightly from the material parameter of the tower (E = 2.10E + 11 Nm~2). This way, a
system first mode frequency of 0.234 Hz, lying between 1P and 3P, is obtained. [7]
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Table 2.6: Main dimensions of the tower of the IWT-7.5-164 offshore adaption [7]

Elevation of tower top above SWL 107.6 m
Elevation of tower base above SWL 21.6 m
Overall tower length 86 m

Tower top diameter and thickness 3 m, 0.025 m

Tower base diameter and thickness | 7 m, 0.035 m
Tower steel density 7,850 kgm™3
Overall (integrated) tower mass 362,750 kg

2.3 DTU 10 MW Reference Wind Turbine

The DTU 10 MW wind turbine was designed as reference wind turbine for the “Light Rotor”
project and used in the “European InnWind” project [5]. The main properties of the DTU
10 MW wind turbine are given in Table 2.7.

Table 2.7: Main dimensions of the DTU 10 MW reference wind turbine [4]

Rated power 10 MW
Cut-in, rated and cut-out wind speed | 4 ms™!, 11.4 ms~!, 25 ms—!
Cut-in and rated rotor speed 6 rpm, 9.6 rpm
Rated tip speed 90 ms!
Design tip speed ratio 7.5
Overhang, shaft tilt and precone 7.07 m, 5°, 2.5°
Hub height 119 m
Hub diameter 5.6 m
Rotor diameter 178.3 m
Number of blades 3

Rotor mass 230,667 kg
Nacelle mass 446,036 kg

A detailed design of a light rotor with good aerodynamic behavior was the main objective. The
final blades are 3 m pre-bent. The rotor control was adjusted, in order to account for instabilities
due to coinciding frequencies. Furthermore, individual pitch is used for avoiding vibrations in
stand still. The overall variable-speed, collective-pitch control system is based on the DTU wind
energy controller [23]. A medium speed drivetrain with multiple stage gearbox is used. [5]

The tower is designed from scratch. An effective material density higher than steel accounts for
secondary structures. The basic tower parameters are presented in Table 2.8. [4]

Table 2.8: Main dimensions of the tower of the DTU 10 MW reference wind turbine [4]

Elevation of tower top above ground 118.38 m

Tower top diameter and thickness 5.5 m, 0.020 m

Tower base diameter and thickness 8.3 m, 0.038 m

Tower effective density 8,500 kgm ™3
Overall (integrated) tower mass 628,442 kg
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3.1 Upscaling Procedure for Wind Turbines

Wind energy would become more attractive, if the cost of electricity production from wind tur-
bines is decreased. Bigger turbines can produce more power per plant, and thus fewer wind
turbines are needed for generating the same amount of electricity. This leads to reduced main-
tenance effort and lower costs for installation and operation. [26]

In the following, the scaling laws for the upscaling procedure from existing smaller wind turbines
to bigger ones are explained, first based on structural and physical relations, and then based on
comparisons of existing wind turbines.

3.1.1 Theoretical Upscaling Based on Geometric Self-Similarity

3.1.1.1 Assumptions and Basics A bigger wind turbine with equal optimal performance
is the main goal of upscaling. The dimensionless power, thrust and torque moment coefficients
Cp, Ct and Cy1, defining the wind turbine performance, thus have to follow the same curves for
both initial and upscaled wind turbines [19]. This implies identical flow dynamics around the
blade profiles, and similar aerodynamic behavior of the wind turbines. Neglecting Reynolds ef-
fects, this can be obtained by maintaining the tip speed ratio A [13]. Based on this requirement,
all dimensions of the wind turbine should then be scaled, so that also geometric self-similarity is
fulfilled. Furthermore, the same wind turbine concept, with equal number of blades and similar
blade profiles, should theoretically be used for the upscaled design. In order to obtain the same
lift and drag coefficients Cr, and Cp, the same materials should be used for the blades [19].

However, the coefficients also depend on the Reynolds number Re, which is not considered in the
scaling laws based on geometric self-similarity. The results are still comparable, if the Reynolds
number is not smaller than the critical value of Reqir = 200,000 [19]. Further assumptions in
the theoretical upscaling procedure are a linear behavior of the structure, only stationary loads
being considered, and negligible second-order aerodynamic effects [47].

In the end of this section, in Paragraph 3.1.1.3, the limits of this upscaling procedure are
described in more detail.

3.1.1.2 Scaling Laws The scaling factor &, used in the scaling laws, is normally determined
by means of the power rating of new and initial wind turbine designs, as the power is usually the
predefined value of the desired upscaled turbine. But for an easier handling, the power rating
is expressed in terms of a ratio of lengths, so that the scaling factor follows Equation 1.

k= llf)s.cz'xled (1)
initial

This way, the entire geometry is scaled by a factor of k. Other physical parameters, like forces,
stresses, or frequencies, have to be written as a function of a length, mostly the rotor diameter
Diotor, so that the scaling proportionalities can be determined based on the physical equations.

The requirement of a constant tip speed ratio for aerodynamic similarity, and thus Equation 2,
can be used to obtain the scaling proportionalities for frequency values.

o QR]rotor
Yo

A (2)

As presented later on in Table 3.1, it can be found that frequency ratios remain unchanged
during upscaling, based on structural scaling laws. This means that a wind turbine, which was
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designed to operate in a frequency range outside resonance, will still operate free of resonance
when it is scaled up based on geometric and aerodynamic self-similarity [19].

The scaling proportionalities for several parameters, relevant for wind turbines, are presented
in Table 3.1. For a better understanding of the derivation of the scaling proportionalities, the
physical equations of the considered parameters are included.

Table 3.1: Physical equations and scaling proportionalities for several parameters relevant to wind
turbines, based on [19]

Parameter Equation Proportionality
Mass m = pmatV with V ~ k3 k3
Weight W =mg k3
Area moment of inertia I, = [2?dA k4
A

Young’s modulus FE constant for same material KO
Bending stiffness EI k4
Rotational speed Q= % k1
Natural frequencies fnat = % % k1
Frequency ratio f[it KO
Power P = %Cp()\)%ﬂvg k2
Aerodynamic forces (e.g. thrust) Fr = P5=Cp(N) DEZ“’T mv? k2
Aerodynamic moments (e.g. torque) M = %CM(A)%M)Q K3
Stresses due to aerodynamic loads o= % kY
Centrifugal forces Fo = miQ? k?
Stresses due to centrifugal forces oc = % with A ~ k2 kY
Bending moment due to self-weight Mg =WI E*
Stresses due to self-weight og = M}’ L k

From Table 3.1 it can be determined that the aeroelastic stability of the rotor is maintained
during upscaling, as both centrifugal forces and aerodynamic loads scale with k2 and the corre-
sponding moments with k3, but angular displacements are scale invariant [29].

3.1.1.3 Limits of Standard Upscaling Procedure Increasing the power by a factor of
the length scale squared yields a mass increase by a factor of the length scale cubed, as given in
Table 3.1. This implies higher loads due to self-weight, brings structural disadvantages, and also
sets a limit to the highest possible scaling value. Stresses due to self-weight scale linearly with
the scaling factor, while stresses due to aerodynamic or centrifugal forces remain unchanged.
But since all stresses contribute to the total stress, this linear dependency on the scaling factor
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in the part due to self-weight could cause that the design stress limit is exceeded and buckling
or failure could occur. [47]

This maximum possible scaling factor could be extended, if the bending yield strength is higher
but the material density smaller. This can be obtained by using glass- or carbon-fiber reinforced
plastics instead of aluminum, as they are stronger but at the same time lighter and scale just
with a factor of approximately the scaling factor to the power of 2.2 instead of 3. Lighter but
sufficiently strong designs for bigger wind turbines are feasible with lighter materials. [19]

However, also the effect of self-weight on the blade tip deflection has to be taken into account.
Just considering scaling of turbine dimensions and bending moments due to aerodynamic loads,
the tower clearance would be maintained. Including dynamic motions of the blades due to self-
weight, bending moments could conflict with the desired tower clearance. [29]

The theoretical upscaling procedure does not account for Reynolds effects, as already mentioned
in Paragraph 3.1.1.1. The Reynolds number Re gives the ratio of inertia forces to viscous forces,
and depends linearly on a characteristic length value, as shown in Equation 3.

'Ulchar

Re = , (3)
Good performing wind turbine blades are designed, so that they have a turbulent boundary
layer on the blades during operation. A turbulent condition occurs for Reynolds numbers above
the critical value of Recy; = 2 - 10°. The Reynolds number would increase during upscaling,
following Equation 3, and thus the lift and drag coefficients would remain the same. This means
that Reynolds effects would only influence the flow condition, if the Reynolds number becomes
smaller than the critical value. This will only be the case when downsizing, for example in order
to make small wind turbine models for wind tunnel tests. [19]

Wind shear is also not included in the scaling laws. The wind velocity follows a logarithmic
profile and increases with the altitude as v ~ h%, with the wind shear exponent «. The hub
height scales linearly with the scaling factor k. With the power proportional to the wind speed
cubed and the diameter squared, the power scales with k2T3®. The bending moment on the
blades is proportional to the wind speed squared and the diameter cubed, and thus scales with
k322 This means that both power and blade bending moment scale more than k2 and k3,
respectively, when considering the wind shear effect. Thus, the risk of failure due to buckling,
fracture or fatigue is increased, and the material strength has to be checked carefully. [47]

Besides wind shear also wind turbulence should be considered, as the resultant loads are mostly
design driving. Having a bigger rotor diameter and thus a larger swept area, more different
loading due to turbulence will act on the rotor blades. [29]

The scaling laws should be applied to the entire wind turbine system, but not all components
can be scaled that directly. The drivetrain, with cubically varying torque and constant speed as
determining parameters, is one example. Simplifications and further considerations lead to the
approximation that the generator mass can be scaled by k2, and in case of direct drive by k3. [47]

In reality, also prevailing basic conditions have to be considered. The recommended ratio of
hub height to rotor diameter, for example, depends on the location of the wind turbines. Big
onshore turbines should have high towers, in order to avoid the impact of the bottom boundary
layer. The hub height to rotor diameter ratio for onshore wind turbines should therefore be
bigger than 1 or even 2 for small turbines. Offshore, however, the hub height to rotor diameter
ratio could be smaller than 1, as water has a quite small roughness value. [19]
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The control system is another parameter that has to be different for onshore, offshore fixed
and offshore floating wind turbines, and that does not follow any geometric scaling law. The
modification of the controller for floating systems is covered in detail in Section 3.6.

Besides the physical properties, also the cost parameter is an essential value for wind turbines.
The square-cube law describes the scaling proportionality of power (~ k2) and costs (dependent
on the amount of material and thus ~ m ~ k3). From this, it can be found that the cost per unit
capacity scales with k, if only the wind turbine system is considered. However, not only mass
but also manufacturing, installation and infrastructure are driving parameters of wind turbine
costs. Complex cost models are needed for describing the scaling behavior of the costs. [29]

To conclude, the scaling laws can be used for obtaining a roughly upscaled design. Caution
should be exercised with resulting stresses, especially due to weight, and both yield strength
and buckling limit have to be checked. Furthermore, the upscaled design has to be adjusted to
local or case-specific predefined conditions and requirements. The costs of the upscaled system
have to be estimated, based on detailed cost models.

3.1.2 Real Upscaling Based on Existing Wind Turbines

New technologies and design developments are not covered by theoretical physical laws. Based
on existing wind turbines, trend lines in the scaling factors of relevant parameters can be deter-
mined. The results from such a comparative study [48] are presented in Table 3.2 and compared
with the theoretical scaling proportionalities, following the previously introduced scaling laws
and the results from Table 3.1. In the comparative study, a distinction is made between wind
turbines with gearbox and direct drive wind turbines, as they sometimes scale with a slightly
different factor. Table 3.2 is then supplemented by real scaling proportionalities for tower base
and blade root bending moments, taken from [47].

Some remarks about the results of the comparative study, presented in Table 3.2, have to be
made, based on [48]. It strikes that the tower height does not scale linearly with the rotor diame-
ter. The hub height is in general increasing with the rotor diameter, but the real proportionality
depends on the actual location of the wind turbine, as already discussed in Paragraph 3.1.1.3.
The linearly scaling of lengths is also not valid for blade root and tip chord lengths. Both are
increasing with increasing rotor diameter, as the blades have to bear higher loads. The trend,
however, is slower than a linear increase for the blade root chord, and faster for the blade tip
chord. Reasons may be new blade designs and light-weight materials, used for larger blades.

A direct drive has a bigger top mass than a geared wind turbine. The generator of an upscaled
direct drive wind turbine has to be larger, includes more poles and should be quite stiff in order
to deal with the high torque. This leads to a higher nacelle mass than generator and gearbox
of a geared turbine have together. The blade mass of a direct drive wind turbine, however, is
slightly smaller, as the mostly larger hub diameters lead to a smaller effective blade length. The
total rotor mass of a direct drive wind turbine, however, is larger again, as the rotor mass also
includes the hub itself. This is mostly bigger for a direct drive turbine, because it has to fit to the
large sized nacelle. The total top mass of a direct drive wind turbine, thus, is bigger compared to
the top mass of a geared wind turbine. But still, the mass scaling is rather quadratic than cubic.

The tip speed of existing wind turbines is not exactly kept constant. Noise limitations and envi-
ronmental restrictions are the determining factors that influence the theoretical upscaling of the
tip speed. Comparing the minimum possible rotor speed shows that direct drive turbines can
already start energy generation at lower speed than geared wind turbines can do. The reason
lies within the principle of direct drive generators, which have the opportunity to control the
number of activated poles, so that the grid frequency can already be reached at lower rotor speed.
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Table 3.2: Actual scaling proportionalities for several parameters relevant to wind turbines, based on
[47,48], given as exponent to the base k

’ Parameter H Geared Direct drive H Theoretical
Blade length 1 1
Blade root chord length 0.6988 1
Blade tip chord length 1.4833 1
Tower height 0.6958 1
Blade mass 1.934 1.92 3
Rotor mass 1.748 2.31 3
Nacelle mass 1.45 1.859 3
Top mass 1.683 2.088 3
Tip speed 0.1999 0
Cut-in rotor speed -1.256 -0.821 -1
Rated rotor speed -0.8814 -0.8748 -1
Rated power 1.92 1.896 2
Nominal power 1.71 1.496 2
Tower base bending moment My 3.2351 3-4
Tower base bending moment M, 2.3381 3-4
Tower base bending moment M, 4.0526 3-4
Blade root bending moment My 3.2504 3-4
Blade root bending moment M, 2.8648 3-4
Blade root bending moment M, 2.7273 3-4

The real scaling factor of the bending moments coincides well with the theoretical value, showing

the influence of self-weight, as explained in Paragraph 3.1.1.2.

Besides different drivetrain types, considered in the comparative study [48], also design site and
wind conditions, manufacturer’s preferences, and especially the stage of technology influence the
real scaling proportionalities. Considering this last issue of time history, it is found that new
designs, which are still in technology development, follow more or less the theoretical scaling
proportionalities regarding the masses, as presented in Table 3.3. However, advanced designs,
with technology improvements and further developments for mass and cost reduction, appear
to scale significantly less than theoretically. This shows the limited direct application of the

theoretical scaling laws based on geometric self-similarity. [29]

Table 3.3: Technology dependent scaling proportionalities for wind turbine masses, based on [29], given

as exponent to the base k

Parameter H Undeveloped‘ Developed H Theoretical ‘
Blade mass ~3 2.1 3
Nacelle mass 3.0 1.8 3
Top mass 2.8 2.1 3
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3.2 Stable Floating Systems

As floating offshore wind turbines are not rigidly fixed to the bottom, they need some special
consideration of buoyancy and weight. Based on Archimedes’ law, floatation and stability of a
floating system are covered in this chapter.

3.2.1 The Principle of Floatation

A semi-submersible floating platform should be designed, such that it is floating with a certain
draft in calm seas with no wind. In this neutral position, floatation is met when the weight W
of the entire system equals the buoyancy force Fg, as shown in Equation 4.

W= Fp (4)

All single components, like blades, hub, nacelle, tower, platform, and also the lifted parts of
the mooring lines, count to the weight of the floating wind turbine system. The mass of the
components itself is either directly given or can be calculated from volume V' and material
density pmat- Equation 5 summarizes the computation of the weight of the floating system.

WZZVVi:g Zmi:g Zvipmat,i (5)

The buoyancy force corresponds to the weight of the displaced water volume. With the prede-
fined draft, the displaced water volume can be determined from the submerged bodies, which
are mostly a part of the floater and the lifted elements of the mooring lines. Multiplication with
the water density and gravity yields the buoyancy force, as shown in Equation 6.

Iy = Pwater g Z Vi |z§0 (6)
i

If weight and buoyancy are initially not in equilibrium, the design has to be adjusted. The
buoyancy force cannot be changed, as the draft of the floating system is predefined. However,
the weight of the system can be changed by adding (or removing) ballast. The amount of ballast
is directly given by the difference between buoyancy force and initial weight. The required
ballast volume always has to be checked against the available interior volume of the structure.
Considering different ballast types of various densities, provides many opportunities to adjust
the weight of the entire system, in order to obtain a floatable structure with predefined draft.

3.2.2 Stability

Wind turbines, orientated with the rotor area perpendicular to the main wind direction and
having the rotor at the hub far above SWL, must deal with high thrust forces in surge direction
and resulting large moments around the y-axis. As existing floating structures, like oil and gas
platforms, have a more compact and heavy structure on top, but quite a large footprint, the
stability criterion, especially in pitch, is an emerging relevant issue for floating offshore wind
turbines. The concrete definitions of the turbine motions and coordinate system are introduced
in Subsection 3.3.1. For simplification reasons, only static stability is considered in the following.

3.2.2.1 General Definitions In a stable position, the system’s centers of gravity and buoy-
ancy, denoted as G and B, are lying on one vertical axis, as it can be seen in Figure 3.1(a). This
is no longer the case, if the system tilts out. The intersection point, between the initial vertical
axis through the center of buoyancy in neutral position and the actual vertical axis through the
new center of buoyancy, is defined as metacenter M. Depending on the relative location of G
and M, the gravity force and righting lever GZ lead to a stabilizing or destabilizing moment. If
the metacentric height GM is positive for a positive tilt angle, meaning the center of gravity lies
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Figure 3.1: Stability conditions of a floating structure [11]

below the metacenter as shown in Figure 3.1(b), the system rotates back into its initial stable
position. But if GM < 0 for a positive tilt, the center of gravity is above the metacenter like in
Figure 3.1(c), and the system will capsize. The same applies analogously to negative tilt angles.

A stability analysis can be carried out by plotting the metacentric height or the righting lever
with respect to the tilt angle. The stability limit is directly at the first zero crossing point of
the GM- or GZ-curve, which comes after the zero crossing point at the initial neutral position.

Determining the metacentric height or righting lever for different pitch angles by means of this
method is generally valid, but quite complex. Only for small tilt angles, the metacenter can be
assumed to be fixed. If the system contains movable components, like liquid ballast, the center
of gravity will change during pitching. Another consequence of large tilt angles is that the
displaced water volume would vary, when just rotating around the y-axis. For a system without
any openings, the entire weight is not changing, and the buoyancy force has to remain constant
to maintain floatation. This means that after tilting, the vertical position of the structure has
to be adjusted. Only then, the correct location of the center of buoyancy corresponding to
the actual pitch angle can be determined and the metacenter found. Those steps include some
iterations and should therefore be carried out with the help of a computer program.

3.2.2.2 Simplified Hand Calculations Estimating the stability limit already by means of
hand calculations, requires some simplifications. All system components, even the ballast, are
assumed to be fixed. Furthermore, the center of buoyancy is only calculated based on the rota-
tory pitch motion, neglecting the vertical translation, required for meeting the force equilibrium
for floatation. Those simplified hand calculations do not allow to determine the exact stability
limit. It should rather be checked if the system remains stable during operation. The maxi-
mum allowable operational pitch angle is assumed to be 10°, based on conventional values [27,32].

The simplified calculation procedure is explained based on a semi-submersible platform, like the
DeepCwind floater introduced in Section 2.1. As the center of buoyancy depends on the pitch
angle, first the smallest angle, up to which no additional element is submerged or emerged, has
to be identified. This simplifies the calculation because the geometries for the volume calculation
remain similar in this pitch range and can be expressed in terms of the angle. For example,
the base columns are initially totally submerged, and thus full cylinders in the displaced water
volume calculation. If the base column starts emerging, the cylindrical geometry would have to
be adjusted for the emerged cylindrical hoof. Figure 3.2 shows the six critical locations where the
initial submerged geometries could change first, 6y to fyy (in green) for positive pitch and Oy to
Oy (in orange) for negative pitch. Those are the outer top edge of the base columns (6; and 6rv),
the outer top edge of the upper columns (011 and 0y ), and the bottom edge of the upper brace
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contact points to the offset columns (fy1 and @yr). If the smallest of those angles, according
to amount, is already distinctly bigger than the assumed maximum allowable operational pitch
angle of 10°, the calculations only have to be carried out for this initial submerged geometry.

Gv \
SWL

P 0
| -

Figure 3.2: Critical positions where the submerged geometry could change first

The submerged volume of the first calculation range can be split up into nine cylinders (three for
the base columns, six for the lower horizontal braces), and seven one-sided truncated cylinders
(three for the upper columns, one for the main column, three for the diagonal cross braces).
The dimensions of the truncated cylinders are expressed in terms of the pitch angle §. For each
geometry, the location of its center of buoyancy is determined and transferred to the global
body-fixed coordinate system of the structure (denoted with 7), leading to the coordinates Zp,
and zp;, as visualized in Figure 3.3.

=Ry

Figure 3.3: Coordinates of the centers of gravity and buoyancy in tilted position

The z-coordinate of each single element’s center of buoyancy can be computed by means of
Equation 7, and for the entire system’s center of buoyancy by means of Equation 8, written as
function of the pitch angle.

xB,(0) = Zp, sinf + Tp, cos (7)

2 e (0)Vi(0)

w0 = 5w
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For the stability analysis also the z-coordinate of the center of gravity has to be computed
depending on the pitch angle, as given in Equation 9.

za(0) = Zg sin 6 (9)

This way, the z-coordinates of the centers of gravity and buoyancy, as well as their difference,
corresponding to the righting lever GZ, can be determined and plotted with respect to the pitch
angle. From the graphs, it can be seen whether the system is stable within the considered range
of pitch, following the description given in Paragraph 3.2.2.1. However, this is still an estimation,
even if the calculations yield a stable system up to pitch angles distinctly above 10°.

3.2.2.3 Detailed Stability Calculations For a detailed stability calculation, program-
based analyses of the floating wind turbines are performed in HydroD and Modelica, as intro-
duced later on in Sections 4.2 and 4.3. HydroD already has a stability analysis tool included.
In the equation-based simulation program Modelica, however, the stability calculation has to be
implemented manually. The detailed computation can be found in Appendix A.1.

3.2.2.4 Intact Floating Stability According to Offshore Standard DNV-0OS-J103 [53], sta-
bility of the floating system has to be ensured during operation at highest rotor thrust. This
occurs at rated wind speed or in a fault situation. For a column-stabilized structure, the require-
ments for intact stability are a positive righting moment from upright position to the second
intercept of righting and wind heeling moment curves, and that “the area under the right-
ing moment curve to the angle of downflooding shall be equal to or greater than 130% of the
area under the wind heeling moment curve to the same limiting angle.” [53, p.81] A schematic
representation of the moment curves and angles is given in Figure 3.4.

ﬁ Righting moment
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moment angle
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Figure 3.4: Righting moment and wind heeling moment curves [53]

In order to check this criterion, the angle at the second intercept of righting and wind heeling
moment curves is taken as downflooding angle, as the semi-submersible platform has no openings
[57]. The wind heeling moment is determined for the maximum thrust force, obtained at rated
wind speed, and expressed in Equation 10 as function of the pitch angle 6.

2
Mwind = FT,rated [ cos” 6

1 D? (10)
= fair thor TOT Vpaged | cos” 0

The lever arm [ is the distance between the force application point, taken at the hub, and the
point of rotation. The latter one is variable for a moving half-submerged floating system. As the
point of rotation of a body is normally at the center of gravity, however for a fully submerged
body at its center of buoyancy [37], a conservative approach is to set the lever arm equal to the
distance from hub to center of buoyancy of the floating system.
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3.3 Natural Frequencies of Floating Structures

The natural frequencies of floating structures should be outside the range of wave excitation,
in order to avoid large motions and resonance. For a semi-submersible floating wind turbine,
the main focus lies on heave and pitch motion. Therefore, the determination of the natural
frequencies in those two degrees of freedom (DoFs) are covered in Subsections 3.3.2 and 3.3.3,
after a general introduction to the coordinate system, terminology, and equations of motion for
a floating wind turbine in the following Subsection 3.3.1.

3.3.1 Motions of a Floating Structure

The coordinate system of a floating wind turbine is defined with its origin at still water level
(SWL), the z-axis pointing in the main wind direction, perpendicular to the untilted rotor
plane, the z-axis coinciding with the centerline of the tower and pointing upwards, and the y-
axis perpendicular to both z- and z-axis, so that =, y and z make up a right-handed coordinate
system. The rotations around the coordinate axes are defined positive, following the right-hand
rule. The orientation and position of the coordinate system are presented in Figures 3.5(a) and
3.5(b). The floating system has six DoFs, which are combined in the vector g. The first three
DoFs ¢ to g3 are the translational motions surge, sway and heave, while the remaining DoFs
q4 to g¢ are the rotations roll, pitch and yaw. The terminology is presented in Figure 3.5(c).

wind
(b) Top view
Heave ,
Az .
urge
Yaw 1
SWL |
I / x

|

(a) Side view (¢) Terminology of motions, based on [9]

Figure 3.5: Coordinate system of a floating semi-submersible wind turbine
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The governing equation of motion for a floating structure is given by Equation 11, with the
parameters in time domain indicated by ~. Transformation into frequency domain, by expressing
the system motion as harmonic with complex number notation, yields Equation 12.

M+ Al () +Bi() + Ca(t) = E(t) (11)

[—w? (M + A(w)) + iwB(w) + C] g(w) = F(w) (12)

The mass and stiffness matrices M and C, as well as the frequency-dependent added mass and
damping matrices A and B, are all of size 6x6. The cross-diagonal terms include the coupling
between different DoFs. The frequency-dependent excitation forces and moments F', and the
system DoF's ¢ are vectors of size 6x1, with an element for each DoF.

The undamped natural frequencies of the system can be determined by equating both damping
and excitation in Equation 12 to zero. Solving for the angular frequency w, by setting successively
all but one element of the system DoF's g equal to zero, and then dividing by a factor of 27, yields
the undamped natural frequency in each DoF. In the simplified hand calculations, however, the
coupling terms are neglected, and the undamped natural frequencies fya;; are just determined
based on the diagonal matrix elements, as presented in Equation 13.

1 1 Ci;
% 13
fnat,l 2w nat,1 21 \/M“ + A (wnat’i) ( )

Including the damping term, the damped natural angular frequency wq; can be expressed as
function of the undamped parameter. The damped natural frequency fq; is then again obtained
by division by 27, following Equation 14, with the damping factor ¢, defined by Equation 15. [12]

1 1
fai= 5, Wdi = 5 Wnati 1= ¢ = foatiy/1— G (14)

Bj
(Mii + Aii(wnat.i)) 2wnat,i

G = (15)
Added mass and damping are in general frequency-dependent parameters. However, this is not
considered in the hand calculations. As also the coupling terms of the matrices are neglected,
only explicit expressions for the components Csz, Css, Msz, Mss, Aszs and Ass are needed, in
order to estimate the natural frequencies in heave and pitch. The derivation is done in the
following Subsections 3.3.2 and 3.3.3, based on the assumption of small displacements.

3.3.2 Natural Frequency in Heave

The stiffness component in heave C33 follows Equation 16. [16]

C33 = pwater JAWP (16)

The waterplane area Awp of the semi-submersible platform in its initial position, shown in Figure
3.5(a), consists of four cylindrical intersections (three from the upper columns, one from the
main column) and three elliptical intersections from the cross braces. The stiffness component
in heave can be expressed in terms of column and cross brace diameters, cross brace length and
its vertical projection Azcg. The final formula, given by Equation 17, is based on the wall-sided
assumption and can be used as a good approximation for small displacements and motions [6].
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T l
C3s = pwater 9— |3 | D3c + Dip—2— ) + D3 (17)
4 Azcp

The mass component in heave M3 is equal to the total system mass, following Equation 18. [9]
M3z = Zmi = Z Vi Pmat,i (18)
i i

A good approximation for the low-frequency limit of the added mass component in heave Ass
is obtained by Equation 19, based on [21,52], considering upper, base and main columns, but
neglecting the pontoons and cross braces.

A33 — pwgter Dl%/[CJF?’ {pw;ter D]%,C o |:7Tpv§ater D%C (DBC B /D]%,C o D%Q)
- 2 (19)
70 (e [0 D) (20004 /e i)

Substituting Cs3, M33 and Ass in Equation 13 yields finally the natural frequency in heave.

Regarding the upscaling of wind turbine parameters, the stiffness component in heave is expected
to scale with k2, as it is proportional to an area, and thus a length squared. The mass and added
mass components, however, are volumetric dimensions, and therefore expected to scale with k3.
Based on this calculation, the natural frequency in heave is rather expected to scale with k=9,
than with k~! following the structural scaling laws, given in Table 3.1 in Subsection 3.1.1.

3.3.3 Natural Frequency in Pitch
The stiffness component in pitch Css is given by Equation 20. [9]
Cs5 = W(»ZB - ZG) + Pwater eg

= W(ZB - ZG) + Pwater 9 / .T2 dA <2O)

Awp

W is the total weight of the system, as defined in Equation 5, and zp and zg the vertical coordi-
nates of the center of buoyancy and gravity, respectively. Those can be obtained for composite
bodies based on Equation 8, by replacing = by z and setting 6 equal to zero for considering the
undisplaced position. Iy is the second-order moment of waterplane area about the y-axis.

The local second-order moment of area for the circular intersections of upper and main columns
I, uc/mc can be calculated by means of Equation 21. [56]

Iyueme = gy Puomc (21)

The local second-order moment of area for the elliptical intersections of the cross braces Yy,CB
follows Equation 22. 8 represents the angle between the major symmetry axis of the elliptical
intersection and the global y-axis, and amounts 30° for cross braces 1 and 3, and 90° for cross
brace 2, with the numbering following Figure 2.1(b).

- 7r lc les \° . 5 2
I, cp = — D¢ 22
L [( A ) sin(9) + cost(9) (22)
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For each intersection, the local second-order moment of area about the axis through its centroid
has to be transferred to the global y-axis, by adding the product of intersection area and dis-
tance to the parallel axis squared, which is known as the parallel axis theorem [56]. Summing
up the second-order moments of area about the global y-axis of all seven intersections, yields
the total second-order moment of waterplane area, needed in Equation 20 for calculating the
stiffness component in pitch.

The mass component in pitch Mss is equal to the mass moment of inertia about the y-axis over
the entire body, as written in Equation 23. [9]

Mss = Iy = / a? + 22 dV (23)

system

The mass moments of inertia have to be calculated for each component of the floating wind
turbine structure, transferred to the global coordinate system, and finally added up.

For calculating the added mass component in pitch Ass, strip theory is used. By assuming 2D
potential flow theory, leading to an added mass coefficient of 1 for a circular cylinder in surge
motion [9], and neglecting pontoons and braces, a good approximation for the low-frequency
limit of the added mass component in pitch can be obtained by Equation 24, based on [21].

3
m Zb,BC
Ass :3pwaterZD]2?,C <‘3| + (2a.Bc — 2b.8¢)? |2bBC| + (20.8C — 2b.BC) |Zb,BC2)
(24)

3
m 2 MC
+ pwaterZDl%/[C <‘3‘ + (2a.mc — 2omc)? |2omc] + (zame — 2bc) |Zb,Mc|2>

Substituting Cs5, M55 and Ass in Equation 13 results in the natural frequency in pitch.

The stiffness component in pitch, given in Equation 20, has the dimension of an area moment
of inertia, corresponding to a weight times a length. Thus, it is expected that the stiffness
component in pitch scales with k% during the upscaling procedure. The mass component in
pitch is expressed by mass moments of inertia, and the added mass component in pitch is
proportional to a length to the power of five. Therefore, it is expected that both mass and
added mass components in pitch scale with k°. Based on this calculation, the natural frequency
in pitch is, as in heave, rather expected to scale with k=%, than with k~! following the structural
scaling laws, given in Table 3.1 in Subsection 3.1.1.
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3.4 Viscous Forces and Damping

Severe sea states with long waves and high wave heights, viscous forces, and flow separation have
to be considered in hydrodynamic analyses of cylindrical structures with small diameters. [22]

3.4.1 Morison’s Equation

A typical approach for hydrodynamic load calculations, including viscous forces, is Morison’s
equation, given in Equation 25. This can be applied in case of flow separation, if diffraction
effects are simplified using the long wave approximation, and radiation damping is neglected. [41]

1 . .
oF :ipwaterCDD (Uwater - Q) |Uwater - CI| 0z

wD?
+ Pwater (1 + Ca) vaater 0z (25)
mD? .
- pwaterCaTq 0z
Equation 25 is split up into three terms, considering quadratic drag, inertia and added mass.
The force on one cylinder element 9z of diameter D is thus not only dependent on the fluid and
cylinder velocities vyater and ¢, respectively, but also on the drag and added mass coefficients

CD and Ca.

In the following work, an added mass coefficient of C; = 0.63 is used for the analysis in HydroD,
based on the selection in the original OC4 semi-submersible design [41]. From this analysis, the
low-frequency added mass limit in surge is obtained, with which the added mass coefficient is
adjusted for the further analysis in Modelica, as explained in Paragraph 4.3.1.2.

The drag coefficients of all platform members, however, are already calculated ahead of any
computer-based analysis. The determination method is presented in the following Subsection
3.4.2, based on [41].

3.4.2 Drag Coefficient Determination

The drag coefficient depends on the Reynolds number Re, as shown in Figure 3.6 [10].

2

1.6

1.2

1 I | | IIEII I | | IIIII I | IIII
%“ 10° 10° 10’
Re

Figure 3.6: Drag coefficient depending on the Reynolds number [10]

24



3  Theory

The Reynolds number is already introduced in Paragraph 3.1.1.3 by Equation 3. For the con-
sidered cylinder in transverse and steady flow, the characteristic length scale is given by the
cylinder diameter. The velocity equals the amplitude of the water velocity acting perpendicu-
lar on the cylinder, given by Equation 26. The water velocity itself depends on the sea state,
defined by wave height H and wave period T, water depth |zseabed|, Wave number x, defined by
the dispersion relation given in Equation 27, and the vertical position z. [41]

ﬁcosh[/i(z + | 2scabed|)]

T pu— . 26

Uwate T smh(li’zseabed’) ( )
e

k tanh(k|zseabed|) = gT? -

This means that the drag coefficient not only depends on the diameter of the column, but
also varies along the column in vertical direction, and changes with the sea conditions. For
a detailed hydrodynamic analysis, all those factors should be included, as the drag coefficient
could vary quite a lot from around 0.3 to 1.06, as it can be seen in Figure 3.6. However, for
the analyses performed in this work, an estimate of the drag coefficient for each column is used.
The approximate determination of the drag coefficients follows the method applied in [41] for
the original OC4 semi-submersible platform.

Table 3.4: Representative sea states of OC4 [41]

(Seastate || 1 | 2 | 3 | 4 [ 5 [ 6| 7| 8 |
T [s] 20 | 48 [ 65 ] 81 ] 97 ]11.3]136] 17.0
Himl | 009]067]140]244]366]549]09.14] 1524

Thus, for each of the eight representative sea states, given in Table 3.4, a mean water velocity is
computed, based on Equation 28, as average from SWL to the platform’s draft [41]. The wave
number k is determined for each sea state, by iteratively solving of Equation 27.

mH B sinh(kzdratt + £|2seabed|)

(28)

VUwater = -
e —Zdraft Tk Slnh(ﬁ|zscabcd|)
For each average velocity, the Reynolds number is computed for the considered column, by means
of Equation 3, and using a kinematic viscosity of water of 1.004E-6 m?s~!. The corresponding
drag coefficients are read from the graph in Figure 3.6. This way, eight values are found for each
column. The final estimated drag coefficient is taken as their average.
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3.5 Station-Keeping Systems for Floating Structures

Floating offshore wind turbines require a station-keeping system, that keeps the displacements
within the allowable range. This is, for example, dictated by the load-bearing capacity of the
entire system, including mooring line strength and load capacity of the anchors, geometric
constraints, like wind farm layout and clearance requirements, or equipment limitations. Fur-
thermore, station-keeping systems may allow controlling the orientation of the wind turbine,
and help limiting the tower top acceleration and tilt. [61]

3.5.1 Overview of Existing Design Concepts

Two main concepts of station-keeping systems exist: active systems, like dynamic positioning
or thruster-assisted mooring, in which the mooring line tension can be changed or the system is
steered by thrusters, and passive station-keeping systems, like spread mooring systems, tendons
or single point mooring systems. Active station-keeping systems, as well as single point mooring
systems, with an integrated turret that enables weathervaning, are more common for ships and
often needed in offshore oil and gas operations, where the big floating structures are sensitive to
the directionality of the environmental conditions. The less sensitive floating platforms for wind
turbines, however, usually have tendons or spread mooring systems. The only disadvantage of
the latter one is the large spread of the mooring lines, which could complicate the layout of an
offshore wind farm. [61]

Depending on the floating platform type, different passive station-keeping systems are used.
Tension leg platforms are moored with vertical tendons, whereas spars and semi-submersible
floaters are supported by a spread mooring system with catenaries, semi-taut or taut lines.
The mooring lines are made out of chains, wires, ropes, fibers or some combination, and can
also include buoys or clump weights. On the seabed, the mooring lines are fixed by anchors,
anchor piles or suction piles. The entire station-keeping system is thus defined by the type of
the mooring system, the layout, number and material of the lines, and the anchor type and
properties. Beyond those components, pretension, elasticity, total line length, and submerged
weight of the suspended lines are very important parameters for a catenary mooring system. [61]

3.5.2 Calculations of Elastic Catenaries

Catenary mooring lines provide the needed restoring force due to the gravity of the lifted part
of the chain. In case of elastic catenary mooring lines, which are used for the DeepCwind semi-
submersible platform, also the axial/extensional stiffness EF'A has to be considered.

For accurate ballasting of the floating system, the lifted parts of the mooring lines have to be
included in the weight calculation. The geometry of the catenary mooring line, including the
definitions of the total length lio, the length of the lifted part log, their horizontal projections
liot hor and lef nor, the length of the catenary part lying on the seabed les;, the height of the
fairleads above the seabed h, and the local coordinate systems, is presented in Figure 3.7. The
mathematical relation between those parameters is given in Equation 29, based on [1].

lrest = ltot - leff = ltot,hor - leff,hor (29)

Both effective length and its horizontal projection are unknown. The other two lengths are
predetermined by the geometry of the floating system. Using Equation 30 for the normalized
mooring line pretension 7%, with the horizontal tension 7, at the touch down point and the
equivalent mooring line mass in water {tmoor,water, the horizontal projection of the effective length
can be expressed by Equation 31 [36] and substituted into Equation 29, yielding Equation 32.

% Thor

I (30)

Hmoor,water g
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Figure 3.7: Geometry and parameters of the catenary mooring line

logr Thor |
leff,hor = 7*sinh 1 (e*> hor leff ( 1)
= — 7*si -1 leﬁ Thor leff
ltot - leﬂ ltot,hor sinh — | — (32)

As Equation 32 has still two unknowns, l.g and 7y, another equation is needed for determining
the effective length. The z-coordinate of the lifted part of the mooring line, as function of s
in line direction, is introduced by Equation 33, based on [36]. Evaluation at s = leg, with the
corresponding local z-value of zy,00r = h, results in Equation 34.

2 2
Zmoor(s) = W R ( 1+ (%) - 1) (33)
moorwater 912 Lo\ *
h:%jw* 1+<Tef> -1 (34)

Equations 32 and 34 are solved for the two unknowns leg and 7,6, with the help of MATLAB.

The mass contribution of the mooring lines mmyoor to the total system mass is obtained by
multiplying the effective length with the equivalent mooring line mass in water and the number
of mooring lines, resulting in Equation 35.

Whoor = gMmoor = 39Nmoor,water lege (35)

The mooring line’s center of gravity is calculated based on Equation 36, representing the general
equation for the centroid of a line, transferred to the global coordinate system of the floating
structure. Substituting Equation 33 into Equation 36 and solving the integral expression yields
Equation 37 for the center of gravity of the lifted mooring line.

leff
1
ZG,moor = Zseabed T lot /Zmoor(s) ds (36)
e
0
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. oy Pmoorwater gleg 1 () + 12 — 7"
G,moor seabed 6EA 2 .

(37)

+ L m b 1 L)
2ot T T

3.5.3 Mooring Stiffness

The additional stiffness of the mooring system restrains the system motions. The effect is the
most in surge and yaw direction. As the determination of the mooring stiffness components is
quite extensive, only the stiffness component in surge is covered in the hand calculations. For
one line, the mooring stiffness in surge follows Equation 38 [16].

-1

_ h
C111,rn001r = Mtmoor,water g T + cosh ! (1 + *> (38)
V1427 T

The total stiffness in surge of all three mooring lines is defined by Equation 39 [16].

3
§ : 2

Cll,moor,tot = Cll,moor,i COs lei (39)
i=1

With the angles 1 = 60°, )2 = 180° and 3 = —60° between the three mooring lines and the
x-axis, the total stiffness component in surge is finally given in Equation 40.

3
Cleoor,tot = 7Cll,moor
—1
40
1+ Hmoor,water gh) ( )

Thor

2

3 -2

M ,water d

2 moor,water \/1 + 2 Thor

Hmoor,water gh

+ cosh™! <
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3.6 Control Systems for Floating Wind Turbines
3.6.1 Wind Turbine Control

The control systems of onshore, offshore fixed and offshore floating wind turbines differ from
each other, as already mentioned in Paragraph 3.1.1.3.

Conventional onshore wind turbines have a blade-pitch-to-feather control system and are regu-
lated to constant generator power (or torque). At wind speeds below rated and at rotor speeds
below the maximum value, the blades are not pitched and the wind turbine operates with op-
timum power coefficient at optimum tip speed ratio. In the transition range to rated power,
mainly the rotor speed has to be kept at the maximum allowable value due to noise restric-
tions. Above rated wind speed the wind turbine starts pitching the blades, in order to maintain
constant power output (or generator torque). With pitching the blades, the thrust force is de-
creased, leading to reduced loads on the wind turbine.

Using such a controller for a floating offshore wind turbine, could cause negative damping and
large impermissible motions. Floating wind turbine systems, except wind turbines on TLPs,
have very low natural frequencies. An onshore blade-pitch controller is too fast compared to the
system motions, meaning that it would measure the decrease in relative wind speed and rotor
thrust if the platform moves backwards due to hydrodynamic loads, and react by pitching the
blades back in order to avoid a power drop. This, however, would lead to an increased thrust,
which sustains the backward motion and could lead to an unstable system. Similar behavior is
obtained when the floating wind turbine is moving forward due to hydrodynamic loads. [3]

Negative damping can be avoided by setting the blade-pitch controller frequency smaller than the
smallest natural frequency of the floating system, and thus reducing the gains in the blade-pitch-
to-feather control system [34]. Other options are active damping control strategies, in which a
pitch controller, regulated on basis of the tower velocity, is added to the control system, or a
notch filter is incorporated, which diminishes the pitch natural frequency and the corresponding
resonant motions [38]. A variable power pitch control, which allows higher energy extraction in
forward motions, leading to thrust increase and countering of the tower motion, and less energy
extraction in backward motions, inducing thrust reduction and again counteracting the tower
motion, is as well a possible concept [33].

3.6.2 Blade-Pitch Controller

The blade-pitch controller is adjusted for a floating wind turbine by reducing the controller gains.
The proportional and integral controller gains Kp and Kj can be determined by Equations 41
and 42, respectively. The derivative gain Kp is neglected and set equal to 0s2. [23]

. 2Idrivctrain,LSS Qratod,LSS Ce We,nat

Kp (41)
opP
Ngear (_W)
Ky = Idrivetrain,LSS Qratgtj),LSS wz,nat (42)
Ngear (= 7)

The drivetrain inertia with respect to the low speed shaft Iqsivetrain,.ss can be computed from
the high speed shaft value Igrivetrain,iss by multiplication with the gearbox ratio Ngear squared.
The rated low speed shaft rotational speed ()aeq, 1,85 1S given as a property of the wind turbine.
The damping ratio (. and natural frequency we nat of the response, associated with the equation
of motion for the rotor-speed error, are recommended to be chosen as ( = 0.6 — 0.7 and
Wenat =2 0.6 rad s™1 [23]. However, as the negative damping, introduced by the generator torque
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control, is neglected in the determination of the proportional gain, the upper limit of 0.7 should
be taken for the damping, in order to compensate for this. The sensitivity of the aerodynamic
power to the rotor-collective blade-pitch angle %—]g depends on the pitch angle and can be linearly
approximated by means of Equation 43, which can be transformed into Equation 44. [31]

oP
oP 00 10,0004 oP
T = W taag O 13
80 GK + 80 erated < )
1 1
= op (44)

0
Orated <1 + ﬂ)

fx is the rotor-collective blade-pitch angle, at which the pitch sensitivity has doubled from its
rated value. By making use of Equation 44 and defining the gain-correction factor GK, as given
in Equation 45, Equations 41 and 42 can be rewritten into Equations 46 and 47, respectively. [31]

00 30

1
GK (8) = o
0- iy (15)
Kp = 2L drivetrain, LSS Qr;j:d,LSS Ce Wenat GK (0) (46)
Ngear (_ W erated )
1 rivetrain Ql‘ ("‘)211
K= drivetrain, LSS ated,LSS Wc nat GK (0) (47)

opP
Ngear (_ 00

9rated>

Based on BEM theory, a MATLAB code is written for determining the blade-pitch sensitivity
at rated and 0k, depending on the wind turbine and blade properties. The derivations and the
code can be found in Appendix A.2.

The proportional and integral gains for a floating wind turbine system are then determined,
based on Equations 45 to 47, by choosing the natural frequency we nat smaller than the system’s
natural angular frequency in pitch. From the comparison of the adjusted gains for the OC4
floater and the original gains of the NREL 5 MW, it is found that the natural frequency we nat
for the controller gain calculation is approximately the pitch natural angular frequency divided
by a factor of around 1.3. Thus, it is decided to use Equation 48 as a conservative approach for
choosing the controller natural frequency depending on the system’s pitch natural frequency.

What,5
Wenat = 1a; <48)
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4 Analyses of the Platform Designs and Floating Systems

Three different methods are used for analyzing the designed floating systems. Those are pre-
sented in Sections 4.1 to 4.3, and finally verified in Section 4.4.

4.1 Analysis Based on Hand Calculations
The hand calculations only allow a simplified stability check, as introduced in Paragraph 3.2.2.2.

The stiffness, mass and added mass components, as well as the natural frequencies in heave and
pitch are computed based on Equations 13 and 17 to 24, given in Section 3.3. As the calculation
of the added mass components is just an approximation, additionally also the original added
mass values of the basic floating platform design is scaled up with the main scaling factor k to
the power of three for the heave DoF, and to the power of five for pitch, neglecting the different
scaling of other components, like main column or upper columns. Similarly, the original stiffness
matrix of the basic floater design is also scaled up (DoF 3 with k2, DoF 5 with k%) for compar-
ison, even though the equation-based stiffness calculation is expected to be quite accurate.

The maximum pitch during operation of the wind turbine is, besides stability and natural
frequencies, also of major interest. The common maximum allowable operational pitch angle
is 10° [27,32], which should not be exceeded. For determining the pitch displacement, a static
analysis is sufficient. The general equation of motion, given by Equation 12 in Subsection 3.3.1,
can thus be reduced to Equation 49.

Cg=F (49)

Neglecting coupling terms, when solving Equation 49 for the system DoF in pitch, results in
Equation 50.

_ Fss

o (50)

ds
The maximum pitch is obtained at maximum thrust. Not considering any fault situation, the
thrust force is the highest at rated wind speed, as the blades start pitching at higher wind speeds,
which decreases the area facing the wind, and thus also thrust force and pitch displacement. The
overturning moment Fjs rqeq resulting from the maximum thrust force can be computed based
on Equation 10, with neglecting the inclination, meaning cosf =~ 1. The lever arm [ should be
taken as the distance from hub to center of buoyancy, as already discussed in Paragraph 3.2.2.4.
This might be inconsistent with the determination of the stiffness with respect to the origin of
the coordinate system of the floating wind turbine, but makes up a conservative approach.

4.2 Analysis Based on GeniE and HydroD

More detailed and also frequency-dependent analysis results are obtained by means of DNV’s
SESAM software. GeniE, an extensive design analysis tool, contains, inter alia, finite element
analyses, load calculations, as well as hydrodynamic and structural analyses, including non-
linearities, combined structures, and interactions [54]. Hydrostatic and stability analyses, as
well as motion response, hydrodynamic parameter, and load calculations can be carried out in
HydroD [55]. The wave load calculation is executed in this work by Wadam, which is based on
Morison’s equation and potential flow theory.

4.2.1 Implementation in GeniE and HydroD

The platform design is first implemented in DNV’s software GeniE. Input parameters are total
draft, heights, diameter and spacing of the columns, as well as diameter, thickness and elevation

31



4  Analyses of the Platform Designs and Floating Systems

of pontoons and cross braces. Using GeniE’s finite element mesh generation tool, a panel model
for the columns and a Morison model for the pontoons and cross braces are created. The final
implemented model, including the wetted surface marked in orange, is presented in Figure 4.1(a).

(a) GeniE (b) HydroD

Figure 4.1: Implementation of the semi-submersible platform in GeniE and HydroD

Panel and Morison model are read into HydroD. The environment is defined by the location,
water depth, water and air properties, a set of 26 wave angular frequencies from 0.13 rad s~! to
6.28 rad s~', and the wave direction of 0°, meaning waves propagating in positive z-direction.
A mass model is defined, based on the computed mass components M;;, the corresponding
radii of gyration, center of gravity of the entire system, and the level of still water. For the
linearized viscous drag calculation, Morison 3D sections are specified for the columns by their
drag and added mass coeflicients, determined based on the procedure described in Subsection
3.4.2. Pressure area elements are generated for all pontoons and braces. The resulting model
in HydroD, including SWL (blue), mesh of the columns (green) and Morison elements (red), is
shown in Figure 4.1(b). Based on the implemented model, a stability analysis in pitch and a
Wadam run for the global response are carried out.

4.2.2 Results from HydroD and Wadam

The stability analysis by HydroD considers the variation of buoyancy and its center, when the
platform is pitched. Thus, the stability limits, obtained from the GZ- and restoring moment
curves, are assumed to be accurate. A wind heeling moment curve, based on the calculation in
Paragraph 3.2.2.4, can be added to the stability analysis. The areas below restoring and wind
heeling moment curves to the intersection of both curves can directly be computed by HydroD.
This way, also the intact floating stability criteria can be checked.

The Wadam output file, including mass, total restoring, added mass, and damping matrices,
exciting forces and moments, motion response, and eigensolutions to the rigid body motion, is
read into MATLAB for further post-processing. As the area for the computation of the stiffness
matrix components is discretized by a finite element mesh in HydroD, it is expected that the
Wadam results are more accurate than the hand calculated ones. The total added mass ma-
trix considers both the panel and the Morison model, meaning all columns, pontoons and cross
braces. The total damping matrix includes potential damping and damping due to viscous drag,
following Morison’s theory. Both matrices are computed by Wadam for each of the predefined
26 wave frequencies, allowing a visualization of the frequency dependence of added mass and
damping, by plotting the matrix components with respect to the wave frequency.
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Further calculations, based on the system matrices, are performed in MATLAB. The natural
frequencies in heave and pitch are determined by means of Equation 13, given in Subsection
3.3.1. With the frequency-dependent added mass components, different results are obtained
for the 26 wave frequencies. The real natural frequency is determined as the intersection point
between the interpolated calculated results plotted against the wave frequency, and the angle
bisector, representing the wave frequencies plotted against the wave frequencies itself. Those
natural frequencies can be compared with the eigensolutions from Wadam, as well as with the
results from the hand calculations.

The nominal pitch is computed based on Equation 50, given in Section 4.1, with the stiffness
component in pitch obtained from the Wadam output.

4.2.3 Motion Response Analysis

The analysis of the motion response is, besides the previously determined parameters, also based
on the excitation F'. The main excitation is in surge, heave and pitch, due to the loading direc-
tion at zero heading. The exciting forces and moments are complex values.

The response amplitude operator (RAO) for each single DoF can be computed by means of
Equation 51, based on the equation of motion for floating structures, given in Equation 12 in
Subsection 3.3.1.

’RAOg(w)‘ - ‘ [C+ iwB(w) —w? (M + Aw))] E(w)‘ (51)

In Equation 51, matrix left division is executed, written in terms of pre-multiplication with the
inverse of the matrix in the square brackets. The RAO is, as presented in Equation 51, the
absolute value of the complex calculation. The peak of the RAO is expected to occur at the
natural frequency of the considered DoF.

The standard deviation of the motion response o, is a good measure of the dynamic response.
The standard deviation can be obtained from the response spectrum S,(w), which in turn
depends on the wave spectrum. 15 wave spectra for different representative environmental
conditions [3], given in Table 4.1, are generated by means of Pierson-Moscowitz’s wave spectrum
definition, given in Equation 52 [44]. The environmental conditions are defined by the significant
wave height Hg and peak wave period T}, from which the peak wave frequency f,, directly follows
as its inverse. The resulting wave spectra are shown exemplarily for five condition numbers in
Figure 4.2.

4
Spa(f) = 0.3125HZ f f % exp [1.25 (“if) (52)

Based on the wave spectra and the previous derived RAOs, the response spectra can be computed
by means of Equation 53 [28]. The wave spectrum as function of the angular frequency is
obtained by substituting the frequency f in Equation 52 by w(2m)~!.

Sy(@) = Sem(w) ’RAOg(w)’Q (53)

The standard deviations of the motions are finally obtained based on the generated response
spectra, as given in Equation 54 [28].

o, = / S, () dw (54)
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Table 4.1: Wave parameters of 15 representative environmental conditions [3]

Condition || Significant wave height | Peak wave period | Peak wave frequency
number Hg [m] Tp [$] Ip [HZ]
1 1.25 4 0.250
2 1.25 6 0.167
3 1.25 8 0.125
4 2.75 6 0.167
5 2.75 8 0.125
6 2.75 10 0.100
7 2.75 12 0.083
8 3.75 6 0.167
9 3.75 8 0.125
10 3.75 10 0.100
11 3.75 12 0.083
12 9.25 8 0.125
13 5.25 10 0.100
14 5.25 12 0.083
15 6.75 12 0.083
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Figure 4.2: Pierson-Moscowitz wave spectra for different environmental conditions

4.3 Analysis Based on Modelica and Dymola

For simulation of the entire floating wind turbine system, Modelica and Dymola are used. The
modelling language Modelica is perfectly suited for describing complex physical systems, as it
supports several domains, like electrical, mechanical, hydraulic, and control objects. Program-
ming in Modelica is equation-based and object-oriented. With single models being intercon-
nected, complex dynamic systems can be simulated. Dymola, originally standing for Dynamic
Modelling Language, but then developed into Dynamic Modelling Laboratory, is used as simu-
lation environment for Modelica. Besides a Modelica compiler, it also includes a graphic user
interface and text editor, so that Modelica models can directly be edited within Dymola. [18]
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4.3.1 Implementation in Modelica

The floating wind turbine system is implemented in Modelica by means of several single models,
using the OneWind® Modelica Library (see Appendix A.3 for further information). Each com-
ponent has frames, which could be connected with each other, and at which forces, moments,
displacements, and rotations are transferred. The model world is used as reference, with the
coordinate system fixed to the SWL, and the earth acceleration acting in negative z-direction.

4.3.1.1 Top Structure The top structure is divided into rotor, nacelle, operating control,
and tower. The rotor model consists of the hub and one blade model, extended to a three-bladed
rotor. The blades are implemented as flexible bodies, based on a FEM model. The aerodynamic
parameters, needed for the BEM calculation, are also defined in the model of the rotor.

The model of the nacelle includes drivetrain, generator, and yaw controller. A separate model
contains all input parameters, like nacelle mass, dimensions and inertias, drivetrain properties,
and generator type.

The operating control covers pitch and generator torque control, bus system between operating
control, nacelle and rotor, as well as different operating phases, like idling or shutdown. A
separate model, again, defines all input parameters for the control units. There, the blade-pitch
controller gains and the value of the pitch angle at doubled blade-pitch sensitivity have to be
changed according to the designed floating system.

The tower is modelled either as rigid or flexible body. The original wind turbines (NREL 5 MW,
IWT 7.5 MW and DTU 10 MW) are designed with a tower reaching to ground or SWL level.
For the floating system designs, the tower model is adjusted by removing all tower elements
below the top level of the main column, and shortening the now remaining lowest element, so
that it starts directly on top of the main column. For the rigid tower model, the procedure
is implemented by means of functions, and directly executed when running the simulation.
However, for the flexible tower model, the FEM model has to be created, based on the new
tower dimensions, prior to the simulation.

4.3.1.2 Support Structure The semi-submersible platform is implemented by intercon-
necting cylindrically shaped structure elements for the columns, pontoons and cross braces, as
well as for the ballast in the columns. By specifying material density and cylinder dimensions,
weight and center of gravity of the platform are directly included.

The hydrostatic forces on the floating platform, however, have to be added manually. Buoyancy
force and center of buoyancy are calculated for each column at each time step, depending on the
actual local heave and pitch, following the detailed stability calculation in Appendix A.1. By
setting the buoyancy force application point at the center of buoyancy, the resulting waterplane
restoring moment does not have to be defined separately.

The hydrodynamic forces are computed based on Morison’s equation, given in Equation 25 in
Subsection 3.4.1. Only upper, base and main columns are considered, Morison loads on cross
braces and pontoons are neglected. The columns are divided into several elements, shorter at
the upper parts close to SWL, in order to improve the accuracy of the Morison load calculation.
Due to the large column diameters, MacCamy-Fuchs approximation has to be used for the
determination of the added mass coefficient. For the added mass of the heave plates in vertical
direction, a reference volume Vg is defined, replacing the term %D27T 0z in the added mass part
of Morison’s equation (Equation 25). This reference volume is computed based on Equation 55,
using the low-frequency limit of the added mass in heave, obtained by the Wadam calculation
in HydroD, and setting the added mass coefficient in z-direction equal to C, , = 1. [62]
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1
s A
3 33|w~>0 (55)

VR =
Pwater Ca,z

The factor of % in Equation 55 is based on the assumption that the added mass in heave mainly
comes from the three base columns, and the contribution of the main column can be neglected.

The platform parameters are defined in a separate model. The main data, like cylinder diameters,
wall thicknesses, heights, drag and added mass coefficients, pontoon elevations, initial draft,
steel and ballast densities, column distances, and ballast heights, have to be given as input. All
other parameters, like pontoon lengths and position of the columns with respect to the world
coordinate system, as well as the variable buoyancy force, are defined based on those values.

4.3.1.3 Station-Keeping System The mooring system was implemented within the bach-
elor’s thesis [17]. The mooring lines are divided into several elements, each modelled as mass-
spring-damping system. Velocity dependent damping (Morison damping), as well as inner damp-
ing are considered. Weight and buoyancy due to the lifted parts of the mooring lines are com-
puted. Furthermore, bottom contact reaction forces are taken into account. The shape of the
mooring lines and the effective lengths are internally determined at each time step, based on
catenary equation, mooring line parameters, and actual fairlead positions. For the first time
step, however, an initial value for the bottom contact length has to be provided as input. This
can be computed according to Appendix A.4.

4.3.1.4 Environment The environmental conditions are given by wind and waves, not con-
sidering any currents. In the wind model, the wind type can be chosen, for example steady,
ramped or turbulent wind, but also up- or downwind turbines can be modelled, and the wake
can be additionally calculated. The general parameters, like hub wind speed, density and dy-
namic viscosity of air, wind direction, and flow inclination, have to be specified in the input data
model. Furthermore, tower shadow and gust can be taken into account, as well as wind shear,
based on the specified guideline and wind turbine class.

Two wave models exist, either for regular or irregular waves. Water depth and density, significant
wave height, peak period, and phase angle, as well as the stretching method (Wheeler, linear
extrapolation or none) have to be defined for both models. In addition, wave spectrum model
(Pierson Moskowitz or JONSWAP), as well as number of frequencies and number of seeds, for
generating the different waves with random phase angles, have to be specified for the irregular
wave model.

4.3.2 Simulation and Results

Figure 4.3 shows the implemented floating wind turbine system, simulated in Dymola.

Figure 4.3: Floating wind turbine system in Dymola, based on Modelica
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For the analysis of the floating wind turbine systems, different simulations are run in Dymola.

4.3.2.1 Free Decay Tests At first, free decay tests in surge, heave, pitch and yaw are per-
formed with no waves, no air, the generator locked, the controllers turned off, and the blades
in idling position, with one blade pointing straight upwards. The initial displacements and the
simulation lengths are directly taken from the load case description for OC4 [42]. The initial
bottom contact length of each mooring line is re-calculated, based on the initial displacements,
the geometrical arrangement, and Source Codes A.5 to A.7 in Appendix A.4.

From the resulting time series, the natural frequencies can either be determined by counting the
number of oscillations and dividing by the time, or by performing a FFT calculation in Dymola.
The accuracy of the latter method, however, depends on the chosen output interval length for
the simulation. A smaller interval length would improve the FFT results, but at the same time
increase the simulation effort. As time and capacities are limited, it is rather recommended to
obtain the natural frequencies from the counting method.

4.3.2.2 Full-System Analysis Based on the results from the free decay test in pitch, the
integral and proportional controller gains, as well as the value for the blade-pitch angle at dou-
bled blade-pitch sensitivity are re-calculated, following the method explained in Subsection 3.6.2,
and modified in the Modelica models.

Those floating-adapted wind turbine systems are simulated at different wind speeds without
waves. A ramped wind model is defined, starting at a wind speed at hub height of 1 ms™?
going in 13 steps of each 2 ms™! up to 27 ms™!, covering the entire operational range of the
wind turbine. Each wind speed is run for 1000 s. The duration of the linear rise at the ramps
is set to 10 s. From those time series, the platform performance depending on the wind speed
can be analyzed, and also the controller settings checked.

and

A separate simulation is performed at rated or in the range of rated wind speed, in order to
obtain the nominal pitch at maximum thrust, directly before the blades start pitching.

The dynamic performance of the floating wind turbine system is analyzed by simulating at the
same wind speeds as before, but now with irregular waves. Due to limited time, only one sea
state is considered. Eight different periodic sea states were defined in the OC4-project [41], as
given in Table 3.4 in Subsection 3.4.2. The second most severe sea state number seven is chosen,
as its significant wave height Hy = 9.14 m corresponds approximately to the average of the sig-
nificant wave heights with a return period of one year at the different offshore regions, presented
in the Offshore Standard DNV-OS-J103 [53]. The corresponding peak period is T, = 13.6 s [41].
Ten frequencies are used for the irregular wave. The JONSWAP wave spectrum is selected,
although a two-peaked spectrum model would represent the environment more accurate [53].

Based on the simulations in Dymola without and with irregular waves at different wind speeds,
the mean values and standard deviations for the main platform motions (surge, heave, pitch)
and the blade-pitch angle are computed with the help of MATLAB. Excluding the transient
response at the beginning of each wind speed, only the second 500 s are used for the analysis.

4.4 Verification of the Analysis Methods and Implemented Models

In order to examine the accuracy of the analysis methods and verify the correctness of the
implemented models in HydroD and Modelica, the system performance of the original OC4 semi-
submersible floater, carrying the adjusted NREL 5 MW wind turbine, is analyzed by means of
the three methods, presented in Sections 4.1 to 4.3. The results are compared with each other,
as well as with the data from the OC4 definition [41] and the code-to-code comparisons [42].
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4.4.1 Verification of the Determination of the Drag Coefficients

First of all, the approximate determination of the drag coefficients for the columns, described
in Subsection 3.4.2, is verified. The manually determined values are presented in Table 4.2,
together with the specified values [41].

Table 4.2: Comparison of the drag coefficients of the original OC4 floating system

CB(D=16m) | MC (D=6.5m) | UC(D=12m) | BC (D =24m)
Manually 0.54 0.62 0.67 0.70
Original [41] 0.63 0.56 0.61 0.68

It can be seen that there is a difference between the manually determined drag coefficients and
those, defined for the original OC4 semi-submersible floater. This is on the one hand due to
inaccuracies in reading out the correct values from a printed graph. The main reason for this
discrepancy, however, may be due to differences in the plots, as [41] also refers to [10], but the
printed graph deviates from Figure 3.6 by [10], presented in Subsection 3.4.2. Since the latter
one is the initial source, Figure 3.6 is, despite those discrepancies, still used for the determination
of the drag coefficients in the further work.

4.4.2 Verification of the Static Analysis Methods

4.4.2.1 System Matrices For the comparison and verification of the analysis methods, the
obtained mass, added mass and stiffness matrices in heave and pitch are presented in Table 4.3,
together with the data of the original DeepCwind semi-submersible floater [41]. Figures 4.4 and
4.5 show, additionally, the frequency dependence of added mass and damping, comparing the
results obtained by the Wadam run in HydroD with the original data from [41].

Table 4.3: Comparison of the system matrices of the original OC4 floating system

’ Parameter ‘ Unit H Calculated | HydroD | Modelica H Original [41] ‘
M3 kg 14.26E+6 | 14.26E+6 | 14.26E+6 || 14.26E+6
Mss kgm? 1.71E+10 | 1.71E+10 — —

|lwos0 13.37TE+6 | 15.26E+6 - -
Ass kg

|00 — 14.53E+6 - 14.70E+6

6.08E+9 | 7.66E+9 — -

Ass uso kgm? - h

|w—so00 — 7.24E+9 — 7.21E+9
Cs3 kgs™2 3.822E+6 | 3.819E+6 — 3.836E+6
Css kgm?s~2 || 1.241E+9 | 1.325E49 — 1.235E+9

From Table 4.3 it can be observed that the system matrices, obtained by the Wadam run in
HydroD, correlate very well with the original values. The low-frequency limits for the added
mass components, as well as concrete values for the damping, are not explicitly given for the
original floater. But from the comparison with the available plots in Figures 4.4(b) and 4.5(b),
the conclusion could be drawn that the chosen discretization of the finite element mesh in
GeniE and the implemented model in HydroD are very accurate. Only small variations in the
frequency-dependent curves could not be covered by HydroD, as a limited number of frequencies
is selected for the analysis. If more frequencies and finer intervals were chosen, it is expected to
obtain more detailed frequency-dependent curves, even more similar to the original plots.
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The equation-based determination of the stiffness components is quite accurate. Comparison
of the calculated low-frequency added mass limits with the HydroD results, shows that the
hand computations underestimate the added mass by up to 20%. This leads to the conclusion
that Equations 19 and 24, presented in Section 3.3, are only rough estimates for the added mass.

From the analysis based on Modelica, no further system matrices besides the mass can be
obtained, as those parameters are not explicitly defined as output.

4.4.2.2 Nominal Pitch As the stiffness matrix components are comparable for all analysis
methods, also the nominal pitch is similar and amounts 3.0°, when considering the lever from
hub to center of buoyancy (—13.17 m), as explained in Paragraph 3.2.2.4 and Section 4.1, and
using a rated thrust force of 6.774E + 5 N, based on calculations in [3]. The simulation in
Dymola yields a slightly larger nominal pitch of around 3.16°. The difference may result from
the mooring line model in Modelica, as well as the fact that the real point of rotation differs
from the center of buoyancy. The latter one, however, would rather result in a smaller nominal
pitch, leaving the mooring system as the main reason for the increased nominal pitch.

4.4.2.3 Stability The hand calculations yield that the system should be stable within the
range of [—19.0°,18.9°]. From the detailed stability analysis in HydroD the moment curve,
shown in Figure 4.6, is obtained. This analysis results in a stability range of [—103.6°,97.9°].
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Figure 4.6: Moment curves of the original OC4 system

The area under the righting moment curve to the second intercept with the wind heeling moment
curve is by a factor of 16 larger than the area under the wind heeling moment curve to the same
limiting angle. In this entire range, the righting moment is positive. Thus, the intact floating
stability criteria, specified in Paragraph 3.2.2.4, are fulfilled.

4.4.2.4 Natural Periods Figure 4.7 shows a comparative plot of the free decay time series.
However, no numerical data for the time series in pitch of the original OC4 floater is available [42].
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Figure 4.7: Free decay time series of the original OC4 system, Modelica and FAST-calculation by
NREL [42] in comparison
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Table 4.4: Comparison of the natural periods of the original OC4 floating system

. HydroD Modelica Original
Parameter | Unit || Calculated
Computed | Eigensolution | Counted | FFT [41]
That,1 s — 113.0 — 146.4 150.0 112.2
That,3 s 16.7 17.4 17.4 17.4 17.6 174
Tnat,5 S 26.3 27.2 26.2 25.7 25.0 27.0
That.6 s — 79.4 — 104.3 100.0 79.3

The obtained natural periods are compared in Table 4.4. The hand calculated values are slightly
smaller than the original ones, because the equation-based added mass components are under-
estimated, as already discussed. The results for the natural periods, obtained by computations
based on the Wadam output, are more accurate. Wadam’s eigenanalysis, however, is incom-
plete and less accurate, as it yields no results for the natural periods in surge and yaw, and
underestimates the pitch natural period. Thus, the eigensolutions are not used in the further
analyses of the designed floating platforms. From the simulation in Modelica two values for
each natural period can be obtained, as described in Paragraph 4.3.2.1. As already indicated
there, the FF'T calculation is not as accurate as the counting method. The heave natural period
is comparable with the original value. The natural period in pitch is slightly underestimated.
The natural periods in surge and yaw, however, are significantly higher than the original values.
This is mainly due to the implemented mooring system, which is also one of the reasons for the
differences in the code-to-code comparison in the OC4-project [42].

4.4.2.5 Controller Gains Finally, also the method for the determination of the blade-pitch
sensitivity at rated and the rotor-collective blade-pitch angle at doubled pitch sensitivity, covered
in Appendix A.2, has to be proved. The computed values are presented in Figure 4.8(a) and
compared with the original data used for the OC4 semi-submersible [31], shown in Figure 4.8(b).
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Figure 4.8: Best-fit line of pitch sensitivity above rated wind speed for the NREL 5 MW

The calculated and original values seem to correlate quite well, except for the first point. This
one is computed directly at rated wind speed of 11.4 ms~!. The concrete numbers for the pitch
angles and blade-pitch sensitivities at discrete wind speeds are presented in Table 4.5, for a
more detailed comparison. It can be seen that the values are not exactly the same, however,
the differences are, for both pitch angles and pitch sensitivities at wind speeds above rated,
maximum 2%, and mostly even less than 1%. Directly at rated wind speed, a pitch angle of
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Table 4.5: Sensitivity of aerodynamic power to blade-pitch for the NREL 5 MW

Calculated values Original values [31]

Wind speed | Rotor speed || Pitch angle oP/06 Pitch angle oP/0o0
[ms ] [rpm] [°] (W rad”"] [°] (W rad”']
11.4 - rated 12.1 0.90 | -33.61E+6 0.00 | -28.24E+6
12.0 12.1 3.78 | -43.34E+6 3.83 | -43.73E+6
13.0 12.1 6.51 | -51.38E+6 6.60 | -51.66E46
14.0 12.1 8.60 | -57.88E+6 8.70 | -58.44E+6
15.0 12.1 10.39 | -64.10E+6 10.45 | -64.44E+6
16.0 12.1 12.02 | -69.78E+6 12.06 | -70.46E+6
17.0 12.1 13.52 | -76.03E+6 13.54 | -76.53E+6
18.0 12.1 14.92 | -83.32E+6 14.92 | -83.94E+6
19.0 12.1 16.25 | -91.12E+6 16.23 | -90.67E+-6
20.0 12.1 17.51 -96.74E4-6 17.47 | -94.71E+6
21.0 12.1 18.74 | -99.52E+6 18.70 | -99.04E+6
22.0 12.1 19.93 | -105.95E+6 19.94 | -105.90E+-6
23.0 12.1 21.07 | -113.79E+46 21.18 | -114.30E+6
24.0 12.1 22.17 | -121.07E+46 22.35 | -120.20E+6
25.0 12.1 23.24 | -128.56E+6 23.47 | -125.30E+6

0.90° is computed instead of the original value of 0.00°. The discrepancy in the corresponding
blade-pitch sensitivity amounts around 19%.

As the trend line through all those single points is used for the further controller gain calculation,
a closer look is taken at the blade-pitch sensitivity at rated %—Ig 0 and the rotor-collective
blade-pitch angle 0k, at which the pitch sensitivity has doubled from its rated value. Those
parameters are already presented in Figures 4.8(a) and 4.8(b) for the manually determination
method and the original OC4 floating wind turbine system, respectively. Taking the pitch sensi-
tivity at the computed rated pitch angle would slightly overestimate the parameters in amount,
while taking the value at zero pitch slightly underestimates the parameters in amount. The

latter method is minimal more accurate.

For the final controller gain values, this means a discrepancy of around 7% between the computed
values and the original data. This, however, is taken as insignificantly small. Thus, the method

for determining %—Ig ‘ Brnrnd and 0k, presented in Appendix A.2, is assumed to be accurate enough.
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5 Initial Upscaling of the DeepCwind Semi-Submersible Plat-
form

In order to obtain an initial floating platform design for the IWT-7.5-164 wind turbine, an
elementary upscaling procedure is performed, based on the original DeepCwind semi-submersible
platform. By means of hand calculations and computations in HydroD, the system’s performance
is analyzed, and potential problems with the upscaling are identified. This chapter mainly covers
the work done in the preceding research project.

5.1 Initial Upscaling Procedure

The initial upscaling of the semi-submersible floater mainly follows the theoretical scaling laws,
introduced in Subsection 3.1.1. The scaling factor is thus determined in Equation 56 from the
power rating of the two wind turbines IWT-7.5-164 and NREL 5 MW to be k = 1.225.

75
k=)~ 1225 (56)

Because of geometrical boundary conditions, this scaling factor cannot be applied to the entire
floating platform, as the main column would then have a diameter of 7.96 m, and thus be larger
than the given tower base diameter (7.0 m) of Fraunhofer’s wind turbine. The diameter of
the main column, therefore, has to be scaled with a smaller scaling factor of kyc = 1.077, so
that it matches the tower base dimension. To maintain the proportions, the wall thickness of
the main column is also scaled with this smaller scaling factor. Draft and vertical positions of
brace and pontoon connections are, however, scaled with the initial factor based on the power
rating. The lengths of braces and pontoons can be determined from the geometrical arrange-
ment. The fixed hub height at 111.6 m above SWL makes up another boundary condition.
As the wind turbine is placed on top of the main column, which scales with kyic, the bottom
part of the tower has to be cut at the top level of the upscaled main column, meaning at 12.25 m.

For the mooring system design, it is assumed that the upscaled floater is located at the same
water depth (200 m), and anchor positions, as well as mooring line dimensions and physical pa-
rameters remain unchanged. Effective length, weight and center of gravity of the lifted mooring
line parts are computed based on Equations 32, 34, 35 and 37, derived in Subsection 3.5.2.

The final dimensions are given in Table 5.1, including the data of the original DeepCwind floater
and the applied scaling factors. The reference values for the drag coefficients are based on the
procedure described in Subsection 3.4.2, the original values from [41] are added in brackets. The
center of buoyancy of the initially upscaled design is located 16.18 m below SWL.

The total weight of the upscaled system, including wind turbine, mooring system and platform,
but excluding any ballast in the offset columns, is computed to be W = 7.954E + 7 N, based
on Equation 5 in Subsection 3.2.1. The buoyancy force amounts Fg = 25.441E+ 7 N, following
Equation 6 in Subsection 3.2.1. At this stage, the offshore wind turbine system is not yet a
floating structure. In order to fulfill Equation 4, while maintaining the upscaled draft of the
platform, 1.783E+7 kg ballast are to be added. Focusing on stability, a deep as possible system’s
center of gravity is aimed, and achieved by ballasting first the base columns, and only if needed
then also filling the upper columns. The required ballast volume depends on the density of the
chosen ballast. Two different designs are considered, one with water, as it is used in the original
DeepCwind floater, and the other one with concrete with a specific weight of 2.50E + 4 Nm ™3,
corresponding to a density of 2, 548.42 kgm 3. Concrete is chosen, because of its higher density.
Thus, a deeper center of gravity can be obtained as less volume is needed. The final dimensions
of the two ballast systems, with which equilibrium is achieved, are presented in Table 5.2.
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Table 5.1: Main dimensions of the initially upscaled semi-submersible platforms, including the original
DeepCwind platform dimensions and applied scaling factors

i Initially Original
Element Parameter Unit k
upscaled | OC4 [41]
Diameter m kyvc 7.00 6.50
Wall thickness m kmc 0.032 0.030
MC Elevation above SWL m k 12.25 10.00
Depth of base below SWL m k 24.49 20.00
Drag coefficient — — 0.62 0.62 (0.56)
Wall thickness m k 0.073 0.060
0C Elevation above SWL m k 14.70 12.00
Spacing between OCs m k 61.24 50.00
Depth of base below SWL m k 24.49 20.00
Diameter m k 14.70 12.00
ucC Length m k 31.84 26.00
Drag coefficient - - 0.67 0.67 (0.61)
Diameter m k 29.39 24.00
BC Length m k 7.35 6.00
Drag coefficient - - 0.70 0.70 (0.68)
Diameter m k 1.96 1.60
Pontoons, CBs | Wall thickness m k 0.0214 0.0175
Drag coefficient - - 0.55 0.54 (0.63)
Length DU m k 46.54 38.00
Upper pontoons | Length YU m - 24.51 19.62
Elevation above SWL m k 12.25 10.00
Length DL m k 31.84 26.00
Lower pontoons | Length YL m — 17.16 13.62
Depth below SWL m k 20.82 17.00
Length m — 39.53 32.04
CB Elevation above SWL m k 11.18 9.13
Depth below SWL m k 19.84 16.20
Depth to fairleads below SWL m k 17.15 14.00
Depth to anchors below SWL m 1 200 200
Mooring system Radius to fairleads m k 47.91 40.87
Radius to anchors m 1 837.6 837.6
Unstretched mooring line length | m 1 835.5 835.5
Effective mooring line length m — 475.2 594.4
RNA kg — | 4.934E+5 | 3.500E+45
Masses Tower kg — 443,434 249,718
Platform steel kg — | 7.016E+6 | 3.852E+6
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Table 5.2: Main dimensions of the two ballast systems

Ballast H Water ‘ Concrete
Density kgm=3 1,025 | 2,548.42
Total volume m3 17,390.6 | 6,994.7
Height in UC m 5.7665 0
Height in BC m 7.2015 3.4705
Center of gravity of ballast below SWL m 16.25 22.65
Center of gravity of system below SWL m 14.29 16.31

In the water ballasted system, the base columns are completely filled and the upper columns
partly, whereas in the concrete ballasted system only the base columns are partly filled. For
both designs, it is assumed that there are no internal structures in the columns, so that the
entire inner volume can be used for ballasting. Table 5.2 shows that a deeper center of gravity,
of both ballast and the entire system, is obtained for the concrete ballasted design.

5.2 Analysis of the Initially Upscaled Platform Designs

The analysis of the two initially upscaled semi-submersible floater designs for the TWT-7.5-
164 covers static and dynamic performance, and is carried out based on hand calculations and
simulations with HydroD, as introduced in Sections 4.1 and 4.2.

5.2.1 Static Analysis of the Initially Upscaled Platform Designs

5.2.1.1 System Matrices The system matrices for both initially upscaled floaters, with the
two different ballast systems, are presented in Table 5.3, together with the values of the original
DeepCwind semi-submersible platform for comparison.

The total system mass scales less than with the main scaling factor of 1.225 to the power of
three, as the ratio of the top structure masses would yield a much smaller factor of just 1.160.
This shows that technical development is not included in the theoretical upscaling. Comparing
the two ballast systems, it can be seen from Table 5.3 that the mass components in the rotational
DoFs are different, larger for the concrete ballasted design, due to the deeper center of gravity.

Added mass and damping are the same for both designs, as those values just depend on the
geometry and not on the center of gravity. Figure 5.1 presents the frequency-dependencies
of added mass and damping, which have similar trends compared to the original DeepCwind
floater, shown in Figures 4.4 and 4.5 in Section 4.4. Due to symmetry, surge and sway, as well
as roll and pitch components are the same. The added mass in heave is much larger than in
surge and sway, which is caused by the bigger base columns, acting as heave plates. The added
mass values in brackets, in Table 5.3, reflect that the approximate computation (upscaling of
the given DeepCwind added mass parameters) is much more accurate than the hand calculated
equation-based values. The added mass in heave is then just by 3.5% underestimated, and in
pitch by 5.4%. The contribution of the main column to the added mass is hence almost negligi-
ble. Thus, the added mass components should rather be determined by upscaling of the original
values with the main scaling factor, than computed based on the approximation Equations 19
and 24, given in Section 3.3. This recommendation, however, will only be a good advice, if the
main relevant geometrical parts are scaled with the same scaling factor.

The hand calculation of the stiffness components, based on Equations 17 and 20 in Section
3.3, is very accurate and yields just by maximum 0.4% higher values than obtained in HydroD.
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Table 5.3: Comparison of the system matrices of the initially upscaled platforms, added mass in
brackets based on upscaling, values in brackets for the original OC4 floater from HydroD

Parameter Unit H Ballast H Calculated | HydroD H Original [41] ‘
t 25.93E+6 | 25.93E+6
Mg kg warer + O 14.26E+6
concrete 25.93E+6 | 25.93E+6
t 3.84E+10 3.84E+10
Mss kgm? | + 00 1 71E+10)
concrete 4.25E+10 | 4.25E+10
24.54E+6
water (27 01E+6) 27.98E+6
. +
lw—0 (15.26E+6)
24.54E+6
Ass kg concrete 27.98E+6
(27.01E+6)
water — 26.54E+6
|w—s 00 14.70E+6
concrete — 26.54E+6
16.47E+9
water (19.87E+9) 21.00E+9
. +
lw—0 (7.66E+9)
) 16.47E+9
Ass kgm concrete 21.00E+9
(19.87E+9)
water — 19.87E+9
|w— 00 7.21E+9
concrete — 19.87E+9
t 5.620E+6 | 5.598E+6
Cas kgs™? || 3.836E+6
concrete 5.620E+6 | 5.598E+6
t 2.810E+9 | 2.806E+9
Chs kgm?2s~2 | il P 1235819
concrete 3.324E+9 | 3.320E+9
20 127@7"7"TT”T*T*:B]
24 SR U | IO R N PP
522 | | | | | | _Baa‘
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2 = | | | | | | |
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(a) Added mass comoponents (b) Damping components

Figure 5.1: Diagonal terms of the frequency-dependent added mass and damping matrices of the
initially upscaled platforms
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Comparison with the original DeepCwind floater shows, that the stiffness in heave scales less
than theoretically the scaling factor squared, which is mainly the effect of the smaller scaling
of the main column. The stiffness component in pitch, however, is larger than the theoretically
upscaled original value from the OC4 floater, as the ballast system is changed. Due to the
deeper center of gravity in the concrete ballasted design, the corresponding stiffness component
in pitch is larger than in the water ballasted system. As consequence, it is expected that the
concrete ballasted floater design is more stable, but has a smaller natural period in pitch.

5.2.1.2 Nominal Pitch Including the mooring stiffness, the nominal pitch is computed for
both designs, using the rated thrust force of the IWT-7.5-164 of about Frr rateq = 1.155E +6 N.
The results are presented in Table 5.4. Due to the similar stiffness values based on the hand
calculations and computations in HydroD, the same nominal pitch angles are obtained by both
analysis methods. However, as the water ballasted system has a smaller stiffness in pitch than
the concrete ballasted one, the first one experiences a by 0.44° higher nominal pitch.

Table 5.4: Nominal pitch of the initially upscaled platforms

Ballast Water | Concrete
Nominal pitch [°] 2.92 2.48

The nominal pitch is reduced from the original value of 3.0° for the OC4 floating system.
According to the theoretical scaling laws, a decrease by a factor of k! is expected. This,
however, is only in the concrete ballasted design almost obtained. The nominal pitch angle of
the water ballasted design remains nearly unchanged. One reason for this different behavior is
the increased stiffness in pitch due to the different ballasting method. The other reason is that
thrust force and hub height scale higher than based on the main scaling factor. Thus, for the
water ballasted design, the higher scaling of thrust force and hub height prevail, and counteract
the theoretical scaling of the nominal pitch. For the concrete ballasted design, however, the
larger scaling of the stiffness in pitch prevails and nearly compensates the higher scaling of
thrust force and hub height, so that a decrease in the nominal pitch angle is obtained, which is
coincidentally similar to the expected change following the theoretical scaling laws.

5.2.1.3 Stability Following the steps of the simplified stability analysis, explained in Para-
graph 3.2.2.2, the outer top edge of the left upper column and the outer top edge of the left base
column are determined as the first locations, at which the initial submerged geometry would
change. The corresponding angles are 8y = —16.7° and 6y = 18.9°. In this range, the initially
upscaled floating systems are proved to be stable, based on the simplified check.

The more detailed stability analysis in HydroD yields a stability range of [—104.2°,98.4°] for the
water ballasted design, and more than [—124.0°,110.0°] for the concrete ballasted design. The
moment curves are plotted in Figure 5.2 (blue water, brown concrete ballasted floater).

[Righting Mement —— Heeling Moment -- -

Moment [N*m]

- |:m .'|I2ﬂ -100 R -6 .4‘.‘\ .:/In \:| 2‘.] 4‘\1 =EI|'| :3‘|'| 1 \‘M '\é\'l '\_Im
Heel Angle [deg]

Figure 5.2: Moment curves of the initially upscaled platforms, blue line for water ballasted design,
brown line for concrete ballasted design
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The area under the righting moment curve to the second intercept with the wind heeling moment
curve is by a factor of 16.7 for the water ballasted design, and even by a factor of at least 21.9
for the concrete ballasted design, larger than the area under the wind heeling moment curve to
the same limiting angle. The intact floating stability requirements are more than fulfilled. The
initially upscaled platforms rather turn out to be over-conservatively designed with respect to
stability. Thus, some ballast could be moved into the upper columns without losing relevant
stability, and a change in the ballast type, for obtaining higher stability, is not needed.

5.2.1.4 Natural Periods The natural periods of the initially upscaled designs for the IWT-
7.5-164 are presented in Table 5.5, together with the values of the DeepCwind floater for the
NREL 5 MW. The values in brackets are based on the added mass components determined by
upscaling, as this turned out to be a more appropriate method than the equation-based one.

Table 5.5: Comparison of the natural periods of the initially upscaled platforms, added mass in
brackets based on upscaling

Parameter ‘ Unit H Ballast H Calculated ‘ HydroD H Original [41] ‘

water — 152.1
That,1 s 112.2
concrete — 152.1
18.8
water 19.3
T, (19:3) 17.4
nat,3 S .
o 18.8
concrete 19.3
(19.3)
27.3
water 28.5
T (28.2) 970
n S .
A 26.1
concrete 27.2
(26.9)
water — 132.3
That,6 s 79.3
concrete — 132.6

According to the theoretical scaling laws, it is expected that the natural periods scale with
V'k, and thus increase, which is a positive side effect of upscaling. The natural period in heave
follows almost this theoretical scaling, as the different scaling of the main column has a minor
effect. The natural period in pitch, however, scales with less than vk, because of the adjusted
ballast system and the resulting deeper center of gravity. This effect is intensified in the concrete
ballasted design, which has a by 1.3 s even more reduced natural period compared to the water
ballasted one, and thus remains almost the same as for the original OC4 floater. This is another
aspect, next to the over-conservatively dimensioned stability, why a change of the ballast type
is not recommended, but rather the center of gravity should be lifted again, to obtain a higher
natural period in pitch. Even if the natural period in heave is already increased due to upscaling,
it is still on the lower bound of the typical range for semi-submersible floating platforms, close
to the wave excitation period (see Table 1.1 in Section 1.2). A higher natural period in heave
can be obtained by either decreasing the stiffness in heave and/or increasing the mass and/or
added mass in heave. Choosing a smaller diameter for the upper columns and a larger diameter
for the base columns, would decrease the waterplane area and thus the stiffness in heave, but
increase the added mass. The change of the geometry would probably also influence the amount
of displaced water volume, meaning that also an adjustment of the ballast and a change in
the resulting total system mass have to be considered in the calculations for the optimization
procedure.
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The natural periods in surge and yaw are more increased than by a factor of vk, as the same
mooring system parameters are used as in the OC4 design. Due to the unscaled radius of the
anchor positions and the unchanged mooring line length, the mooring stiffness is significantly
reduced. This leads to an increase in the natural periods, especially in surge and yaw, which are
mainly influenced by the mooring system. It is thus recommended, also to adjust the mooring
system parameters of the upscaled platform design, so that more reasonable values for the
natural periods in surge and yaw are obtained.

5.2.2 Dynamic Analysis of the Initially Upscaled Platform Designs

5.2.2.1 Response Amplitude Operators Based on the hydrodynamic analysis in Hy-
droD, the RAOs are determined, according to Equation 51 in Subsection 4.2.3. The RAOs for
the translational motions are identical, due to the same stiffness and mass matrix components,
and thus only once plotted in Figure 5.3(a). The RAOs for the rotational motions, however,
differ for the two ballast systems, and are shown in Figures 5.3(b) and 5.3(c).
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Figure 5.3: Response amplitude operators

The highest response is in general in surge, heave and pitch, due to the wave directionality. The
responses in sway, roll and yaw, obtained by HydroD, are marginal and assumed to be purely
numerical.

The heave RAO has a damping-dependent peak at its natural angular frequency of 0.325 rad s~ 1,
as presented in Figure 5.3(a). At lower frequencies the RAO is stiffness dominated and ap-
proaches the static value of 1 for infinitely small frequency. Above the natural frequency, the
RAO is inertia dominated and tends to approach zero with infinitely high frequency.

The RAOs in the rotational DoF's, shown in Figures 5.3(b) and 5.3(c), slightly differ for the two
initially upscaled designs, due to the differences in the stiffness and mass matrix components.
The peaks occur at different frequencies, corresponding to the system’s natural frequencies, but
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are expected to be of equal height for both designs, as this only depends on the damping, which
is equal for both floaters. This may also be the case, but as the natural frequencies of the two
systems are slightly different, and only some discrete frequencies are used for the computations
in HydroD, not exactly the highest value for the RAO is obtained. If the chosen frequency set is
refined around the rotational natural frequencies, or directly includes them, it is expected that
the RAOs in the rotational DoFs have same high peaks for both designs.

5.2.2.2 Response Spectra The further dynamic analysis, based on the representative en-
vironmental conditions given in Table 4.1 in Subsection 4.2.3, yields 15 response spectra for the
initially upscaled systems, shown in Figure 5.4 exemplarily for the most severe sea state.
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Figure 5.4: Response spectra for condition number 15

The response spectra in the translational DoF's are identical for both designs, as the RAOs are
equal. The different RAOs in the rotational DoF's, lead to the assumption that the response
spectra also differ. This discrepancy, however, is small, because the wave frequencies are above
the system’s natural frequencies, where the response is inertia dominated. As the mass matrix
components in the rotational DoFs differ by around 10% for the two designs, the corresponding
response spectra can only be distinguished one from the other by the height of the peak.

The peak of the spectra occurs at the peak wave frequency. Only the response spectrum in heave
shows a second peak at the system’s natural frequency in heave, as this is the closest to the
wave excitation frequency. This again gives reason to further improve the upscaling procedure
by applying different scaling factors, especially for the upper columns, so that a higher natural
period in heave could be obtained.

5.2.2.3 Standard Deviations Figure 5.5 presents the standard deviations for the water
ballasted design. The dynamic motion in the translational DoFs is the same for the concrete
ballasted floater, but the standard deviations in the rotational DoFs are slightly smaller in
amount, however, show a similar increasing trend as shown in Figure 5.5(b). For comparison
of the maximum dynamic motions of both platform designs at the most severe sea state, the
standard deviations in surge, heave and pitch are presented in Table 5.6.

Table 5.6: Dynamic response of the initially upscaled platforms, based on HydroD

Parameter ‘ Unit H Water ballasted | Concrete ballasted H Original OC4 floater

Oqmax | m 0.64 0.64 0.78
Oqsmax | M 0.36 0.36 2.11
Oqs.max ° 0.37 0.32 0.36
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Figure 5.5: Dynamic response of one initially upscaled platform, water ballasted design

The dynamic motion in the translational DoF's is reduced, compared to the original DeepCwind
semi-submersible platform. A significant reduction can be obtained in the maximum standard
deviation in heave, which is mainly due to the natural period in heave, shifted more outside the
range of wave excitation. This, however, cannot directly be considered positive, as the relative
heave motion is the more important parameter, but not covered in this analysis. The dynamic
motion in pitch is slightly increased for the water ballasted design, but decreased for the concrete
ballasted floater, as there a higher stability and stiffer system is obtained by the deeper center
of gravity. Roll and yaw show, as well as sway, almost no dynamic response, as those DoF's are
not directly influenced by the incoming waves.

Comparing those standard deviations with the maximum mean displacement, represented by the
nominal pitch at rated wind speed and obtained in Subsection 5.2.1, yields that the maximum
dynamic pitch motion, occurring at the most severe environmental condition, is for both systems
around 13% of the mean pitch displacement.
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6 Criteria for Optimization and Upscaling

Based on the results of the initial upscaling and the recommendations given in Chapter 5, the
main issues for optimization, upscaling, and design of semi-submersible platforms are defined.

6.1 Top Structure

The predefined wind turbine for the upscaled floater prescribes parameters like top structure
mass (RNA and tower) and center of gravity, tower base diameter, hub height, rotational fre-
quency range, rated rotor thrust, and rated power. The only adjustment regarding the dimen-
sions, that is to be done, is that the tower bottom part is cut at the top level of the main column,
so that the hub height of the floating system remains the same as before. This, however, would
affect the tower eigenfrequencies, and should be analyzed in future work. Furthermore, it has
to be checked that the nacelle accelerations do not exceed the limit of 0.2g [51].

The blade-pitch control has to be changed as well, when putting an onshore or bottom fixed
wind turbine on top of a floating platform. The adjustment of the controller gains, based on the
system’s natural frequency in pitch, is explained in Subsection 3.6.2.

6.2 Eigenfrequencies

The system’s frequencies should neither be coupled to 1P or 3P, nor lie in the range of wave
excitation. Regarding 1P and 3P, the minimum rotational frequency is the most relevant. As
this is for existing turbines around 5 or 6 rpm, which corresponds to a period of 10 to 12 s, it is
disregarded as being not critical for the rigid body frequencies of the entire system. More crucial
is the wave excitation, as wave peak periods could range from 5 to 25 s [57]. Semi-submersibles
are designed to have their natural frequencies below the wave excitation frequency, as mentioned
in Section 1.2. Based on the typical eigenfrequencies of semi-submersible platforms, following
natural periods are aimed: 2 20 s in heave, 2> 30 s in roll and pitch, and ~ 100 s in surge, sway
and yaw, whereas the latter value rather depends on the mooring system.

Those aims could be achieved by changing the upper column diameter, as this contributes mainly
to the waterplane area, and thus also to the stiffness of the system. Also the ballast system
could be adjusted, as it influences the total center of gravity, which has an effect on the stiffness
and mass in the pitch DoF. And, as already mentioned above, the mooring system could be
modified, such that the natural periods in surge, sway and yaw are optimized. Based on the
final system’s eigenfrequency in pitch, the blade-pitch controller gains have to be re-calculated.

6.3 Stability

For the floatability of the system, top structure mass, platform, and buoyancy play a role. When
changing the platform dimensions, the displaced water volume would vary more than the volume
of the material, as hollow structure elements are used. Buoyancy and weight can be balanced by
adjusting the amount of ballast. The available inner volume of the columns has to be proved to
be sufficient for the needed ballast volume. The cheapest ballast, water, is preferred. However,
if less inner space is available than needed, other ballast types, like concrete, are to be considered.

Stability in pitch includes nominal pitch and intact floating stability. The latter one is checked
by means of HydroD, according to Paragraph 3.2.2.4, taking the variable center of buoyancy
and buoyancy volume into account. A nominal pitch of maximum 5° is aimed. This leaves a
safety factor of two for higher loads in fault situations, without exceeding the typical maximum
allowable pitch during operation of 10° [27,32]. In fact, the safety factor is even higher, consid-
ering that the real point of rotation lies above the center of buoyancy. The nominal pitch value
could be influenced by adjusting the location of the ballast within the columns.
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6.4 Mooring System

The mooring system is mainly relevant for the surge, sway, and yaw natural frequencies, as well
as for keeping the system’s offsets within the allowable limits. The final design of the station-
keeping system is, however, not covered in this work, as mooring lines make up a separate, very
complex system. Still including the mooring system in a first approach, the mooring line length
is computed by means of Source Code A.8 in Appendix A.5, such that the original mooring
stiffness in surge is maintained.

The detailed mooring system design is left for future work. Within this, it has to be checked
that no vertical force is acting on the anchors, and the maximum tension in the mooring lines
versus the breaking strength has to be elaborated. The mooring line design could be adjusted
in line diameter, material, and extensional stiffness, or by adding buoys or clump weights.

6.5 Environment

The environment is predefined by water depth, sea states, currents, and wind velocities at the
location of interest for the floating wind turbine. The turbine is designed for optimum power
performance at that site. Wind loads affect system pitch and aerodynamic damping. Waves and
currents have an influence on dynamic motions, viscous forces and damping, mooring system,
as well as pressure on the columns. The latter one is related to the structural design of the
platform and covered a little bit more in detail in Section 6.6. Finally, the sea states also define
the range of wave excitation frequencies, which is relevant for the design with respect to the
system’s eigenfrequencies.

6.6 Structural Strength

The structural integrity is of high relevance for the floating platform design, especially if the up-
scaling procedure, covered in Section 8.1, does not follow structural scaling laws. However, only
a simplified strength check is performed in this work, based on recommendations given in the
Offshore Standard DNV-0S-J103 [53], as a detailed structural analysis would be too extensive.

The simplified strength check concentrates on the upper columns, as they are assumed to be one
of the most critical components, because of their large height to diameter ratio and the strong
impact of wave loads. The Offshore Standard [53] provides Equation 57 for the design tank
pressure piank acting on the inner wall of the filled column, and Equation 58 for the design sea
pressure pywater acting on the outer wall of the column.

Ptank = Pballast g(zballast - le) (’YG,Q + 0257]3) (57)
1
Pwater = Pwater § | —21p VG,Q T §Hmax —Zlp | TVE (58)

Zballast 1S the z-coordinate of the ballast level in the column, and 2, the z-coordinate of the con-
sidered load point on the column, both with respect to SWL. vq q and g are load factors for
permanent and variable loads, and environmental loads, respectively. For the ULS calculation,
they are to be taken as 7q,q = 1.25 and vg = 0.7 [53]. The elevation of the wave crest above
SWL is substituted in Equation 58 by one half of the maximum wave height H .

The strength check is performed for the combinations of maximum tank pressure and minimum
sea pressure, as well as for minimum tank pressure and maximum sea pressure, based on rec-
ommendations in [53]. The load point under consideration is taken at the base of the upper
column. For maximum and minimum tank pressure, the two borderline cases of a completely
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filled, and an empty column are considered. This means that the term (zpaiast — 21p) in both
cases equals the height of the upper column. The only difference is, that for the minimum tank
pressure air is used instead of the real ballast material, leading to Equations 59 and 60.

Ptank,max = Pballast ghUC (’YG,Q + 025’}/]5])

m (59)
= 1.425 ppaltast 9.81 ? huc

Ptank,min = Pair ghUC ('YG,Q + 025’7}3)
k (60)
= 1.425-1.225 ~2 9.81 — hyc
m S

For the minimum sea pressure the wave height is taken to be zero, and set equal to 1.86H; for
the maximum sea pressure. A significant wave height for 50 year return period of Hy = 12.85m is
used in this approach, taken as average of the considered environments in the Offshore Standard
[53]. This leads to Equations 61 and 62 for the maximum and minimum sea pressure, respectively.

1
DPwater,max = Pwater g |:_Zb,UCr7G,Q + <2 -1.86Hg — Zb,UC) ’VE:|

(61)
kg m
= 1025 — 9.81 — (11.95 m - 0.7 — 1.952p, uc)
m S
Pwater,min = Pwater g [_zb,UC’YG,Q — Zb,UC 'YE]
k (62)
— 1025 ~2 9.81 2 . 1.952, ye
m S

Combining minimum and maximum inner tank and outer sea pressures in the way described
above, the tangential, radial, and axial stresses oy, o;, and 0.« can be computed based on
Equations 63 to 65 [45], with the wall thickness of the upper column denoted as dyc.

1 Ruc — duc)?
0t = 5 2 lpwaterR%C <1 + (R o) 2)
RUC — (RUC — dUC) (RUC - 5dUC) (63)
RQ
st (1 )]
(Ryc — ddyc)?
1 Ruc — dyc)?
oy = 2 B} lpwaterR%C <1 - ( e UC) 2)
RUC — (RUC - dUC) (RUC - 5dUC) (64)
R2
—prank (Ruc — duc)? (1 - UC)}
) (Ruc — ddyc)?
2
= Ptank (RUC - dUC) - pwaterR%JC (65)

R% — (Ruc — duc)?

Tangential and radial stresses depend on the radial position of the load point. This is expressed
in terms of ¢, ranging from 0 to 1. In the simplified strength check, three different radial posi-
tions are considered: on the outer wall (6 = 0), in the wall center (6 = 0.5), and on the inner
wall (6 =1).
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For each considered load point and pressure combination, an equivalent stress oequ can be
computed based on the shape modification hypothesis, as given in Equation 66 [45].

_ 2
Tequ = \/Jt + 02 4 02, — 040y — OtTax — 010ax (66)

The equivalent stress has to be compared with the yield stress oyiclq. Yield stress values for steel
S355 are presented in Table 6.1 for different wall thicknesses [50].

Table 6.1: Steel (S355) yield stress depending on the wall thickness [50]

d [m) d < 0.016 | 0.016 < d < 0.040 | 0.040 < d < 0.063 | 0.063 < d < 0.080
Oyicla [M Pal 355 345 335 325

For structural integrity the equivalent stress should not exceed the yield stress limit. However,
a too large safety factor would imply an over-conservative and too expensive design.

A detailed strength check should include buckling and structural fatigue checks for all platform
elements and the joints. Based on this, the structural design could be further improved, either
by adjusting the wall thicknesses or by adding inner struts in the columns for more stability.

6.7 Producibility

Infrastructure and production site are of relevance for the total costs of floating wind turbines.
The location of European shipyards, in which floating platforms could be produced, is examined
in [20]. If floating platforms are getting bigger with larger wind turbines, the number of suitable
docks for production decreases enormously. In order to avoid long, expensive, and weather-
dependent transportation, local shipyards, close to the final construction site of the floating
wind turbine, are preferred to be used. This, however, means that the overall size of the plat-
form should be kept within limits. Limitations in draft could be mitigated by ballasting later
or adding floaters to the platform, leaving the width of the dock as main limiting dimension. [20]

However, limiting the overall size would lead to a reduced waterplane inertia and a more compact
platform design with less spacing between the heave plates. [30] recommends a distance between
the base columns of more than 1.5Dpc. The heave added mass could be negatively influenced, if
the spacing is less than 1.3Dpc [30]. Using the original DeepCwind semi-submersible platform,
with already just a distance of 1.1 D¢ between the heave plates, as design basis, it is not advised
to limit the overall platform size during upscaling or even reduce the outer dimensions.

6.8 Costs

One main aim of moving towards larger wind turbines, is to reduce the overall costs. From the
structural side, costs could be cut if the design is less over-conservative, meaning that less ma-
terial can be used as smaller dimensions or thinner walls would still be sufficient. By using the
cheapest ballast type, namely water, further costs can be saved. However, it has to be checked
that the available space within the columns is enough for the required amount of ballast. If this
is not the case, still cheap but denser ballast, like concrete, should be used.

Also manufacturing costs contribute a lot to the total costs of floating wind turbines. Those
include working hours for construction, time for transportation, and installation. Thus, local
docks are preferred, as well as the method of towing the floating wind turbine fully assembled
to the offshore site, which is feasible with semi-submersible platforms due to their shallow draft.
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7 Optimization of the DeepCwind Semi-Submersible Platform

The DeepCwind semi-submersible floating platform is used as starting point for this study. The
main properties are introduced in Section 2.1, and the performance is presented in Section 4.4.
The system’s stability is far exceeding the minimum requirements given by [53], the nominal
pitch is quite small, the platform is with 1.35E + 7 kg very heavy, and the natural periods in
heave and pitch lie with 17.4 s and 27.0 s within the typical range for semi-submersible floating
platforms, but very close to the lower bound. Thus, the original semi-submersible design is
assessed to be over-conservative. The DeepCwind semi-submersible platform is therefore, first
optimized before it is used as basis for upscaling to larger wind turbine sizes.

In the following Sections 7.1 and 7.2, the optimization procedure for the OC4 floater, and the
resulting optimized semi-submersible platform for the NREL 5 MW wind turbine are presented.

7.1 Optimization Procedure

The aims of the optimization procedure are higher eigenperiods of at least 20 s in heave and 30 s
in pitch, a more critical but still reasonable nominal pitch of around 5°, and a lighter total system.

The natural frequency in heave can be decreased, and thus the natural period increased, by
reducing the stiffness in heave, and/or increasing added mass and mass in heave, according to
Equation 13 in Subsection 3.3.1. Following Equations 17 to 19 in Subsection 3.3.2, a smaller
stiffness component in heave can be achieved by reducing the upper column diameter. The
same, or also an increased base column diameter would lead to a larger added mass component
in heave. An increased mass would come in general with bigger dimensions. However, as a
lighter platform is aimed, and the spacing between the base columns is already quite marginal,
it is decided to adjust the diameter of the upper columns.

Aiming for an eigenperiod of 20 s in heave, the natural frequency should scale with k; 1 with
ks based on the ratio of the aimed period to the original value, as given by Equation 67.

Tnat,S,aimed . 20 s

k’ pu— p—
° Tnat,3,orig 174 s

(67)

If only the upper column diameter is to be adjusted, its contribution to the system parameters
has to be further analyzed. A decreasing upper column diameter would lead to a decreased
mass. However, the upper columns make up less than 10% of the total system mass. The added
mass component in heave, on the other hand, would increase with decreasing upper column di-
ameter. However, the diameter of the base column dominates in the computation of the added
mass component in heave. As mass and added mass are summed up in the denominator for
the computation of the natural frequency, it is approximated that the small and contrary trend
of mass and added mass would have a cancelling effect. Thus, the denominator in the natural
frequency computation would remain almost unchanged, when only adjusting the upper column
diameter.

Still aiming for a natural heave frequency decreased by a factor of k3 ! the stiffness component
in heave has to scale with kg 2. However, only the part in the stiffness component, that depends
on the upper column diameter, would change. The required scaling factor of the upper columns
k3 uc is determined based on Equation 68, including the contribution of the cross sectional area
of all three upper columns to the total waterplane area.

1 iD¢ 3D}
— _ 4 UCT(k?Q),UC i (1 _ atucT (68)

k3 Awp Awp
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7 Optimization of the DeepCwind Semi-Submersible Platform

Solving Equation 68 for the scaling factor of the upper columns k3 yc, results in Equation 69.

With the parameters of the original semi-submersible platform, a scaling factor of k3 yc = 0.853
is computed. If the upper column diameter is scaled just with this factor, the nominal pitch
of the system would be around 4.53°, according to hand calculations, which is still below the
aimed more critical value of 5°. Thus, a second scaling factor ks, with which the nominal pitch
should scale, is introduced in Equation 70, based on the aimed and current nominal pitch.

k g5 rated,aimed 5°
5 pum— pr—
g5, rated 4.53°

(70)

The nominal pitch depends on the overturning moment at rated wind speed and the stiffness
component in pitch, as defined by Equation 50 in Section 4.1. Changing the upper column
diameter would influence the center of buoyancy, and thus also the overturning moment. This
is, however, assumed to be negligible with respect to the entire lever up to the hub. Therefore,
the nominator in the nominal pitch computation can be approximated to remain constant, when
just the upper column diameter is changed. In order to obtain the aimed nominal pitch of 5°,
the stiffness component in pitch then has to scale with kg ! The contribution of the upper
columns to the stiffness, and their different scaling is expressed in Equation 71, using duyc; for
the distance of the center of upper column i to the system’s centerline (z-axis). The explicit
calculation of the additional scaling factor k5 yc for the upper columns is given by Equation 72.

3
w ZD? dz.. .
i _ 3Pwater Q&D%C k4 +p ater 91 7UC i; UC,i k2
ks Css 5,UC Css 5,UC

T N2 3 2 3 2 (71)
Pwater gZDUC TGDUC + Zl dUC,i
i=

+]1-
Css

3 3 2 3
3¢ 1\ , 3 3
- 21 A+ \/(Zl d%C,i) — ooes (L= k') + § D3 (mD%c + 21 d%C,i)
1= 1= 1=

3 N2
sDuc

ksuc =
(72)

The additional scaling factor is computed to ks yc = 0.960, based on the already scaled upper
columns (k3 yc = 0.853).

The upper column diameter of the original DeepCwind semi-submersible is, hence, scaled with
a total factor of kyc = k3 ucks,uc = 0.853 - 0.960 = 0.819, from originally 12 m to 9.83 m.
This value is finally rounded up to decimeter, leading to an upper column diameter of 9.9 m
for the optimized design. Based on this, the drag coefficient for the upper columns is adjusted,
according to the procedure explained in Subsection 3.4.2. This leads to a slightly reduced drag
coefficient of Cyq yc = 0.66.

Platform weight and displaced water volume have changed with the scaling of the upper column.
For balancing buoyancy and weight, the ballast has to be adjusted. A total ballast mass of
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8.35E + 6 kg is needed. This is initially filled into the columns, starting from the bottom up,
thus that the base columns are completely filled with water and the ballast height in the upper
columns is about 1.11 m. Adjusting the ballast position within base and upper columns, in order
to obtain a nominal pitch of 5°, according to Appendix A.6, leads to the final ballast heights of
5.625 m in the base columns, and 2.630 m in the upper columns.

7.2 Optimized DeepCwind Semi-Submersible Platform Design

The final parameters of the optimized DeepCwind semi-submersible platform are summarized
in Table 7.1 and compared with the original values from [41].

Table 7.1: Modified dimensions of the optimized DeepCwind platform design

Parameter ‘ Unit H Optimized floater ‘ Original floater [41] ‘

Dyc m 9.90 12.00
Pbattast,uc | m 2.63 7.83
hballast,BC m 5.6250 5.0478

2a m -12.43 -11.59
2B m -13.93 -13.17
Mateel kg 3.5671E+6 3.8522E+6
Mpallast kg 8.3544E+6 9.6208E+6

Miot kfg 11921E+7 13473E+7

Both center of gravity and center of buoyancy are deeper in the optimized design, compared to
the original semi-submersible platform. This is due to the smaller upper columns, and thus less
corresponding displaced water volume, as well as the changed ballast position. Furthermore, it
can be seen from Table 7.1 that the steel mass is reduced by 7.4% and the ballast mass by 13.2%,
leading to a by 11.5% lighter platform and a by 10.8% lighter total floating wind turbine system.

The drag coefficient of the upper columns is with 0.66 slightly smaller compared to the original
OC4 floater (0.67). The drag coefficients for the main column (0.62), base column (0.70), cross
braces and pontoons (0.54), however remain unchanged, as only the upper column diameter is
adjusted in the optimized design.

7.2.1 Static Analysis of the Optimized DeepCwind Platform Design

The performance of the optimized DeepCwind semi-submersible platform design is analyzed
based on the three different methods, introduced in Sections 4.1 to 4.3.

7.2.1.1 System Matrices The results for the system matrices are presented in Table 7.2,
optimized and original design in comparison. It can be observed that the mass components have
slightly decreased, while the added mass components have slightly increased. This is reasonable,
as the upper column diameter was downsized. The reduction in the stiffness components is more
significant, which was essentially aimed within the optimization process.

7.2.1.2 Nominal Pitch The nominal pitch could be increased from 3.0° to 4.5°. The aimed
value of 5° is not achieved, as the computation in the optimization procedure is carried out with
the system stiffness excluding the mooring lines. For the final nominal pitch performance,
however, the mooring line stiffness is included, which leads to the smaller value. Simulation in
Dymola, however, yield a higher nominal pitch (5.5°). This may result from the mooring system
model implemented in Modelica, as already addressed in Section 4.4.
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Table 7.2: Comparison of the system matrices of the optimized DeepCwind platform design, values in
brackets for the original design from HydroD

’ Parameter ‘ Unit H Calculated | HydroD | Modelica H Original [41] ‘
M3s kg 12.71E+6 | 12.71E4+6 | 12.71E+6 || 14.26E+6
Mss kgm? 1.65E+10 | 1.65E+10 - (1.71E+10)

|lwss0 13.84E+6 | 16.11E+6 - (15.26E+6)
Ass kg

|wmso0 - 15.42E+6 - 14.70E+6

|lwos0 ) 6.08E+9 | 8.00E+9 - (7.66E+9)
A55 E— kgm

|00 — 7.51E+9 - 7.21E+9
Cs3 kgs™2 2.734E+6 | 2.712E+6 — 3.836E+6
Css kgm?s=2 || 0.807TE+9 | 0.804E+9 - 1.235E+9

7.2.1.3 Stability Due to the geometrical changes, the stability range, based on the hand
calculations, increased from [—19.0°,18.9°] to [—19.5°,18.9°]. However, the real stability range,
obtained by HydroD, could be slightly reduced from [—103.6°,97.9°] to [—102.3°,97.9°]. The
righting and wind heeling moment curves, presented in Figure 7.1, are still similar in shape
compared to the original OC4 floater, shown as black line.

1e+009

ﬁghtiﬂg Moment — Heeling Mument——~-|

5e+008

Moment [W"m]

-5e+008
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Heel Angle [deq]

Figure 7.1: Moment curves of the optimized DeepCwind platform design, original OC4 platform in black

The area under the righting moment curve is no longer 16 times, but now only 11.4 times larger
than the area under the wind heeling moment curve to the second intercept with the righting
moment cure. This is, however, still much larger than the required factor of 1.3.

7.2.1.4 Natural Periods The natural periods of the optimized DeepCwind floating plat-
form design are presented in Table 7.3, together with the values of the original OC4 design.
A similar discrepancy between the different analysis methods can be seen, as already noted in
Section 4.4. By means of the optimization procedure, the natural period in heave could be
increased by 3 s to 20.4 s, and the natural period in pitch by more than 7 s to 34.7 s, based
on the results obtained by HydroD. The natural periods in surge and yaw, however, are slightly
decreased to 104.9 s and 73.7 s, respectively. The change in the natural periods could also be
clearly seen in Figure 7.2, showing the time series from the free decay tests in Dymola, based
on Modelica.
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Table 7.3: Comparison of the natural periods of the optimized DeepCwind platform design

Modeli
Parameter | Unit | Calculated | HydroD caeiea Original [41]
Counted | FFT
That,1 s — 104.9 138.1 133.3 112.2
That,3 s 19.3 204 20.4 20.0 174
That,5 S 31.6 34.7 32.8 33.3 27.0
That,6 s - 73.7 97.7 100.0 79.3
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Figure 7.2: Free decay time series of the optimized OC4 system, in comparison with the original results,
based on Modelica

7.2.1.5 Controller Gains Based on the results for the natural frequencies, the blade-pitch
controller gains are re-calculated, by means of Equations 45 to 47 in Subsection 3.6.2, and
with the parameters for the NREL 5 MW wind turbine of Q,ateq 1,85 = 12.1 rpm, Ngear = 97,
Livivetrain,iss = 534.116 kgm?, 9~ by = —2552E+6 W rad~' and Ok = 6.302336° [31]. Fol-
lowing the recommendations given in Subsection 3.6.2, wenat = Wnat,5/1.3 = 0.14 rad s~ 1 and
(. = 0.7 are set. This way, the adjusted controller gains are determined to Kp = 0.00481469 s
and K; = 0.000481469 (at rated), and thus reduced, compared to the original values of
0.006275604 s and 0.0008965149 [41], respectively.

7.2.2 Dynamic Analysis of the Optimized DeepCwind Platform Design

The dynamic analysis in HydroD is performed for different sea states, as defined in Subsection
4.2.3. The dynamic motions, depending on significant wave height and peak period, are presented
in Figure 7.3. It can be observed that the standard deviations are increasing with increasing
wave height and period. Due to the directionality of the waves, the dynamic response is mainly

61



7 Optimization of the DeepCwind Semi-Submersible Platform

in surge, heave, and pitch. For the most severe sea state (Hs = 6.75 m, T}, = 12 s), considered
in this analysis, the maximum dynamic motions are presented in Table 7.4.
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Figure 7.3: Dynamic response of the optimized DeepCwind platform design, based on HydroD

Table 7.4: Dynamic response of the optimized DeepCwind platform design, based on HydroD

Parameter ‘ Unit H Optimized floater | Original floater

Oq1,max m 0.73 0.78
Oqs,max m 0.48 2.11
Ogs,max © 0.51 0.36

Comparison with the original DeepCwind semi-submersible platform shows that the dynamic
motion in surge is slightly decreased. The motion in heave is significantly reduced by more
than 75%, which is expected to result from the increased added mass due to the smaller upper
column diameter, and the considerably higher heave eigenperiod. What effects this will have on
the more crucial relative heave motion, has to be analyzed in future work. The dynamic motion
in pitch is enlarged by a factor of around 1.4. This is obvious, as the optimized platform is
designed less over-conservative, and a more critical nominal pitch value was aimed.

The simulation in Dymola with ramped wind and without waves yields the time series, shown
in Figure 7.4. It can be seen that the adjusted controller gains yield a stable floating wind
turbine system. Above rated wind speed, the blade-pitch controller starts pitching the blades.
The variation in platform pitch motion and blade-pitch angle is decreasing with the time at one
considered wind speed, and also decreasing at higher wind speeds.

The mean and dynamic responses of the optimized semi-submersible floater are computed with
the help of MATLAB and plotted with respect to the wind speed in Figure 7.5, together with
the responses of the original OC4 floater design in dashed lines. Optimized and original design
differ mainly in the mean pitch motion, as it can be seen in Figures 5(a) and 5(c). This is due to
the aimed higher nominal pitch and less over-conservative design, obtained by the optimization
procedure. The dynamic responses of optimized and original designs, presented in Figures 5(b)
and 5(d), are quite comparable, except for the standard deviation in surge in the wind-only sim-
ulation, which is at rated wind speed by a factor of approximately two higher for the optimized
floater.
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Figure 7.4: Response of the optimized DeepCwind platform design at different wind speeds

The mean displacements, as well as the dynamic variations in the platform motion response and
the blade-pitch angle, are for both simulations, with or without waves, maximum at rated wind
speed, but then decreasing again at higher wind speeds. This is caused by the similar behavior
of the thrust force, which is correlated to the surge and pitch motion of the platform. However,
the motion response in heave, mean and standard values, is not affected by the thrust force and
thus remains nearly constant for different wind speeds.
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Figure 7.5: Mean and dynamic response of the optimized DeepCwind platform design, original OC4
platform responses in dashed lines
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Comparing the wind-only and wind-and-wave simulations yields that, in the presence of waves,
especially the platform motion in surge is significantly reduced, around 20% in the mean and
even around 80% in the dynamic displacement. This shows the positive effect of coupled aero-
and hydrodynamic motion and damping on the platform displacements. The results, obtained
from the simulation with waves, are comparable to the dynamic response based on HydroD,
presented in Figure 7.3 and Table 7.4. The values are not exactly the same, as different sea
states are considered and HydroD does not include any wind, but they are in the same order of
magnitude.

7.2.3 Structural Analysis of the Optimized DeepCwind Platform Design

Performing the structural strength check, as described in Section 6.6, leads to following equiva-
lent stresses at the bottom of the upper column, presented in Table 7.5.

Table 7.5: Equivalent stress calculation for the optimized DeepCwind platform design, values given in

MPa
Pressure Load point position
combination Outer wall (6§ = 0) ‘ Wall center (6§ = 0.5) ‘ Inner wall (§ =1)
Ptank,min, Pwater,max 38.9 39.1 39.3
Ptank,max, Pwater,min 10.1 10.2 10.2

The yield stress for steel S355 for the unchanged wall thickness of the upper columns of 0.06 m
amounts 335 M Pa, based on Table 6.1 in Section 6.6. Comparing the equivalent stresses, given
in Table 7.5, with the yield stress, results in a structural safety factor of 8.5 to 33.2. The
more critical pressure combination is at minimum inner pressure, thus without any ballast in
the upper columns, and maximum sea pressure. Furthermore, the stress is increasing from the
outer wall through the column thickness to the inner side of the column wall. But still, the
safety factor for the most critical condition and at the weakest point, is with 8.5, based on this
simplified stress check, more than sufficient.
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8 Upscaling of the Optimized DeepCwind Semi-Submersible
Platform Design

The optimized semi-submersible floating platform, obtained and analyzed in Chapter 7, is used
as basis for upscaling. In the following Section 8.1, the upscaling procedure is introduced, and
applied as guideline for Fraunhofer’s IWT-7.5-164 and the DTU 10 MW reference wind turbines
in Sections 8.2 and 8.3, respectively.

8.1 Upscaling Process - A Guideline

Three different scaling factors are considered in the upscaling procedure: the main scaling factor
k for most of the components of the platform, the scaling factor kyic for the main column, based
on geometrical constraints, and the scaling factor kyc for the diameter of the upper columns,
for an optimized upscaling procedure.

8.1.1 Main Scaling Factor

The main scaling factor k£ follows the theoretical upscaling based on geometric self-similarity,
presented in Subsection 3.1.1. According to the theoretical scaling laws, the same scaling factor
should be obtained by taking the square root of the power ratings, and by taking the third root
of the ratio of the total masses. However, due to technological developments, the wind turbine
designs are improved with respect to their weight. In order to take this technological progress
into account, the main scaling factor is not determined based on the power rating, but rather
based on the ratio of masses, following Equation 73.

E— 3 TMWT,upscaled (73)
TMWT,initial

The mass of the wind turbine, used for Equation 73, includes rotor (blades and hub), nacelle,

and tower, taking the entire length to zero level into account. The shortened tower, which is

finally used on top of the upscaled floating platform, is not considered in the computation of
the main scaling factor, as the cut length depends itself on the scaling of the main column.

With this main scaling factor k, the entire platform is scaled, except main column diameter
and wall thickness, as well as upper column diameter. Also pontoons and cross braces are only
scaled in diameter, wall thickness, and elevation of the attachment points. Their final lengths
result from the geometrical assembly.

8.1.2 Scaling Factor for the Main Column

As the tower base diameter is a predefined parameter of the upscaled system, a different scaling
factor for the main column is needed. This can be computed by means of Equation 74, following
just a length ratio.

Db tower,u led
, ,upscale
kv = ———— (74)

D initial

This scaling factor kyc is applied to the diameter and wall thickness of the main column. The
length, meaning draft and elevation, however, are scaled with the main scaling factor k, so that
a consistent platform design is obtained.

8.1.3 Scaling Factor for the Upper Columns

The third scaling factor kyg, used for upscaling of the upper column diameter, is determined
based on the aim to maintain the nominal pitch of the initial design, which is assumed to be
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critical optimized. This criterion is chosen, as the loads on the wind turbine occur in practice
to depend more on the single turbine design, rather than follow the theoretical scaling laws.

The nominal pitch is given in Equation 50 in Section 4.1. Thus, the condition, for determining
the scaling factor for the upper column diameter, is expressed in Equation 75.

F55,rated,initial ! F55,rated,upscaled

g5,rated = (75)

CSE),initial C(L"')S,upscaled

Thrust force at rated wind speed, hub height, as well as center of buoyancy, contribute to the
overturning moment in the nominator. The first two parameters are given for the larger wind
turbine. The position of the center of buoyancy, however, depends on the final platform design
and is therefore influenced by the different scaling of main column, upper columns, and the
remaining platform dimensions. The variation, however, is small compared to the entire lever
arm starting at hub height. The z-coordinate of the center of buoyancy of the upscaled design
is hence scaled with the main scaling factor, leading to Equation 76 for the overturning moment
of the upscaled floater.

F55,rated,upscaled = FT,rated,upscaled (Zhub,upscaled - ZB,initialk) (76)

The stiffness component in pitch follows Equation 20 in Subsection 3.3.3, and can be determined
for the upscaled design, based on the initial platform, considering the different scaling of each
component. The following distinctions have to be made:

e The local second-order moment of area of the upper columns Iy yc is a function of the
upper column diameter to the power of four, and thus should be scaled with k:%c.

e The additional part in the global second-order moment of area of the upper columns, due
to the parallel axis theorem, is proportional to the upper column diameter squared times
the distance to the global y-axis squared. This part has to scale with k%ckr2.

e The main column is already centered at the global y-axis. Thus, only the basic equation
for the second-order moment of area has to be considered, which again depends on the
column diameter to the power of four, leading to a scaling of kﬁ/IC for this part.

e The remaining second-order moments of area of the cross braces, as well as the term
W (2B — 2¢) in the stiffness component computation, are scaled with k*.

However, the weight of the platform is actually not following the k3-scaling, as the final weight
has to be adjusted by ballasting to fit the buoyancy. The change of the latter one is considerably
influenced by the different scaling of the upper columns. The different scaling of the main column,
due to the geometrical constraints, would also influence the displaced water volume, but only
with such a small contribution that this could be neglected. The difference in the buoyancy,
and thus also in the weight, when scaling the upper columns with kyc instead of k, could be
computed by means of Equation 77.

3
AW = pyater gZﬂ-DIQJC,initial (ktc — k) (—2b,uC iitial) k (77)

This way, the stiffness component in pitch of the upscaled design can be written as given in
Equation 78, based on parameters of the initial design.
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Substituting Equation 77 in Equation 78 and grouping the terms with the same scaling factors,
yields Equation 79.

3T
4 4
055,upscaled =Pwater QGZDUC,initialkUC
- 3
2 2 2 2
+ Pwater QZDUC,injtialk Z dUC initiali — 3%b,UC,initial (2B, initial — 2G,initial) | KUC
i—1

T 4 4 3 2
+ Pwater g [MDMC,initialkMC + <47T D¢ jnitial #b,UC, initial (2B, initial — 2G,initial)

3
Css,initial 97 T T
’ 4 2 2 4 4
+ m - 64 DUC,initial - ZDUC,initial ; dUC,initial,i - 64 4DMC,initia1 k

(79)

The scaling factor for the upper column diameter can be computed based on Equations 76 and
79, and the conditional Equation 75. The final Equation 80 for kyc only depends on parameters
of the initial platform design, known values of the larger wind turbine, as well as on the two
previously determined scaling factors k and kyc-

Y 4+ VY2 —-4X7
kuc = \/ (80)

2X

Equation 80 is written in terms of the free variable parameters X, Y and Z, given in Equations
81 to 83.

3T 4
X = pwater 9 FDUC,initial (81)
- 3
) 2 2
Y = pwater 97 DU mitiark > " ¥ initiali — 32b,UC,nitial (2B,initial — ZG,nitial) (82)
i—1

T 3
4 4 P
Z =pwater g [MDMC,imtialko + <47T D¢ initial#b,UC, initial (2B,initial = 2G,initial)

3
Cs5 initial 37 T 7T

) 4 2 2 4 4
Pwater § - aDUC,initial - ZDUC,initial 12:; dUC,initial,i - GZDMC,initial k (83)

FT,rated,upscaled (zhub,upscaled - zB,initialk)
-~ Cs55,initial
T,rated,initial (Zhub,initial - zBJnitial)
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8.1.4 Further Adjustments

8.1.4.1 Drag Coefficients The new drag coefficients for the upscaled column, pontoon and
cross brace diameters, have to be computed, following the procedure in Subsection 3.4.2.

8.1.4.2 Mooring System After scaling the semi-submersible floater with the above intro-
duced scaling factors, the mooring line parameters have to be determined. As already addressed
in Section 6.4, the mooring system is just included based on a rough estimate. For this first
approach, line diameter, density, extensional stiffness, damping and added mass coefficients, as
well as structural damping are taken over from the original OC4 floating wind turbine system
design [41]. The mooring line length, however, is to be adjusted such that the same mooring
stiffness in surge is obtained.

The new fairlead positions are defined by the upscaled platform. The radius from the platform
centerline to the anchor positions is also scaled with the main scaling factor k. This way,
both horizontal projection of the total mooring line length Iy nhor and height of the fairleads
above the seabed h, can be determined. With the predefined mooring stiffness in surge and the
unchanged line density, the horizontal tension at the touch down point 73, can be computed
for the upscaled floating system, based on Equation 40 in Subsection 3.5.3. The effective line
length and finally the total mooring line length can be computed by means of Equations 32 and
34, given in Subsection 3.5.2. This calculation is implemented in MATLAB in Source Code A.8
in Appendix A.5. Starting values for the effective and total line length have to be provided, for
solving Equations 32 and 34. Those are taken as the parameters of the original OC4 floating
system, scaled up with the main scaling factor k.

8.1.4.3 Ballast System The platform’s structural mass, the mass of the lifted mooring line
parts, as well as the rotor and nacelle masses of the predefined larger scale wind turbine, can
directly be counted to the total system mass. The tower of the wind turbine, however, has to
be cut at the elevation of the main column. Thus, only the tower mass without the bottom
part, which is to be removed, contribute to the total system mass. This system weight has to be
complemented by ballast in the columns, such that the total weight equals the buoyancy due to
the displaced water volume of the upscaled platform. Knowing the needed amount of ballast, it
has to be checked whether the available inner volume of the columns is enough, when water is
used as ballast. If this is not the case, other ballast, like concrete, should be used, so that the
inner space is sufficient.

The total ballast could first be distributed anyhow between upper and base column, but with
the same levels for each column set. The final position of the ballast within the columns, is then
determined based on the computation method given in Appendix A.6, with an aimed nominal
pitch of 5°.

8.1.4.4 Controller Gains This final upscaled platform design could then be analyzed with
respect to its structural strength, stability and eigenfrequencies. Before the system’s dynamic
performance is evaluated, the blade-pitch controller gains have to be adjusted, based on the
eigenfrequency in pitch and following Subsection 3.6.2.
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8.2 Upscaled Semi-Submersible Platform Design for the IWT-7.5-164

The guideline for upscaling of a semi-submersible platform, presented in Section 8.1, is applied
to the optimized DeepCwind floater, derived in Section 7.2, and the aimed offshore wind turbine
IWT-7.5-164 by Fraunhofer [7,46], assuming the same water depth of 200 m.

The scaling factors for the main components, main column, and upper columns are determined,
based on Equations 73, 74, and 80 to 83, to be k = 1.172, kyc = 1.077, and kyc = 1.282.
This yields the final parameters of the upscaled semi-submersible platform for the IWT-7.5-164,
summarized in Table 8.1 and compared with the values of the optimized DeepCwind floater.

The center of gravity of the upscaled system is located at —13.30 m and the center of buoyancy
at —15.97 m. Compared to the optimized semi-submersible floater design, it can be observed
that those positions scale with less than the main scaling factor, which is due to the considerably
larger scaling factor for the upper columns.

From Table 8.1 it can be seen that the platform steel mass scales, with a factor of 1.184 to the
power of three, slightly higher, compared to the main scaling factor. This is because of the larger
scaling factor for the upper columns. The amount of ballast scales even higher, with a factor of
1.197 to the power of three, as it has to be accounted for the larger buoyancy volume due to the
increased upper column diameter. The mass of the total floating wind turbine system, however,
scales with a factor of 1.189 to the power of three, and is hence just by 1.5% higher than the
main scaling factor based on the top structure mass ratio.

The re-calculation of the drag coefficients of the platform members yields unchanged coefficients
for the main and base columns (Cp mc = 0.62, Cp e = 0.70), and slightly increased coefficients
of Cp uc = 0.67 and Cp ¢ = 0.55 for the upper columns, as well as cross braces and pontoons,
compared to 0.66 and 0.54, respectively, for the optimized DeepCwind floater.

8.2.1 Static Analysis of the Upscaled Platform Design for the IWT-7.5-164

The performance of the upscaled semi-submersible platform design for the IWT-7.5-164 is ana-
lyzed based on the three different methods, introduced in Sections 4.1 to 4.3.

8.2.1.1 System Matrices The system matrices, upscaled and optimized DeepCwind design
in comparison, are presented in Table 8.2. The values for the optimized OC4 floater are based
on the results obtained by HydroD, given in Table 7.2 in Subsection 7.2.1.

The equation-based added mass calculation, introduced in Section 3.3, is not that accurate and
underestimates the added mass components by 13% to 23%. More comparable results are ob-
tained by upscaling the added mass values of the optimized DeepCwind floater. Those values,
presented in brackets in Table 8.2, are, however, slightly higher than the low-frequency added
mass limits obtained by HydroD, as the reducing effect of the larger scaling factor for the upper
columns is not considered in this approximation based on the main scaling factor.

The equation-based stiffness calculation yields similar values as obtained by HydroD. However,
scaling the stiffness parameters of the optimized DeepCwind platform based on the main scaling
factor, would significantly underestimate the stiffness, as especially the stiffness component in
heave, but also the component in pitch, are mainly influenced by the upper column diameter.

8.2.1.2 Nominal Pitch Even if the optimization procedure is performed without inclusion
of the mooring stiffness, a nominal pitch of 4.8° is obtained, which is close to the aimed value
of 5°. Simulation in Dymola, based on Modelica, yields with 4.6° a comparable result.
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Table 8.1: Main dimensions of the upscaled platform for the IWT-7.5-164

Element Parameter Unit k W1 Optimized
floater 0OC4 floater
Diameter m kmc 7.00 6.50
MC Wall thickness m kmc 0.032 0.030
Elevation above SWL m k 11.72 10.00
Depth of base below SWL m k 23.45 20.00
Wall thickness m k 0.070 0.060
0C Elevation above SWL m k 14.07 12.00
Spacing between OCs m k 58.62 50.00
Depth of base below SWL m k 23.45 20.00
Diameter m kuc 12.70 9.90
ucC Length m k 30.48 26.00
Height of ballast (water) m - 6.726 2.630
Diameter m k 28.14 24.00
BC Length m k 7.03 6.00
Height of ballast (water) m — 6.215 5.625
Pontoons, CBs Diameter m k 1.88 1.60
Wall thickness m k 0.0205 0.0175
Length DU m — 45.92 40.10
Upper pontoons | Length YU m — 24.00 20.67
Elevation above SWL m k 11.72 10.00
Length DL m k 30.48 26.00
Lower pontoons | Length YL m — 16.28 13.62
Depth below SWL m k 19.93 17.00
Length m — 38.18 32.69
CB Elevation above SWL m k 10.70 9.13
Depth below SWL m k 18.99 16.20
Depth to fairleads below SWL m k 16.41 14.00
Depth to anchors below SWL m 1 200 200
Mooring system Radius to fairleads m k 47.91 40.87
Radius to anchors m k 982.0 837.6
Unstretched mooring line length | m — 972.4 835.5
Effective mooring line length m — 586.7 094.4
RNA kg — | 4.934E+5 3.500E+5
Tower kg — 447,916 249,718
Masses Platform steel kg — | 5.914E+46 || 3.567E+6
Ballast kg — | 1.433E+7 || 0.835E+7
Platform total kg — | 2.024E+7 || 1.192E+47
Total system kg — | 2138E+7 || 1.271E+7
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Table 8.2: Comparison of the system matrices of the upscaled platform for the IWT-7.5-164, added
mass in brackets based on upscaling

’ Parameter ‘ Unit H Calculated | HydroD | Modelica H Optimized OC4
Mss kg 21.38E+6 | 21.38E+6 | 21.38E+6 12.71E+6
Mss kgm? 3.21E+10 | 3.21E+10 - 1.65E+10

losso 22.00E7+6 25.28E+6 - 16.11E+6
Ass kg (25.96E+6)
|00 — 24.13E+6 — 15.42E+6
13.31E+9
Ass loss0 kgm? (17.72B+9) 17.33E+9 - 8.00E4-9
|00 — 16.34E49 — 7.51E+9
Cs3 kgs—? 4.315E+6 | 4.292E+6 — 2.712E+6
Css kgm?s~2 || 1.689E+9 | 1.685E-+9 - 0.804E+49

8.2.1.3 Stability Due to the geometrical changes, the hand calculated stability range is de-
creased from [—19.5°,18.9°] to [-16.7°,18.9°], compared to the optimized DeepCwind floater.

The exact stability range, obtained by HydroD, is again slightly reduced from [—102.3°,97.9°]
to [—94.8°,90.7°]. The righting moment curve, shown together with the wind heeling moment
curve in Figure 8.1, is thus steeper than the curve of the optimized platform, plotted in black.
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Figure 8.1: Moment curves of the upscaled platform for the IWT-7.5-164, optimized OC4 floater in
black

The area under the righting moment curve is also further reduced from 11.4 to 10.2 times the
area under the wind heeling moment curve to the second intercept with the righting moment
curve. This factor is still considerably larger than the required value of 1.3, meaning that the
intact floating stability criterion, given in Paragraph 3.2.2.4, is more than fulfilled.

8.2.1.4 Natural Periods The natural periods of the floating system for Fraunhofer’s IWT-
7.5-164 are presented in Table 8.3, together with the values of the optimized DeepCwind design.
As two methods for determining the added mass components are applied in the hand calculations,
the results based on the upscaled added mass values are added in brackets. Considering the hand
calculations based on those upscaled added mass components, as well as the more accurate
counting method in Dymola, it can be observed from Table 8.3 that the natural periods in heave
and pitch are comparable for all methods. The natural periods in surge and yaw, obtained
by HydroD and Dymola, however, again differ significantly, which is due to the implemented
mooring system model in Modelica, as already noted in Section 4.4.
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Table 8.3: Comparison of the natural periods of the upscaled platform for the IWT-7.5-164, added mass
in brackets based on upscaling, values of the optimized OC4 floater design based on HydroD

. Modelica o
Parameter | Unit || Calculated | HydroD Optimized OC4
Counted | FFT

That,1 s — 136.9 181.3 171.4 104.9
19.9

That,3 s 20.6 20.7 20.0 20.4
(20.8)
31.8

That,5 s 33.2 33.1 33.3 34.7
(33.3)

That,6 s — 113.2 138.6 128.6 73.7

The upscaled floating system for the IWT-7.5-164 performs slightly better in heave than the
optimized OC4 floater carrying the NREL 5 MW. The natural period in pitch, however, is
around 1.5 s shorter, which is because of the larger scaling factor for the upper columns. But
still, the pitch natural period (33.2 s) is above the aimed value of 30 s, defined in Section 6.2.
The natural periods in surge and yaw are significantly larger compared to the optimized OC4
system. The reason for this is that the same mooring stiffness is assumed for the upscaled
design, as initially used for the OC4 semi-submersible. An increased mooring stiffness would be
more appropriate and then also reduce the natural periods in surge and yaw. However, the final
design of the mooring system is left for future work, as indicated in Section 6.4. The change
in the natural periods compared to the optimized DeepCwind floating system can also be seen
in Figure 8.2, showing the time series from the free decay tests in Dymola. Slightly different
results are obtained by the simulation in Dymola, as the pitch eigenperiod is increased by 0.3 s,
when comparing the Modelica results.
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Figure 8.2: Free decay time series of the upscaled platform for the IWT-7.5-164, in comparison with the
optimized OC4 floater, based on Modelica
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8.2.1.5 Controller Gains Given parameters for the direct drive wind turbine IWT-7.5-164,
needed in the controller gain calculation, are Qated .55 = 10.0 rpm and Ngear = 1 [46]. As the
available data sheet did not include the turbine inertias, all inertias, thus also the mass moment
of inertia of the drivetrain, are estimated based on the given masses and dimensions of the
components. With a generator rotor mass of 39,300 kg and a generator inner diameter of 4.5 m,
a mass moment of inertia of the drivetrain of Igrivetrain1.ss = 99,478 kgm? is computed based
on Equation 84. This is, due to the direct drive mechanism, independent of the shaft side.

2

Tqrivetrain = ;mgen,rotorl)gerlmtor (84)
The blade-pitch sensitivity at rated and the rotor-collective blade-pitch angle at doubled pitch
sensitivity are determined for the IWT-7.5-164, based on the trend line shown in Figure 8.3 and
the corresponding explicit values given in Table 8.4, obtained by the computations in MATLAB,
presented in Appendix A.2. As, however, the wind turbine also uses a peak shaver, and thus
the rated wind speed depends on the peak shaver, the blade-pitch sensitivity at rated is taken
as the value at zero pitch. This way %—g g0 = —16.35E+6 W rad—' and kg = 2.679344° are
obtained. Using (. = 0.7 and wcnat ~ 0.14 rad s71, based on the recommendations given in
Subsection 3.6.2 and the determined system’s pitch natural frequency, the adjusted blade-pitch
controller gains are computed to be Kp = 0.01196179 s and K7 = 0.001196179.

Table 8.4: Sensitivity of aerodynamic power to
blade-pitch for the IWT-7.5-164

Wind speed || Pitch angle 0P/06

ms~1] | W rad
X
T i [ = onginalDali 11.0 -0.06 | -24.70E+6
A R S Best Fit Line |}
= L ; : : : : 12.0 5.18 -49.16E+6
Y SO SO SOOI RSN SO
5 D NG RO DN 13.0 7.81 | -60.32E+6
1 TSN A SRS MO W— 14.0 9.86 | -73.86E+6
B | S SO 15.0 11.63 | -83.39E+6
(0] H H H H H
CACTIES S A — SN 16.0 13.23 | -93.36E+6
E 14| pp7ee =0 = 1o SE T oW el 17.0 14.70 | -102.66E+6
161 6, — 26793840 [T . N 18.0 16.07 | -109.50E+6
18 5 10 15 20 % 19.0 17.39 | -122.28E+6
Rotor-Collective Blade-Pitch Angle [°]
20.0 18.64 | -133.93E+6
Figure 8.3: Best-fit line of pitch sensitivity above 21.0 19.83 | -138.45E+6
rated wind speed for the IWT-7.5-164 : : :
22.0 20.97 | -143.19E+6
23.0 22.08 | -151.29E+6
24.0 23.15 | -160.41E46
25.0 24.19 | -169.41E+6

In order to get an estimate of the accuracy of this calculation, the computed blade-pitch angles
at discrete wind speeds are compared in Table 8.5 with the data for the IWT-7.5-164 [46].
Values for the blade-pitch sensitivity, however, were not available. The computed blade-pitch
angles differ only by maximum 4% from the original values. However, close to rated wind
speed, different pitch angles are specified in the original data [46], as this includes the peak
shaver. Hence, the determination method is in general assumed to yield reliable results, but the
blade-pitch sensitivity at rated is taken at zero pitch, as already indicated above.
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Table 8.5: Blade-pitch angles at different wind speeds for the IWT-7.5-164

Wind speed Pitch angle [°] Wind speed Pitch angle [°]
[ms~!] Computed ‘ Original [46] [ms~1] Computed ‘ Original [46]
6.0 — 0.00 16.0 13.23 12.79
7.0 — 0.00 17.0 14.70 14.18
8.0 — 0.04 18.0 16.07 15.47
9.0 — 0.23 19.0 17.39 16.69
10.0 — 0.94 20.0 18.64 17.88
11.0 -0.06 2.81 21.0 19.83 19.01
12.0 5.18 5.32 22.0 20.97 20.11
13.0 7.81 7.57 23.0 22.08 21.18
14.0 9.86 9.55 24.0 23.15 22.21
15.0 11.63 11.27 25.0 24.19 23.23

8.2.2 Dynamic Analysis of the Upscaled Platform Design for the IWT-7.5-164

The dynamic analysis in HydroD is performed for 15 sea states, as introduced in Subsection
4.2.3. The standard deviations of the motions, depending on significant wave height and peak
period, are presented in Figure 8.4. This shows increasing dynamic response with increasing
severity of the sea state. The maximum dynamic motions in the, by the wave directionality
mainly affected, DoFs are presented in Table 8.6. Comparison with the optimized OC4 platform
yields that the dynamic motions are reduced by 12% in surge, 23% in heave and 14% in pitch.
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Figure 8.4: Dynamic response of the upscaled platform for the IWT-7.5-164, based on HydroD

Table 8.6: Dynamic response of the upscaled platform for the IWT-7.5-164, based on HydroD

Parameter ‘ Unit H IWT floater | Optimized OC4 floater

Oq1,max m 0.64 0.73
Oq3,max m 0.37 0.48
045, max © 0.44 0.51
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The dynamic analysis based on Modelica and Dymola, however, shows a slightly increased dy-
namic motion in surge in the wind and wave simulation, presented in Figure 8.5(d), while the
standard deviation is decreased in the wind-only tests, shown in Figure 8.5(b), compared to the
optimized OC4 floater plotted in dotted lines. But still, the dynamic motion in surge is much
higher in the simulation without waves, compared to the coupled wind and wave simulation.
This demonstrates that combined wind and waves could reduce the system’s dynamic motion.
The results from the simulation with waves are comparable in magnitude with the dynamic re-
sponse data obtained by HydroD, presented in Figure 8.4 and Table 8.6. However, the decrease
in the dynamic pitch motion is more significant in the results from Dymola.

The mean displacement in surge is increased, compared to the optimized platform design, and
reaches around 12 m in the wind-only simulation and 10 m in the simulation with wind and
irregular waves, shown in Figures 8.5(a) and 8.5(c), respectively. This higher motion is due
to the mooring system, as already explained. The nominal platform pitch angle at rated wind
speed of close to 5° is also visible in both simulations.

Overall, the platform’s mean and dynamic displacements, as well as the blade-pitch angle, are
increasing with increasing wind speed up to rated, and decreasing again at higher wind velocities.
Hence, they show the same behavior as the optimized and original semi-submersible floaters,
plotted in dotted and dashed lines, respectively, in Figure 8.5, influenced by the rotor thrust at
different wind speeds.
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Figure 8.5: Mean and dynamic response of the upscaled platform for the IWT-7.5-164, in comparison
with the optimized OC4 platform responses in dotted lines and the original OC4 platform
responses in dashed lines

For the check of the adjusted blade-pitch controller gains, the time series of the simulation
with ramped wind and without waves is presented in Figure 8.6. This demonstrates that the
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computed controller gains yield a stable floating wind turbine system for the IWT-7.5-164. The
dynamic motion response is the highest at rated wind speed when the blades just start pitching,
which could be also obtained from Figure 8.5(b). However, for longer time duration and higher
wind speeds, the variation in the pitch motion of the platform, as well as the oscillations in the
blade-pitch angle are decreasing.
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Figure 8.6: Response of the upscaled platform for the IWT-7.5-164 at different wind speeds

8.2.3 Structural Analysis of the Upscaled Platform Design for the IWT-7.5-164

Performing the structural strength check, as described in Section 6.6, leads to following equiva-
lent stresses at the bottom of the upper column, presented in Table 8.7.

Table 8.7: Equivalent stress calculation for the upscaled platform for the IWT-7.5-164, values given in

MPa
Pressure Load point position
combination Outer wall (6§ = 0) ‘ Wall center (6§ = 0.5) ‘ Inner wall (§ =1)
Ptank,min, Pwater,max 48.2 48.5 48.7
Ptank,max, Pwater,min 13.0 13.1 13.2

The more critical pressure combination is at minimum inner pressure and maximum sea pres-
sure, and the stress is increasing from the outer wall through the wall thickness to the inner
side of the column wall, as it is the same trend for the optimized DeepCwind semi-submersible
platform design.

The yield stress for steel S355, however, is due to the upscaled wall thickness of the upper
columns (0.07 m) decreased to 325 M Pa, based on Table 6.1 in Section 6.6. Comparing the
equivalent stresses, given in Table 8.7, with the yield stress, results in a structural safety factor
of 6.7 to 25.0. That is a reduction of around 21% for the minimum safety factor, compared
to the optimized DeepCwind platform, but a safety factor of 6.7 is still conservative enough.
However, a more detailed structural analysis is needed for ensuring structural integrity of the
upscaled platform design, as mentioned in Section 6.6.
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8.3 Upscaled Semi-Submersible Platform Designs for the DTU 10 MW

The upscaling guideline, given in Section 8.1, is also used for obtaining a floating platform for
the DTU 10 MW reference wind turbine. This is done in two ways: one approach is based
on the optimized OC4 semi-submersible, while the other one uses the upscaled floater for the
IWT-7.5-164 as basis for applying the upscaling procedure. The scaling factors for both methods
and the resulting platform parameters are presented in Tables 8.8 and 8.9, respectively.

Table 8.8: Scaling factors for the floating platforms for the DTU 10 MW

Basic design H Optimized OC4 floater | IWT floater

k 1.264 1.078
kmc 1.277 1.186
kuc 1.439 1.202

As it can be seen from Table 8.9, all dimensions, that are scaled with the main scaling factor or
the scaling factor for the main column, are equal for both upscaled designs. This can be substan-
tiated by comparing the scaling factors for the DTU floater based on the optimized OC4 floater
(k = 1.264, knc = 1.277) with the product of the scaling factors for the IWT floater (k = 1.172,
kvc = 1.077) and the DTU floater based on the IWT floater (k = 1.078, kyic = 1.186). As
those scaling factors depend on predefined masses or dimensions, in total the same values are
obtained, irrespectively of whether a direct or stepwise upscaling method is applied.

Comparison of the scaling factors for the upper columns, however, shows that, including
kuc = 1.282 for the IWT floater, a total scaling factor of 1.541 is obtained by means of the
successive upscaling method. This is a by 7% higher factor than obtained by directly upscaling.
The effects are seen in the different values for the upper column diameter, upper pontoon and
cross brace lengths, ballast heights, as well as the centers of gravity and buoyancy. Those are
zg = —14.04 m and 2z = —16.96 m for the platform based on the optimized DeepCwind floater,
and zg = —12.09 m and zg = —16.61 m for the IWT-based design. Thus, it is expected that
the floating system, based on the iterative upscaling method, has a reduced stability range,
compared to the system obtained by the direct upscaling approach. As successively upscaling
yields a by 1 m larger upper column diameter, also the platform steel, ballast, and total system
masses are increased. The corresponding semi-submersible platform is thus by 4.8% heavier
than the floater obtained based on the optimized OC4 design.

Based on those outcomes, it is recommended to use directly the optimized platform design as
basis for upscaling, rather than an already upscaled floater, as this is not that critically optimized.

Despite those divergences, the different upper column diameters do not affect the drag coeffi-
cient for the upper column. Thus, Cyic = 0.57, Cgc = 0.70, Cyc = 0.67, and Ccp = 0.56 are
obtained for both upscaled designs, based on the method introduced in Subsection 3.4.2.

In the following Subsections 8.3.1 to 8.3.3, both obtained designs for the DTU 10 MW wind
turbine are analyzed and compared, based on hand calculations and HydroD. A system analysis
in Dymola, however, was, due to the time-consuming implementation and simulation based on
Modelica, not feasible within the limited timeframe for this work.

8.3.1 Static Analysis of the Upscaled Platform Designs for the DTU 10 MW

8.3.1.1 System Matrices The results for the system matrices of both upscaled designs for
the DTU 10 MW are presented, together with the HydroD results for the basic floater designs
(optimized OC4 platform and IWT floater), in Table 8.10.
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Table 8.9: Main dimensions of the upscaled platforms for the DTU 10 MW

Basic floater design

Element Parameter Unit k
Opt. OC4 IWT
Diameter m kmc 8.30 8.30
MC Wall thickness m kyvc 0.038 0.038
Elevation above SWL m k 12.64 12.64
Depth of base below SWL m k 25.28 25.28
Wall thickness m k 0.076 0.076
oC Elevation above SWL m k 15.17 15.17
Spacing between OCs m k 63.21 63.21
Depth of base below SWL m k 25.28 25.28
Diameter m kuc 14.30 15.30
UC Length m k 32.87 32.87
Height of ballast (water) m - 5.237 14.538
Diameter m k 30.34 30.34
BC Length m k 7.59 7.59
Height of ballast (water) m — 7.376 5.340
Pontoons, CBs Diameter m k 2.02 2.02
Wall thickness m k 0.0221 0.0221
Length DU m — 48.91 4791
Upper pontoons | Length YU m — 25.19 24.69
Elevation above SWL m k 12.64 12.64
Length DL m k 32.87 32.87
Lower pontoons | Length YL m - 17.17 17.17
Depth below SWL m k 21.49 21.49
Length m — 40.75 40.44
CB Elevation above SWL m k 11.54 11.54
Depth below SWL m k 20.48 20.48
Depth to fairleads below SWL m k 17.70 17.70
Depth to anchors below SWL m 1 200 200
Mooring system Radius to fairleads m k 51.67 51.67
Radius to anchors m k 1058.9 1058.9
Unstretched mooring line length | m — 1045.3 1045.3
Effective mooring line length m — 582.6 582.6
RNA kg — 6.767E+5 | 6.767E+5
Tower kg — 526,767 526,767
Masses Platform steel kg — | 7.598E+6 | 7.822E+6
Ballast kg — 1.877TE+7 | 1.981E+7
Platform total kg — | 2.637TE+7 | 2.763E+7
Total system kg — | 2.7T7T6E+7 | 2.902E+7
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Table 8.10: Comparison of the system matrices of the upscaled platforms for the DTU 10 MW, added
mass in brackets based on upscaling

Parameter Unit H Calculated | HydroD H Basic floater design
u . 27.76E+6 | 27.76E+6 || 12.71E+6 | Opt. OC4
5 g 929.02E+6 | 29.02E+6 || 21.38E+6 | IWT

) 5.33E+10 | 5.33E+10 || 1.65E+10 | Opt. OC4
Mss kgm
5.12E4+10 | 5.12E+10 || 3.21E+10 TWT
27.39E+6
O | 31 40E+6 || 16.11E+6 | Opt. OC4
(32.55E+6)
‘wﬁO
26.96E--6
Ass kg 30.83E+6 || 25.286+6 TWT
(31.69E+6)
‘ _ 29.87E46 || 15.42E46 | Opt. OC4
v _ 29.16E+6 || 24.13E+6 TWT
19.65E4-9
9501849 || 8.00E49 Opt. OC4
(25.84E+9)
=0 19.65E+9
Ass kgm? ' 24.56E49 || 17.33E+9 IWT
(25.27E+9)
‘ _ 23.60E+9 || 7.51E+9 | Opt. OC4
v _ 923.25649 || 16.34E+9 TWT
c g2 5.512E+6 | 5.490E+6 || 2.712E+6 | Opt. OC4
S
5 g 6.213E+6 | 6.189E+6 || 4.292E+6 | IWT
5 o || 2:521E49 | 2.515E+9 || 0.804E+9 | Opt. OC4
Css kgm*s
2.514E+9 | 2.508E+9 || 1.685E+9 ITWT

As already found in the analysis of the IWT floater in Subsection 8.2.1, the added mass com-
putation based on upscaling of the original values, using the main scaling factor, is despite the
different scaling of upper and main columns, more accurate than the equation-based compu-
tation. Due to the higher scaling factor for the upper column diameter, the upscaled added
mass values are slightly higher than those, obtained by HydroD at the low-frequency limit.
Analogously to the findings in Subsection 8.2.1, the stiffness components would be significantly
underestimated, if scaled up from the original values based on the main scaling factor, as the
upper column diameter has a big influence. The stiffness values are only by less than 0.5%
overestimated, following the equation-based calculation, which is thus a very accurate method.

Comparing the two platform designs for the DTU 10 MW, based on the values in Table 8.10,
yields that the larger upper column diameter in the IWT-based design not only results into
an enlarged system mass, but also in a reduced added mass, increased stiffness in heave, but
decreased stiffness in pitch, which is all reasonable when looking at the dependencies of those
parameters, defined in Subsections 3.3.2 and 3.3.3.

8.3.1.2 Nominal Pitch As the difference between the stiffness components in pitch of both
upscaled designs is just less than 0.3%, both designs achieve a nominal pitch of 4.8°.

8.3.1.3 Stability Due to the different upper column diameters, the hand calculations yield
a stability range of [—19.2°,18.9°] for the optimized OC4-based floater design, and a smaller
range of [—16.7°,18.9°] for the IWT-based floater design.
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The detailed stability analysis in HydroD also yields a reduced stability range for the successively
upscaled floater, which is as expected, as already commented in the beginning of Section 8.3. The
real stability ranges are thus [—95.2°,90.6°] and [—72.5°,81.4°] for the directly and iteratively
upscaled platforms, respectively. This difference can clearly be seen in Figure 8.7, showing the
righting and wind heeling moment curves, thin lines for the optimized OC4-based design, and
thick lines for the IWT-based floater.

| [Righing Moment — Heeling Nom ent -1

2e+009

1e+009

Moment [N*m]
0

1e+009

"0 2 0 0 & 40 2 0 2 40 80 ® 100 120 140

Heel Angle [deg]
Figure 8.7: Moment curves of the upscaled platforms for the DTU 10 MW, thin line based on optimized
0OC4 floater, thick line based on IWT floater

As both floaters have quite similar centers of buoyancy, the wind heeling curves do not differ
significantly. However, due to the different righting moment curves, the area under this curve to
the second intercept with the wind heeling moment curve is for the optimized OC4-based floater
by a factor of 10.0, and for the IWT-based design just by a factor of 9.0 larger than the area
under the wind heeling moment curve to the same limiting angle. But still, the intact floating
stability criteria, given in Paragraph 3.2.2.4, are for both designs more than fulfilled.

8.3.1.4 Natural Periods The natural periods of the two upscaled floater designs are pre-
sented in Table 8.11, together with the values of the basic floaters. The natural periods, based
on the upscaled added mass components are added in brackets. This demonstrates again that
the equation-based computation of the added mass is not that accurate, whereas the upscaling
method yields comparable results for the natural periods in heave and pitch.

Table 8.11: Comparison of the natural periods of the upscaled platforms for the DTU 10 MW, added
mass in brackets based on upscaling

Parameter ‘ Unit H Calculated ‘ HydroD H Basic floater design

- 156.7 || 104.9 | Opt. OC4
Tnat,l S
— 161.1 136.9 IWT
19.7
20.4 20.4 Opt. OC4
(20.6)
Tnat,S S 188
' 19.3 20.6 IWT
(19.6)
33.2
345 | 347 | Opt. OC4
(34.6)
Tnat,5 S
32.8
34.0 33.2 IWT
(34.1)
— 139.6 73.7 Opt. OC4
Tnat,6 S
— 143.5 113.2 IWT
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As the added mass values of the IWT-based floater are smaller than those of the optimized
OC4-based design, and the stiffness component in heave is significantly larger, but in pitch just
slightly smaller, the natural period in heave is by more than 5% and in pitch by around 1.5%
smaller for the IWT-based platform. Thus, the heave natural period of the successively upscaled
floater fell below the initially defined threshold of 20 s, while the natural period of 20.4 s could
be maintained with the directly upscaled platform design. The heave frequency is not included
in the calculation of the scaling factors. However, based on a rough approximation, using Equa-
tion 13 and the theoretical scaling of stiffness, mass, and added mass components, it can be
estimated, that the natural period in heave would be reduced from the original value, and thus
could become critical, if the scaling factor for the diameter of the upper columns exceeds 1.5.
With the total scaling factors for the upper column diameter of 1.439 and 1.541 for the directly
and successively upscaled designs, the decrease in the natural heave period of the IWT-based
floater could already be predicted by means of this simple check.

The natural periods in surge and yaw were further increased, as it was already the case from
the optimized DeepCwind platform to the floater design for the IWT-7.5-164. The same reason,
as given in Subsection 8.2.1, applies for the DTU floaters, as again the mooring stiffness of the
original OC4 system is maintained, and not further adjusted or optimized.

8.3.1.5 Controller Gains In order to adjust the blade-pitch controller gains, the damping
should be set equal to (. = 0.7, following the recommendations given in Subsection 3.6.2. Based
on Equation 48, the frequency is computed for both floater designs to wepat &~ 0.14 rad s~
With those values and the DTU turbine parameters, the proportional and integral blade-pitch
controller gains are to be determined, following Equations 46 and 47 in Subsection 3.6.2.

8.3.2 Dynamic Analysis of the Upscaled Platform Designs for the DTU 10 MW

The dynamic analysis, based on HydroD, yields comparable sea state dependent standard de-
viations of the motions for both designs. Those are therefore only for the IWT-based floater
presented in Figure 8.8. For a more detailed comparison, the maximum dynamic motions in
surge, heave, and pitch are presented in Table 8.12, together with the values of the basic floaters.
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Figure 8.8: Dynamic response of the IWT-based upscaled platform for the DTU 10 MW, based on
HydroD

81



8 Upscaling of the Optimized DeepCwind Semi-Submersible Platform Design

Table 8.12: Dynamic response of the upscaled platforms for the DTU 10 MW, based on HydroD

Parameter ‘ Unit H DTU floater | Basic floater design

0.62 0.73 | Opt. OC4
0q1,max m

0.63 0.64 IWT

0.31 0.48 | Opt. OC4
0 q3,max m

0.36 0.37 TWT

R 0.34 0.51 | Opt. OC4

05, max
4 0.32 0.44 IWT

From Table 8.12 it can be seen that the dynamic motion response is further decreased, compared
to the optimized DeepCwind semi-submersible platform and the upscaled floater for the IWT-
7.5-164. This may be due to the increased weight of the total system, which makes the floating
wind turbine system more inert, and the fact that the same sea states are considered in the
analyses of all designed systems. However, again no statement on the more important relative
motions can be made based on this analysis.

8.3.3 Structural Analysis of the Upscaled Platform Designs for the DTU 10 MW

The floating platform design for the DTU 10 MW based on the IWT floater has a by 1 m larger
upper column diameter, than the design obtained by direct upscaling of the optimized OC4
floater. However, as the wall thickness of the upper columns is scaled with the main scaling
factor, both platform designs have the same upper column wall thickness. Thus, it is expected
that the IWT-based floater design has less structural strength, as a larger hollow cylinder is
used with the same wall thickness. The results of the structural strength check, presented in
Table 8.13, substantiate this presumption.

Table 8.13: Equivalent stress calculation for the upscaled platforms for the DTU 10 MW values given

in M Pa
Pressure Basic Load point position
combination floater design Outer wall | Wall center | Inner wall
(6 =0) (6 =0.5) (6=1)
Opt. OC4 93.5 53.7 54.0
Prankmin, Prater,max IWT 57.2 57.5 57.7
Opt. OC4 14.7 14.8 14.8
Pranicmaze, Puatermin IWT 15.8 15.8 15.9

The yield stress for steel S355 amounts, for a wall thickness of 0.076 m, 325 M Pa, based on Table
6.1 in Section 6.6. With the equivalent stresses from Table 8.13, a minimum safety factor of 6.0 is
obtained, for the more critical pressure combination (Ptank min @1d Pwater,max) and at the weaker
location on the inner wall side, for the floater design based on the optimized OC4 platform. The
safety factor for the IWT-based floater design, however, is at the same considered load point just
5.6. Still, both safety factors are sufficiently high for the performed strength check, however,
a more detailed structural analysis is strongly recommended. Furthermore, the different safety
factors demonstrate that the successively upscaled floater shows also a deficit regarding the
structural strength, compared to the semi-submersible platform for the DTU 10 MW designed
directly based on upscaling of the optimized DeepCwind floater.
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9 Conclusion and Recommendation

9.1 Conclusion

In this thesis work, a guideline for the optimization and upscaling procedure of a semi-submersible
platform is given, such that a predefined larger wind turbine could be supported. The designed
floating systems are analyzed based on hand calculations, with the help of HydroD and Wadam,
and by means of simulations in Dymola, based on models implemented in Modelica.

An initial floater for Fraunhofer’s wind turbine IWT-7.5-164 is designed, based on an elementary
upscaling of the DeepCwind semi-submersible floater, following mainly the power rating. Two
variants, one with water as ballast, the other one with concrete, are analyzed and compared
regarding their static properties and dynamic performances.

Based on those results, the following recommendations for upscaling and analyzation are given:

e The main scaling factor should be based on the mass ratio of the top structures, rather
than on the power rating, as the latter one does not include any technical development in
the turbine design, in which mass reduction is aimed.

e As the original DeepCwind semi-submersible floater is already over-conservatively de-
signed, a change of the ballast from water to concrete for stability reasons is not needed,
and also not recommended due to cost factors. A denser ballast is only required, if the
needed water volume would exceed the available space within the columns.

e The natural frequencies should be moved further away from the wave excitation. This
could be achieved for the heave DoF by applying a smaller scaling factor for the upper
columns. The pitch natural frequency could be decreased by lifting up the ballast, to obtain
a higher center of gravity. This, however, has to be proved with the stability criteria, as
well as with the maximum allowable pitch.

e The mooring system should be included in the upscaling procedure, at least in a first
approach. Thus, the radius to the anchor positions should also be scaled with the main
scaling factor, and the mooring line length should be determined so that a certain mooring
stiffness is obtained.

e In the hand calculations, the added mass components in heave and pitch should be deter-
mined by scaling the values of the basic design with the main scaling factor to the power of
three and five, respectively. This would yield more accurate values than the equation-based
computations, even if different scaling factors are used for upper and main columns.

e The equation-based determination of the stiffness components is very accurate.

Those conclusions and recommendations make up the basis for the criteria for the detailed op-
timization and upscaling procedure. Furthermore, the aims for the natural periods of at least
20 s in heave and at least 30 s in pitch are defined, and another criterion regarding structural
integrity is introduced. This implies that a simplified strength check, based on equivalent stress
computations due to the combination of maximum and minimum inner (tank) and outer (sea)
pressure, should be performed at three locations at the base of the upper columns, in order to
prove sufficiency of the wall thickness.

As the DeepCwind semi-submersible platform is found to be over-conservatively designed, quite
heavy, and not yet good performing from an eigenfrequency point of view, an optimized floater
is designed, which is later on used as basis for the upscaling processes. In the optimization
procedure, the upper column diameter is adjusted, based on the aims of at least 20 s natural
period in heave and a nominal pitch of around 5°. This way, the upper column diameter is
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reduced by 17.5%, compared to the original DeepCwind floater. The analysis of the optimized
platform design yields that a lighter, less over-conservative, but still stable system, with higher
natural periods is obtained.

The final upscaling procedure includes three different scaling factors. The main scaling factor,
for most of the platform components, is determined from the ratio of the top structure masses.
A separate scaling factor for the main column has to be defined, based on the tower base di-
ameter of the target wind turbine. The third scaling factor, used for upscaling of the upper
column diameter, is determined in a detailed calculation and expressed in terms of parameters
of the basic floating system design, the other two scaling factors, as well as known parameters
of the target wind turbine. Based on those upscaled platform components, the drag coefficients
are re-calculated, the effective mooring line length is determined, the tower base is cut at the
elevation of the main column, and the required amount of ballast is computed and distributed
between upper and base columns, such that the aimed nominal pitch (5°) is obtained. Finally,
the blade-pitch controller gains are adjusted, based on the system natural frequency in pitch.

This upscaling procedure is applied to the optimized DeepCwind semi-submersible platform and
the target reference wind turbine IWT-7.5-164. This yields a well-designed floating wind turbine
system, which uses the cheapest possible ballast water, fulfills all stability criteria, has a nominal
pitch of 4.8°, gained an improved eigenfrequency performance with natural periods of 20.6 s and
33.2 s in heave and pitch, respectively, experiences less dynamic motions, and is expected to
remain structurally intact.

The guideline for upscaling is also used to obtain a floating platform for the DTU 10 MW
reference wind turbine. Two floaters are designed: one based on the optimized DeepCwind
semi-submersible, the other one based on the platform for the IWT-7.5-164. The obtained
floater dimensions are the same except for the upper columns. The upscaling procedure based
on the IWT floater yields a by 1 m larger upper column diameter. This has a by 4.5% heavier
system, 2.24E + 5 kg more processed steel, reduced but still sufficient stability, a heave natural
period of just 19.3 s and thus fallen below the aim of 20 s, a slightly reduced natural period in
pitch, slightly increased dynamic motions in surge and heave, but slightly decreased dynamic
motion in pitch, and a smaller safety factor for the structural strength as consequences. Both
designs, however, have a nominal pitch of 4.8°.

Some main parameters, as well as the eigenfrequency, static, and dynamic performances of the
designed semi-submersible floating wind turbine systems and the original OC4 floating system,
are summarized and compared in Tables A.1 and A.2 in Appendix A.7.

9.2 Recommendation

Regarding the upscaling procedure, it is recommended to use directly the critically optimized
platform design as basis, and not an already upscaled floater. By means of a simple check, based
on the calculated scaling factors, it could already be estimated ahead of any analysis, whether
the natural period in heave would be reduced, and thus could become critical.

As the different analysis methods yield comparable results, except for the surge and yaw natural
periods, it is strongly recommended to adjust the mooring line model in Modelica. The mooring
line extensional stiffness should be included in the catenary equation formulation, and the ini-
tial bottom contact length calculation, provided in this work, should be directly included in the
mooring line model. Furthermore, the nominal pitch computation could be adjusted, so that
the determination of the overturning moment is more consistent with the stiffness calculation.
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The mooring system, in general, has to be adjusted in future work, such that the natural fre-
quencies in surge, sway, and yaw are improved, and the platform offsets are kept within the
allowable limits. Those are mainly predefined by the location of the wind turbine, especially if
it is placed within a wind farm, the allowable pitch angle during operation, and the maximum
accepted nacelle acceleration of 0.2¢g. The mooring lines can be adjusted in diameter, material,
extensional stiffness, as well as by adding buoys or clump weights. Then, it has to be checked
that the mooring system can bring up the required stiffness, the maximum tension in the moor-
ing lines is not exceeding the breaking strength, and the anchors are not loaded by vertical forces.

For a more meaningful assessment of the designed semi-submersible platforms and floating sys-
tems, it is recommended to perform some more detailed analyses.

The effect on the tower frequency, when the tower base is cut, has to be elaborated. An alter-
native, that could be considered, is shortening the main column instead of the tower. For this
option, however, it has to be ensured that the tower base could withstand wave impact.

The strength check should include buckling check, structural fatigue check, as well as sectional
load calculations for all elements and at several locations, especially also the joints. Based on
the results, the wall thickness could either be reduced or, if more structural stability is needed,
inner struts have to be added. The latter one, however, would affect the available inner volume
of the columns, which thus again has to be checked against the required ballast amount.

In addition, different limit states should be analyzed. The stability has to be checked for the
case of a damaged column, the maximum pitch angle has to be determined for a fault situation,
and extreme sea states, depending on the actual site where the wind turbine is to be installed,
should be included in ultimate limit state calculations. The dynamic response should not only
be analyzed by means of standard deviations, but also based on the more crucial relative mo-
tions. Furthermore, the effects of second order wave forces and turbulent wind on the platform
motions have to be elaborated in further analyses.

In order to obtain a more realistic platform performance, the floating wind turbine system should
be implemented as fully flexible structure in Modelica. This system then could be extensively
simulated and tested in Dymola. The simulation time, however, has to be increased, so that also
low-frequent motions are covered and represented with enough cycles in the evaluated time span.

Finally, a detailed cost analysis, including aspects like producibility, location of suitable docks,
as well as associated possible increased transportation times and costs, would supplement the
entire study.
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Appendix

A Appendix

A.1 Detailed Stability Calculation

In order to obtain reliable results for the stability behavior of the floating wind turbine system
by means of simulations in Dymola, the detailed stability calculations have to implemented
manually in Modelica, as this is an equation-based modelling language. This means that both
gravity and buoyancy forces, as well as their application points have to be defined.

Gravity

The gravity force, as well as the center of gravity for each component are indirectly already
specified by implementing the elements of the floating wind turbine system as bodies, with
geometrical dimensions and material density as input parameters. By connecting the structures
to the component world, which has the acceleration due to gravity of g = 9.81 ms~! in negative
z-direction as default parameter, a gravity force vector is acting at each component’s body-fixed
center of gravity. As the floating wind turbine is simulated as closed system, meaning that
no mass could be added or removed during operation, weight and body-fixed center of gravity
remain unchanged. The global position of the center of gravity may change, as it is the case
for the rotating blades or moving entire floating system. This, however, is defined by a variable
translation vector from the origin of the world’s coordinate system to the body-fixed center of
gravity, or by means of a free motion.

Buoyancy

Buoyancy force and center of buoyancy depend on the actual displaced water volume. This
means, that those parameters have to be computed at each time step, considering the actual
platform pitch and heave motion.

All forces, acting on the platform, thus also the hydrodynamic forces, are implemented in the
model “SemiSubLoadElement”. This load calculation is for one column set, consisting of upper
and base part. The cross braces and pontoons are neglected in the Morison load calculation, but
included in the buoyancy force computation. In the final model for the entire semi-submersible
platform, “PlatformSemiSub”, the “SemiSubLoadElement” is called with an array of four ele-
ments as input. Those are three offset column sets and one set for the main column, which is
just subdivided into an upper part and a negligible short base part, both of the same diameter.
To each of the three offset column sets belongs, besides upper and base column, also one cross
brace, one upper D and Y pontoon, as well as one lower D and Y pontoon. For the fourth (main)
column set, the input lengths of pontoons and cross brace are set equal to zero. From the free
motion of the platform, the heave motion g¢3; of each individual column, as well as the plat-
form pitch # are obtained as output. Those are needed for the computation at each time step,
in order to determine the actual position of the considered column with respect to the water line.

As the columns are cylindrical bodies, the submerged water volume can be computed by means

of Equation 85 for a cylindrical hoof, based on [49], and Equation 86 for a (sloped) circular
cylinder.

2
hD? D -2t
chyl.hoof (D, h, 9) = (2411 — <|ta€|

h
[ tan 6| D
(85)
h h h\ 2
_D_2|tan0| 3 arccos D_2|tan9| _1 1— 2D_2|tan9|
D D 2 D
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2

D
‘/cylinder (Da h) = Tﬂ'h (86)

The corresponding position of the center of the volume of the (sloped) circular cylinder is given
in Equations 87 and 88, defined with respect to the bottom center of the cylinder. [39]

D?tan6

Lcylinder (Da h, 9) = W (87)
h  D?tan6

Zcylinder (D7 ha 0) = 5 + W (88)

The position of the center of the cylindrical hoof volume is determined based on Equations 89
and 90, and can be computed explicitly by means of Equations 91 and 92.

%2—x2 h—|tan6|(%—a:)

/ rdzdydx (89)
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(92)

For the exact position, also the y-coordinate is needed, and would follow a similar computation.
This is, however, skipped in this work, as the roll motion is not analyzed.
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Both volume and center position are expressed in terms of the cylinder diameter D, the slope
angle 0, and the height h, measured at the cylinder axis for the (sloped) cylinder, and at the
outer edge for the cylindrical hoof, as visualized in Figure A.1.

(a) Sloped cylinder (b) Cylindrical hoof
Figure A.1: Parameters of cylindrical geometries, based on [49]

Looking at one column, it can be distinguished between six cases how the displaced water volume
can be determined. Those are listed in the following, and schematically shown in Figure A.2.

1. Nothing is submerged.

Only one bottom edge is submerged.

Bottom and upper edge of the same side are submerged.

Entire bottom circle is submerged, entire upper circle is emerged.

Only one upper edge is emerged.

oppado

(a) Case 1 (b) Case 2 (c) Case 3 ) Case 4 (e) Case 5 (f) Case 6

SRR e S

Everything is submerged.

Figure A.2: Six cases of the column position with respect to the water line

Case 1 If nothing of the considered column i is submerged, the corresponding displaced water
volume is equal to Vg; = 0 m? and no buoyancy force is acting on this component. However,
still the center of buoyancy has to be defined, as Modelica requires a value. Thus, the center
point at the bottom of the considered column is chosen, leading to xp; = x; and 2B = 2b ;-

Case 1 occurs for the considered column part, if Equation 93 is true.
D.
- |tan9\7l > —Zbi (93)
Case 2 If only one bottom edge of the column is submerged, the corresponding displaced water

volume can be computed by means of Equation 94, based on Equation 85, and the position of
the volume center by means of Equations 95 and 96, based on Equations 91 and 92.

D;
VB,i = Veylhoof (Di, | tan 9!? — g3, — 2b,i, 9) (94)

93



Appendix

D.
B = Ti + 5gN(0) Teylhoot <Di, | tan 9|71 — 3 — Zbi, 9> (95)

D
2B = 2b,i + Zeylhoof (Di, | tan 9|71 — 3, — Zb,i 9) (96)
Case 2 occurs for the considered column part, if Equation 97 is true.
D;
q3,i — \tan@\; < —Zb,i
D;
&& q3,i — |tan 0|7 > =24 (97)

D:
&& q3,i + |tan 9‘71 > —Zbji

Case 3 If bottom and upper edge of the same side of the considered column are submerged, the
corresponding displaced water volume can be determined by subtracting the emerged column
volume from the total column volume. As, however, the emerged part is in general a cylindrical
hoof with a cut top edge, the emerged volume is first extended to a full cylindrical hoof. If this
extended emerged volume is subtracted from the total column volume, the extension, thus the
top edge, which is itself of the shape of a cylindrical hoof, has to be added again. Following this
procedure, Vg ; can be computed by means of Equation 98, based on Equations 85 and 86.

D.
VB,i = Veytinder (D1, hi) — Veylhoot <Di, | tan 9|?1 +q3i + 2bi + hi, 9>

D (98)
+ Veylhoof (Di, | tan 9!71 + g3 + 2bis 9)

The corresponding volume center can be determined by means of Equations 99 and 100, based
on Equations 87, 88, 91, 92, and Equation 8 for composed volumes, given in Paragraph 3.2.2.2.

sgn (6 D;
TR = T+ gVB( ) |:{xcyl.hoof Veylhoof } (Di, | tan 9|7 +q3,i + 2pi + hi, 9)
! (99)
D;
—{Zeylhoof Veylhoot } <D17 | tan 9\7 + q3,i + 2bi; 9)}
1 °
2Bi = b+ Voo Zeylinder (Di, hi, 0°) Viytinder (Di, hi)
i
D;
- <hi VeylLhoof <Di, | tan 9!? +q3i + 2bi + hi, 9>
5 (100)
— {ZeyLhoot Veylhoof } <Di> | tan 9|?1 +q3,i + 2bi + M, 9) >
D;
— {ZeyLhoot Veylhoot } | Di, \tan9\7 +q3i+ 2pi, 0
Case 3 occurs for the considered column part, if Equation 101 is true.
D;
g3, — |tan9|? < —zij
(101)

D
&& g3, + | tan t9|71 > —2pi
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Case 4 If the entire bottom circle of the considered column is submerged and the entire upper
circle emerged, the corresponding displaced water volume can be computed by means of Equation
102, based on Equation 86, and the position of the volume center by means of Equations 103
and 104, based on Equations 87 and 88.

WB,i = Veylinder (Di, —@3,i — 2b.i) (102)
B = Ti + Teylinder (Di, —¢3,i — b i, 0) (103)
ZBi = Zbi + Zeylinder (Di, =3, — %b i, 0) (104)

Case 4 occurs for the considered column part, if Equation 105 is true.

D:
g3, — |tan(9|71 > —24
D. (105)
&& qs,i + |tan 9|?1 < —2bi

Case 5 If only one upper edge of the considered column is submerged, the corresponding
displaced water volume can be determined by subtracting the emerged cylindrical hoof from the
total column volume. Following this procedure, Vz; can be computed by means of Equation
106, based on Equations 85 and 86.

D.
VB,i = Veytinder (D1, hi) — Veylhoot <Di7 | tan 9|71 + g3 + 2, 9> (106)

The corresponding volume center can be determined by means of Equations 107 and 108, based
on Equations 87, 88, 91, 92, and Equation 8 for composed volumes, given in Paragraph 3.2.2.2.

sgn(6 D;
TBi = X + %/B(.) {Zeylhoot Veylhoo } (Di, | tan 9!7 + g3, + 24, 9) (107)
1 (¢}
ZB,i = %t,i — Vi Zcylinder (Dia hi, 0 ) Vl)ylinder (Dia h‘l)
B,i
’ D (108)
+ {ZeyLhoof Veylhoof } (Db | tan 9!71 + a3, + 2, 9)]
Case 5 occurs for the considered column part, if Equation 109 is true.
Dy
g3, — |tan9|? < —z
D;
&& q3i+ |tane|7 < —2pj (109)

D;
&& g3 + |tan 6\7 > —2

Case 6 If everything of the considered column is submerged, the corresponding displaced water
volume can be computed by means of Equation 110, based on Equation 86, and the position of
the volume center by means of Equations 111 and 112, based on Equations 87 and 88.

VB,i = Veylinder (Dia hl) (110)
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TBi = T (111)

ZBi = 2bji t Zeylinder (Di, hi, 0°) (112)

Case 6 occurs for the considered column part, if Equation 113 is true.

D;
g1+ \tanﬁ\y < =zt (113)

The cross braces and pontoons have a very small diameter, and displace quite less water com-
pared to the voluminous columns. But still, they are included in the buoyancy calculation,
however, not that detailed case distinction is implemented as for the columns. Thus, it is as-
sumed that the upper D and Y pontoons are never submerged, but the lower D and Y pontoons
are always with their full length [ submerged. For the latter one, the corresponding displaced
water volume could then be computed by means of Equation 114, based on Equation 86.

WB,i = Veytinder (Dis 1) (114)

)

The corresponding center of the displaced water volume is independent of the platform motion,
and could thus directly be determined based on the geometrical arrangement of the pontoons,
presented in Figure 2.1(b) in Section 2.1. The z- and z-coordinates for the lower D and Y
pontoons are expressed in Equations 115 and 116, using docs as the spacing between the offset
column centers.

. docs
i=DL1 || DL2: IR = —
|| B, 4\/3
. docs
i=DL3: TR =
%\/5 l (115)
i=YLL| YL3: xBJ:%J”
D l;
i=YL2: .%'BJ:—%—F
2B = Zi (116)

The water volume, displaced by the cross braces, is determined depending on the heave motion
g3 at the platform centerline and the platform pitch motion 0, as expressed in Equation 117,
based on Equation 86.

—Zbji > D li

T—— (g3 — Tiswr, tand 117
2ti — Zb,i 4 zti— 2bi ( ' ) (117)

VB,i = Vylinder <Di,

x; swi, is the z-coordinate of the intersection point between cross brace and still water line, and
computed for the three cross braces by means of Equation 118.

Dyic Zb i <dOCs Dyc + DMC)

1
4 22— 20 \ V3 2

2 (dOCs Dyc + DMC> Dyic
TiSWL = - —
Zti — Zb,i 3 2 2

i=CBl1 H CB3: Ti,SWL =
(118)

i=CB2:
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The position of the volume center can be computed by means of Equations 119 and 120.

1 TiswL tan6 — g3
TBi = 5 |TiSWL + Tive + : (zi,swr — Ti,MmC) (119)
—Zpi T €
1
Bi = 5 (xiswr, tan6 — g3 + 21 4) (120)

xiMc is the z-coordinate of the intersection point between cross brace and main column, and
computed for the three cross braces by means of Equation 121.

D
i=CBI1 || CB3: xi,MC:%C
5 (121)
i=CB2: TiMC = 771;40

The variable €, used in Equation 119, is needed to avoid a division by zero for the fourth column
set, as there the cross brace parameters are set equal to zero. Thus, this € amounts zero for the
column sets one to three (the offset columns), but 1 m for the fourth column set.

As now, displaced water volume and corresponding volume center are determined for all platform
components, the final buoyancy force can be implemented in the “SemiSubLoadElement” by
means of adding a force vector with zeros in the x- and y-components, and the z-component,
the actual buoyancy force Fg, following Equation 122.

Iy = Pwater g Z VB,i (122)
i

The point, in which this force acts, is defined by the z- and z-coordinates, given in Equations 123
and 124, respectively, based on Equation 8 for composed volumes, given in Paragraph 3.2.2.2.

Z«TB,iVB,i
= 123
B > Vi (123)
>_2B,iVB,i
ZB = (124)

Z VB

If the buoyancy force is zero, the point of attack is set equal to the center of the considered
column at SWL. This case, that nothing of the platform is submerged, is not realistic, however,
has to be included for correct implementation in Modelica.
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A.2 Parameters for Controller Gain Calculation

The blade-pitch sensitivity at rated %—]g 0 B well as the rotor-collective blade-pitch angle
Ok, at which the pitch sensitivity has doubled from its rated value, have to be determined for
the controller gain calculation. Applying BEM theory [24], first, the required pitch angles for
maintaining constant power are computed for wind speeds equal to or above rated. Based on
those results, the variation in the power is determined by changing the pitch angle but keeping
the induced velocities constant, following the procedure in [31]. Finally, the calculated blade-
pitch sensitivities for different wind speeds are plotted with respect to the wind speed. From
the best-fit line through those points, the two parameters, %—ﬂ 0o and 0k, can be identified.

In the following, the implementation of those steps in MATLAB is explained in more detail.

As the airfoil is an essential input for aerodynamic calculations, the blade twist angle &, chord
length ¢, as well as the airfoil type at different radial positions r/Ryotor along the blade have to
be read into MATLAB, as presented in Source Code A.1. For each airfoil type the lift and drag
coefficients Cf, and Cp for different angles of attack AOA have to be provided.

1 clear all

2 close all
3 clc

5 %% airfoil data
6 airfoildata=xlsread(’AirfoilData’, Data’);

7 rR=airfoildata (:,2); % radial position [—]

8 twist=airfoildata (:,3); % twist [°]

9 c=airfoildata (:,4); % chord [m]

10 airfoil=airfoildata (1l:end,5); % airfoil type
11 % airfoils

12 airfoill=xlsread (’AirfoilData’,’17);
13 airfoil2=xlsread (’AirfoilData’,’27);
14 airfoil3=xlsread(’AirfoilData’,’37);

Source Code A.1: Reading in of airfoil data

Air density pair, rotor diameter Diotor, number of blades B, cut in, rated and cut out wind speeds,
rated tip speed Viip rated, rated power Prated, and generator efficiency 7, are also needed as input.
With those parameters, the solidity ¥, given in Equation 125, rotor radius Riotor = %Drotor,
and maximum angular velocity wpax = "Utip,ratedRr_o%or can be computed. The implementation in
MATLAB is presented in Source Code A.2, using the values for the NREL 5 MW.

c(r)B

Y (r) oy (125)
1 %% other parameters
2 rtho=1.225; % air density [kg/m”"3]
3 D=126; % diameter [m]
4 R=D/2; % radius [m]
5 B=3; % number of blades [—]
6 Vin=3; % cut in wind speed [m/s]
7 Vrated=11.4; % rated wind speed [m/s]
g8 Vout=25; % cut out wind speed [m/s]
9 VtipRated=80; % rated tip speed [m/s]

10 omegamax=VtipRated /R; % maximal angular velocity [rad/s]

11 Prated=5%10"6; % rated power [W]

12 efficiency =0.944; % generator efficiency

13 sigma=c.*B./(2.xpi.*xtR.xR); % solidity [—]

14 lambdaRated=VtipRated/Vrated; % tip speed ratio at rated [1/s]
15 VO=[11.4 12:25]; % velocity vector [m/s]

Source Code A.2: Input parameters for the BEM calculation, values for the NREL 5 MW
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Based on BEM theory and [24], the blade-pitch angle at different wind speeds is determined
iteratively by changing the pitch angle successively until the deviation from the rated mechanical
power is less than a tolerated difference of maximum 1 kW. The power for wind velocities equal
to or above rated wind speed, thus at maximum angular velocity, is determined by integration
along the blade axis, as presented in Equation 126, based on [25].

1 1 —
P = PaerWmaerotoon/ a) Cic d< " > (126)

T2
2 Rrotor sin X rotor

The tangential load factor C} can be determined from the lift and drag coefficients of the
considered blade segment, and under the actual flow conditions, as given in Equation 127.

Cy = G < ! > — O, (AOA) sinx — Cp (AOA) cos x (127)

Rrotor

Angle of attack AOA, flow angle x, blade twist £, and rotor-collective blade-pitch angle 6 are
related to each other at each radial position of the blade, as presented in Equation 128.

AOA =y — (0 +¢) (128)

The flow angle x can be expressed in terms of the axial and tangential induction factors a and
a’, respectively, as given in Equation 129.
(1 —a)vg

129
(14 @) wmaxr (129)

tany =

The axial and tangential induction factors have to be computed iteratively for each blade seg-
ment, following the procedure given in [24]:

1. The initial values for the induction factors are set equal to zero.
2. The corresponding flow angle is computed, based on Equation 129.
3. The angle of attack at the radial position is determined, based on Equation 128.

4. The lift and drag coefficients are read from the airfoil data at the determined angle of
attack.

5. The tangential and normal load factors C and C, are to be calculated based on Equations
127 and 130, respectively.

C,=0C, <Rr> = CL (AOA) cosx + Cp (AOA) sinx (130)
rotor

6. The new axial and tangential induction factors ai;1 and af,; have to be computed by
means of Equations 131 and 132, based on the thrust coefficient C'p, given in Equation
133, and including Glauert correction I' and Prandtl’s tip loss correction factor II, given in
Equations 134 and 135, respectively, based on the previous axial induction factor a;. [25]

Cr

1= 01— 4 0.90; 131

G =0T Ty T (131)
, 1

Gt = Tisimoony ] (132)
CX
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1—a;)’ Cp¥
O = L= ¥ (133)
sin” y
1 for a; < %
r=1{, =3 (134)
1 (5 — 3(11) for a; > 3
2 BR -
M= =cos! [exp (—W>] (135)
s 2 rsiny

7. If the difference between the new and previous induction factors is larger than an acceptable
discrepancy of 0.001, steps 2 to 7 have to be iterated.

This algorithm is executed for one wind speed at each radial position. Then the total power can
be computed based on Equation 126. If this differs more than 1 kW from the rated mechanical
power (rated power divided by generator efficiency), the blade pitch angle is adjusted, and the
iteration procedure for the induction factors is performed anew. This is done for all concrete
wind speeds, considered in the range from rated to cut out wind velocity, and thus the pitch
angles for maintaining constant power at rated or above rated wind speed are determined. The
implementation of this iterative computation in MATLAB is presented in Source Code A.3.

1 %% get optimum pitch angles for rated power

2 flowRadMatrix=zeros (length (V0) ,length (rR)); % flow angle [rad]

3 flowMatrix=zeros (length (V0),length(rR)); % flow angle [°]

4 CtMatrix=zeros (length (V0),length(rR)); % tangential load coefficient

5 aMatrix=zeros (length (V0) ,length (rR)); % axial induction factor

6 atMatrix=zeros(length(V0),length(rR)); % tangential induction factor

7 P=zeros(size (V0)); % power [W]

8 thetaMatrix=zeros(size (V0)); % pitch angle [°]

9 theta=0; % start with zero pitch

10 greater=0;

11 smaller=0;

12 greater2=0;

13 smaller2=0;

14 for V0i=1l:length (V0)

15 while (abs(P(V0i)—Prated/efficiency)>1%10"3) && (“(greater2==1 && smaller?2
==1))

16 for rRi=1:length (rR)

17 foil=eval ([ 7airfoil’ num2str(airfoil (rRi,:))]);

18 AOAdat=foil (:,1);

19 Cldat=foil (:,2);

20 Cddat=foil (:,3);

21 a=0;

22 aold=1;

23 at=0;

24 while abs(a—aold)>10"(-3)

25 flowRad=real (atan((1—a)*V0(VO0i)/((1+at)*Rxomegamax*rR(rRi))));

% flow angle [rad]

26 flowRadMatrix (VO0i, rRi)=flowRad;

27 flow=real (flowRad*360/(2xpi)); % flow angle [°]

28 flowMatrix (VO0i, rRi)=flow;

29 AOA=real (flow —(thetat+twist (rRi))); % angle of attack [7]

30 % determine coefficients

31 Cl=interpl (AOAdat, Cldat ,AOA); % lift coefficient

32 Cd=interpl (AOAdat, Cddat ,AOA); % drag coefficient

33 Cn=real (Clxcos (flowRad )+Cdxsin (flowRad)); % normal load

coefficient
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34

35
36

37
38

39
40
41
42
43
44
45
46
47
48
49
50
51
52

53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86

end

end

Ct=real (Cl*sin (flowRad )—Cdxcos (flowRad)); % tangential load
coefficient

CtMatrix (VO0i, rRi)=Ct;

CI=real ((1—a) "2+Cnxsigma(rRi) /((sin (flowRad))"2)); % thrust
coefficient

% computing next axial induction factor

F=real (2/pixacos (exp(—B/2*(1-rR(rRi))/(rR(rRi)=*sin (flowRad)))))
; % Prandtl’s tip loss correction factor

if a<=1/3
f=1;

else
f=1/4%(5—3x%a);

end

aold=a;

a=real (0.1xCT/(4xFx(1—fx*a))+0.9%a);

at=real (1/(4xFxsin (flowRad)x*cos (flowRad) /(sigma (rRi)*Ct)—1));

aMatrix (VO0i,rRi)=a;
atMatrix (VO0i, rRi)=at;

% Power P
int=rR.*(1—(aMatrix(V0i,:)).’)."2./(sin ((flowRadMatrix(V0i,:))."))

2.

#*(CtMatrix (V0i,:) ). .%c;

P(V0i)=B.xomegamax.x trapz (rR,int).x1./2.xrho.*R."2.%xV0(V0i)."2;
if abs(P(VO0i)—Prated/efficiency )<1x10"3

thetaMatrix (V0i)=theta;

elseif P(VO0i)>Prated/efficiency

greater=1;

if smaller==0

else

end
end

else

end

theta=theta+0.1;

theta=theta+0.01;
greater2=1;

smaller=1;
if greater==0

else

end

theta=theta —0.1;

theta=theta —0.01;
smaller2=1;

thetaMatrix (VO0i)=theta;
greater =0;
smaller=0;

greater2=0;
smaller2=0;

end
% save data

for

constant power

aOpt=aMatrix; % axial induction factor
atOpt=atMatrix; % tangential induction factor
POpt=P; % mechanical power [W]
flowOpt=flowMatrix; % flow angle [°]
flowRadOpt=flowRadMatrix; % flow angle [rad]
thetaOpt=thetaMatrix; % pitch angle [°]

Source Code A.3: Determination of the blade-pitch angles at wind speeds above rated

With the determined blade-pitch angles at different wind speeds for constant rated power, the
sensitivity of the power to a variation in the blade-pitch angle is computed, following the same
equations as already introduced above. However, neither an iteration for obtaining the rated
power, nor an iteration for calculating the induction factors is performed, as the linearization
analysis is executed assuming constant induced velocities, as done in [31]. This means that
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both axial and tangential induction factors, as well as the flow angle are directly taken from the
results obtained by running Source Code A.3. By varying the blade-pitch angle by +0.1° from
the determined value, the corresponding power is computed. Linearization at each considered
wind speed and the corresponding optimum blade-pitch angle, yields the variation in power
with respect to the variation in the blade-pitch angle. From the best-fit line through those
obtained blade-pitch sensitivities at the different optimum blade-pitch angles, the blade-pitch
sensitivity at rated, as well as the blade-pitch angle, at which the sensitivity has doubled from
its value at rated, can directly be identified, as they follow Equation 43 in Subsection 3.6.2. In
addition, also the blade-pitch sensitivity at zero pitch, as well as the corresponding pitch angle
for doubled sensitivity, are computed from the best-fit line, as the determined rated pitch angle
may differ from the original value of the wind turbine, which is zero in case of the NREL 5 MW.

Those final calculations are implemented in MATLAB by means of Source Code A .4.

1 %% compute sensitivity of aerodynamic power to blade pitch

2 thetaAdd=[-0.1 0 0.1].7;

3 thetaLin=zeros(length (thetaAdd),length (thetaOpt));

4 PLin=zeros (length (thetaAdd) ,length (POpt));

5 linearization=zeros(2,length(V0));

6 for VO0i=1l:length (V0)

7 thetaLin (:, V0i)=thetaOpt (V0i)+thetaAdd;

8 for thetai=1:length (thetaAdd)

9 theta=thetaLin (thetai,VO0i);

10 for rRi=1l:length (rR)

11 foil=eval ([ "airfoil ’ num2str(airfoil (rRi,:))]);

12 AOAdat=foil (:,1);

13 Cldat=foil (:,2);

14 Cddat=foil (:,3);

15 a=aOpt (V0i,rRi); % same induced velocities

16 at=atOpt (VO0i,rRi); % same induced velocities

17 flowRad=flowRadOpt (VO0i,rRi); % flow angle [rad]

18 flow=flowOpt (V0i,rRi); % flow angle [°] % same induced velocities

19 AOA=real (flow —(theta+twist (rRi))); % angle of attack [°7]

20 % determine coefficients

21 Cl=interpl (AOAdat, Cldat ,AOA); % lift coefficient

22 Cd=interpl (AOAdat, Cddat ,AOA); % drag coefficient

23 Cn=real (Clxcos (flowRad)+Cdxsin (flowRad)); % normal load coefficient

24 Ct=real (Cl*sin (flowRad )—Cdx*cos (flowRad)); % tangential load

coefficient
25 CtMatrix (VO0i, rRi)=Ct;
26 CI=real ((1—a) "2+Cnxsigma(rRi) /((sin (flowRad))"2)); % thrust
coefficient

27 end

28 % Power P

29 int=rR.*(1—(aMatrix(V0i,:)).’)."2./(sin ((flowRadMatrix(V0i,:)).”))
."20x (CtMatrix (VO0i,:) ). ".xc;

30 PLin(thetai , V0i)=B.xomegamax.*trapz (rR,int).*1./2.xrho.*R."2.xV0O(VO0i)
.25

31 end

32 linearization (:,V0i)=(polyfit (thetaLin (:,V0i)*pi/180,PLin(:,V0i),1)).";

33 end

34 dPdtheta=linearization (1,:);

35 dPdthetaFit=polyfit (thetaOpt ,dPdtheta,1); % best—fit line

36 % parameters for controller gain calculation

37 dPdtheta0=dPdthetaFit (2); % pitch sensitivity at zero pitch [W/rad]

38 thetaKO0=dPdthetaFit (2)/dPdthetaFit (1); % pitch angle for doubled pitch
sensitivity [rad], using pitch sensitivity at zero pitch

39 dPdthetaRated=dPdthetaFit (1)*thetaOpt (1)+dPdthetaFit(2); % pitch sensitivity at
rated pitch [W/rad]

40 thetaKrated=(2xdPdthetaRated—dPdthetaFit (2))/dPdthetaFit(1); % pitch angle for
doubled pitch sensitivity [rad], using pitch sensitivity at rated pitch

Source Code A.4: Linearization analysis of the power for slightly varied blade-pitch angles
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—
A.3 The OneWind® Modelica Library % Fraunhofer
IWES
The OneWind®Modelica Library for aero-hydro-servo-elastic Wind Turbine

Simulation
Abstract

The OneWind® Modelica Library includes all major components needed for load calculations of current
onshore and offshore wind turbines and is available for free for academic use. Models for environmental
conditions and their respective influences on the structure are included (Table 1). The library constitutes a
large effort in creation of a highly coupled multiphysics model with the modelling language Modelica. The
source code of the library is available and can be adopted for
application-specific components. This makes it possible to
exchange / modify existing functionalities and further to
expand the code by user-specific functionalities. The aim of
this library is the ability to use it for certification load case
calculation by IEC 61400-1 and 61400-3 and GL Guideline
for the Certification of Wind Turbines. Results obtained with [ wind |
this library are continuously compared to results from the
several projects in the IEA Offshore Code Comparison [t
Collaboration [3] and continually verified with FAST [5] and

Bladed [6]. \/ N

operatingControl

drivetrain

generator

Wind turbine system simulation “-“‘?M 0O Main components
Sub components
The OneWind® Modelica Library is able to perform aero- “Iln:erac:_iom
«» |Interaction in
hydro-servo-elastic simulations of wind turbine systems, i.e. it Soil some cases

comprises wind-inflow, aerodynamics (aero), waves and

currents, hydrodynamics (hydro), control system (servo) and Figure 1: Major components of an offshore
structural dynamic (elastic) models in a time domain coupled \ind turbine in the OneWind® Modelica
simulation environment. The models are grouped according Library

to wind turbine components as seen in Figure 1 for an

offshore wind turbine. This figure shows the model instances and corresponding interaction for the main
wind turbine components: the rotor (with subcomponents of blade and hub), the tower, the substructure,
the nacelle (with the subcomponents of drivetrain and generator), operating control, wind, waves, ice and
soil. To simulate at different levels of detail, several models for almost every wind turbine component are
available.

Components of the Library

The particular components can be implemented independently due to the multibody system based
structure of the OneWind® Modelica Library. In Table 1 a brief overview of the components of the
OneWind® Modelica Library is given. Further information on the models can be found in [1] and [2].

Wind models

Deterministic and stochastic wind models are available. Deterministic wind uses several gust models. The
stochastic wind data is read from binary or ASClII file in TurbSim [7] format.

Aerodynamic models

The aerodynamic load calculation uses either the blade element momentum (BEM) theory or the general
dynamic wake method (GDW). The BEM theory is implemented as an iterative algorithm while the GDW is
a set of differential equations. For the BEM, corrections for the dynamic wake and the dynamic stall can
be used. Dynamic stall correction is also available for GDW.
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Control system

~ Fraunhofer

IWES

The operating control system is implemented based on [4] and consists of a Pl-pitch algorithm to control
the power production above rated rotor rotation speed and a generator-torque controller which requests
the counter torque from the electrical generator due to rotor torque. Several speed filters are available.

Table 1: Overview on the environmental and structural models of the OneWind® Modelica Library

Environment Wind . Exponential Wind Shear
. Constant wind
. Deterministic Wind
. Turbulent Wind (Kaimal)
° Gust models
Waves . Linear waves (Airy theory)
. Linear irregular waves based on Pierson-Moskowitz and
JONSWAP spectrum
o Stretching Methods (Wheeler- and Delta stretching)
Ice . Floating ice loads
Soil . Linear spring-damper
. p-y-approach*
Aerodynamics . Blade element momentum theory (BEM), dynamic stall Beddoes
and Oye
. General dynamic wake (GDW), dynamic stall Beddoes and Oye
. Eddy viscosity wake
Hydrodynamics . Morison’s equation
Structural Models Rotor Blade . rigid model
. finite element model based on Euler-Bernoulli beam theory
° modal reduced model as presented in [2]
Hub and Nacelle . Rigid Nacelle
o rigid drivetrain
o fixed speed generator model
. Flexible nacelle
o flexible drivetrain (torsional DOF)
o variable speed generator model
Tower . rigid model
. finite element model based on Euler-Bernoulli beam theory
. modal reduced model as presented in [2]
Substructure . Monopile
o rigid model
o finite element model based on Euler-Bernoulli beam theory
o modal reduced model as presented in [2]
. Jacket*
. Tripod*
. Spar Boye*
° Semisubmersible*
Operating control . Discrete and continuous (NREL 5-MW [4])
o including of dynamic link library (dll) possible
o Pitch and torque control
o Yaw control
*under development
[1] M. Strobel, F. Vorpahl, C. Hillmann, X. Gu, A. Zuga und U. Wihlfahrt, The OnWind Modelica Library for Offshore Wind
Turbines - Implementation and first results, Bremerhaven.
[2] P. Thomas, X. Gu, R. Samlaus, C. Hillmann und U. Wihlfahrt, The OneWind Modelica Library for Wind Turbine Simulation
with flexible Structure - Modal Reduction Method in Modelica, Bremerhaven, 2014.
[3] https://www.ieawind.org/task WebSites.html
[4] J. Jonkman, S. Butterfield, W. Musial und G. Scott, , Definition of a 5-MW Reference Wind Turbine for Offshore System
Development”, Februbary 2009.
[5] J. M. Jonkman und M. L. Buhl, ,FAST User's Guide,” National Renewable Energy Laboratory, Colorado, 2005.
[6] Garrad Hassan & Partners Ltd., , Bladed User Manual,” Garrad Hassan & Partners Ltd., Bristol, 2010.
[7] B. J. Jonkman und L. Kilcher, , TurbSim User's Guide: Version 1.06.00,” National Renewable Energy Laboratory, Colorado,

2012.
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A.4 Initial Bottom Contact Lengths of the Mooring Lines

The initial bottom contact lengths of the mooring lines is needed as input for calculations in
Modelica. The horizontal projection of the total length li nor and the height of the fairleads
above the seabed h, defined in Section 3.5, have to be determined for each mooring line, based
on the geometrical arrangement and the initial displacement, prescribed in the free decay tests.

For the undisplaced case, liot,hor and h are the same for all mooring lines, and already known.
Those parameters are given as input for the calculation in MATLAB, together with all free
decay starting conditions, further geometrical dimensions (base column diameter Dpc, spacing
between the offset column centers docs, vertical position of fairleads below SWL Azpoor), and
mooring line parameters (total length o, mooring line weight per length in water fimoor,water 95
extensional stiffness EF'A). This input is implemented in Source Code A.5, using the values of
the original OC4 semi-submersible floater as example.

1 clear all

2 close all
3 clc

5 %% input parameters

6 surge = 22; % surge displacement [m] for free decay in surge

7 sway = 22; % sway displacement [m] for free decay in sway

8 heave = 6; % heave displacement [m] for free decay in heave

9 roll = 8xpi/180; % roll displacement [rad]| for free decay in roll

10 pitch = 8xpi/180; % pitch displacement [rad] for free decay in pitch
11 yaw = 8%pi/180; % yaw displacement [rad] for free decay in yaw

13 dOCs = 50; % distance of centers of offset columns to each other [m]
14 DiameterBC = 24; % diameter of base columns [m]

15 fairleadZ = 14; % vertical position of fairleads below SWL [m]

16 L0=835.5; % total length of one mooring line [m]

17 w=108.63%9.81; % mooring line weight in water per length [N/m]

18 EA=753.6%x10"6; % mooring line extensional stiffness [N]

19 10=796.732; % mooring line: total horizontal projected length without any
displacement [m]

20 h0=182.8536; % mooring line: height / vertical projected length without any
displacement [m]

Source Code A.5: Input parameters for the initial bottom contact length calculation, values for the

original OC4 floater

For the surge and sway free decay tests, liot hor can be determined by adding the surge or sway
displacement and using a triangular calculation for determining the length in mooring line di-
rection. However, lio hor Temains unchanged for the free decay test in heave. h is constant in
the surge, sway, and yaw free decay tests. For the free decay test in heave, however, the initial
heave displacement has to be added to the original height.

The determination of /i hor and A for initial rotational displacement is more complex. Therefore,
further parameters, like the absolute values of the x- and y-coordinates of the three fairleads, as
well as the distance between undisplaced and displaced fairlead position, are determined based
on the input parameters. The calculation is explained exemplarily for the roll motion. The
corresponding geometrical arrangement is presented in Figure A.3 for the fairlead at column 3.

The absolute value of the y-coordinate of the fairleads at columns 1 and 3 can be determined

based on Equation 136. The fairlead at column 2, however, is directly located on the z-axis,
and thus has zero as y-coordinate.

1
Ay = 5 [docs + Dpc cos (30°)] (136)
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Figure A.3: Geometrical arrangement for the roll motion of the fairlead at column 3

The angle 3y, in the yz-plane, as indicated in Figure A.3, is defined in Equation 137. The
distance [, between the fairlead position after roll displacement and the original fairlead position
can be computed by means of Equation 138, based on the sine theorem for triangles.

A
tan By, = I; (137)
lp = — 2\ (Ay)” + (A2)? (138)
sin ("5%)

This length, finally, has to be projected vertically, as well as in the xy-plane in the new moor-
ing line direction, including the initial displacement. This follows just geometrical and angular
calculations, and thus is not explicitly presented here.

The calculation for the other rotational initial displacements is similar as for roll. The entire
computation of liot hor and h, is implemented in MATLAB by means of Source Code A.6.

1 %% calculated parameters for geometry and motion

2 fairleadY13 = dOCs/2+DiameterBC/2xcos (30xpi/180); % y—position (positive) of
fairleads at columns 1 and 3

3 fairleadZY13Angle = atan(fairleadZ /fairleadY13); % projected angle between (
origin to fairlead) and y—axis in y—z—plane for columns 1 and 3

4 Roll13 = sin(roll)/sin ((pi—roll)/2)xsqrt(fairleadY13"24+fairleadZ "2); % roll
motion: moved length of fairlead position at columns 1 and 3

5 fairleadX2 = dOCs/sqrt (3)+DiameterBC/2; % x—position (positive) of fairlead at
column 2

6 fairleadZX2Angle = atan(fairleadZ /fairleadX2); % projected angle between (
origin to fairlead) and x—axis in x—z—plane for column 2

7 Pitch2 = sin(pitch)/sin ((pi—pitch)/2)*sqrt(fairleadX2"24+fairleadZ "2); % pitch
motion: moved length of fairlead position at column 2

s fairleadX13 = dOCs/sqrt (3)/2 + DiameterBC/2xcos(60*pi/180); % x—position (
positive) of fairleads at columns 1 and 3

9 fairleadZX13Angle = atan(fairleadZ /fairleadX13); % projected angle between (
origin to fairlead) and x—axis in x—z—plane for columns 1 and 3

10 Pitch13 = sin(pitch)/sin ((pi—pitch)/2)xsqrt(fairleadX13"2+fairleadZ "2); % pitch
motion: moved length of fairlead position at columns 1 and 3

12 %% matrices with:

13 % 3 columns for mooring lines 1, 2, 3
14 % 7 rows for cases:

15 % 1: no displacement

16 %  2: surge (22m)
17 % 3: sway (22m)
18 %  4: heave (6m)
19 % 5: roll (8°)
20 %  6: pitch (8°)
21 % 7: yaw (8°)
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22
23

25
26
27
28
29
30
31
32
33
34
35

36

37
38

39

40

42
43
44
45
46
47
48
49
50
51

l=zeros (7,3); % total horizontal length (projected)
h=zeros (7,3); % height

% total horizontal length (projected)

1(1,:)=10;

1(2,2)=1(1,1)+surge;

1(2,1)_bqrt(l( 1) "2+surge”2—2x1(1,1)*surgexcos (60xpi/180));
1(2,3)—sqrt(l(1,1) 2+surge”"2—2x1(1,1)*surge*cos (60+pi/180));
1(3,2)=sqrt(1(1,1)" " 24sway"2);

1(3,1)=sqrt(1(1,1) " 2+sway 2—2%1(1,1)*sway*cos(30%pi/180));

1(3,3)=sqrt(1(1,1) " 2+sway 2—2x1(1,1)*sway*cos(150+pi/180));

1(4,)=1(1,1);

1(5,2)= sqrt(l(l, ) "2+ (fairleadZxsin(roll))"2);
1(5,1)=sqrt(1(1,1)"24(Roll13*cos(pi—fairleadZY13Angle —(pi—roll)/2))"2—2x1(1,1)

x(Roll13x*cos (pi—fairleadZY13Angle —(pi—roll)/2))*cos(30+pi/180));
1(5,3)=sqrt(1(1,1)"24+(Rolll3*cos ((pi—roll)/2—fairleadZY13Angle)) "2—2x1(1,1) *(
Roll13*cos ((pi—roll)/2—fairleadZY13Angle))*cos(150%pi/180));
1(6,2)=1(1,1)—Pitch2xcos(pi—fairleadZX2Angle —(pi—pitch)/2);
1(6,1)=sqrt(1(1,1)"24(Pitchl3*cos ((pi—pitch)/2—fairleadZX13Angle))"2—2x1(1,1) *(
Pitchl3*cos ((pi—pitch)/2—fairleadZX13Angle))*cos(120%pi/180));
1(6,3)=sqrt(1(1,1)"24(Pitchl3x*cos ((pi—pitch)/2—fairleadZX13Angle)) 2—2x1(1,1) *(
Pitch13*cos ((pi—pitch)/2—fairleadZX13Angle))xcos(120xpi/180));
1(7,:)=sqrt(1(1,1)"24+(sin (yaw)/sin ((pi—yaw) /2)*fairleadX2)"2—2%1(1,1) *(sin (yaw)
/sin ((pi—yaw) /2)xfairleadX2)xcos (pi—(pi—yaw)/2));

% heidht
—ho;

+heave;
+(falrleadZffairleadZ*cos (roll));
+(Roll13#sin ((pi—roll)/2—fairleadZY13Angle)
+

)
)
)

(1, 1)+
(1,1)
(1,1)
(1,1)
(1,1)
(1,1)
(1,1)-

)

(Rolll13xsin ((pi—roll)/2—fairleadZY13Angle));

, Pitch2x*sin (pi—fairleadZX2Angle —(pi—pitch) /2
e

e

—(Pitch13xsin ((pi—pitch)/2—fairleadZX13Angl
(Pitchl?)*sin ((pi—pitch)/2—fairleadZX13Angl

5’
, )5
b ))7

(1,1);

Source Code A.6: Determination of liot hor and h for each mooring line at initial displacement

1)
4)h
h(5,2)=h
h(5,1)=h
h(5,3)=h
h(6,2)=h
61)h
3)h
,:)=h

Finally, Equations 32 and 34, given in Subsection 3.5.2, are solved iteratively with respect to
the effective mooring line length l.g and the horizontal tension at the touch down point 7.
This calculation is performed for all mooring lines and each initial displacement, based on the
determined values for liot hor and h. The MATLAB code is presented in Source Code A.7.

N o s W

10
11
12
13

%% effective mooring line length Leff [m] and horizontal tension TH [N]
% x=[Leff; TH]
Leff=zeros (7,3);
TH=zeros (7,3) ;
for i=1:3
for j=1:7
F=a@(x) [1(j,i)-Lo+x(1)—x(2) /wkxasinh (wxx(1)/x(2))—x(2)*x(1)/EA; wx(x
(1)) "2/ (24BA)—h(j , 1 J4x(2) fws (sart (1+(wex (1) /x(2)) *2) =1)
x0=[500; 8000];
x=fsolve (F,x0);
Leff(j,i)=x(1)
TH(j , i)=x(2) ;
end
end

Source Code A.7: Iterative computation of log and mer

The initial bottom contact lengths l,est of the three mooring lines at an initial displacement can
then be determined by subtracting the computed effective length l.g from the total mooring line
length liot, following Equation 29 in Subsection 3.5.2. If, however, the result for the effective
mooring line length is larger than the total length, the initial bottom contact length is set equal
to zero. In this case, the mooring line is under tension in the initial displaced position.
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A.5 Mooring Line Length for the Upscaled System

In the upscaling procedure, the mooring system is designed in such a way, that fairlead and
anchor positions are scaled with the main scaling factor, the water depth remains unchanged,
and the total mooring line length is set, such that the mooring stiffness in surge of the original
semi-submersible floater design is maintained.

As the original mooring stiffness is predefined, first, the horizontal tension at the touch down
point 7, of the upscaled system can be computed based on Equation 40, presented in Subsec-
tion 3.5.3, using the new height of the fairleads above the seabed h of the upscaled platform.
With the determined value for ., Equation 34, given in Subsection 3.5.2, can be solved iter-
atively with respect to the effective mooring line length l.g, using the original effective length
scaled up with the main scaling factor k as starting value for the iteration. Finally, the total
mooring line length liot of the upscaled floater, which is needed to maintain constant mooring
stiffness in surge, can be computed by means of Equation 32 in Subsection 3.5.2.

As this computation includes iterative calculations, and also has to be performed for each
upscaled design anew, the entire computation procedure is implemented and carried out in
MATLAB, based on Source Code A.8, using the values of the upscaled floater for Fraunhofer’s
IWT-7.5-164 as example.

1 clear all
2 close all

3 clc

5 %% input parameters

6 w=108.63%9.81; % mooring line weight in water per length [N/m]
7 BEA=753.6%10"6; % extensional stiffness [N]

9 % original OC4 floater

10 hOrig=186; % vertical position of fairleads below SWL [m]

11 LtotOrig=835.5; % total mooring line length [m]

12 LtotHorOrig=796.732; % horizontal projection of total mooring line length [m]

14 % upscaled floater

15 k=1.172441063; % main scaling factor

16 1TotHor=934.122; % horizontal projection of total mooring line length [m]
17 h=183.5858; % vertical position of fairleads below SWL [m]

19 %% mooring stiffness of original OC4 floater used for upscaled floater

20 % xOrig=[LeffOrig; ThorOrig]

21 F1 = @Q(x) [LtotHorOrig—LtotOrig+x(1)—x(2)/wxasinh (w+x(1)/x(2))—x(2)*x(1)/EA; w
*(x(1))"2/(2«EA)—hOrig+x (2) /wx(sqrt (14+(wxx (1) /x(2)) "2)-1)];

22 x0=[500; 8000];

23 xOrig=fsolve (F1,x0);

24 Cmoor=3/2xwx(—2/sqrt (14+2+xx0rig(2) /(wxhOrig) )+acosh(1+w*hOrig/xOrig(2))) "(-1); %
mooring system stiffness in surge of original OC4 floater [kg/s 2]

26 % horizontal tension Thor [N], determined from constant Cmoor
27 F2 = @Q(Thor) 3/2xwx(—2/sqrt(1+2+«Thor/(wxh) )+acosh(1+wsxh/Thor)) " (—1)—Cmoor;
28 Thor=fsolve (F2,x0rig(2));

30 % effective mooring line length Leff [m)]

31 F3 = @Q(Leff) wxLeff"2/(2%xEA)—h+Thor/wx(sqrt (1+(wxLeff/Thor) "2)—1);
32 LeffO0=xOrig(1)xk; % upscaled effective length [m]

33 Leff=fsolve (F3, Leff0);

35 % total mooring line length 1Tot [m]
36 lTot=lTotHor+Leff—Thor/wxasinh (wxLeff/Thor)—ThorxLeff /EA;

Source Code A.8: Determination of lio of the upscaled system for constant stiffness in surge
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A.6 Adjustment of the Ballast Position

The total ballast mass is indirectly predefined, based on the equilibrium condition between
buoyancy and weight. This required ballast amount is equally distributed among the three
offset columns. The concrete position within upper and base columns, however, has a relevant
impact on the nominal pitch, because the center of gravity of the total system is a parameter
of the stiffness component in pitch, as it can be seen from Equation 20 in Subsection 3.3.3.
Including Equation 50 from Section 4.1, which defines the nominal pitch in terms of overturning
moment and stiffness in pitch, the required system center of gravity zg aimea can be determined
based on Equation 139 for a certain aimed nominal pitch angle g5 ratedaimed- This calculation can
directly be carried out, as center of buoyancy zp, displaced water volume Vg, second moment
of waterplane area about the y-axis Iy, thrust force Fr ;ated, and lever arm, defined in terms of
hub height 2y}, and center of buoyancy zp, do not change when the ballast position is adjusted.

1 FT rated (2hub — 2B
ZG,aimed = 2B — 1 ( — ( - o) T Iy (139)
VB Pwater 9 Q5,rated,aimed[ ]W

Equation 139 is already written in such a way that the aimed nominal pitch could directly be
substituted as angle in degrees.

With the required system center of gravity, Equation 140 can be defined for the equilibrium of
mass and center of mass products for composed masses.

m zg + Am 2G Aballast,UC — AM 26, Aballast,BC = M 2G aimed (140)

Am is the amount of ballast that is moved between upper and base column, which has to be
the same for both column parts, in order to maintain the total system mass m. The inverted
correlation between adding (or removing) ballast in the upper column and removing (or adding)
ballast in the base column, is included in Equation 140, by means of the opposite signs in front
of the A-terms. The moving mass can be defined in two ways, as given in Equations 141 and
142 for the upper column and base column, respectively, using d; for the wall thickness of the
column.

™

Am = 3pballastz (Duc — 2duc)? Ahpallast. UC (141)
™

Am = 3pballastz (Dpc — 2dpc)? Ahpaitast, BC (142)

Based on Equations 141 and 142, the changes in the ballast height in upper and base columns,
Ppallast,uc and hpallast, BC, can be put in relation to each other, as presented in Equation 143.

Dyc — 2dyc

2
Ahpallas 14
Dpc — 2dBC> ballast,UC (143)

Ahpallast,BC = <

The center of gravity of the moved ballast in upper and base columns can be determined by
means of Equations 144 and 145, respectively, using the same sign convention as in Equation
140.

1
2G, Aballast,UC = 2b,UC + Pballast,uc + §Ahballast,UC (144)

1
2@, Aballast,BC = Zb,BC + Aballast,BC — iAhballast,BC (145)

109



Appendix

Substituting Equations 141 and 143 to 145 in Equation 140, yields Equation 146.

m (ZG,aimed - ZG)
3pwater% (Duc — 2dUC)2

= (2b,uC + hballast,uC — 2b,BC — Pballast,BC) Alballast,UC

- <DUC — 2dUC>2
Dgc — 2dpc

(146)

2
Ahballast,UC

1
2

Equation 146 can finally be solved with respect to the variation in the ballast height in the
upper columns, as presented in Equations 147, using the free variable parameters X, Y and
Z, as defined in Equations 148 to 150. The physical reasonable solution for the change in the
ballast height in the upper column, is obtained by addition of the square root in the nominator
of Equation 147, for which reason the negative sign is already parenthesized.

Y HVY?-4XZ

Ahballast,UC = 92X (147)
1 Dyc — 2dyc 2

X==-11 _— 148

2[ +<DBC—2dBC (148)

Y = 2, uc + hballast,UC — 2b,BC — Pballast,BC (149)

4m (zG - ZG,aimed) (150)

B ?)pvvateﬂr (DUC - 2dUC)2

The corresponding variation in the ballast height in the base columns can then be computed by
means of Equation 143.

For the final determination of the adjusted ballast heights, the initial sign convention in Equation
140 has to be used, meaning that the resulting Ahpaiast,uc has to be added to the initial ballast
height in the upper column, whereas Ahpajast,Bc is to be subtracted from the initial ballast
height in the base column.
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A.8 Successfully Submitted Paper

Attending the EERA DeepWind’2016 Deep Sea Offshore Wind R&D Conference in Trondheim
with a poster presentation, I also submitted a full paper, which was accepted and will be pub-
lished in Energy Procedia, expected in August 2016.

The paper is based on the preceding research project, mainly covered by Chapter 5. At the time
of submission, however, I was working with Fraunhofer’s onshore wind turbine design, as the
data for the offshore equivalent was not yet accessible to me. Therefore, the concrete results,
presented in the paper, differ from the findings in Chapter 5.

The successfully submitted paper is attached in the following.
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Rational upscaling of a semi-submersible floating platform
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Abstract

This work examines the procedure of upscaling of a semi-submersible platform in order to support a predefined wind turbine. As a
result of technological progress and design changes, basic scaling based on the turbine rating cannot be used directly. Furthermore,
additional factors that floating structures have to deal with - like coupled dynamic motions, wave interaction, low frequency
response and mooring system - have to be considered and included in the upscaling procedure. It is shown and discussed here,
how to develop a rational upscaling process for a semi-submersible structure, under all these constraints, when the goal is to find a
reasonable design of a platform, which would fit a predefined wind turbine, is producible, and has realistic dynamic behavior.

© 2016 The Authors. Published by Elsevier Ltd.

Peer-review under responsibility of SINTEF Energi AS.

Keywords: Offshore wind energy; semi-submersible floating platform; upscaling; wind turbine

1. Introduction

Offshore wind energy has higher and more consistent wind resource potential, less size and noise limitations, and
less visual impact than onshore wind energy. With floating wind turbines, promising sites at deeper water depths
can be made accessible for the wind industry. Despite these advantages, the use of offshore wind power is still
economically challenging because of higher installation and O&M costs, limited time windows for transport and
installation, more difficult access, higher loads on the structure due to waves and current, and additional challenges
like dynamic interaction between the floating structure and wind turbine or wave excitation frequencies.

One opportunity to reduce the costs is the installation of bigger but fewer wind turbines, which is more feasible
offshore than onshore. Upscaling of smaller existing wind turbines to larger sizes is primarily based on geometric
self-similarity. When aiming for the same optimal performance, similar aerodynamic behavior is needed and obtained
by maintaining the tip speed ratio. The scaling factor is determined by the power rating and expressed in terms of

* Corresponding author. Tel.: +49-179-9843239.
E-mail address: mareike-leimeister @ gmx.de

1876-6102 © 2016 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of SINTEF Energi AS.
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a length ratio. Due to the cubic increase in mass, however, buckling limit and yield strength are likely to limit the
upscaling [1]. As the upscaling procedure does not consider Reynolds effects, wind shear, dynamic loads, and local
or case-specific predefined constraints like noise limits or height requirements, existing wind turbines deviate from
those theoretical scaling proportionalities [1]. By the same token, recent technology developments and new designs
make simple geometrical upscaling insufficient. The support structure carrying the upscaled wind turbine also has
to be adjusted, so that floatation and stability are maintained. Floating platforms are characterized by large coupled
motions, low frequency modes, mooring system, and hydrodynamic interaction. As a consequence, simple upscaling
based on the turbine rating cannot be applied in the case of floating offshore wind turbine systems.

This work examines the criteria that have to be fulfilled during upscaling of a semi-submersible floating system
carrying a predefined wind turbine. Based on those factors, an adjusted upscaling procedure is developed, the resulting
platform design is modelled, its hydrostatic and hydrodynamic parameters are determined, and its behavior is ana-
lyzed. As the main focus lies on the hydrodynamic behavior of the floating system and not on its structural integrity,
structural scaling laws are not considered in this study. Section 2 covers the adjusted upscaling method and the deriva-
tion of system parameters. The results are presented in Section 3, divided into stability analysis, frequency-dependent
behavior, natural periods and motion response. Finally, Section 4 provides recommendations for optimization and
adaption of the upscaling procedure.

Nomenclature

A Added mass matrix (6 X 6) with components Aj [kg, kgm, kgm?]
B Damping matrix (6 X 6) with components Bj; [kg/s, kgm/s, kgm?/s]
bot Bottom end

C Stiffness matrix (6 x 6) with components Cj; [kg/s?, kgm/s?, kgm?/s?]
CoB, CoG Center of buoyancy, gravity

D Diameter [m]

F Excitation force vector (6 x 1) with components Fj [N, Nm]

Jfa Natural frequency [Hz]

g Acceleration due to gravity [m/s?]

1 Area moment of inertia [m*]

) Length [m]

M Mass matrix (6 X 6) with components Mj; [kg, kgm, kgm?]
RAO Response amplitude operator

S48, Response/Wave spectral density [m?] or [deg2]

s Scaling factor

T4, Ty (Damped) Natural period [s]

top Top end

w Weight [N]

X9,z Coordinate and direction of surge, sway, heave

Pwater Water density [kg/m?]

o Standard deviation [m] or [deg]

w Angular frequency [rad/s]

2. Methodology

The upscaling procedure was developed based on a case study: the OC4-DeepCwind semi-submersible floating
platform [2], originally designed for the NREL 5 MW wind turbine, was modified to support Fraunhofer’s 7.5 MW
wind turbine IWT-7.5-164 [3].

The main upscaling of the semi-submersible floating platform was based on the simple upscaling procedure with

. . . . . . _ 7.5 MW
the geometrical scaling factor determined by the power rating of the wind turbines, as follows s = / Taw ~ 1.225,
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since the power is proportional to a length scale (the rotor diameter) squared. However, the upscaling of the main
column (MC) had to be adjusted, such that the main column fits the tower base diameter of 8.4 m. With the original
main column diameter of 6.5 m a slightly higher scaling factor of s ~ 1.292 resulted for the main column diameter and
wall thickness. The draft, however, was scaled with the main scaling factor. The lengths of the cross braces (CB) and
pontoons that interconnect the outer and main columns were determined from the geometrical arrangement. Another
geometrical boundary condition was the hub height of 120 m, for which the IWT-7.5 wind turbine was designed. In
order to avoid changing the complex hybrid tower design, the main column was cut at SWL and it was assumed that
the tower bottom, made out of concrete, could withstand wave impact.

The mooring system parameters (line length and anchor position) were assumed to be unchanged as well as the
water depth of 200 m. Due to the upscaled fairlead positions, however, the suspended mooring line length changed
and thus also the weight and center of gravity of the suspended parts. The latter two were computed based on [4],
considering elastic catenary mooring lines.

Finally, the upscaled platform was ballasted with the main focus on floatability and stability. The buoyancy was
predefined by the upscaled draft of the platform and the resulting displaced water volume. The weight of the upscaled
platform, lifted mooring lines and wind turbine had to be complemented by ballast so that balance with buoyancy was
achieved. With the main focus on stability, a low system center of gravity was desired, meaning that the base columns
(BC) were ballasted first and the upper columns (UC) were filled with ballast only if needed. Two different designs
were considered, one with water, as used in the original DeepCwind floater, and the other one with concrete, as it has
a higher density than water, and thus a deeper center of gravity could be obtained.

Fig. 1 (a) visualizes the floating system, including the main criteria of the upscaling procedure. A top view of the
floater with indication of the wave direction is presented in Fig. 1 (b).

a IWT b
Upper column Upper column
(uc) Z (uc) -
hary
Scaling factor Qb \ Scaling factor l
)
1.225 0@ Main column 1.225
% (Mc) y
Design 1 f% Design 2
Ballast: = Scaling factor Ballast:
water 1.292 concrete
Base column Cut at Base column
(BC) SWL (BC)

Fig. 1. (a) Components of the upscaled floating system; (b) Top view with coordinate system and wave direction

The theoretical scaling factor based on the power rating is not a strict rule. Comparisons of actual turbines suggest
that the total tower top mass tends to scale with the power rating to 2 — 2.8 rather than 3, but there are uncertainties
related to technological development [5]. In the case considered here, the nacelle mass increases at a higher rate due
to the change from geared to direct drive. Similarly, there are uncertainties in the scaling of the loads due to the
competing effects of tower height (reduced offshore) and extreme and fault loads (higher offshore).

The performance of the upscaled platform was analyzed based on hand calculations and computations by means of
HydroD and Wadam by DNV GL. The focus lay on the stability limit in pitch, the natural periods, the nominal pitch
at rated power, and the frequency-dependent behavior, considering only wave loads.

The simplified hand calculations used the wall-sided assumption in order to obtain the linear stiffness components
of the system. The formulas for the hydrostatic components in heave and pitch are given in Equations 1 and 2,
respectively. [6]

n lcp
C33 = Pwater 8~ | 3| D3y + D? )+D2 ] )
3 = Pua 84[ ( ve cB (Ztop,CB _Zbot,CB) Mc
Css = W(zcoB — 2coG) t+ Pwater gly (2)
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Besides the system stiffness, also the added mass had to be determined. For the hand calculations, two approaches
were used. The first approximation was based on Equations 3 and 4 for heave and pitch, respectively [7,8]. Another
approximation was obtained by scaling the given added mass values of the DeepCwind floating platform with the
main scaling factor of s ~ 1.225 to the power of three for the heave DoF and to the power of five for pitch, neglecting
the different scaling of the main column.

— Pwater 3 Pwater 3 TiPwater 2 2 2
Az =S¢5 Dyt 3 {TDBC - [TDUC (DBC = \Pae DUC) )
2
+”pzwzler (DBC - \/DZBC - D%JC) (ZDBC + D123c - D%JC)]}

[zbotBcl® 2
Ass = 3pwaer § Dpe (Z“TBC + (ZcoG.BC — ZbotBC)” [2botBCl + (2C0GBC = Zbot,BC) |Zb0t,BC|2) @

[zbotMcl® 2
+Pwater ¥ Dy (Zb‘% + (2coGMC = ZbotMc)” [2botMcl + (2coGMC = ZbotMC) |Zbot,MC|2)

Based on the simplified hand calculations only the undamped natural periods could be computed, not accounting for
the cross-diagonal coupling and using the determined low-frequency limit of the added mass. In the natural period
calculation based on the HydroD results, the frequency-dependency of added mass, however, was taken into account.
Furthermore, by including the damping terms obtained by Wadam calculations, the damped natural periods could be
computed based on Equation 5. The Wadam calculations included linearized drag forces based on Morison’s equation.
The viscous drag forces are significantly smaller than the inertia forces due to the low Keulegan-Carpenter number of
the considered flow conditions. Nonetheless, the contribution of the linearized viscous damping terms is important for
the resonant response and is therefore included in the total damping matrix. In the present work, a simplification was
made: the damping matrix was generated based on unit wave amplitude and was not updated for different sea states.

-1
Bi(fu) ? . (I Ci

Taii =\ fuinll = : th i = = — 4 ————— 5

4 =/ \/ ((Mii + Aii(foi) A7 fi e Jn Thi 2m \| M+ Ai(foi) ©®)

3. Results

3.1. Stability analysis

As offshore wind turbines are facing the wind at high hub heights, but are supported by platforms with rather small
footprints, attention has to be paid to the stability in pitch motion. Only considering static stability, the stability limit
can be determined based on the location of the center of gravity with respect to the metacenter for different tilt angles.
The stability limit can directly be taken from the righting lever GZ-curve as the first zero crossing point, which comes
after the zero crossing point at the initial stable position. The main parameters of this static stability analysis are
schematically visualized in Fig. 2.

This method is generally valid, but quite complex, so Metacenter
that computer programs have to be used or simplifying
assumptions have to be made. For the hand calculations,
all system components are assumed to be fixed, mean-
ing that the center of gravity will not move within the
local coordinate system of the structure. Furthermore,
the change in the displaced water volume due to tilting
is neglected. Thus, only accounting for the pitch motion
and neglecting the required vertical translation for meet-
ing the force equilibrium for floatation, the simplified
hand calculations yield stability within the entire range
of —19.0° to 18.9° used for the calculations, based on the
geometrical arrangement shown in Fig. 2.

Fig. 2. Characteristic parameters and angles for the stability analysis
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The more accurate stability analysis by means of HydroD shows that the stability limit is reached at a tilt angle
of —73.2° for the water ballasted design and 92.8° for the concrete ballasted one. The maximum restoring force is
achieved at —20° (and 30.0°) for both systems. Thus, the concrete ballasted design is more stable than the water
ballasted one. This is as expected, since the center of gravity is lower.

3.2. Frequency-dependent hydrodynamic matrices

Based on the Wadam calculations, the frequency-dependent added mass and damping matrices were obtained, as
shown in Fig. 3 (a) and (b). These matrices are independent of the ballasting. Due to symmetry, the surge and sway
components, as well as the roll and pitch components, are the same.

In general, it is observed that the added mass in heave is much larger than in surge and sway, which is caused by
the bigger base columns, acting as heave plates. At low frequencies, the added mass components in surge, sway and
yaw reach around half of the double-body added mass, while the added mass components in heave, roll and pitch
are not correlated with the double-body added mass values, as it is expected based on [9]. At higher frequencies, the
added mass curves converge to a limit value. Comparing the heave and pitch low-frequency added mass limits with
the hand calculated added mass components based on Equations 3 and 4, shown as dotted lines in Fig. 3 (a), confirms
that the equation-based computations are only rough approximations, as they underestimate the results by 13 — 22%.
The alternative of scaling up the original DeepCwind added mass components with the main scaling factor and just
neglecting the different scaling of the main column, yields more accurate results, which still differ by 4.1 —5.6% from
the Wadam results.

The radiation damping curves, presented in Fig. 3 (b), show expected behavior, with the damping terms tending to
approach zero at both small and high frequencies. The amount of damping in surge and sway is significantly higher
than in heave. The same applies to the damping in yaw compared to roll and pitch. This is reasonable due to the
geometry.

For semi-submersible platforms with large base columns, additional attention must be paid to the hydrodynamic
excitation and damping on these columns. In the present work, viscous excitation has not been examined in detail.
Simplified linearized viscous damping is included, but detailed analysis of the flow around the base plates is needed
in order to correctly account for these effects. [10]

a x10 b ..x10°
e e e e [l MEERERI ——— -
o o Suge
T 25fmmen b G O T TS -
= e R - B Ly e
& 2 s St L L o
! I N R S A —— T
< 15 R Rt At At R R
{1_ —
[an]

< :
£ o
& 5
© =
< 3
o &
< P
y M} @
< | | | | | | 3
i)
05 N I N B
0 1 2 3 4 5 6
o [rad 5-1] ..... A, calc

Fig. 3. (a) Diagonal added mass matrix terms; (b) Diagonal damping matrix terms.
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3.3. Natural periods

As the hand calculations do not provide the system parameters, especially the added mass components, exactly, the
damped natural periods were computed based on Equation 5 using the Wadam results and considering the frequency-
dependency of the added mass and damping components. In order to include the station-keeping system in a first
approach, the mooring stiffness of the catenary lines, directly taken from the original DeepCwind system [2], was
added in the surge and yaw DoFs to the system stiffness. This way, the damped natural periods in surge, heave, pitch
and yaw were computed explicitly. The results for both designs are presented in Table 1 together with the theoretical
upscaled values of the original DeepCwind floating system (factor of +/s), based on free decay load cases [11].

Table 1. Damped natural periods, given in s.

DoF Water ballasted Concrete ballasted Theoretical upscaled Original DeepCwind
Surge 153.6 153.6 118.2 106.8

Heave 19.1 19.1 19.1 17.3

Pitch 34.1 31.4 29.9 27.0

Yaw 131.4 131.7 83.8 75.7

From Table 1 it can be seen that the damped natural period in heave lies at the lower bound of the typical range for
semi-submersible platforms (17-40 s, [12]), but is considerably higher than the natural period in heave of the original
DeepCwind floating system, and follows the theoretical scaling.

As the concrete ballasted design is the stiffer system, the damped natural period in pitch is smaller than in the water
ballasted system. Both values lie in the lower region of the typical natural periods in pitch of a semi-submersible
platform (25-50 s, [12]) and are higher than the theoretical upscaled value, because of the ballasting from bottom up.

The damped natural periods in surge and yaw are significantly higher than the theoretical upscaled values. As
the stiffness components in surge and yaw are directly taken from the DeepCwind system without any scaling, the
theoretical upscaled values should rather be based just on the mass and added mass proportionalities. Using a factor
of Vs3 and Vs® for the natural periods in surge and yaw, respectively, adjusted theoretical upscaled values (144.8 s
and 125.7 s) closer to the computed values are obtained. The remaining difference is due to the fact that mass and
added mass do not exactly scale with s* in surge and s° in yaw.

3.4. Motion response

The motion response can be represented by the response amplitude operator (RAO) as given in Equation 6, de-
pending on the excitation F, and presented in Fig. 4.

IRAO(w)| = |[C +iwB(w) — w* (M + A(a)))]_l F(a))| 6)

The RAOs for the translational DoFs are equal for both designs. From Fig. 4 (a) it can be observed that the heave RAO
represents in a general way the typical behavior [9], with a damping-dependent peak at the heave natural frequency, a
static behavior in the stiffness dominated low-frequency range and an inertia-dependent decrease to zero at infinitely
high frequencies.

The RAOs for the rotational motions, presented in Fig. 4 (b) and (c), are slightly different for the two upscaled
designs. Due to the fact that the concrete ballasted system is stiffer than the water ballasted one, the corresponding
RAO:s in the rotational DoFs are smaller in the static region below the system’s natural frequency. At the natural
frequencies, however, the RAOs of both systems are expected to be equal due to the same amount of damping. The
results obtained by Wadam cannot represent this behavior exactly as the discrete frequencies are not at the system’s
natural frequencies. Above the natural frequencies, the RAOs of the two designs can barely be distinguished one from
the other, as the mass matrix components in the rotational DoFs only differ by at most 4%.

The DoFs of highest response, in general, are surge, heave and pitch, as the wave excitation is in surge direction
and these motions are coupled. The obtained responses in sway, roll and yaw are insignificant and purely numerical.
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Fig. 4. RAOs in DoFs (a) 1 to 3 (both designs); (b) 4 to 6 (water ballasted); (c) 4 to 6 (concrete ballasted).

Based on 15 representative environmental conditions, response spectra (S ,(w)) and standard deviations (o) of the
motions were obtained, by means of Equation 7.

[se]

o= \fsgwnm) with S (w) = S ,(w) [RAO(W)]? 7)
0

As the peak wave frequencies of the 15 conditions are beyond the system’s natural frequencies, there is almost no
difference between the motion response of the two platform designs. The response spectra (not shown) are thus
mainly affected by the wave excitation and not by the system’s eigenfrequencies, as the peak of the spectra occurs
always at the peak wave frequency. The influence of the different significant wave heights is also only marginal
compared to the peak wave frequencies. From the standard deviations of the motions, presented in Fig. 5, it can
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Fig. 5. Standard deviations in DoFs (a) 1 to 3; (b) 4 to 6.
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be observed that the highest dynamic response occurs in surge, heave and pitch due to the directionality of the wave
excitation, indicated in Fig. 1 (b). More severe environmental conditions also cause higher dynamic response. But
still, the dynamic motions are quite small: at most 0.65 m in surge, 0.34 m in heave, and 0.34° in pitch. Comparing
the dynamic response of both designs with different ballast systems shows that there is almost no difference for the
considered environmental conditions, based on this linear frequency-domain analysis.

3.5. Nominal pitch displacement

As a proxy for the mean displacement of the floating wind turbine, the nominal pitch at maximum thrust was
determined. The thrust force is the highest at rated wind speed and results with the hub height as lever arm in a
moment in pitch of 1.386E+8 Nm for the IWT-7.5-164 wind turbine [3]. Neglecting coupling terms, the nominal
pitch displacement can be obtained by dividing the moment by the stiffness component in pitch. Due to the fact
that this calculation is based on the static response and only includes the stiffness matrix, which is almost the same
for the hand calculations and Wadam results, the obtained nominal pitch values are also comparable. As the concrete
ballasted system is stiffer than the water ballasted one, the nominal pitch for the system with concrete as ballast (3.03°)
is smaller than for the system with water as ballast (3.67°). Both values, however, are significantly higher than the
theoretical upscaled nominal pitch displacement (2.31°) of the original DeepCwind floater, as the thrust force and
corresponding moment cannot be compared directly for the two different turbine designs.

Comparing this maximum mean displacement with the standard deviations due to waves, it can be observed that the
maximum dynamic pitch motion, occuring at the most severe sea state, is around 10% of the mean pitch displacement
due to the maximum rotor thrust at rated wind speed.

4. Conclusion and outlook

In this work an initial upscaling of the OC4-DeepCwind semi-submersible floating platform was performed, such
that Fraunhofer’s wind turbine IWT-7.5-164 can be supported. Two upscaled floating platforms were designed with
the focus on hydrodynamic performance, and compared regarding their static properties and dynamic behavior.

The high stability limits of —73.2° (water ballasted) and 92.8° (concrete ballasted), obtained by HydroD, indicate
that both upscaled systems are too conservatively designed with respect to stability. A more detailed stability analysis
including the mooring system and tower geometry is recommended.

The damped natural period in heave (19.1 s) is on the lower side of the typical range for semi-submersible platforms.
Therefore, it is recommended to adjust the geometry such that the natural period in heave is increased. The water
ballasted system yields a natural pitch period (34.1 s) more beyond the wave excitation than the concrete ballasted
system (31.4 s), and is thus preferred from a frequency point of view. Due to the high stability limits, there is even room
to increase the natural periods by elevating the center of gravity. Comparison with the original DeepCwind floating
platform yields that both upscaled designs have higher natural periods, which is an advantageous aspect of upscaling.
If the natural periods of the original DeepCwind floater are scaled up with the square root of the main scaling factor,
however, it is found that the pitch natural frequency performance is better and the heave natural frequency performance
is the same. The damped natural periods in surge and yaw are higher than the adjusted theoretical upscaled values. A
more detailed analysis including the entire and exact mooring system stiffness is strongly recommended.

The maximum static pitch displacement at rated power is quite small (water: 3.67°, concrete: 3.03°), but - due to
the different wind turbine designs - higher compared to the original DeepCwind floating system. Even in an extreme
(fault) condition with a mean aerodynamic load of twice the rated load, the pitch displacement would still stay below
the typical maximum allowable operational pitch of 10°. The dynamic motion is similar for both upscaled designs
with a maximum of 0.65 m in surge, 0.34 m in heave and 0.34° in pitch.

For an optimized upscaling procedure, different scaling factors should be used for each component (smaller scaling
factor for the upper columns, larger one for the base columns), in order to achieve higher natural frequencies in heave.
This inhomogeneous scaling would most likely also influence the amount of displaced water volume. Thus, also
adjustment of the amount of ballast and a change in the resulting total system mass, as well as the influence on the
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stiffness in pitch and system’s stability have to be considered in the optimization. The ballast system of the platform
should be chosen such that an optimized balance between stability and natural frequencies further outside the wave
excitation is found. Furthermore, the mooring system has to be analyzed more in detail and parameters like total
length or location of the anchors have to be adjusted if needed.
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