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VERSION DESCRIPTION
First version (project internal report).

Correction of the legends of Tables 3.1 and 3.2. Correction of Table 5.3, with
the actual centers of gravity in Z and updated legend.

Update of Table 3.2, with inclusion of the FWT's CG,. and CGy. Correction of
values in Table 5.3, with the actual hub and blades moments of inertia. Up-
date of Table 5.4, with the correct relative positions of sections and complete
structural properties,. Minor corrections on platform design procedure and
hydrodynamic modelling. Update of wind turbine curves in Appendix B. Inclu-
sion of airfoil coefficients in Appendix C. Adoption of NREL ROSCO controller,
with updated description in Section 5.1 and inclusion of documentation in Ap-
pendix D.

Updated author company affiliation. The WAMIT-result plots showed only ev-
ery second frequency in Appendix A. The plots have now been updated to
show results for all frequencies. Figures of the operational conditions using a
general cross-section is included in Appendix E. The table containing the blade
properties is split in two tables, Table 5.4 and Table 5.5. The shear center is
included in Table 5.5. An error in the torsional stiffness in the definition of the
cross section properties is also corrected.

Updated the airfoil data. The columns with C; and C; were swapped, i.e. lift
was given in the column with the Cj.
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1 Introduction

1.1 Objective

This report is part of the Research Council funded KPN-project WINDMOOR: Advanced Wave and Wind
Load Models for Floating Wind Turbine Mooring System Design. The report describes the INO WIND-
MOOR 12 MW base case floating wind turbine, and an aero-hydro-servo-elastic model implemented in
SIMA.

1.2 Background

WINDMOOR is a 4-year Competence Building Project (KPN) funded by the Research Council of Norway
and industry partners [ 1] (grant 294573). The main objective of the project is to improve the understanding
of loads governing the mooring system design of floating wind turbines (FWTs). The scope involves vali-
dation of low-frequency hydrodynamic models; better understanding of atmospheric stability and aerody-
namic interaction between turbines; and global analysis of FWTs in farm formation, with focus on mooring
lines.

The numerical analyses in the project are made with SIMA. By combining SIMO [2] and RIFLEX [3],
SIMA merges state-of-art models for hydrodynamic loads, slender structure analysis, and aerodynamics -
making it an adequate tool for FWT analysis, especially with focus on mooring systems. When combined
with DIWA [4], which generates the wind field in wake situations, SIMA can also be used in wind park
configurations. In addition to generating the wake wind field that can be used as input to RIFLEX or SIMO
simulations, DIWA can also generate thrust and power time for all the wind turbines in a park.

As a base case for the project, the consortium decided to adopt a semi-submersible platform supporting a
12 MW wind turbine. Different participants provided input data for the platform, mooring system, tower,
and turbine. This reports describes the SIMA model developed for the base case, with focus on the hydro-
dynamic analysis and the 12 MW wind turbine developed for the project.

The semisubmersible substructure for the 12 MW wind turbine, INO WINDMOGOR, is presented in Sec-
tion 3, followed by the hydrodynamic analysis with WAMIT in Section 4. The 12 MW wind turbine, de-
scribed in Section 5.1, was upscaled from the 10 MW wind turbine presented in [5], in combination with
public data of the Haliade X 12 MW wind turbine [6]. The upscaling procedure, control system config-
uration, and performance curves are presented. Finally, Section 6 describes the modeling approach for
implementing the INO WINDMOOR 12 MW FWT in SIMA.

1.3 Software

The following simulation tools are used in this report:
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SIMA

SIMA is a workbench that offers a complete solution for simulation and analysis of marine operations and
floating systems. It supports the entire process from the definition of the simulation and its execution to
the interpretation and documentation of the results. SIMA uses software such as SIMO and RIFLEX as the
underlying analysis tools. SIMA is developed and owned by SINTEF Ocean and is commercially available

from DNV GL Digital Solutions. See www.sintef .no/en/software/sima for more information.

SIMO

SIMO is a time domain simulation program for study of motions and station keeping of multibody sys-
tems. Flexible modelling of station keeping forces and connecting force mechanisms (e.g. anchor lines,
ropes, thrusters, fenders, bumbers) is included. The results from the program are presented as time traces,
statistics and spectral analysis of all forces and motions of all bodies in the analysed system. SIMO is de-
veloped and owned by SINTEF Ocean and is commercially available from DNV GL Digital Solutions. See
www.sintef.no/globalassets/project/oilandgas/pdf/simo.pdf for more information.

RIFLEX

RIFLEX is an advanced time domain tool for global hydrodynamic and structural analysis (static and dy-
namic) of slender marine structures. RIFLEX also has advanced wind turbine aerodynamic models, mak-
ing it suitable for offshore wind applications. In addition, it can be connected to SIMO for coupled anal-
ysis of the mooring system and floater response at each time step. See www.sintef .no/globalassets/

project/oilandgas/pdf/riflex.pdf for more information.

WAMIT

WAMIT performs linear and second-order diffraction-radiation analyses of floating and submerged bodies
in waves, in the frequency domain, based on the panel method. WAMIT is a commercial engineering tool
developed by WAMIT Inc. See www.wamit . com for more information.
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2 Coordinate systems

Global (Earth-fixed) coordinate system

The positions of all the local (body) systems refer to a right-handed, Earth-fixed coordinate system. The
XY-plane coincides with the mean water level, and the Z-axis is positive upwards, as shown in Fig. 2.1a.
Waves, wind, and current directions are defined such that a incidence direction of 0° corresponds to the
positive X-direction.

Local (body-fixed) coordinate system
The platform has its own local coordinate system, with origin at mean water level and over the platform’s

horizontal geometric center (Fig. 2.1b). This system is fixed to the body and translates/rotates along with
the body. Load and motion response calculations refer to the local coordinate system.

Water depth

The water depth is 150.0 m, and the sea bottom is assumed to be flat.

Z A

Y
< 0

(a) Global (Earth-fixed) coordinate system.

(b) Local (body-fixed) coordinate system.
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3 Description of the INO WINDMOOR platform.

The floating platform adopted in the project was designed jointly by Inocean and Equinor, and consists of
a steel semi-submersible platform with three columns, connected by pontoons and deck beams. The wind
turbine tower is installed at the top of one of the columns, as shown in Fig. 3.1. The design was based on an
iterative approach with multiple combinations of draft, column diameter/height, pontoon width/height,
and columns center-center distance, subjected to constraints on hydrostatics, required ballast, heave/pitch
natural periods, and static pitch at rated condition.

Table 3.1 provides the hull main dimensions. The properties for the full system, including tower, wind tur-

bine, and mooring lines, are given in Tab. 3.2. The distances refer to the local coordinate system (Fig. 2.1b).

I
~

Figure 3.1: The WINDMOOR 12 MW FWT concept. Figure provided by Inocean.

In addition to the platform, Inocean also provided the baseline mooring system arrangement, consisting of
three hybrid (chain + polyester) catenary lines — providing a required pretension of 1050 kN, considering
the assumed water depth of 150.0 m. Figure 3.2 shows a bird’s-eye view of the mooring system. Tables 3.3
and 3.4 summarize the fairlead/anchor coordinates and the line properties, respectively. The rigid-body
FWT natural periods are provided in Tab. 3.5.
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Table 3.1: Hull main dimensions and inertia properties (including ballast). The radii of gyration refer to
the hull center of gravity (CoG).

Property Value
Column diameter (m) 15.0
Column height (m) 31.0
Pontoon width (m) 10.0
Pontoon height(m) 4.0
Center-center distance (m) 61.0
Deck beam width (m) 3.5
Deck beam height (m) 3.5
Total substructure mass (t) 11974.0
Total substructure CG, (m) -5.91
Total substructure CG, (m) -9.7
Total substructure R, (m)  23.66
Total substructure R, (m)  18.63
Total substructure R,, (m) 28.10

Table 3.2: Full floating wind turbine main properties. The radii of gyration refer to the FWT CoG, assuming
the turbine’s own CoG at the tower center.

Property Value
Displacement (t) 14176.1
Draft (m) 15.5

CG} (m) [-0.37,0.37]
CG; (m) [-0.37,0.37]
CG, (m) 4.23

Ry (m) 43.67

Ry, (m) 44.18

R,, (m) 30.26
Static heel angle at rated thrust (deg) 6.4

Still water airgap to column top (m) 15.5

Still water airgap to deck beam bottom (m) 12.0

Still water airgap to blade tip (m)

21.7

CGy and CG,, are dependent on the nacelle orientation.
For 0°orientation, CG, = 0.37 m and CG,, = 0.0 m.
For 90°orientation, CG, = 0.0 m and CGy, = 0.37 m.

Table 3.3: Fairlead and anchor coordinates.

Fairlead Anchor
Mooringline x(m) y(m) z(m) | x(m) y(m) z(m) Azimuth (deg)
ML1 42.7 0.0 0.0 700.0 0.0 -150.0 180
ML2 -21.4  37.0 0.0 -350.0 606.2 -150.0 300
ML3 -214  -37.0 0.0 -350.0 -606.2 -150.0 60
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ML1

Figure 3.2: Bird’s-eye view of the mooring system.

Table 3.4: Mooring line segment properties. The drag coefficients for the chain correspond to the nominal
diameter. The mass/length of the first two segments account for additional 100 mm of marine growth,
while the two last account for additional 50 mm. The T and L subscripts refer to transversal and longitu-
dinal, respectively.

Length Equiv. diam. Mass/length Axialstiff. Ca, T CaL Cd,T Cd,L

58 Type (m) (m) kgm  MN) O O O 0O
1 130 mm studless chain 25.0 0.234 377.7 1443.0 1.0 0.5 6.1 2.9
2 190 mm polyester 85.0 0.190 60.7 228.0 1.0 0.0 2.5 0.1
3 190 mm polyester 85.0 0.190 46.0 228.0 1.0 0.0 1.8 0.1
4 130 mm studless chain  499.8 0.234 353.6 1443.0 1.0 0.5 4.2 2.0

Table 3.5: FWT rigid-body natural periods, obtained from decay simulations with the SIMA model.

Surge Sway Heave Roll Pitch Yaw
Nat. period(s) 973 98.0 163 29.5 314 88.0

84



(
SINTEF N WINDMOOR

A

4 Platform hydrodynamic analysis

4.1 Linear diffraction-radiation analysis

The hydrodynamic diffraction-radiation analysis was carried out with WAMIT version 7 [7]. WAMIT
is a three-dimensional frequency domain panel code based on linear and second order potential theory
for diffraction-radiation analysis of floating and submerged bodies in waves. The purpose of the linear
diffraction-radiation analysis is to establish hydrodynamic coefficients such as added mass, wave radia-
tion damping, wave force and drift force coefficients for the SIMA model of the INO WINDMOOR floating
wind turbine.

A panel model (see Fig. 4.1) was prepared considering the x—z plane of symmetry (y = 0). More properties
of the panel model are provided in Tab. 4.1. The panel size is the characteristic length, Ax, of a panel
element, and the aim has been to preserve a uniform mesh size where possible. Furthermore, a panel size
convergence study was carried out to ensure a reasonable accuracy of the panel model. Results from the
convergence study are summarized in Appendix A.1.

The water depth in the analysis was 150.0 m (finite water depth).

Figure 4.1: WAMIT panel model of the INO WINDMOOR semi with one plane of symmetry.

PROJECT REPORT NUMBER VERSION

302004440 0C2020 A-044 1.4 1207 84
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Table 4.1: Panel model properties.

Panel No.of Maxaspect Maxpanel Minpanel Submerged Waterplane Vertical centre

size  panels ratio area area volume area of buoyancy
[m]  [] [-] [m?] [m?] [m?] [m?] [m]
0.375 24916 2.6455 0.15309 0.019344 13833.1 530.00 -10.0864

4.2 Mass matrix, linear damping and external stiffness

The radiation-diffraction analysis was carried out assuming a rigid single-body structure (sub-structure,
tower, and rotor-nacelle assembly combined). The input mass matrix is the total mass of the floating wind
turbine and the values are summarized in Table 4.2. The center of gravity is (0.00, 0.00, 4.23) m.

Table 4.2: Total mass properties of INO WINDMOOR floating wind turbine.

Property  Unit Value
Mass kg 14176 x 10°
L, kgm? 2.7292 x 10%°
I,,  kgm? 2.7295x 10"
I,, kgm? 1.2985 x 100

To obtain reasonable motion transfer functions from WAMIT, it is necessary to include some additional
linear damping in the computations, as WAMIT only accounts for potential flow and not for viscous damp-
ing. In the present case, approximately 5 % of critical heave damping was included in the WAMIT analysis.
Similarly, 5 % of critical damping in roll and pitch was also included in the diffraction analysis.

The linear restoring coefficient from the mooring system was included as an external stiffness matrix in

the analysis. Only the horizontal components surge, sway and yaw were accounted for with the following

values:
ki; = 89800 N/m,
k22 = 89800 N/m,
kes = 1.2165x 108 Nm.

4.3 Hydrodynamic coefficients - results

Plots of the hydrodynamic coefficients! obtained from the WAMIT analysis are shown in Appendix A.2 -
A.6. Note that the wave excitation force and the motion transfer functions (RAOs) were calculated using

11t is noted that the results do not consider the effect of viscous excitation, which for high sea states and close to the platform’s
cancellation period (15.2 s) can affect the heave, roll, and pitch responses - and thus the second-order excitation loads. This effect
will be assessed more carefully in work package 2 of WINDMOOR.
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the diffraction potential. Momentum integration was used for the calculation of mean forces and moment.
The iterative solver was used for solving the linear system.

PROJECT REPORT NUMBER VERSION
302004440 0C2020 A-044 1.4 140f 84
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5 Description of the WINDMOOR 12 MW wind turbine

Since a public model for a 12 MW wind turbine was not available, it was decided to upscale one of the
well-established reference models available in the literature. In 2013, the Danish University of Technology
(DTU) released a model for a 10 MW wind turbine [8], which has been widely accepted by academia. The
model includes blade aerodynamic and structural properties; hub, nacelle and drivetrain characteristics; a
variable speed/variable pitch (VSVP) control system; and a structural description of the tower (for a land-
based wind turbine).

Based on feedback from users of the DTU 10 MW wind turbine, the International Energy Agency Wind
Technology Collaboration Programme (IEA Wind TCP) designed a new 10 MW offshore wind turbine
model [5]. The main differences from the model issued by DTU are that IEA’s turbine has a larger rotor
diameter, resulting in a reduced specific power; and that IEA’s model uses a direct-drive generator, instead
of a medium-speed generator. The model will be hereunder named IEA 10 MW wind turbine.

Since the IEA 10 MW wind turbine is more in line with current offshore wind turbine technology, it was
chosen as basis for designing the WINDMOOR 12 MW wind turbine. The same airfoil shapes are kept,
while the blade dimensions and structural properties are increased following standard upscaling laws.
The nacelle/hub inertia, on the other hand, are defined based on comparison with public data of GE’s
Haliade X 12 MW wind turbine [6]. In addition, the NREL/ROSCO [9] controller is adopted and configured
according to the turbine properties. Table 5.1 summarizes the main properties of the WINDMOOR 12 MW
wind turbine, in comparison with the IEA 10 MW model.

5.1 ThelEA 10 MW turbine

The specific power of a wind turbine is defined by its nominal rated power divided by the rotor area. By
increasing the rotor diameter, the energy capture is increased at below-rated conditions, at the cost of larger
loads under higher wind speeds. Despite the structural implications, it has been an industry trend to favor
power production by building turbines with lower specific power [10].

With a rotor diameter of 198.0 m (Tab. 5.1), the IEA 10 MW has a specific power of 325 W/m? (against
400 W/m? for the DTU 10 MW). For comparison, the specific power of the Haliade X 12 MW wind turbine
is 315 W/m? [6]. The larger rotor area also reduces two other parameters: the rated wind speed; and the
rated rotor speed, in order to limit the tip-speed ratio as the blade length increases. The blade prebend is
increased, in order to prevent blade collision with the tower. The airfoil series FFA-W3, which is used in
the DTU 10 MW model, is also adopted for the TEA 10 MW reference wind turbine.

A direct-drive generator is adopted in the IEA 10 MW model. Despite the higher costs and weight of direct-
drive generators, they have already been adopted for large offshore wind turbines (e.g. the Haliade X 12
MW turbine) - presumably to reduce maintenance requirements.
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Table 5.1: Main properties of the TEA 10 MW reference wind turbine [5] and of the WINDMOOR 12 MW
wind turbine.

Parameter IEA 10 MW WINDMOOR 12 MW
Rated electrical power (MW) 10.0 12.0

Specific power (W/m?) 324.8 324.8

Rotor orientation Clockwise rotation - upwind  Clockwise rotation - upwind
Number of blades 3 3

Rotor diameter (m) 198.0 216.9

Hub diameter (m) 4.6 5.0

Blade length (m) 96.2 105.4

Blade prebend (m) 6.2 6.8

Shaft tilt (deg) 6.0 6.0

Rotor precone (deg) -4.0 -4.0

Hub height (m) 119.0 131.7
Cut-in/rated/cut-out wind speed (m/s) 4.0/11.0/25.0 4.0/10.6/25.0
Generator efficiency (%) 94.4 94.4

Cut-in/ rated rotor speed (rpm) 6.0/8.7 5.5/7.8

Maximum Tip Speed (m/s) 90.2 88.6

Blade mass (kg) 3%47,700 3%63,024

Hub mass (kg) 81,707 60,000

Nacelle mass (kg) 621,494 600,000

5.2 Upscaling procedure

The classical upscaling rules for wind turbines were applied to the blades of the IEA 10 MW wind turbine.
The upscaling assumes geometric and material similarity, resulting in the scaling procedure of Tab. 5.2
for the rotor dimensions and structural properties [11]. The scaling factor, s, is determined based on the
power scaling rule:

s =1/12/10 ~ 1.095. (5.1)

The scaling rules in Tab. 5.2 are applied to the blade mass distribution?2, but not for the nacelle and hub
masses. Instead, for the WINDMOOR 12 MW wind turbine these values are based on public data of

2The adopted upscaling rules may not be correct for composite layups, but are assumed to hold in this case.

Table 5.2: Rotor scaling procedure, where s is the scaling factor [11].

Property Scaling rule
Power s

Mass s3

Length s

Axial stiffness s?

Bending stiffness  s*
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the Haliade X 12 MW [12], and the respective moments of inertia are estimated based on the compo-
nents’ masses. As seen in Tab. 5.1, both the hub and nacelle masses are actually reduced compared to
the IEA 10 MW turbine, reflecting the current progress in direct-drive generators technology. Table 5.3
shows the centers of mass and moments of inertia of the rotor-nacelle assemble (RNA) components of the
WINDMOOR 12 MW model.

Table 5.3: WINDMOOR 12 MW RNA coordinates w.r.t. a frame placed at the tower top (Fig. 5.1), and
moments of inertia w.r.t. each component’s own CG. The generator inertia is accounted for in the nacelle.

CG,(m) CG,(m) CG,(m) I, (kgm?) I, (kgm?) I, (kgm?)

Hub 10.94 0.00 6.00 1.00 x 10° — —
Blades 13.23 0.00 6.24 3.25x 108  1.64x10% 1.66x 108
Nacelle 3.30 0.00 3.46 1.00 X 10®  7.00 x 10  7.00 x 10°

Figure 5.1: RNA coordinate system, placed at the tower top (represented by the dashed circle).

5.3 Rotor

Figure 5.2 shows the chord, mass-per-length, and flapwise/edgewise bending stiffness of the upscaled
rotor. The detailed blade properties are provided in Tables 5.4 and 5.5, and the airfoils are available in
Appendix C. The rotor eigenfrequencies, obtained from an eigenvalue analysis in SIMA, are provided in
Tab. 5.6. For this analysis, the tower base was assumed as cantilevered to the ground. A complete study of
blade buckling and fatigue of the rotor has not been performed - the current properties are only based on
the scaling laws.

The turbine performance curves, generated with aeroelastic simulations in SIMA (Section 6), are provided
in Appendix B. These are generated using an axisymmetric cross-section, with no offset of the area center,
mass center and shear center. A comparison of the performance curves generated with the axisymmetric
cross-section to the general axisymmetric cross-section is presented in Appendix E.
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Figure 5.2: Blade structural properties as a function of normalized length.
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Figure 5.3: Illustration of the airfoil. xz, y;, z;, is the elastic (local) coordinate system, y, is the position
of the aerodynamic center relative to the elastic line, y, and z4 is the location of the area center, yg and
zg is the location of the shear center and y,; and z,; define the location of the mass center.
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Table 5.4: Blade model properties.

Section Rel. Sec. Prebend Twist Chord yufr
no position length (m) (m) (deg) (m) (m)
1 0.005 1.06 -0.01 -14.4 5.04 1.26
2 0.020 2.12 -0.02 -14.0 5.04 1.26
3 0.040 2.12 -0.01 -13.6 5.06 1.27
4 0.075 5.29 0.01 -13.1 522 131
5 0.126 5.29 0.03 -12.0 5.76  1.44
6 0.176 5.29 -0.01 -9.8 6.35 1.59
7 0.226 5.30 -0.08 -7.4 6.56 1.64
8 0.289 7.95 -0.20 -5.5 6.32 1.58
9 0.364 7.95 -0.32 -4.2 5.69 1.42
10 0.440 7.95 -0.47 -3.1 497 1.24
11 0.515 7.95 -0.67 -1.9 4.24 1.06
12 0.591 7.95 -0.96 -0.5 3.56 0.89
13 0.666 7.94 -1.39 0.8 296 0.74
14 0.741 7.93 -2.03 1.9 246  0.62
15 0.816 7.90 -2.98 2.8 205 0.1
16 0.891 7.82 -4.43 3.0 1.72 043
17 0.955 5.61 -6.03 2.2 1.33  0.33
18 0.991 1.98 -6.80 0.7 0.89 0.22

WINDMOOR
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Table 5.5: Cross section properties. Y4, z4, Vs, Zs, Ym> Zm and y4r are shown in Figure 5.3.

Section  Mass Ely, El,qg AE KG Va zy Vs zg Y Zy Iy
no (kg/m)  (N/m?) (N/m?) (N) (Nm?/rad)  (m) (m (m) (m) (m) (m) (m)
1 2787.8 1.70 x 101  1.72x 10! 558 x 101 523x10° -0.015 0.000 -0.014 0.000 -0.014 0.000 2.47
2 21852 1.08 x 101 1.40x 101 4.13x 101 3.87x%10° -0.059 0.001 -0.068 0.007 -0.043 0.001 2.43
4 1578.8 599 x 101 9.68 x 1010 2.74 x 101° 2.60 x 101° -0.087 0.005 -0.090 0.019 -0.053 0.006 2.35
3 1410.3 4.87x 100 6.74 x101° 238 %109 1.80x10!° 0.030 0.024 0.146 0.053 0.056 0.025 2.15
5 1167.5 3.00x 10° 4.65x101° 1.99x 1019 8.37x10° 0.242 0.045 0.646 0.096 0.244 0.048 1.93
6 1001.8 1.69 x 109 443 x10° 1.71x10° 4.01x10° 0433 0.047 1.061 0.100 0.406 0.051 1.88
7 853.7 1.16x 10 387x%10° 142x10° 236x%x10° 0.565 0.034 1.228 0.083 0.514 0.039 1.87
8 714.5 8.51x10° 2.88x101° 1.17x10° 1.38%x10° 0.634 0.021 1.253 0.075 0.558 0.022 1.54
9 610.2 6.09 x10° 1.95%x101° 1.02x10° 871x10® 0.616 0.015 1.130 0.066 0.574 0.027 1.75
10 531.5 3.98x10° 1.25%10° 9.18x10° 593x10%® 0.532 0.011 0926 0.051 0.485 0.016 1.30
11 453.7 227x10° 7.50x10° 8.19x10° 3.64x10%8 0.442 0.009 0.734 0.038 0.410 0.012 1.06
12 380.6 1.15x10° 4.26x10° 7.15x10° 204x10® 0.368 0.012 0.583 0.033 0.350 0.015 0.85
13 313.3 548 x10% 232x10° 6.04x10° 1.08x10® 0.310 0.018 0.452 0.033 0.300 0.019 0.68
14 2475 258 x10° 1.23x10° 4.84x%x10° 568x107 0264 0.021 0.390 0.032 0.260 0.022 0.39
15 1829 1.23x10® 6.33x10% 3.59%x10° 3.01x107 0.227 0.020 0.376 0.029 0.225 0.020 0.31
16 119.8  5.30x107 290x10% 232x10° 1.56x107 0.185 0.019 0.329 0.026 0.184 0.019 0.21
17 63.4 1.57x107 1.03x10% 1.17x10° 5.86x10° 0.120 0.017 0.253 0.022 0.116 0.017 0.55
18 26.3 226x10° 244x107 440x10% 1.24x10° 0.053 0.011 0.149 0.014 0.048 0.011 0.46

* In the SIMA model presented in this document, Y4, z4, Vs, Zs, V> and z, are set to zero.
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Table 5.6: Eigenfrequencies of the WINDMOOR 12 MW rotor, assuming the tower base cantilevered to
ground. The modes edgel and edge2 are defined as in [3].

Mode Eigenfrequency Natural period
(Hz) (s)
15¢ collective flap mode 0.331 3.02
15* asymmetric flap with yaw 0.348 2.87
15 asymmetric flap with tilt 0.372 2.69
15¢ collective edge mode 0.573 1.74
15t asymmetric edgel mode* 0.639 1.56
15* asymmetric edge2 mode* 0.649 1.54
2"d asymmetric flap with yaw 0.893 1.12
2" asymmetric flap with tilt 0.955 1.05

* edgel: the blade pointing upward is almost still, while the two other blades are
asymmetrically excited. edge2: the blade positioned at 120 deg azimuth is almost still,
while the two other blades are asymmetrically excited.

5.4 Control system

The NREL Reference OpenSource COntroller for wind turbine applications (ROSCO) v. 2.0.1 [9] is adopted
for the WINDMOOR 12 MW turbine, due to its several functionalities and convenient modular, and open-
source, implementation. The current model uses a variable-speed-variable-pitch (VSVP) control approach,
and a peak-shaving strategy near rated speed. The main principles and parameters adopted in the con-
troller are explained below. In addition, some minor changes were implemented in order to include power
error feedback to the blade pitch controller.

5.4.1 Below rated

Below the rated rotor speed, the torque is set to optimize power capture, while zero blade-pitch angle is
maintained. Close to rotor-speed limits, the torque reference follows a smoothing strategy, as explained by
Abbas [13]. Optimal power capture is attained by setting the torque Qg,,, according to

Qgen = Kbrcaz ) (5.2)

where @ is the low-pass filtered generator speed, and the generator torque constant, K,, is a function of
the optimal power coefficient (C, o) and optimal tip-speed ratio (4,p,). The constant K}, for the WIND-
MOOR 12 MW turbine is 1.48 x 10’7 Nm/(rad/s)?.
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5.4.2 Above rated

Above rated wind speed the generator torque may be kept constant at rated torque, Qg; or vary with the
generator speed in order to keep constant power:

B

Qgen = o’ (5.3)

where R is the rated power. The blade-pitch angle § is controlled by a proportional-integral (PI) controller,
based on feedback of generator speed:

t
AB =kpe,, + klf e,dt, e,=0—w,, (5.4)
0

where w, is the rated generator speed. Departing from a single-DOF rotor model [ 14], the proportional and
integral gains, kp and k;, may be related to the desired controller natural frequency (f,,) and damping

(&.+r) according to:

ko = A7LyorSetr Jotr ks = 47T2[totfc2tr
PT T o T T o
oB 9B

(5.5)

where I;,; is the total (rotor+drivetrain) moment of inertia around the shaft; and aa& is the aerodynamic
torque sensitivity to blade-pitch angle. Since the latter is a function of g itself, the gains kp and k; must be
scheduled according to the low-passed filtered blade-pitch angle.

Although the WINDMOOR 12 MW turbine reaches rated power only at 10.5 m/s, the rated rotor speed is
reached at around 8.9 m/s. This is in accordance with the IEA 10 MW behavior, and is ensured by adding
power error feedback to Eq. (5.4)[15]. For the WINDMOOR 12 MW turbine an integral term is used:

t
Aﬁ, = Aﬁ + kI,powf (P _R))dt” (56)
0

where P is the generator power. The gain k; p,,, should be tuned carefully, in order to ensure no blade
activity just below rated wind speed, while avoiding conflict with the rotor speed error feedback controller
after the rated wind speed is exceeded. The controller dynamics should not be significantly affected if
constant power is adopted at above rated, following Eq. (5.3). If constant torque is adopted, the relation
between the controller frequency and the integral gain in Eq. (5.5) is updated to:
ki + krpowQo = % . (5.7)
98

Since the turbine is installed on a floating platform, some measure has to be taken to avoid the motion
instability reported in [16]. One option is to “detune” the controller - i.e., to set its natural frequency below
the platform pitch natural frequency. A natural frequency of f,;, = 0.02 Hz has been shown to stabilize the
system, while the controller damping factor ¢, is set to 0.7. Table 5.7 shows the corresponding controller
gains for zero blade-pitch angle, and the complete controller configuration (including gain scheduling) is
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provided in Appendix D.

An alternative to detuning the controller, and that is available in ROSCO, is to add a term proportional to
the filtered nacelle feedback, x4, to Eq. (5.4):

t
AB = kpe,, + klf e,dt + kfbicnac s (5.8)
0

where kg, can be determined as explained by Lenfest et al. [17]. It is important that the filter applied at
the nacelle velocity attenuates WF components satisfactorily, in order to avoid controller response to wave-
induced motions. On the other hand, the phase lag induced by the filter can affect the controller stability.
It is thus recommended to carefully check that the combination of gain ky;, and filter parameters is stable
for all wind speeds in the above rated region. This has not been carried out for the current version of the
model, which adopts the above-mentioned “detuned” controller.

Table 5.7: Main controller parameters.

Property Value
Ky, (N.m/(rad/s®)) 1.48 x 10’
kp (s) 0.7578
kr (- 0.0680

k1 pow (rad/(Ws)) ~ 9.00 x 10~°

5.4.3 Thrust peak shaving

Thrust peak shaving (or clipping) consists of limiting the rotor thrust near rated wind speed, by starting
to impose a blade-pitch angle before the rotor reaches rated speed. The objective is to limit aerodynamic
loads, at the cost of reduced power capture in the transition from below-rated to rated region [18]. The
blade-pitch angles are determined based on the low-pass filtered wind speed, as shown in Tab. D.2. Figure
5.4 illustrates the effect of peak shaving on the thrust and power curves. See Appendix B for the complete
thrust and power curves.

5.5 Tower

The tower model was provided by Equinor. Its main dimensions are presented in Table 5.8, and distributed
properties are given in Table 5.9. When installed on the platform, the 15t fore-aft bending frequency is
found to be 0.641 Hz (considering the full system). This is significantly beyond the 3p frequency at rated
speed (0.39 Hz). The 6p interval ranges from 0.56 Hz to 0.78 Hz, encompassing the tower’s 15t bending
frequency. The tower base is placed at the top of one of the columns, at a height of 15.5 m above mean
water level.
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Table 5.8: Tower main properties.
Parameter Value
Diameter at top (m) 5.97
Diameter at bottom (m) 9.90
Thickness at top (mm) 30.1
Thickness at bottom (mm) 90.0
Length (m) 110.20
Mass (t) 1161.6
CG, from base (m) 56.65
Table 5.9: Tower model properties.

Element Length(m) Diameter (m) Thickness(mm) Mass coeff. (kg/m) EA (N) EI (N/m?)
1 4.00 9.90 90.0 21873.5 5.91 x 101 7.24 x 10%°
2 4.00 9.50 90.0 20985.7 5.67 x 101 6.39 x 1012
3 2.00 9.10 90.0 20097.9 543 x 101 5,62 x 10'?
4 5.89 9.00 74.3 16423.1 4.43 x 101 4.49 x 10'2
5 5.89 9.00 70.2 15529.1 419 x 101 4.24 x 102
6 5.89 9.00 66.1 14612.6 3.94 x 101 3.99 x 10'?
7 5.89 9.00 62.0 13717.8 3.70 X 1011 3.75 x 10'2
8 5.89 9.00 57.9 12820.1 3.46 x 101 3.50 x 10'?
9 5.89 9.00 53.8 11904.9 3.21 X 1011 3.25 x 10'2
10 5.89 9.00 49.7 11008.8 2.97 x 101 3.00 x 10'2
11 5.89 9.00 45.6 10090.3 2.72 x 1011 2.75 x 1012
12 5.89 9.00 41.5 9193.4 2.48 x 101 2.51 x 10'?
13 5.89 9.00 37.4 8290.5 2.23 x 101 2.26 x 1012
14 5.89 8.82 34.7 7535.0 2.03 x 101 1.98 x 10'?
15 5.89 8.40 34.0 7029.7 1.89 x 1011 1.67 x 102
16 5.89 7.96 33.3 6536.8 1.76 x 1011 1.40 x 102
17 5.89 7.54 32.6 6052.4 1.63 x 1011 1.16 x 102
18 5.89 7.11 31.9 5586.4 1.50 x 1011 9.50 x 10!
19 5.89 6.68 31.3 5137.4 1.38 x 1011 7.72 x 101
20 5.89 6.25 30.6 4705.5 1.27 x 101 6.20 x 101!
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Figure 5.4: Thrust and generator power curves near rated wind speed, with and without the thrust peak

shaving strategy as specified in Tab. D.2.
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6 SIMA model

Based on the FWT properties shown in the previous sections, a SIMA model of the WINDMOOR 12 MW
FWT was created (Fig. 6.1). A rigid-body platform is modeled in SIMO, coupled to a flexible tower, wind
turbine, and mooring system, modeled in RIFLEX. The main modeling assumptions and input data are
presented below. The model is included as an example in SIMA (starting in version 4.1).

6.1 Platform

The platform is modeled as a SIMO body, subjected to loads from waves and from the FE structures mod-
eled in RIFLEX. The equations of motions are:

t
(m+ Ay )X+D;x+Kx+ / h(t — D)x(7)dt = q(t,%, %), (6.1)
0

where m is the rigid-body inertia matrix, obtained from the platform (steel + ballast) mass and radii of
gyration from Tab. 3.1; A, is the infinity-frequency added-mass matrix; D; is the linear external damping
matrix; K is the hydrostatic restoring matrix; h is a matrix of retardation functions [19]; and q is a vector
with external loads:

q=—mgk x 1y + pgVk X 1p + Qi5t + Q2nd + Avis,g + 9FE » (6.2)

where m is the FWT total mass; p is the water density; g is the acceleration of gravity; V is the displaced
volume; r, and r;, are the position vectors from the centers of gravity and buoyancy to the origin; qyy; is
a vector with 15t-order wave loads; q,,,4 is a vector with 2nd-order wave loads; Quis,q Contains the viscous
contributions from the columns and pontoons, by means of the quadratic term of the Morison formulation;
and grg includes the loads imposed to the platform by the mooring system and tower base.

The first term on the r.h.s. of Eq. (6.2) includes the weight of platform, tower, and RNA, while the buoyancy
is accounted for as a vertical specified force, applied at the platform center of buoyancy and pointing to
the direction of the global Z axis. Since both weight and buoyancy at equilibrium are already considered,
the hydrostatic restoring matrix contains only the contribution due to volume variation caused by small

motions around equilibrium:

00 0 0 0 0
00 0 0 0 0
K_|00 G 0 0 0 63)
00 0 Cjy 0 0
00 0 0 Ci 0
00 0 0 0 O]
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Figure 6.1: Front view of the WINDMOOR 12 MW base case FWT, modeled in SIMA.
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The coefficients Cj; are given by [20]

C33 = PgAyp = 533X 10° N/m
Cis = P8 [f,, ¥*ds =3.38 X 10° N.m/rad, (6.4)
Cis = pg W, x?ds = 3.38 x 10° N.m/rad

where A, is the waterplane area. It is noted that small roll/pitch angles are assumed. This modeling
approach was introduced by Kvittem [21] and ensures that the weight of the other FWT components are

properly accounted for.

In the present model, the 20d-order wave loads in vector q,,4 are accounted for by providing the wave
drift coefficients, and using Newman’s approximation [22]. Although this approach provides satisfactory
predictions for the LF horizontal motions, full quadratic transfer functions (QTFs) are needed for exciting
resonant responses in heave, roll, and pitch.

Vector q;5,4 combines all the quadratic viscous drag forces on pontoons and columns, based on Morison

formulation. The force per unit length is given by
1
f= EPCdDu|U| , (6.5)

where the characteristic length D is the column diameter or the pontoon width/height. The relative ve-
locity u accounts for wave particle kinematics and platform motion, and the non-dimensional drag coeffi-
cients C4 provided in Tab. 6.1 are obtained from DNV-RP-C205 [23].

6.2 Tower

The tower is modeled using 20 beam elements, adopting an axisymmetric cross-section with decreasing
diameter from the base towards the top. Steel with density pg.; = 7850 kg/m?3, and modulus of elasticity
Egieer = 2.11 x 10! Pa, are considered. The elements length and cross-sectional properties are provided
in Tab. 5.9. Two supernodes are used — one at the base and another at the top. The tower base supernode
is placed at (35.2;0.0;15.5) w.r.t. the platform origin, to which it is slaved.

Table 6.1: Quadratic drag coefficients for columns and pontoons, following Appendix E of DNV-RP-C205
[23].

Cay Caz
Column 1.0 1.0
Pontoon 2.3 1.4
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6.3 Wind turbine

A blade element momentum (BEM) model for wind turbines [24] is implemented in RIFLEX, with Qye’s
models for dynamic stall and dynamic wake [25]. Equilibrium is found based on the blade discretization,
in the FE model. Hub and tip losses due to a finite number of blades are corrected using Prandtl factor,
and Glauert correction for high induction factors is adopted. Tower influence is considered using potential
theory.

The wind turbine blades are modeled with 18 beam elements, using double-symmetric cross-sections, as
listed in Table 5.4. The distributed cross-sectional properties are shown in Table 5.5. The airfoils for each
section are provided in Appendix C.

A nodal body is used for modeling the hub. Its moment of inertia is therefore accounted for in the shaft,
which is modeled with an artificial mass coefficient and radius of gyration. The nacelle is modeled with a
SIMO body.

The turbine supernodes are defined in a separate reference frame, allowing for easy rotation of the nacelle
w.r.t. the tower.

6.4 Mooring system

The mooring line properties in Tab. 3.4 are implemented using bar elements. Table 6.2 describes the num-
ber of elements, and element length, used in each segment. The supernodes at the fairleads are slaved to
a master supernode at the platform origin.

Table 6.2: Mooring line segments discretization.

Segment Length (m) N.elements Elem.length (m)

1 25.0 5 5.00
2 85.0 17 5.00
3 85.0 9 9.44
4 499.8 45 11.11
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A  WAMIT results

This appendix contains WAMIT results for the INO WINDMOOR FOWT semisubmersible platform.

The appendix contains:

« Panel size convergence study

Added mass and damping coefficients

Wave excitation force/moment coefficients

» Motion transfer functions - no viscous correction

Wave drift force coefficients

Figure A.1: Illustration of the WAMIT panel model of the INO WINDMOOR semi.
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A.1 Panel size convergence study

The purpose of a panel size convergence study is to determine the size of the panel elements needed for
the results to converge satisfactorily. A convergence study can be carried out with the following steps:

1. Create a panel model using few, but a reasonable number of elements. Carry out analysis with this
model

2. Re-mesh the panel model with a denser element distribution, re-calculate with the new panel model,
and compare the results to previous panel models.

3. Repeat increasing the number of panel elements (mesh density) and re-calculate until the results
converge satisfactorily.

Note that in step 2 above, increasing the number of elements must be done systematically and should be
done by reducing the size (Ilength) of each element by a factor of 2. This means that the number of panels
increases by a factor of 4 for each refinement.

Table A.1: Panel model properties.

Panel No.of Maxaspect Submerged Waterplane Vertical centre

size  panels ratio volume area of buoyancy
[m] [-] [-] [m?] [m?] [m]

- (5] - 13836 530.14 -10.085
0.375 24916 2.6455 13833 530.00 -10.086
0.750 5606 2.7917 13824 529.53 -10.090
1.500 1256 3.1366 13784 527.34 -10.105

Three different panel models were consider in the present study. The main geometrical properties of the
panel models are summarized in Table A.1 and compared with analytical values. The element density
of the panel models are illustrated in Figure A.2. Comparison of the motion transfer functions, wave
excitation forces and added mass coefficients are provided in Figures A.3 - A.5, respectively, for the surge,
heave and pitch modes obtained with the different panel models. It is evident from the plots that the results
are converging as the number of panel elements are increased.

The numerical error due to the panel element size can be estimated by using Richardson extrapolation.
The discretization error is estimated as [26]

en($) = % (A1)

where ¢, denotes a solution on a panel model with element size h = Ax. The convergence rate y can be
approximated as

y = log((¢on — Pan)/(Pn — 21)) .

e) (A.2)
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It should be noted that this method to estimate numerical error is only accurate if the panels are sufficiently
fine such that monotone and nearly asymptotic convergence is obtained, the solution is well-behaved with-
out singularities, and that the panel element refinement is systematic and substantial.

Figure A.6 shows the relative error for the coefficients given in Figures A.3 — A.5. Note that some of the
curves do not converge monotonically and asymptotically for all periods, and the relative errors are not
plotted for these periods. This happens in regions where the curves cross each other. The relative error
for the finest panel model is 