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Abstract: A numerical investigation of floating-type substructures for wind turbine generators was
conducted by using time-domain simulation. A Tri-Star floater for 8~-10 MW generators, which was
developed by Samsung Heavy Industries (SHI), was chosen as the floating substructure. To make
the anchor system, catenary mooring lines, considering redundancy, were installed on the floater.
The main sources of external force on the wind turbine generator are wind, waves, and currents.
To consider severe environmental conditions, Design Load Cases (DLCs) 1.6 and 6.1 of the IEC
guidelines (IEC 61400-3-1) were chosen. From the measured environmental data for the installation
site, the main parameters for the simulation conditions were obtained. The tilt angle and horizontal
movement of the floater and the mooring tension for the different mooring systems were checked.
The response of the floater during the failure of the mooring was also studied, and the critical failure
of the mooring was confirmed. During the failure of the mooring, the redundancy system worked
well, in which the movement of the floater was constrained within the criteria for all scenarios.

Keywords: sea-keeping; mooring failure; support structure; floating offshore wind turbine (FOWT)

1. Introduction

Due to increasing environmental threats, decarbonization has become one of the
biggest issues around the world. In the national plans for the power supply of each country,
the continuous expansion of renewable energy has been confirmed. For instance, the
European Union (EU) agreed that renewable energy would make up about 42.5% of the
total power supply by 2030. In renewable energy, wind is one of the main resources because
of its eco-friendly and sustainable properties. Since several decades ago, the use of wind
energy has been researched and its capacity has grown continuously.

Wind turbines have mainly been installed in onshore regions in the past. However,
this creates several problems, such as excessive noise and aesthetic issues, given that the
size of wind turbines has become large. The installation sites of wind turbine generators
have increasingly moved to offshore regions. Offshore wind turbines need additional
structures beneath the wind tower, called the substructure, and additional grid lines for
the transmission of electricity. Depending on the type of substructure, wind turbine
generators can be classified into two types, i.e., fixed and floating. Most fixed substructures
have similar geometry to fixed oil platforms, and representative examples are the jacket,
monopile, and tripod types [1]. Although a total of 90% of offshore wind turbine generators
have fixed substructures, several problems with wind turbine generators located near
shore regions have appeared, and the most suitable installation sites have been occupied.
Furthermore, it is known that the average wind speed becomes high and steady in deep
sea areas, but the economic value of fixed substructures decreases as the water becomes
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deeper. Consequently, floating substructures have increasingly been installed in regions
with relatively deep water. They also have similar substructures to oil platforms such as
spars, semi-submersible platforms, tension leg platforms (TLPs), etc. Until now, many
studies and field installations have been conducted for spar-type substructures. One of
them, Hywind Tampen, is the biggest offshore wind farm project, which has a total capacity
of 88 MW, and a spar-type substructure has been used. Since a floating offshore wind
turbine has additional costs for the anchor system, such as mooring lines and anchors,
the LCOE (levelized cost of energy) of floating offshore wind turbines has been relatively
larger than that of other wind turbine generators. To reduce LCOE, much research has been
conducted. For instance, numerous floater shapes and materials have been developed, and
the responses of several mooring systems have been researched continuously [2—4].

The analysis of floating wind turbines needs complex techniques that should consider
both the wind and the marine conditions. The load and responses of wind turbines, towers,
and substructures should be obtained instantaneously, for which the total solution needs
a combination of results from various fields. It has been found that the so-called “aero-
hydro-servo-elastic dynamics” should be considered in the analysis of floating offshore
wind turbines [5-7]. Accordingly, several schemes for coupling the load and response
induced by wind and waves have been developed [8]. Open-FAST is a representative tool
for the analysis of floating offshore wind turbines, and it has been mainly used by research
institutes and applied to various conditions [9]. The commercial software package Bladed
has been commonly used for the analysis of onshore and fixed offshore wind turbines.
Recently, Bladed enhanced its functions for floating substructures. For instance, ways to
consider the hydrodynamic coefficients and quadratic transfer functions (QTFs) have been
developed. Other commercial software such as Orcaflex and ANSYS AQWA R22, etc.,
which have been used for the design of offshore structures with mooring systems, have
extended their functions for floating offshore wind turbines by enhancing the method of
calculating the wind loads and coupling scheme of the wind turbine.

Not only the combination of all forces but each load on the structure should be
considered properly for the design of floating offshore wind turbines. For the aerodynamic
analysis of a wind turbine, many research institutes have used reference wind turbines
(RWTs), which have been developed for the purpose of research. A representative 5 MW
wind turbine provided by the National Renewable Energy Laboratory (NREL) has been
used for a long time in research into offshore wind turbines [10]. Both fixed and floating
wind turbine generators have been researched by using 5 MW NREL RWTs with various
substructures. As the capacity of wind turbines has become increasingly large, the 10 MW
wind turbine of the DTU (Danmarks Tekniske Universitet or the Technical University
of Denmark) has been researched [11]. For instance, the Lifes50+ project systemically
researched the dynamic response of two kinds of floater (OO-star semi and NAUTILUS-
DTU10) with a DTU wind turbine by using the FAST model [12]. Recently, the International
Energy Agency (IEA) developed a new model, and they have provided information for
15 MW wind turbines [13]. The UMaine VolturnUS-S reference platform for IEA wind
turbines was also introduced, and several dynamic responses have been researched [14].
Hydrodynamic analysis should also be conducted for the design of substructures. In some
cases, a similar process is needed for some offshore structures. For instance, the effect
of linear and second-order hydrodynamic forces induced by irregular waves on a floater
has been confirmed for anchor systems. In particular, a slowly varying force that could
create low-frequency resonance in a mooring system has been researched [15,16]. There are
also many other design points for substructures, such as the elastic response of the tower,
mechanical vibrations, control systems, and so on. However, there has been no consensus
about how to optimize both experiments and numerical simulations [17-19] because there
are few data on the responses of floating wind turbines obtained from real sites.

In South Korea, huge projects for offshore wind farms have been planned, and several
floaters for offshore wind turbines have been developed. One of them, the Tri-Star floater,
which is a semi-submersible type of floater, was developed by Samsung Heavy Industries
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(SHI) in 2021 for 8-10 MW wind turbines. In this study, a numerical investigation of several
responses of the Tri-Star floater with the 9.5 MW VESTAS wind turbine was conducted
by using a relatively simple method, which could be used for the initial design stage.
The motion response of the floater and the mooring tension of different mooring systems
were studied. The wind and current loads acted statically, and the maximum value of
the responses was mainly focused on. In addition, the scenario of the mooring failing
with a mooring redundancy system was assumed, and the corresponding results were
checked. The rest of this paper is organized as follows. The formulation for the calculation
of response is stated in Section 2. The numerical model of a 9.5 MW wind turbine generator
and environmental conditions are introduced in Section 3. Numerical simulation and
criteria are stated and discussion on the results is conducted in Section 4. The conclusion is
drawn in Section 5.

2. Formulation
2.1. Coordinate System

Figure 1 shows a birds-eye view of a wind turbine generator. The X-coordinate has
the same direction as the wind flow, and the Y-coordinate is in the cross-flow direction of
the wind. The Z-coordinate is along the wind tower, which is vertical to the pontoon of the
floater. The water’s depth is 150 m.

Figure 1. A wind turbine generator.

2.2. Equations of Motion

In regular waves, a linear time-harmonic is assumed, and the equation of motion is
established in the frequency domain. It is written in the following form:

6

Y {7w2 (mjl + aﬂ) —iw (bjl + bvis,jl) + le}él = Af; @

j=1

where m;; is the body mass matrix; 4;; and b; are the coefficients of added mass and wave
radiation damping; by;s j; is the viscous damping coefficient; ¢j; is the hydrostatic stiffness
matrix; A is the waves” amplitude; f; is the waves’ exciting force per unit of amplitude; and
¢; is the response of complex motion. The subscripts j and / indicate the mode number of
translational and rotational motions.

After solving the equation of motion, the response amplitude operator (RAO) of
6-DOF motions could be obtained in the frequency domain. Hydrodynamic coefficients
and the corresponding RAO were calculated by using the commercial software ANSYS
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R22. The calculation was based on the assumption of potential flow, and the other damping
coefficients, such as viscous damping, were obtained from an experiment conducted by
KRISO (Korea Research Institute of Ship and Ocean Engineering). Figures 2 and 3 show
the response amplitude operator in the head and beam waves. It was confirmed that the
heave and pitch in the head waves and the roll in the beam waves showed large reductions
caused by the viscous effect near the resonance region.
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Figure 2. Response amplitude operator (RAO) of a Tri-Star floater in head waves (with and without
the effect of viscosity).
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Figure 3. Response amplitude operator (RAO) of a Tri-Star floater in beam waves (with and without
the effect of viscosity).

To obtain the motion responses in real sea conditions, time-domain computation was
needed. Using the time-memory effect function (or retardation function), the equation of
motion could be established in the time domain [20] as follows:

6 . t .
El{ (mjl + ﬂjl(o")) Xi(t) + _{o Ly(t—1)X;(t)dt + CjzXz(f)} @
— M (2)
- Fwave,j + Fwave,j + Fmooring,j + Fcurrent,j + Fwind,j

where a;(c0) is the added mass at an infinite frequency, X;(t) is the instantaneous motion
responses, Fygy,; is the linear and second-order hydrodynamic forces, Fyooring; is the
mooring’s restoring force, Feyppent j is the current’s force and Fyjng,j is the wind's force. The
time-memory effect function can be expressed in the following form:

2

7T

Li(t) = / ébﬂ(w) sin wtdew 3)
0

It was assumed that a wind turbine generator receives several types of force from
environmental conditions, and the forces of waves, currents, and winds were mainly
considered. A mooring system was also installed on each column of the floater’s anchor
system. The methods of calculating each force are introduced in the following section.
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2.3. Calculation of the External Forces
2.3.1. Wave Forces

Most commercial software for the problem of anchoring at sea adopts a weakly non-
linear assumption. In addition, a perturbation scheme that has a perturbation parameter
proportional to the waves’ slope (or amplitude) is applied. In line with these assumptions,
the linear and second-order hydrodynamic forces are obtained via the following;:

(1 Ne a4y
Fwave,j =Re ZlAn in e_l(wnt‘l‘sn) (4)
n=
Ny Ny ‘ Ny No |
=Res ) ) A Au f],;me—l((wn—wm)t-&-en—sm) CYY A ;me_l((wn+wm>t+€n+gm) o
n=1m=1 =]

where Ny, is the number of waves, and A, is the amplitude of the nth wave. For the
second-order forces, only the mean and a slowly varying component were considered in
this analysis. In ANSYS, the quadratic transfer function (QTF) was calculated by using
Newman's approximation [21], for which the quadratic transfer function is obtained from
the time-averaged value of each frequency of the force, and there was no calculation of the
second-order potential.

In the time-domain simulation, the waves’ force could be calculated after obtaining
the waves’ amplitude for each frequency. The amplitude is generally extracted from the
spectral density function of the waves’ spectrum as follows:

Ap = 1/25(wy)Aw (6)

For the irregular time-domain simulation, the JONSWAP spectrum [22] is used, and
the spectral density function is as follows:

2@ —125¢42)t v
S(w) =« H—se 2]y @)

where o = 0.0624 — on 1<y<7 8)
0.230 + 0.0336y — 0.185(1.9 + )

(&1
Y — e T and o — 0.07 for w < wy )
0.09 for w > wy

where H; is the significant wave height, w) is the peak frequency, and < is sharpness
of the waves’ spectrum. In total, 100 waves were summed, and the phase of the wave
force was chosen randomly. A scatter diagram of the significant wave height (Hs) and
the peak period (Tp) was calculated from the data from NOAA (National Oceanic and
Atmospheric Administration). In particular, the contour line of the significant wave height
and the peak period was derived via the IFORM (inverse first-order reliability method)
for environmental data [23]. The results of the 1-year and 50-year return periods for the
significant wave height and the peak period are summarized in Table 1.

Table 1. Significant wave heights and peak periods of 1-year and 50-year return periods.

Return Period H; (Significant Wave Height, m) Tp (Peak Period, s)

1 year 5.89 10.06 £ 1.5
50 years 8.14 11.50 £ 1.5
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2.3.2. Mooring Restoring Forces

A floating body has no restoring force for horizontal translations and rotation of
the vertical axis, i.e., surge, sway, and yaw motions. Thus, an anchor system should be
installed on the floater. In general, the mooring system is attached to the floater as an
anchor function. In this study, a chain catenary mooring system was used in the initial
design stage. Calculation of the catenary mooring forces could be conducted in several
ways, such as the dynamic, quasi-dynamic, and quasi-static methods. Among these, the
quasi-static approach, which calculates the difference between the static mooring forces at
each time step, was chosen for calculating the mooring’s restoring forces.

From the equilibrium state of static force and the geometric relationships without
considering the elasticity, the catenary equation for the static mooring line could be derived.
Provided that the water becomes deeper, the long line of the catenary mooring will be
influenced by the elastic effect. As described in [24], the relationship between mooring
tension and the platform’s position with elongation can be written in a closed form, as
shown as follows and in Figure 4.

T2, 1+sing 1+ sin g
- = t —t Tog (1 —1 10
w(x — xq) EA(ancp an ¢o) + eH(n cos g n <05 90 (10)
Tesing — T sin g = w(s —sg) = Ty = Teoy + w(s — sp) (11)

w(s—so) 2
(s —sp)y/1+ (W —l—tanqoo)
Teon Teov w(s—sg) 2 1
+-% 1+ ( Toort + tan (po) ~ cos ¢o (12)
T, i 1 —s0) 2 w(s-
+ z?;H ln<1—s:§r(f(()po + sec @o+tan gg (\/1 + (w(;eo:;o + tan goo) + wio:IO)))

Ising=T, T

=Ty
I,,=T,sing
e
W o
Iy =1,cosp

]—;0 le Y
X — xo

Figure 4. Definition of the variables in a catenary mooring system.

Here, T, is the effective mooring tension; (xg, zg) and (x, z) are the positions in the x
and z directions; w is the weight of each section; (s — sp) is the mooring line’s length; (¢o, ¢)
is the angle of the mooring at each position; and (5 — 5p) is the mooring line’s length with
elongation which comes from the elasticity of mooring line. In this study, elasticity was
considered in the calculation of the static forces.
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2.3.3. The Forces of the Current

It was assumed that the force of the current acts as a static force in the same direction
as the waves. In this case, the current force is obtained in the same way as the calculation
of drag force as follows:

1
Fcurrent,j = §PwaterCDAprojecteduczurrent (13)

where puqter is the density of seawater, Cp is the drag coefficient, and Apjecred is the
projected area. Considering the shape of the floater, the drag coefficient for a square
column with a corner radius was adopted. Ugyens is the current’s speed, which has been
described in IEC 61400-3-1. As shown in the IEC guidelines, a current mainly consists of
two parts. The first is the subsurface current generated by tides, storm surges, variations in
atmospheric pressure, and so on. The other part is the wind-generated near-surface current.
They are written in the following form:

Ucurrent (Z) = Uss (Z) + Uy (Z) (14)
Uss(z) = Uss (0)[(z +d) /d)7 (15)
Uy (z) = Up(0)(1+2/60) (16)

where Uy is the subsurface current, and Uy, is the near-surface current (Figure 5). The
target installation site of a Tri-Star floater was the Donghae Gas Field (35.5 N, 130.0 E). For
this site, the current’s speed was obtained from Hybrid Coordinate Ocean Model (HYCOM)
data. The current’s speed at the water’s surface and at —60 m is shown in Table 2 [25]. If
we substitute the data in Table 2 into Equations (15) and (16), the current’s speed at z =0
can be obtained. After the current’s speed profile has been obtained, the distributed force
of the current is transformed into a point force which acts on the center of force (Figure 6).

A4
+ —= 10101

Near-surface current Sub-surface current

Figure 5. The current profile (near-surface and subsurface currents).

Table 2. Speed of the current for 1-year and 50-year return periods at z = 0 and —60 m (Choi and Kim,
2021).

Return Period V¢ (m/s) at 0 m V. (m/s) at —60 m

1 year 1.16 0.53
50 years 1.69 0.62
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Figure 6. Transformation of the current’s force.
2.3.4. Wind Forces
The wind force is calculated by the same method as the current force as follows:
1 2
Fwind,j = EpairCDAprojecteduwind (17)

where p,;, is the density of air and Uy, is the wind speed. From the measured data
for wind speed at several heights, as described in Table 3, the wind speed profile was
approximated by using a power law as follows:

uwind(z) = uwind,Hub(Z/ZHulJ>(M1 (18)

where Zpy,, is the hub’s height and Uy, 5 is the wind speed at the hub. A comparison of
the measured data and the results from Equation (18) is shown in Figure 7.

Table 3. Wind speed at each height.

Height (m) 1 Year (m/s) 50 Years (m/s)
10 23.67 31.92
20 25.33 34.41
50 27.52 37.69
100 29.19 40.17
128 29.78 41.06
Wind speed profile
160
140
120
E 100
£ 80
2 60
40
20
0
10.00  15.00 20.00 25.00 30.00 35.00 40.00 45.00
Wind speed (m/s)

Figure 7. Comparison of the measured wind speed profile and that of the power law equation (points,
measured data; line, approximated data; blue and red color are wind speed profile of 1-year and
50-year return periods).

As in the calculation of the force of the current, the wind force acts statically on the
total structure. The distributed wind forces are transformed into point forces acting on the
three main parts (the freeboard part of a floater, the wind tower, and the rotor blade), as
shown in Figure 8. Among them, the wind force on the wind blade is obtained from the
thrust curve of the blades for which the wind speed is lower than the cut-out wind speed
(Figure 9).
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Figure 8. Area of wind force in a wind turbine generator.
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Figure 9. Thrust curve of the 9.5 MW VESTAS wind turbine.

3. Numerical Modeling

Generally, a floating offshore wind turbine constitutes a wind turbine, a wind tower,
a floater, and a mooring system. The main dimensions of these for the simulation are

introduced in this section.

3.1. Wind Turbine

In this study, a 9.5 MW VESTAS wind turbine was used. The dimensions of the wind
turbine are summarized in Table 4.
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A

Table 4. Principal dimensions of the wind turbine.

Parameter Unit Value
Output power Megawatt 9.5
Rotor diameter m 174.0
Hub diameter m 4.0

Height of the hub from the bottom of tower m 112.0
Nacelle mass Megaton 295.0
Hub mass Megaton 80.0
Blade mass Megaton 105.0
Tower mass Megaton 622.0
Rated wind speed m/s 12.0
Rated rotor speed rpm 9.9

3.2. Wind Tower

We chose the same shape of tower as used in the 3 MW wind turbine, which was
installed in the southwest of the sea from Korea [26]. A wind tower generally has a
cylindrical geometry, and its bottom part is thicker than the upper part to bear the structural
loads. The main dimensions are shown in Figure 10. The overall size was scaled up from
the 3 MW wind tower, which has been applied successfully in real sites, considering the
height of the hub of the 9.5 MW wind turbine model.

7.4

wmE
N
LIS

L
= <]
=

\ 4

e
«

4
i A

30.3 m 65.1 m

Figure 10. Main dimensions of the cylindrical wind tower.

3.3. Substructure

As introduced in previous chapters, the Tri-Star floater was used as the substructure
of the wind turbine generator. This model was developed by Samsung Heavy Industries
(SHI) for supporting 8-10 MW wind turbines. Their principal dimensions are shown in
Table 5. It has three columns, which have a square section with a corner radius. At the
top of the column, the pontoon is connected in a T-shape when viewed from the top. The
bottom of the column has a square heave plate to increase the value of the hydrodynamic
coefficient. To increase the stability, the floater has ballast water inside the columns. The
center of mass of the total wind turbine system is located at the centroid of the triangle, for
which each vertex is the center of the column.

3.4. Mooring System

For the numerical study, studless chain mooring lines were adopted, as summarized
in Table 6. To consider the redundancy of the mooring lines, each fairlead point had two
mooring lines. They were connected between the fairlead and the touchdown points.
Figure 11 shows the floater with the mooring system used in this study. To investigate the
effect of the mooring line’s position, different touchdown points were selected, and two
sets of touchdown points were finally determined after conducting a parametric study to
confirm the effect of the suspended length. Each position of the mooring line is summarized
in Tables 7 and 8.



Energies 2023, 16, 7961

11 0f 22

Table 5. Dimensions of the Tri-Star floater.

Variable Value
LOA (length overall) at draft level (m) 70.9
Breadth (m) 80
Width (m) 12.0
Col Height (m) 35.0
otumn Corner radius (m) 1.5
Column-to-column distance (m) 68.0
Heave plate breadth (m) 25.0
Max. length (m) 56.0
Top pontoon Breadth (m) 10.0
Height (m) 6.0
Displacement (megaton) 7863.3
Draft (m) 18.0
Total KG (bottom to CoG) (m) 27.26
Table 6. Principal dimensions of the R3 studless chain mooring.
Parameter Unit Value
Type - R3 studless
Length m 900
Diameter mm 153
Corrosion allowance mm 8
MBL(uncorroded) kN 16,579
MBL(incl. corrosion) kN 14,483
Mass per unit of length kg/m 465
Submerged weight kg/m 407
Elastic modulus kN /m? 5.44 x 107

TP 4

Mooring 3

Mooring 4

Mooringl ~ TP1
Mooring 2 TP 2

CJ

Mooring 5

TP 6

TP S

Figure 11. The floater with the mooring system. FP, fairlead points; TP, touchdown points (Yellow

arrow means wave & current direction, Green arrow means wind direction).
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Table 7. Coordinates of the fairlead points.

Points Coordinates (X, Y, Z)
Fairlead point (FP) 1 (454, 0.0, 6.0)
Fairlead point (FP) 2

(—24.7,39.1, 6.0)

Fairlead point (FP) 3 (—24.7, —39.1, 6.0)

Table 8. Coordinates of the touchdown points.

Coordinates (X, Y, Z)
Points . .
Horizontal Length: 840 m Horizontal Length: 850 m

Touchdown point (TP) 1 (885.1, 22.0, —150.0) (895.1,22.3, —150.0)
Touchdown point (TP) 2 (885.1, —22.0, —150.0) (895.1, —22.3, —150.0)
Touchdown point (TP) 3 (—425.6,777.3, —150.0) (—430.3, 786.1, —150.0)
Touchdown point (TP) 4 (—463.6, 755.3, —150.0) (—468.9, 763.9, —150.0)
Touchdown point (TP) 5 (—425.6, —777.3, —150.0) (—430.3, —786.1, —150.0)
Touchdown point (TP) 6 (—463.6, —755.3, —150.0) (—468.9, —763.9, —150.0)

4. Numerical Simulation

4.1. Design Criteria for Floating Substructures

For the motion responses of a floating offshore wind turbine, there are three main
design criteria (Figure 12) [27]. The first is the tilt angle of the floater. The maximum: tilt
angle should be lower than 10 degrees, and the mean value should also be lower than
5 degrees. The second is the horizontal acceleration at the RNA (rotor—nacelle assembly) of
the floater. It is recommended that the acceleration in the direction of the wind at the RNA’s
position should be less than 0.3 g (gravitational acceleration), and that in the cross-flow
direction should be less than 0.35 g in severe environmental conditions. A floater should
keep its horizontal position within 40 m in relatively mild conditions, and it must have a

maximum value of <60 m. In this study, the floater’s tilt angle and horizontal movement
were checked. The acceleration was also calculated, but we expected that it would have a
relatively low value because the wind force simply acted statically in this study.

Feememm————
lemm e e m ===

Tilt Horizontal acceleration Horizontal movement

Figure 12. Criteria for floating substructures [27].

4.2. The Responses of a Floating Offshore Wind Turbine for Design Load Cases (DLCs)

To conduct a numerical investigation, the design load cases (DLCs) given in IEC 61400-
3-1 were adopted. The severe environmental conditions in the design load cases (DLCs)
of IEC 61400-3-1 were considered. Thus, DLCs 1.6 and 6.1 were chosen as the simulation
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conditions in this study. In DLC 1.6, several environmental conditions, including a 1-year
return period, were selected. To confirm the long-term conditions, two cases in DLC 6.1
were also chosen, and a 50-year return period was applied. The list of the environmental
parameters of the simulated cases is described in Table 9. In all cases, the wind, waves, and
current acted in a co-linear direction, except in Case 7, in which the waves and the current
had a 15° angle of incidence.

Table 9. Design load cases (DLCs).

Cases DLCs Wind Speed (m/s) Hs (m) Tp (s) Waves and Current—Wind Misalignment
1-1 8.04 0
1-2 9.6 4.97 9.59 0
1-3 11.14 0
2-1 8.16 0
2-2 11.0 5.12 9.74 0
2-3 11.31 0
3-1 8.49 0
3-2 1.6 13.0 5.55 10.14 0
3-3 11.78 0
4-1 9.24 0
4-2 20.0 6.57 11.03 0
4-3 12.82 0
5-1 9.73 0
5-2 25.0 7.28 11.61 0
5-3 13.49 0
6-1 10 0
6-2 115 0
6-3 13 0
71 6.1 41.09 8.12 10 15
7-2 115 15
7-3 13 15

In this study, a 5 h simulation was conducted, and the response after 1 h was checked
to not include the transient initial responses. Figures 13 and 14 show the movement in the
x-direction of the floater and the pitch angle in Case 2-1. In Case 2-1, the wind speed was
11 m/s, at which the rotor received the maximum thrust from wind force. In Figure 13, the
blue and gray lines indicate the horizontal (x-direction) movement when the mooring lines
had a horizontal length of 840 m and 850 m. It was confirmed that the floater had a small
enough horizontal movement, which was lower than the maximum (40 m) for both lengths
of the mooring line. Next, Figure 14 shows that the pitch angle was also small enough, as it
was just below 5 degrees in the simulation. It was found that the pitch angle was not so
sensitive to the suspended lengths. This is natural because the pitch motion already has
some restoration from the hydrostatic force.

As well as the motion response of the floater, the tension of each mooring line under
different environmental conditions was also confirmed. Figure 15 demonstrates the number
of mooring lines and the main direction of mooring tension. In this study, the tension of
Mooring Lines (1) and (3) was mostly checked in conditions of head waves.
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g 50 . . . : ;
= | | ' ' ' ' |
- I : ' ' ' ' ' '
S 30 i : ' : g 5 :
EF20
£ 10
2 0
E? 3600 5600 7600 9600 11600 13600 15600 17600 19600 21600
. Time (s)
Figure 13. Comparison of movement in the x direction of a Tri-Star floater at different mooring
positions (Case 2-1; blue, 840 m; gray, 850 m).
Comparison of pitch angle (U,;,q = 11.0m/s, H; = 5.12m, T, = 8.16s)
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Figure 14. Comparison of the pitch angle of the Tri-Star floater at different mooring positions
(Case 2-1).

Figure 15. The number of mooring lines and the direction of mooring tension (Blue arrow).

Figure 16 demonstrates the tension of Mooring Lines (1) and (3). It shows that a
small horizontal movement happened with longer mooring lines, and the mooring tension
became larger because of the strong restoring forces. As deduced from Figure 15, the
tension of Mooring Lines (1) and (2) was proportional to the negative surge motion, and
that of other mooring lines increased when the floater had a positive surge motion.

Figures 17 and 18 show the responses for Case 6-1, in which a 50-year return period
for the waves and current was applied. Since the wind speed was larger than the cut-out
speed, the rotor’s thrust suddenly decreased in this simulation. Due to the high significant
wave height, the horizontal movement was relatively large, but it was smaller than 40 m
for both lengths of the mooring line. In Figure 17, it is seen that the maximum pitch angle
was very small. It can also be seen that the mean angle is much smaller than that in Case
2-1 because of the reduction in wind thrust. Finally, it can be seen that the mooring lines’
tension is larger in Figure 19 due to an increase in horizontal movement, especially when
the mooring lines are relatively long.
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Figure 16. Comparison of mooring tension (Lines 1 and 3) at different mooring positions (Case 2-1;

blue, 840 m; gray, 850 m; Yellow arrows mean direction of tension, Green arrow means direction of

environmental loads).
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Figure 17. Comparison of movement in the x directional of a Tri-Star floater at different mooring

positions (Case 6-1; blue, 840 m; gray, 850 m).
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Figure 18. Comparison of the pitch angle of a Tri-Star floater at different mooring positions (Case 6-1).

The maximum and mean values of the motion responses in the simulations of all
cases described in Table 8 are summarized in Figures 20 and 21. It was confirmed that the
horizontal movement was generally large for DLC 6.1 (Cases 6-1-3, Cases 7-1-3). On the
other hand, the tilt angle of the floater was relatively large for DLC 1.6 because of the huge
wind thrust at the wind turbine. In particular, the mean value of the pitch angle decreased
substantially in DLC 6.1. The maximum and mean tension of Mooring Lines 1 and 3 are
summarized in Figures 22 and 23. Under head wave conditions, the maximum value of
mooring tension was different in each case, but the mean value was generally similar in
all cases.
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Figure 19. Comparison of mooring tension (Lines 1 and 3) at different mooring positions (Case 6-1;
blue, 840 m; gray, 850 m; Yellow arrows mean direction of tension, Green arrow means direction of
environmental loads).
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Figure 20. Comparison of the maximum and mean value of horizontal movement at different mooring
positions.

Comparison of maximum and mean pitch angle at different mooring length
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Figure 21. Comparison of the maximum and mean value of pitch angle at different mooring positions.

4.3. The Mooring Failure Scenario

As a final step, scenarios of failure by the mooring in which the mooring lines were
equipped with a redundancy system were considered. Two main failure scenarios were
selected, both under conditions of head waves. The first was the failure of Mooring Line
1. The other was the failure of Mooring Line 3. It was expected that the movement of the
equilibrium state of the floater when a mooring line fails would be as shown in Figure 24.
For the same DLCs considered in the previous section, we confirmed the details of the
changes in the horizontal movement and mooring tension.
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Figure 22. Comparison of the maximum and mean value of mooring tension for Line 1 at different
mooring positions.
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Figure 23. Comparison of the maximum and mean value of mooring tension for Line 3 at different
mooring positions.
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Figure 24. Movement of the equilibrium state due to failure of the mooring.

Figures 25 and 26 show the horizontal movement and pitch angle for Case 6.1 (DLC
6.1) when Mooring Line 1 failed. When the mooring line failed, the position of the floater
moved to a safe enough region, and the mean pitch angle became smaller. Sway motion
also appeared, but its value was very small, as shown in Figure 27. Although one mooring
line failed, the other mooring line prepared in the redundancy system kept the floater safe.
Due to the movement of the floater’s equilibrium position, the mooring line’s tension also
had different values. Figure 28 shows the time series of mooring tension of Lines 2, 4, and
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5. When Mooring Line 1 failed, Mooring Line 2, which provided redundancy for Line 1,
had high mooring tension, but the other mooring lines had a small amount of tension due
to the movement of the equilibrium position.
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Figure 25. Change in the horizontal movement for the failure of Mooring Line 1 (Case 6-1; blue,
840 m; gray, 850 m).
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Figure 26. Change in the pitch angle for the failure of Mooring Line 1 (Case 6-1).
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Figure 27. Change in the sway motion for the failure of Mooring Line 1 (Case 6-1; blue, 840 m; gray,
830 m).

Next, the responses when Mooring Line 3 failed under head wave conditions were
studied. Figures 29 and 30 show the changes in the movement in the x direction and the
pitch angle of the floater when Mooring Line 3 became disconnected from the floater. Unlike
its behavior after the failure of Line 1, the floater moved far from the original positions, and
the movement became more than 40 m when the horizontal mooring length was 840 m.
The overall pitch angle also increased after the failure. The equilibrium position in the
y direction changed, and Figure 31 shows that a large sway motion appeared when the
mooring line failed. Finally, as can be seen in Figure 32, which displays the mooring tension
of each line, Mooring Line 4 experienced high tension, and the other mooring lines’ tension
decreased. However, the increase in the tension of the redundant mooring lines was very
large compared with the case of the failure of Mooring Line 1. In Figure 33, which show the
root mean square (RMS) of the mooring tension of each line, it can be seen that the failure
of Mooring Line 3 increased the tension in the redundant lines. Thus, it seems that the
failure of Line 3 was more critical for the floater and the mooring system. Finally, the root
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mean square of the mooring tension of each line at the fairlead point (i.e., Lines 2, 4, and 5)
is shown in Figure 33. The failure of Line 1 makes Line 2 experience higher tension than
normal, but the increase after failure is very great for Line 4 when Mooring Line 3 fails at
both horizontal mooring lengths.
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Figure 28. Change in the mooring tension of Lines 2, 3, and 5 for the failure of Mooring Line 1 (Case
6-1; blue, 840 m; gray, 850 m; Yellow arrows mean direction of tension, Green arrow means direction
of environmental loads).
Comparison of x-directional distance (U,,;,q = 41.1m/s, H; = 8.12m, T, = 11.5s)
]
=
S
2
B
=
=
=]
£
"§ 3600 7600 9600 11600 13600 15600 17600 19600 21600
x Time (s)

Figure 29. Change in horizontal movement for the failure of Mooring Line 3 (Case 6-1; blue, 840 m;
gray, 850 m).
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Figure 31. Change in the sway motion for the failure of Mooring Line 3 (Case 6-1; blue, 840 m; gray,
850 m).
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Figure 32. Change in the mooring tension of Lines 2, 4, and 5 for the failure of Mooring Line 3 (Case
6-1; blue, 840 m; gray, 850 m; Yellow arrows mean direction of tension, Green arrow means direction
of environmental loads).
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Figure 33. Root mean square of mooring tension at each horizontal mooring length in Case 6.1. Left:
840 m; right: 850 m.

5. Conclusions

The motion responses of a floating substructure (the Tri-Star floater with a 9.5 MW
VESTAS wind turbine) were numerically studied using time-domain simulation. Consid-
ering the numerous environmental conditions recommended in DLC 1.6 and 6.1 of IEC
61400-3-1, several motion criteria were checked. After several parametric studies, two
different touchdown positions in the same mooring length were selected, and the effect of
the suspended length on the motion response was also confirmed. The results showed that
the horizontal movement of the floater was strongly influenced by the suspended mooring
length, and a short, suspended line had relatively little tension and a large horizontal
motion. On the other hand, the pitch angle was generally not influenced by the mooring
line’s position because of the existence of the hydrostatic restoring force. From the 36 case
studies, it is confirmed that tilt angle is more critical at DLC 1.6, and horizontal distance is
generally large at DLC 6.1. In a mooring system with redundancy at each fairlead point,
scenarios of mooring failures were considered in a time-domain simulation. The responses
were obtained after the mooring failed. Although the results are not shown here, a mooring
system without redundancy had a very large amount of drift, and it did not satisfy the
criteria. On the other hand, the mooring with a redundancy system gave the floater a
safe enough motion response after one mooring line failed. The floater obtained a new
equilibrium, and additional motion appeared. It was also confirmed that the failure of the
mooring line located in the crossflow direction (Mooring lines 3, 4, 5, and 6) was more
critical than that of the mooring line located in the direction of the waves (Mooring lines 1
and 2) for both the motion response and the mooring tension under head wave conditions.
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