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Featured Application: This study could be applied to the spar-type floating offshore wind turbine
to improve its wave-resistance ability and to reduce its wave-resultant vibration.

Abstract: Spar-type floating offshore wind turbines commonly vibrate excessively when under the
coupling impact of wind and wave. The wind turbine vibration can be controlled by developing its
mooring system. Thus, this study proposes a novel mooring system for the spar-type floating offshore
wind turbine. The proposed mooring system has six mooring lines, which are divided into three
groups, with two mooring lines in the same group being connected to the same fairlead. Subsequently,
the effects of the included angle between the two mooring lines on the mooring-system’s performance
are investigated. Then, these six mooring lines are connected to six independent fairleads for
comparison. FAST is utilized to calculate wind turbine dynamic response. Wind turbine surge, pitch,
and yaw movements are presented and analyzed in time and frequency domains to quantitatively
evaluate the performances of the proposed mooring systems. Compared with the mooring system
with six fairleads, the mooring system with three fairleads performed better. When the included
angle was 40°, surge, pitch, and yaw movement amplitudes of the wind turbine reduced by 39.51%,
6.8%, and 12.34%, respectively, when under regular waves; they reduced by 56.08%, 25.00%, and
47.5%, respectively, when under irregular waves. Thus, the mooring system with three fairleads and
40° included angle is recommended.

Keywords: OC3-Hywind spar; mooring system; vibration control; wind turbine

1. Introduction

As one of the clean and renewable energy resources, wind energy has been harvested
extensively worldwide. In contrast with onshore wind turbines, offshore wind turbines are
generally located in a better wind environment that has a higher wind speed and lower
turbulence intensity than on land; there is also no need to worry about noise caused by
offshore wind turbines because they are away from the coast. Thus, the offshore wind
turbine is one of the wind engineering research hotspots. However, compared with onshore
or fixed-bottom offshore wind turbines, floating offshore wind turbines generally vibrate
more violently when under the coupling impact of wind and wave. Their surge move-
ment amplitudes commonly exceed 10 m when under extreme environmental conditions,
potentially resulting in the wind turbine overtopping and mooring system damage. The
excessive vibrations of floating offshore wind turbines also significantly increase their cost
(Kikuchi and Ishihara [1] found that offshore wind turbines generally cost two to three
times more than that of onshore or fixed-bottom offshore wind turbines). Therefore, it
would be valuable to find out how to effectively reduce the structural displacements of
the floating offshore wind turbine (floating offshore wind turbine is simply called offshore
wind turbine in the following sections).
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A blade pitch control system was first found to be helpful for wind turbine vibration
control. Yin et al. [2] proposed a novel electrical-hydraulic blade pitch control system,
which consisted of a hydraulic pump, hydraulic motor, and pitch control gear. That pitch
control system could help the wind turbine harvest wind energy as much as possible, and
it could also reduce wind turbine vibration by tuning the blade pitch angle. Next, Zhang
et al. [3] presented an adaptive super-twisting generator controller based on an integral
blade pitch control strategy for floating offshore wind turbines; their numerical results
showed that their developed pitch angle controller could be applied to tune wind turbine
rotor speed and to control floating wind turbine platform vibration. Lan et al. [4] then
utilized an adaptive sliding mode pitch angle controller to tune blade pitch angle. Their
control strategies were effective in reducing wind turbine vibration. Although pitch angle
control can reduce significant wind load on the floating offshore wind turbine and can
increase wind turbine energy output, wave load can hardly be reduced. Further, frequently
tuning blade pitch angle will obviously reduce blade lifetime resulting in additional blade
maintenance cost.

Next, some researchers applied a tuned mass damper (TMD) in the floating offshore
wind turbine nacelle to control wind turbine vibration. Lackner et al. [5] installed a TMD
in the wind turbine nacelle. The TMD’s structural parameters were optimized through
parametric analysis. Their numerical results implied that a TMD could passively control
wind turbine vibration, and tower top and nacelle movements could be significantly re-
duced by 10%. Stewart et al. [6] also applied a TMD in a wind turbine nacelle, and they
developed a simulation tool called HAWC2-TMD to numerically simulate the wind interac-
tion of the wind turbine with a TMD. They reached the same conclusion that wind turbine
vibration could be controlled by applying a TMD in the nacelle. Innovatively, Liu et al. [7]
used a radial basis function neural network to predict TMD performance, and utilized a
genetic algorithm to globally and systematically optimize the TMD structural parameters.
They also investigated the effects of upstream wind turbine wake on downstream wind
turbine TMD optimization. They concluded that upstream wind turbine wake effects
on downstream TMD optimization should be considered when wind turbine spacing is
approximately twice that of rotor diameter. Subsequently, Liu et al. [8] applied a rotational
inertia double-tuned mass damper (RIDTMD) in the wind turbine nacelle. RIDTMD was
found to be more effective than TMD when they had the same physical mass. Alkmin
etal. [9] and Xu et al. [10] applied tuned liquid column dampers in the wind turbine nacelle,
which could reduce tower top and nacelle displacement. However, installing dampers in
the wind turbine nacelle incurs additional construction costs; meanwhile, the wind turbine
tower should be strengthened when applying dampers. Thus, applying dampers, to some
extent, is not economic.

Subsequently, some researchers proposed to improve the hydrodynamic performance
of the floating offshore wind turbine platform, in order to reduce floating wind turbine
vibration under the coupling impact of wind and wave. For spar-type wind turbine, Wang
et al. [11] added a heave plate on the spar-type platform. The heave plate was found to
be useful in controlling platform heave movement, owing to that it could provide great
added mass. Chen et al. [12] also applied a heave plate on the spar-type platform, and they
optimized heave plate structural parameters through a bunch of numerical simulations.
The newly proposed platform had smaller wind turbine vibration and mooring tension
than those of the original OC3-Hywind spar-type wind turbine platform. Innovatively,
Shin et al. [13] developed the original spar-type platform by attaching circular columns
onto it but remaining its total volume and mass. Compared with the original spar-type
platform, the developed platform could reduce wind turbine vibration in different di-
rections simultaneously due to larger overtopping stiffness. Interestingly, Zheng and
Lei [14] combined spar-type platform and fish cage. They used FAST [15] to calculate wind
turbine dynamic responses. Their numerical results indicated that fish cage could limit
wind turbine vibration and the proposed platform performed better than the original one.
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Although the developed platforms [11-14] could improve platform hydrodynamics, their
construction and maintenance costs increased simultaneously.

Thus, this study tries to reduce spar-type floating offshore wind turbine vibration by
developing an original mooring system which has negligible effects on the wind turbine’s
construction and maintenance costs. When quantitatively evaluating the performance of the
developed mooring systems, experiments in a real wave basin and numerical simulations
in a virtual wave basin can be carried out. The experiment can only test some typical
cases because the mooring system configuration can hardly be randomly changed during
the experiment. Meanwhile, a real wave maker can only generate a few typical waves.
Hence, the experiment is not suitable for the mooring system optimization that is needed
to evaluate the various cases in this study. To this end, numerical simulation was adopted;
specifically, FAST [15] was utilized to simulate the wind and wave interactions of floating
offshore wind turbines.

In summary, in this study, the original spar-type floating offshore wind turbine moor-
ing system with three mooring lines and three fairleads was developed; specifically, six
mooring lines were utilized to moor the wind turbine, which were divided into three
groups, and two mooring lines from the same group were connected to the same fairlead
(resulting in a total of three fairleads). The effects of the included angle between the two
mooring lines in each group on the mooring system’s performance were examined. Further,
these six mooring lines were connected to six independent fairleads for comparison with
the mooring system with six mooring lines and three fairleads. FAST [15] was utilized to
calculate the wind turbine’s dynamic response with these developed mooring systems.
Wind turbine surge, pitch, and yaw movements are presented and analyzed in time- and
frequency-domain to quantitatively evaluate the mooring system performance.

2. Numerical Methods

FAST [15] was adopted to simulate the wind turbine dynamic response. Specifically, in
FAST, the blade element momentum method (BEM) is used to calculate external wind load
on the wind turbine blade. Potential flow theory is used to calculate the external wave load
on the wind turbine tower and spar-type platform. A numerical wave maker can generate
regular and irregular waves. The floating wind turbine is moored onto the seabed by a
mooring system, which is modeled as catenary and is solved using a quasi-static method.
The wind turbine is assumed to be rigid in this study because its structural deformation
is much smaller than its rigid displacement. A wind turbine movement equation when
under the coupling impact of wind, wave and mooring system is also introduced. Details
about the numerical methods can be found in the following sections.

2.1. Blade Element Momentum Method

BEM [16] divides the wind turbine blade into a limited number of blade elements
along its axial direction. When neglecting three-dimensional wind effects, the wind loads
exerted on the blade elements can be calculated according to their two-dimensional airfoil
characteristics. Then, the total wind loads on the blade can be calculated by integrating
the loads of each blade element along the blade axial direction. Assuming that wind
turbine rotor is divided into N segments whose widths are labeled as dr (Figure 1a), blade
element lift force (dL), drag force (dD), thrust force (dT), and torque (M) (Figure 1b) can be
respectively calculated as

1
dL = iprelcCldr, €))
1 2
dD = ierelchdr, 2
a1 = LoBC,v2(1 - a1, 3
2 sin” @
M = LpBCVI(1 - a)wr(1+ u')crdir @)
PP sin ¢ cos ¢’
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in which, p is air density; V,,; means local relative wind velocity at specified blade element;
c denotes blade element chord length; C; and C; are lift and drag coefficients, respectively;
B represents the number of blades, which is 3 in this study; V1 means incoming wind
velocity; ¢ indicates inflow wind angle or called attack angle; and C,, and C; are normal
and thrust coefficients, respectively, which can be computed as

Cn =Cjcosp+ Cysing, 5)
Cr = Cysing — Cjcos ¢, (6)
i
r P
F
A\
o /FAL
=
@ ‘\\g}f'” Vi |u,(1—a)
 Qr(l+d)
(b)

Figure 1. (a) Schematic of blade element momentum method and (b) blade element forces.

In Equations (3) and (4), a and 4’ are axial and tangential induce factors, respectively,
which can be calculated as

. Bc(Cjcos ¢ + Cysin @)

@)

~ Snrsin? @+ Bc(Ccos ¢ + Cysing)’

. Be(Cysing — Cycos @)
~ 8mrsin ¢ cos ¢ — Be(Cysing — Cycos @)’

®)

2.2. Potential Flow Theory

Jonkman et al. [17-19] reviewed two mathematical theories for calculating floating
body hydrodynamic forces (i.e., Morison’s equation and potential flow theory). Potential
flow theory can counter the effects of wave radiation and diffraction, thus can more
accurately predict floating body hydrodynamic forces compared with Morison’s equation.
Thus, this study adopts potential flow theory to calculate wind turbine hydrodynamic
forces. Specifically, a potential function ¢(x, y, z) is utilized, whose governing equation
can be expressed as

V2 =0, )

where d¢p/dx = u,d¢/9dy = v, and d¢/9dz = w with u, v, and w as water particle velocities in

x, ¥, and z directions, respectively. After determining free water surface, structural surface,

and seabed boundary, the entire water particle velocity distribution in the numerical wave

basin can be computed by solving the potential function. Subsequently, the floating body
—

hydrodynamic force (F w4p) can be calculated as

— - — — -
Fwap=Fw+ Fus+ Frp + F am, (10)

— — —
in which, Fyy denotes wave load; F jjs means static water pressure; F rp represents the

—
hydrodynamic force resulted from wave radiation; and F 4) is the hydrodynamic force
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caused by added water mass. These four parts of total hydrodynamic force can be respec-
tively computed as

N
= 1 Z 21 ;
F — = 2—sided X ok 11
we L WG X @ ) e @)
=—4-
— .
Fps = ngO&)’ _ CHydrostastzcxl (12)
— t )
Frp = —/ Ky (t — T)x(7)dr, (13)
0
- —
Fapm = —AMgpayp, (14)

In Equation (11), W[k] means the fast Fourier transform result of white noise time
series; Sé_Sided(w) denotes wave spectrum (JONSWAP spectrum is utilized in this study);
X(w, B) is the wave force matrix normalized by unit wave amplitude; w means wave
frequency; and f indicates inflow wave direction. In Equation (12), pgV()d3 represents
floating body buoyancy with Vj as under-water floating body volume; CHY4rostastic means
hydrostatic recovery matrix; and x is floating body rigid displacement. In Equation (13),
Kj denotes radiation kernel in potential flow theory; and x(7) means floating body rigid
displacement velocity. In Equation (14), AMgp denotes added mass force caused by wave

radiation; and a , means floating body rigid displacement acceleration.

2.3. Wave Making Theory
2.3.1. Regular Wave

In this study, two-dimensional linear regular waves (Airy wave theory [20]) are
generated as incoming waves for the floating wind turbine. Wave surface function in Airy
wave theory can be expressed as

¢ = Asin(wt — kx), (15)

where A is wave amplitude; wt — kx means wave phase; k denotes wave number (k = 27t/L
with L as wave length). According to the potential flow theory introduced before, the
velocity and acceleration of water particles can be calculated using:

_ chk(z+d)dp _ A chk(z +d)

Uy = et W sin(wt — kx), (16)
v, = dlks(}fik—;d)aaizo — Aws}llﬁik—;d) cos(wt — kx), (17)
4y = %%’; = AwZW sin(wt — kx), (18)
a, = %?}% = szw cos(wt — kx), (19)

in which, v, and v, are water particle velocities in x and z directions, respectively; ay
and a, are water particle accelerations in x and z directions, respectively; d denotes water
depth; and chk(z + d) /shkd indicates the reduction factor of water velocity and acceleration
from wave surface to seabed. According to z, d, and k, local water particle velocity and
acceleration at specified z can be calculated.

2.3.2. Irregular Wave

Real sea waves are complicated with irregular free surface; hence, only using regu-
lar wave to evaluate the developed mooring system performance is not enough and is
inconsistent with reality. Irregular waves are generated in this section. Irregular waves



Appl. Sci. 2021, 11, 11665

60f23

W(w) =0,
W(w) =
W(w) =

H
XF(HF, VF) =Lg+ ?F In

can be regarded as a superposition of infinite linear regular waves with different wave
amplitudes, frequencies, and initial phases [21]. Wave surface function for an irregular
wave can be expressed as

N
n= Z ay cos(wy +€y), (20)

n=1
in which a,, wy, and €, are regular wave amplitude, frequency, and initial phase of the nth
regular wave.
Assuming that the irregular wave consists of an infinite number of regular waves,
the regular wave frequencies are distributed within 0 and co. Next, wave energy of all the
regular waves within w and w + dw can be computed as

N(wp=w+dw)
E= Y. 05pgas, (21)
n(wp=w)
using S(w)dw to substitute E in Equation (21), Equation (21) then becomes:
N(wp=w+dw)
S(w)dw = Y. 0.5pgal, (22)
n(wp=w)

P-M and JONSWAP spectra are popular in ocean engineering. This study adopts
JONSWAP spectrum to model irregular waves. At this moment, the wave surface function
can be expressed as
n(t) = 2 [, W(w)y/2n82 594 (co)eiede,

when w =0
Vv —2In[U; (w)]{cos[2ntly (w)] + j sin[2ntl; (w)]}, whenw > 0
v —2In[U; (w)]{cos[2ntly (—w)] — jsin[2nl; (—w)]}, whenw <0

where W(w) is the fast Fourier transform function for Gaussian white noise time series;
U; and U, are two independent random numbers, which follow normal distribution.

(23)

2.4. Mooring System

This study utilizes a quasi-static method to calculate deformation and tension of
mooring lines [22]. This method counters distributed mass, stress, and elastic of mooring
lines; however, it neglects inertia, viscosity, inner damping, bending, and twisting of
mooring lines. When mooring lines partly lie on the seabed, governing equations for
mooring lines can be expressed as

Vi Ve\?| HeL Cpw[ , Hp Hp
1+ (£ ke i L S § Ly — = |Max( Ly — == 24
OO\ <Hp) TR T Ea [T g M TG @Y
_ Hp 7% Vi —wL\? 1 wL?
zr(Hr, Vi) = 27 \/1+(HF> \/1+<HF TEa\Vekm %) @

in which xr and zr are horizontal and vertical distances from fairlead to anchor (Figure 2); Hr
and Vr are horizontal and vertical mooring tension components at fairlead; Ly = L — Vp/w
means mooring line relaxation length; w represents wet weight per unit length of moor-
ing lines; L indicates mooring line unstretched length; EA is mooring line axial stiffness;
and Cp means static friction coefficient between mooring lines and seabed. By solving
Equations (24) and (25), mooring tensions at fairlead can be calculated.
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Spar platform
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Figure 2. Schematic of mooring system with one mooring line.

Then, deformation and tension of the entire mooring line can be calculated further. For
any point on the mooring line, its horizontal and vertical distances to anchor are labeled
as x and z, respectively; meanwhile, mooring tension at a specified point is labeled as T..
They can be computed, respectively, using:

0<s<Lp— LE

CBZU
s+ 5157 —25(Lp — £5) + A (Lp - & ) Lp— ¢k <s<Lg 26)
LB—I—Iifln[w(SHPLB)—I— 1—|—(w(s LB)) [/\(LB—W) Lj, Lp<s<L
0 0<s < Lg
z(s) = —La)\2 L) ’ 27)
Ny T
Max[Hf + Cpw(s — Lp),0], 0<s < Lp
\/H%—i-[w(s—LB)], Lp<s<L
ao{ - (- &5) >0 , 29)
0, otherwise

where s means distance from target point to anchor.

2.5. Movement Equation for Floating Wind Turbine

As mentioned before, the floating wind turbine is regarded as a rigid body because
its structural elastic deformation is much smaller than its rigid displacement. Then, its
movement equation [23] can be expressed as

(M + A)x(t) + Cx(t) + Kx(t) = Fwap + Fwind + FLines (30)

in which, M and A are mass and added mass matrices of the floating wind turbine; C and
—
K mean damping and stiffness matrices, respectively; Fyy;,s indicates wind load calculated
H

using BEM as introduced in Section 2.1; F 1, represents mooring tension as introduced in
Section 2.4.

The entire calculation flow chart for the floating wind turbine dynamic response is
presented in Figure 3, including aerodynamic analysis for wind turbine blade, hydrody-
namic analysis for wind turbine tower and spar-type platform, quasi-static analysis for
mooring system, and overall movement calculation for entire floating wind turbine. All
of the external forces (i.e., wind, wave, mooring) are summed up in each time step, and
floating wind turbine dynamic response can be solved iteratively.
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Figure 3. Flow chart for floating wind turbine dynamic response analysis.

3. Developed Spar-Type Mooring System

This section first introduces the structural parameters of the investigated floating
offshore wind turbine: OC3-Hywind spar-type 5 MW floating offshore wind turbine [24].
Subsequently, the developed mooring systems for the spar-type platform are introduced.
To optimize the developed mooring systems, several different configurations are presented
by varying the mooring line positions in the mooring systems. Details about the investi-
gated floating offshore wind turbine and developed mooring systems can be found in the
following sections.

3.1. OC3-Hywind Spar-Type 5 MW Wind Turbine

It is assumed that a positive x direction is consistent with the wind and wave propa-
gation direction; positive z direction points upward; and positive y direction can then be
determined using the right-hand rule, as can be seen in Figure 4. Figure 4 shows a typical
OC3-Hywind spar-type 5 MW offshore wind turbine, which is moored onto the seabed
using three mooring lines. The floating wind turbine can freely move in six directions (i.e.,
surge, sway, heave, roll, pitch, and yaw). The key structural parameters of the wind turbine
are summarized in Table 1. Hub mass, nacelle mass, and tower mass are 56,780, 350,000,
and 249,718 kg, respectively. Nacelle is measured to be (14.2, 2.3, and 3.5) m in (x, y, z)
directions. Wind turbine draft is 120 m. Tower bottom and hub elevations from still sea
level are 10 m and 90 m, respectively.

Rotor
Blad
Wind aae
Wave
[I— ’
Sea level
Fairleads Spar-type platform
¥Anchor 2
ooring lines

Anchor 3
Anchor 1 Seabed

Figure 4. Schematic of OC3-Hywind spar-type 5 MW offshore wind turbine.
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Table 1. Key structural parameters of OC3-Hywind spar-type 5 MW offshore wind turbine.

Parameter Value Parameter Value
Energy output 5 MW Draft 120m
Number of blades 3 Tower mass 249,718 kg
Rotor type Headwind Tower bottom elevation 10m

Mooring line number 3 Platform mass 7466,330 kg
Fairlead draft 70 m Anchor 1 (853.87, —320) m
Mooring line length 902 m Mooring line diameter 0.09 m
Hub elevation 90 m Hub mass 56,780 kg
Nacelle mass 350,000 kg Fairlead 1 (5.2, —=70) m
Nacelle size (14.2,2.3,3.5) m Mooring line density 77.71 kg m~1
Mooring line stiffness 384.243 x 10° Nm~! Static friction coefficient 0.2

Spar-type platform mass is 7,466,330 kg. The platform is moored onto the seabed using
three identical mooring lines. Mooring line length, diameter, density, and axial stiffness
are 902 m, 0.09 m, 77.71 kg m~1, and 384.24 x 310° Nm™1, respectively. For mooring line
1, fairlead 1 and anchor 1 the coordinates are (5.2, —70) m and (853.87, —320) m in (x, z)
directions, respectively. Fairlead draft is 70 m. For mooring lines 2 and 3, their fairlead and
anchor coordinates can be computed according to those of mooring line 1 because they
are spread uniformly around the spar-type platform with 120° included angle between
each other. The static friction coefficient between the mooring line and seabed, Cg, is 0.2 in
this study.

3.2. Mooring Systems

Figure 5 shows the developed mooring systems. Compared with the original mooring
system using three mooring lines (see Figure 4), the developed mooring systems (Figure 5)
utilize six mooring lines to connect the floating wind turbine onto the seabed. First, six
mooring lines are connected by six anchors and three fairleads, and these six mooring lines
are divided into three groups with two mooring lines in the same group being connected
to the same fairlead (e.g., in Figure 6a, mooring lines 1 and 2 are connected to fairlead 1).
The included angle between two mooring lines in the same group is labeled as . Two
mooring lines in the same group have the same included angle to the original mooring
line in the original mooring system, which is /2 as can be seen in Figure 6a, implying
that two mooring lines in a same group are symmetrical about the original mooring line
in the original mooring system. The mooring line length remains the same as that in the
original mooring system, which is 902.2 m. Figure 6a presents a top view of the developed
mooring system, from which the mooring line configuration in the developed mooring
system and included angle  can be directly observed. In the following discussions, B is
varied to 20°, 30°, and 40° to examine the included angle effects on the mooring system’s
performance. These three cases are respectively labeled as T1, T2, and T3. Floating wind
turbine dynamic responses under these three cases are calculated and compared with those
using the original mooring system (labeled as TO0).

Sea level

Spar-type ;l‘atfgn'n

Fairleads
Anchor 5 — _/ A\ ;Anchor 3

Anchor 6 /’/fdoaﬁng lines / \ Anchor 4

Anchor 2 Anchor 1  Seabed

Figure 5. Developed mooring system that uses six mooring lines to connect floating wind turbine.
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Anchor 3

Original anchur‘Z Anchor 3 (original anchor 2)

»m)

Anchor 2

Mooring line 3

Mooring line 3 Mooring line 2

Mooring line 4 X Mooring linc | Anchor 1
. _ Fairlead lﬂn'chorl 6 60° | \nchor
‘ \b{—. _ﬁiZ_ Y Anchor 4Fairlead Fairlead 1 (original anchor 1)
~ B2 Original anchor 1 Mooring line 4 Mooring line 1~ "™
60°

Mooring line 2
Anchor 2 o }
Mooring line 5 /= OMooring line 6

Anchor 5
(original anchor 3) Anchor 6
Original anchor 3 Anchor 6

(a) (b)
Figure 6. Developed mooring systems with (a) three fairleads and (b) six fairleads.

Subsequently, another developed mooring system with six mooring lines and six
different fairleads is proposed, as presented in Figure 6b. Mooring lines and fairleads are
correspondingly connected. They are spread uniformly around the spar-type platform with
the included angle between any two neighboring mooring lines being 60°. The developed
mooring system shown in Figure 6b is labeled as T4.

The floating wind turbine dynamic responses of T1-3 were first calculated and com-
pared to optimize the included angle for the three-fairlead mooring system. The optimal
case in T1-3 was then compared with T4 to obtain the final optimal configuration for the
developed mooring system with six mooring lines.

4. Numerical Results

In this section, the floating wind turbine dynamic responses with five different moor-
ing systems (T0—4) under six different environmental conditions were calculated using
FAST. The environmental condition settings are summarized in Table 2. C1-3 are regular
waves. Their wave height and period ranges are (2.56-6.00) m and (7.00-10.00) s, respec-
tively. C4-6 are irregular waves. Their significant wave height and period ranges are
(3.66-6.70) m and (8.6-13.6) s, respectively. Incoming mean wind velocity in these cases
remains the same value of 8 m s~!. These cases are determined according to the real wind
and wave distributions at Nanao Island, China [25]. In the following sections, the floating
wind turbine dynamic responses of C1-3 and C4-6 are compared, respectively.

Table 2. Environmental condition settings.

Case Name Wave Height (m)  Wave Period (s) Wind Speed (m s—1) Wave Type

C1 6.00 10.00 8 Regular
2 2.56 7.00 8 Regular
C3 4.00 8.00 8 Regular
C4 6.70 8.6 8 Irregular
C5 3.66 9.7 8 Irregular
Cé6 9.14 13.6 8 Irregular

4.1. Regular Wave

In C1-3, FAST was utilized to calculate floating wind turbine dynamic responses with
T0-4. Total calculation time was 900 s with former 600 s transient results being removed.
As a result, 600-900 s floating wind turbine dynamic responses were analyzed. Since both
wind and wave are unidirectional, wind turbine sway, heave, and roll movements are
smaller than those in surge, pitch, and yaw directions. Thus, wind turbine surge, pitch,
and yaw movements are presented and discussed.

Figure 7 presents wind turbine surge movements from 600-900 s in C1-3. It can be
obviously seen that wind turbine surge movement with the original mooring system T0O
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was larger than the developed mooring systems T1-4. Wind turbine surge movement
with the original mooring system oscillated near 12 m, while those using the developed
mooring systems oscillated near 8 m. For the developed mooring systems T1-3 in C1-3, it
can be observed that wind turbine surge movements of T2 and T3 almost coincided with
each other. However, the wind turbine surge movement of T1 was larger than those of T2
and T3; quantitatively, surge movement mean value of T1 was approximately 0.5 m larger
than those in T2 and T3. This implies that the developed mooring systems can effectively
control floating wind turbine surge movement when under regular waves. Mean surge
displacement was reduced by approximately 33.33%. Meanwhile, with the increase of the
included angle B, the developed mooring system with three fairleads performed better and
better. Mean surge displacement reduced 0.4 m every time when f increased 10°. From
the numerical results in Figure 7, it can be said that the included angle of 40° (T3) for the
developed mooring system with three fairleads performed better than 20° and 30°, which
should be recommended.

14 T T T T

12

O A AR AR A ARAAARAARARARRARAARNAED

Surge (m)

AR ARARAARARARARAARARRARARARAR
(a) Cl [—To Tl T2 —T3 —T4|
4 I I 1

12 MWV

10F

Surge (m)

g
(]
&
=
2]

OF (©)C3 |—T0 I —T2—T3 —T4['

1 1 1 1 'l
600 650 700 750 R0O0 850 900
Time (s)

Figure 7. Wind turbine surge movement time series in (a) C1, (b) C2, and (c) C3.

For T3 and T4 in C1-3, it can be seen that floating wind turbine surge movement with
T4 was larger than that with T3, and it was even larger than that with T1. By contrast with
the surge movement with T0, the surge movement with T4 was smaller (see Figure 7). This
tells us that the developed mooring system with six fairleads could also reduce floating
wind turbine dynamic responses, while it performed worse than that with three fairleads.
Mean surge movement with T4 was 0.7 m larger than that with T3. Thus, after comparing
with the developed mooring system with six fairleads, it can be safely said that T3 was the
final optimal configuration for the developed mooring system in this study.

Figure 8 shows wind turbine pitch movements with T0—4 under C1-3. It can be seen
that pitch movement of TO was obviously larger than those of T1-4, especially in Figure 8b,
implying that the developed mooring systems could effectively reduce wind turbine pitch
movements by approximately 7% when under regular waves. In C1-3, the wind turbine
pitch movement times series with T1-3 almost coincided with each other, indicating that
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the included angle between two mooring lines in the same group had a negligible effect
on pitch movement control. The pitch movement of T4 was slightly larger than that of
T3 with a difference of 0.03°. Hence, it can be said that when under regular waves, the
wind turbine pitch movement could be reduced by both of the developed mooring systems
with three and six fairleads, and the included angle has negligible effects on wind turbine
pitch movement.

lMM.HMMIM!HMIMHHHHIHMMMHH
o b
2_()(: Tl AR I | I 2T

Time (8)
Figure 8. Wind turbine pitch movement time series in (a) C1, (b) C2, and (c) C3.

Figure 9 presents wind turbine yaw movements with T0—4 under C1-3. It can be
observed that yaw movement of T0 had the maximum peak and minimum valley compared
with those of T14; that is, yaw movement of T0 had the maximum amplitude compared
with those of T1—4. The maximum difference between the amplitudes was approximately
10%. Interestingly, the yaw movement of T1-4 all almost coincided with each other,
implying that the developed mooring systems had negligible effects on the yaw movement
control. Increasing both the included angle and the number of fairleads could hardly
improve the mooring system performance on yaw movement control.

To quantitatively examine the developed mooring system performances, the maxi-
mum, minimum, and average values of the movement time series were calculated and
analyzed. Figure 10 presents the wind turbine surge movement maximum, minimum,
and average values with T0—4 under C1-3. It can be directly seen that the surge move-
ment maximum, minimum, and average values of TO were the greatest compared with
those of T1-4. As the included angle increased, the surge movement’s statistical values
(maximum, minimum, and average) decreased gradually. T4 performed better than TO,
while it performed worse than T1-3. In C1, the surge movement maximum, minimum,
and average values of TO were 13.9 m, 10.7 m, and 12.3 m, respectively. They were 9.23 m,
5.66 m, and 7.44 m, respectively, for T3, and 10.1 m, 6.51 m, and 8.29 m, respectively, for
T4. That is, the developed mooring system with three fairleads and 40° included angle
(T3) could effectively reduce wind turbine surge movement by 39.51%, and the developed
mooring system with six fairleads (T4) could reduce wind turbine surge movement by
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32.6%. Compared with the six-fairlead mooring system, three fairleads with a 40° included
angle could further reduce the wind turbine surge movement by 6.91%.
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Figure 9. Wind turbine yaw movement time series in (a) C1, (b) C2, and (c) C3.

Figure 11 shows the wind turbine pitch movement maximum, minimum, and average
values for T0—4 under C1-3. It can be seen that these statistic values of TO were approxi-
mately 0.2° larger than those of T1-4, while they were almost at the same level for T1-4.
In C1, the pitch movement maximum, minimum, and average values were respectively
3.34°,1.67°, and 2.5°. They were 3.17°, 1.49°, and 2.33°, respectively, for T3. Meanwhile,
they were 3.19°, 1.51°, and 2.35°, respectively, for T4. This quantitatively indicates that
the developed mooring systems could only reduce wind turbine pitch movement by 6.8%
when under regular waves. Although increasing the included angle could improve its
performance, the pitch movement difference resulting from the included angle change was
only 0.02° per 10°, which can be ignored because it is significantly smaller than the pitch
movement average values.
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Figure 10. Surge movement maximum, minimum, and average values in (a) C1, (b) C2, and (c) C3.

Figure 12 presents wind turbine yaw movement maximum, minimum, and average
values for T0—4 under C1-3. The yaw movement maximum value of TO was slightly larger
than those of T1-4, while the yaw movement maximum values of T1-4 were almost the
same. In C1, the yaw movement maximum value of TO was 0.308°, and it was 0.27° for T3.
This indicates that the optimal configuration for the developed mooring system (T3) could
reduce wind turbine yaw movement by approximately 12.34%. Generally, the developed
mooring system with three fairleads and 40° included angle performed better than that
with six fairleads.

4.2. Irregular Wave

When irregular waves impact the floating wind turbine, their movement time series
becomes nonlinear and irregular. Thus, fast Fourier transform should be utilized to convert
time-domain dynamic response results into frequency-domain. The frequency—amplitude
curves and first peak values on the curves are presented and analyzed.

Figures 13-15 present frequency —amplitude curves and first peak values on the
frequency —amplitude curves of wind turbine surge, pitch, and yaw movement under C4-6.
From the frequency —amplitude curves for surge movement, it can be observed that surge
amplitudes for TO were obviously larger than those with T1-4 within 0-0.02 Hz; the curves
for T1-3 exhibited a small difference (approximately 0.05 m difference) from each other;
and the curve for T4 was larger than that of T1. These indicate that the developed mooring
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system could effectively control the wind turbine surge movement when under irregular
waves, and the maximum surge movement reduction occurred when using T3, with a
reduction of 0.7 m. Compared with the six-fairlead mooring system, the mooring system
with three fairleads and 40° included angle between two mooring lines in the same group
performed better, which was similar to the observations in the regular wave results. As the
included angle increased, the developed mooring system performed better and better. The
first peak value for T3 reduced by 0.05 m compared with that for T1. In C4, the first peak
values for TO, T3, and T4 were 1.43 m, 0.63 m, and 0.75 m, respectively. Hence, it can be
said that the optimal mooring system configuration T3 could significantly reduce wind
turbine surge movement by 56.08% when under irregular waves. The six-fairlead mooring
system T4 could also reduce wind turbine surge movement by 47.55%, but it performed
worse than T3 with 8.53% surge movement reduction difference between them.

' @ct M ax
4+ -Mil’1 I
[ JAverage
<3t 1
=
3
= 2t i
1 - _
0
4 T T T T T
(b) C2 Bl o
3L EIMin )
[ JAverage
2 1
£
1 - .
0
4 T T T T
(c)C3 Bl M ax
I Min
3t [ JAverage[]
2t -
2
b: J.I
] L -
0
TO TI T2 T3 T4

Mooring system

Figure 11. Pitch movement maximum, minimum, and average values in (a) C1, (b) C2, and (c) C3.
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Figure 14. Frequency—amplitude curve and first peak amplitude in C5: (a) and (b) surge; (c) and
(d) pitch; (e) and (f) yaw.

From Figures 13-15, the pitch movement frequency-amplitude curves for TO exceeded
those for T1-4 within 0-0.02 Hz, while the curves for T1-4 exhibited little difference
between them. From the first peak values for T1-4, it can be directly observed that the first
peak values for T1-3 were almost the same, while the first peak value for T4 was slightly
greater than that of T3 with a difference of 0.004°. These imply that the developed mooring
systems could reduce wind turbine pitch movement when under irregular waves, and the
mooring system with three fairleads and a 40° included angle between the two mooring
lines in the same group performs better than that with six fairleads. For the mooring
system with three fairleads, the included angle between the two mooring lines in the same
group had a negligible effect on its performance. In C4, the first peak values for T0, T3,
and T4 were 0.04°, 0.03°, and 0.034°, respectively, quantitatively supporting the conclusion
that the developed mooring system could reduce pitch movement by 25% when under
irregular waves.

From Figures 13-15, it can be seen that the wind turbine yaw movement amplitudes un-
der irregular waves were smaller than those under regular waves. The frequency —amplitude
curves for TO exceeded those for T1-4 within 0-0.02 Hz. Frequency —amplitude curves for
T1—4 almost coincided with each other. These indicate that the developed mooring system
with six mooring lines can effectively reduce wind turbine yaw movement when under
irregular waves. For the mooring system with three fairleads, its performance exhibited little
sensitivity to the included angle between the two mooring lines in the same group. In C4, the
first peak values for TO and T3 were 0.004° and 0.0022°, respectively; that is, the developed
mooring system with three fairleads could reduce wind turbine yaw movement by 47.5%.
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Figure 15. Frequency—amplitude curve and first peak amplitude in C6: (a) and (b) surge; (c) and
(d) pitch; (e) and (f) yaw.

Generally speaking, when under irregular waves, the developed mooring systems
could effectively reduce wind turbine surge movement by 56.08%, reduce pitch movement
by 25%, and yaw movement by 47.5%. Meanwhile, the mooring system’s performance
exhibited little sensitivity to the included angle between the two mooring lines in the same
group and the number of fairleads. The mooring system with three fairleads and 40°
included angle is recommended.

4.3. Further Discussions

To examine the effects of some structural parameters (mooring line stiffness EA
and static friction coefficient Cp) on the obtained conclusions, the floating wind turbine
dynamic responses were further analyzed with different EA (i.e., 350 x 10%, 370 x 10°,
384.243 x 10°, 400 x 10°, and 420 x 10°) and different Cp (i.e., 0.1, 0.15, 0.2, 0.25, and
0.3) when under regular and irregular waves. Regular wave case C1 and irregular wave
case C6 were adopted because the wind turbine moves most violently when under these
cases. The mooring system configuration T3 was adopted because T3 performed best
and is recommended in this study. The simulation results with different mooring line
stiffnesses (EA) are presented in Figures 16 and 17. It can be directly seen that with the
change of mooring line stiffness, the wind turbine movements exhibited little difference.
The surge movement changed more obviously; however, the maximum difference between
them was smaller than 5%, indicating that mooring line stiffness has a negligible effect on
wind turbine movements. A possible explanation for this is that mooring line stiffness is
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great, resulting in little elastic stretch of the mooring lines. Although mooring line stiffness
changes, the elastic stretch changes slightly. Thus, mooring line stiffness has a negligible
effect on the wind turbine’s movement and the conclusions obtained before are generic for
different EA.
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Figure 16. Wind turbine surge, pitch, and yaw movements with different mooring line stiffnesses
when under regular wave case C1: (a,b) surge movement; (¢,d) pitch movement; (e f) yaw movement.

Figures 18 and 19 show wind turbine movements with different static friction coefficients
(Cp) when under regular and irregular wave cases C1 and C6. From Figures 18 and 19, it can
be seen that as the static friction coefficient changed, the wind turbine movements exhibited
little difference between them, similar to that of mooring line stiffness. In particular, the surge
movement changed more obviously than the pitch and yaw movements, maybe resulting from
the fact that the surge movement amplitude is larger than that of pitch and yaw. A possible
explanation is that a spar-type floating wind turbine uses a gravity-based mooring system,
which is moored mainly by mooring line gravity but not seabed friction force. Hence, seabed
friction force contributes only a small portion of the total mooring system force. Further,
the static friction coefficient has negligible effects on the wind turbine movements and the
conclusions obtained before are generic for the different static friction coefficients.
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Figure 17. Wind turbine surge, pitch, and yaw movements with different mooring line stiff-
nesses when under irregular wave case C6: (a,b) surge movement; (c,d) pitch movement;
(e,f) yaw movement.

— =01 -=--= (Cp=015 e =02 —&— Max - ¥- Min
Pkl Cp=025 Cp=03 Average
9 B
E 8
=3
UE; 7
6 - - ———
(a) Surge (b) Summary‘ Cof surge
35
——
~ 30
1
] 25
=
£ 20
g
& 15 e pan
Lo (c) Pitch (d) Summary of pitch
02
300
=
B
]
3-02 U
= S -
(e) Yaw Summary of yaw
04 [0} ary of ya
600 650 700 750 800 850 900 0.1 02 0.3
Time (s) Cy

Figure 18. Wind turbine surge, pitch, and yaw movements with different static friction coefficients
when under regular wave case C1: (a,b) surge movement; (c,d) pitch movement; (e,f) yaw movement.
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Figure 19. Wind turbine surge, pitch, and yaw movements with different static friction co-
efficients when under irregular wave case C6: (ab) surge movement; (c,d) pitch movement;
(e,f) yaw movement.

5. Conclusions

This study proposes a novel mooring system with six mooring lines for a spar-type
floating offshore wind turbine. Three and six fairleads were utilized in the developed
mooring system. When there were three fairleads, the effects of the included angle between
the two mooring lines in the same group on mooring system performance were exam-
ined by varying the included angle to 20°, 30°, and 40°. When there were six fairleads,
the mooring lines were uniformly connected around the spar-type platform. FAST was
employed to simulate the wind and wave interaction of the floating wind turbine. Wind
turbine surge, pitch, and yaw movements were analyzed in time and frequency domains
to quantitatively examine the developed mooring system performance. The following
conclusions are drawn:

1. The developed mooring system with six mooring lines can effectively reduce wind
turbine movements. The mooring system with three fairleads performs better than
that with six fairleads;

2. The developed mooring system with six mooring lines and three fairleads is recom-
mended in real application. In this system, the included angle between two mooring
lines in a same group should be 40°;

3. When under regular waves, the recommended mooring system can effectively re-
duce wind turbine surge, pitch, and yaw movement by 39.51%, 6.8%, and 12.34%,
respectively, compared with the original mooring system;

4. When under irregular waves, the recommended mooring system can effectively
reduce wind turbine surge, pitch, and yaw movement by 56.08%, 25%, and 47.5%,
respectively, compared with the original mooring system;
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5. Mooring line stiffness and the static friction coefficient between the seabed and
mooring line have negligible effects on wind turbine movements. These conclusions
are generic for differences in mooring line stiffness and static friction coefficients.

This study proposed a novel mooring system with six mooring lines for spar-type
5 MW floating offshore wind turbines, and its performance was examined. However,
its performance on other spar-type floating wind turbines (e.g., 10 MW wind turbine) is
not clear at present, and the question of whether wind turbine size affects the developed
mooring system’s performance is not solved. Hence, in future work, the developed mooring
system will be applied for different spar-type wind turbines to check whether the obtained
results are generic. At present, the authors think that the developed mooring system
can effectively reduce floating wind turbine movements, and can provide reference for
engineers and researchers.
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