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Response of multi-unit floating offshore wind turbines

Motion of a multi-unit wind-tracing floating offshore wind turbine (FOWT) to combined
wave-current and wind are obtained in the frequency-domain. The linear diffraction wave
theory with a Green function for small current speeds and the blade-element momentum
method are used for the hydrodynamic and aerodynamic analysis, respectively. Finite-
element method is coupled with the hydrodynamic and aerodynamic equations to obtain
the elastic responses of the FOWT to the environmental loads. The wind-tracing FOWT
consists of three 5 MW wind turbines installed at the corners of an equilateral triangular
platform. The platformis connected to the seabed through a turret-bearing mooring system,
allowing the structure torotate and face the dominant wind direction, hence the multi-unit
FOWT is called the wind-tracing FOWT. In this study, rigid-body responses of the wind-
tracing FOWT to waves and wind are compared with those to combined wave, current
and wind loads for several current speeds and various wave heading angles. For a chosen
current speed and wave heading angle, hydro- and aeroelastic responses of the wind-tracing
FOWT to combined waves, current and wind are obtained and compared with those of the
rigid structure. Discussion is provided on the effect of wave-current interaction on the
motion and elastic responses of the wind-tracing FOWT. The numerical results show that
under the rated wind speed, the motion of the wind-tracing FOWT is mainly governed by
the wave-induced hydrodynamic forces and moments and the presence of current results

in larger elastic motion of the FOWT to the environmental loads.
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Response of multi-unit floating offshore wind turbines

I. INTRODUCTION

Offshore wind turbines with floating substructures experience complex dynamics compared
with those on bottom-fixed foundations. The motion of the floating platform is due to the simulta-
neous effect of waves and current, hydrostatic and mooring restoring forces, and loads due to the
aerodynamic load on the rotor and the tower of the wind turbine. As a result of the platform mo-
tion of a FOWT, the direction of the incoming flow to the rotor and consequently the aerodynamic
load on the wind turbine changes. In addition to the environmental loads, the elasticity of the wind
turbine, i.e. its blades and tower, and the floating substructure is of great importance for the power

output of a FOWT and its motion analysis.

To study the motion of a FOWT due to the environmental loads and its power output, an ac-
curate understanding of the dynamics of the floating substructure and its coupling effect on the
wind turbine is essential. High-fidelity methods such as computational fluid dynamics (CFD) pro-
vide detailed description of the fluid interaction (water and air) with the FOWTs, see Tran and
Kim (2016), Cheng et al. (2019) and Zhou et al. (2022), among others. However, in practice,
CFD calculations, due to the heavy computational demand, can only be applied for a simplified
presentation of the wave and wind-interaction with a FOWT such that either the substructure or
the entire FOWT is rigid and its motion is constrained to limited degrees of freedom. Hence,
high-fidelity methods are not the best option to gain an understanding of the rigid-body and elastic
motions of a new concept of FOWTs exposed to the environmental loads. For instance, to the au-
thors’ knowledge, high-fidelity methods are not applied to investigate elastic motion of multi-unit
FOWTs, where multiple towers are installed on a single platform, subject to simultaneous effect

of aerodynamic and hydrodynamic loads.

On the other hand, in design and concept stages of FOWTs, medium- and low-fidelity meth-
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Response of multi-unit floating offshore wind turbines

ods are more desirable as they provide an efficient and fast solution of the dynamic motion of
FOWTs due to the environmental loads. Although these methods assume that the motion of the
substructure is small, they can include the flexibility of the entire structure of the FOWTs in their
motion analysis, see Lamei et al. (2023a) and Lamei et al. (2023b). In multi-unit FOWTs, due
to the large size of the substructure, and the coupling effect between the wind turbines and the
substructure, hydro- and aeroelasticity analyses of the entire structure are equally important and
should not be neglected. A review of various approaches for the analysis of responses of FOWTs

to hydrodynamic and aerodynamic loads can be found in Lamei and Hayatdavoodi (2020).

To date, in high-, medium- and low-fidelity methods, little attention is given to wave-current
interaction with single- or multi-unit FOWTs. In addition to the direct effect of current on struc-
tures, depending on the current speed, its direction and velocity profile, current interaction with
incoming waves can change the wave properties. Hence, the wave-induced hydrodynamic forces
on a floating structure might be different when current is present. See Kumar and Hayatdavoodi
(2023a,b) for more details on the effect of current on periodic waves in deep and shallow waters,

respectively.

The wave-current interaction with a FOWT can be significant considering its mooring system
and the geometrical characteristics of the floating platform. For instance, wave-current interaction
with a SPAR FOWT results in vortex-induced vibration due to their long cylindrical substructure.
Chen et al. (2018), Qu et al. (2020) and Silva et al. (2021) studied the wave-current interaction
with a SPAR FOWT using low-fidelity methods and showed that depending on the layout of the
mooring system, current effects, in the absence of waves, are confined to static displacement of
the mooring lines. However, the wave-current interaction can influence the dynamic motion of the

SPAR FOWT significantly.

Several concepts of multi-unit FOWTs with two and three wind turbines have been proposed

4



80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

101

102

103
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and their motion to combined wave and wind loads are investigated; see for instance Bae and Kim
(2014, 2015), Bashetty and Ozcelik (2020) and Lamei et al. (2023a), among others. Multi-unit
FOWTs undergo larger hydrodynamic loads due to their large substructures in comparison with
single-unit FOWTs. Accordingly, depending on the characteristics of the floating platform and the
layout of their mooring system, wave-current interaction may significantly change the hydrody-
namic forces and moments on the structure. In a study by Kang et al. (2017), the elastic motion
of a quadrilateral platform, with four wind turbines, exposed to combined wave, current and wind
loads was investigated, and a strong coupling between the elastic motion of the substructure to non-
linear waves and the mooring lines was observed. Hence, it is essential to include the wave-current
interaction in the hydrodynamic analysis of multi-unit FOWTs. To the authors’ knowledge, other
than Kang et al. (2017), no other study has considered the effect of wave-current-wind interaction

with multi-unit FOWTs.

The present study is concerned with comparing rigid-body and elastic motion of the wind-
tracing FOWT to combined wave, current and wind loads. The wind-tracing FOWT, introduced
by Wong (2015), consists of three 5 MW NREL wind turbines that are supported by a triangular
floating platform. The wind-tracing platform is moored with a turret-bearing mooring system that
allows the structure to rotate with respect to the turret such that the wind turbines are aligned
with the dominant aerodynamic loads on the wind turbines. To identify the preferred location of
the turret, Lamei et al. (2023b) conducted a parametric study involving the turret location and
compared the rigid-body responses of the wind-tracing FOWT to waves aligned and misaligned

with wind.

Recently, Lamei et al. (2023b,c) developed and introduced a numerical coupling approach for
FOWTs in which wave-current-wind interaction with the structure is considered. The numerical

approach allows the inclusion of the elasticity of the entire structure, i.e. blades, tower and the
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floating substructure of the FOWTs, and can be applied to both single- and multi-unit FOWTs, see
Lamei et al. (2023a). The hydro- and aerodynamic analyses are based on low-fidelity methods,
the linear diffraction theory for small current speeds and the blade-element momentum method.
Furthermore, to include the flexibility of the entire structure, dynamic analysis of the FOWT is
coupled with the finite-element method. Using this approach, Lamei et al. (2023b) conducted a
comparative study on the rigid body responses and elastic motions of single-unit FOWTs, namely
a SPAR, a barge and a semisubmersible FOWT to combined wave, current and wind loads. It
was shown that motion of the SPAR FOWT undergoes largest changes when current is present in

comparison with its motion exposed to waves and wind.

Studying the effect of wave-current-wind interaction on the motion of multi-unit FOWTs is of
interest. The wind-tracing FOWT involves unique characteristics in the design of its substructure
and mooring layout that are missing in-single-unit FOWTs. Therefore, in the present study, the
approach by Lamei et al. (2023c) is applied to study ‘the dynamic motion of the wind-tracing
FOWT to wave, current and wind loads. Due to the presence of multiple wind turbines on the
wind-tracing substructure and the large floating platform, hydro- and aeroelastic responses of the
multi-unit FOWT might be significant. Thus, it is essential to investigate the elastic deformation
of the entire structure of the wind-tracing FOWT and its effect on dynamic motion of the FOWT to
various environmental loads. Furthermore, by considering both rigid-body and elastic responses,
one can evaluate the importance of elasticity analysis of the FOWT and identify the environmental

conditions where its elastic responses are significant.

The theory and the developed numerical approach on hydro- and aeroelastic analysis of FOWTs
to the environmental loads are discussed in Section II. Section III presents the rigid-body responses
of the wind-tracing FOWT to the environmental loads for various current speeds and misalign-

ments of incoming waves with wind and current. Under the same environmental loading, elastic
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motion of the wind-tracing FOWT and the structural responses along the towers and the pontoons
are presented and discussed in Section V. Finally, concluding remarks on the effect of the wave-
current-wind interaction on the elastic motion of the wind-tracing FOWT are provided in Section

VI

II. THEORY AND NUMERICAL SOLUTION

The theory and numerical solution of wave-current-wind interaction with FOWTs is presented
and discussed in detail by Lamei et al. (2023a,b,c). In this section, the coupling approach is
discussed focusing on multi-unit FOWTs.

Shown in Fig. 1, a moving Cartesian coordinate system is defined with its origin on the still-
water-level (SWL) and the z-axis positive pointing upwards. The coordinate system is in steady
translation with the current speed, U, along the x-axis. In this study, it is assumed that the incoming
wind is orthogonal to the rotor-plane area and codirectional with the x-axis. Furthermore, the
incoming current can be in the positive or negative x-directions. Therefore, to model the wave-

current misalignment, the wave heading angle, 3, changes.

A. Structural analysis

A three-dimensional finite-element model of the blades, the towers and the floating platform
is generated with shell elements. Given the material properties of the entire structure, the mass
distribution and the structural stiffness matrix are calculated by use of the finite-element method.
Furthermore, the mooring lines are modelled with spring elements with a constant stiffness matrix.

The structural deformation of a FOWT is determined by use of a reduced-basis approach, with

a subset of m dry modes from the total possible modes of the flexible structure, N. In this approach,

7
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FIG. 1. Schematic of the wind-tracing FOWT, B is the wave heading angle, given with respect to the x-axis.

19 m modes are chosen such that they are sufficient to represent the flexibility of the blades, the tower
10 and the floating platform. Hence, the flexibility of the FOWTsis defined by a linear superposition
151 of m modes and are included in the total degrees of freedom of the FOWTs in their equation of
12 motion.

153 The hydrostatic restoring coefficients of flexible FOWTs are computed by an explicit formula-
15« tion that accounts for the change in hydrostatic pressure and the internal stresses of the structure,

155 see Huang and Riggs (2000) for more details.

156 B. Wave-current interaction with a floating structure

157 Wave-current interaction with a FOWT is studied within the context of the linear diffraction
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U. o,
8

counter wave frequency, and g is the gravitational acceleration. In this approach, the fluid is

theory for small current speeds, T =

< 0.25, where U, is the current speed, @, is the en-

inviscid and incompressible and the flow is irrotational. Waves are assumed of small-amplitude
and the motions and rotations of the structure due to waves and current are linearly proportional to
the wave amplitude. In this method, the current direction is parallel to the x-axis, and waves can
propagate with an arbitrary angle, 3, with respect to the x-axis, see Fig. 1. @ is the incoming wave

frequency and the encounter frequency in the moving coordinate system is given as

we = @ — |Uc| k cos(B), (1)

where k is the incoming wave number.

Assuming that the current speed is small, the total velocity potential can be given as the sum
of the steady velocity potential ¢ due the local steady flow by current, and a harmonic velocity
potential:

¢(X7Y7Z7I>Z|UC|(¢;S _x)‘l‘g{{(peiwet}- ()

in which ¢ is the sum of incident wave velocity potential, ¢/, the linear velocity potential due to
the wave diffraction-radiation, ¢*, and the linear term representing the interaction of the steady

flow with the wave diffraction-radiation, ¢)N , e

¢ =o' + "+ oV 3)

The incoming waves velocity potential is known analytically and ¢* and ¢"V are obtained given
the boundary conditions on the wetted surface of the body and the free surface at the vicinity of the

floating structure. ¢~ and ¢ satisfy homogeneous and non-homogeneous boundary conditions on
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the free surface, respectively:

2 L L
VPSS S S @)
g 8)6 82
2 N N
0N 02297 LT sy )
g ax aZ

where Q is defined by

9%,
272’

0=2iV V(' + ¢") —i(¢" + ¢%)

on Sr. (6)

Furthermore, the boundary conditions of ¢ and ¢” on the body surface are given in diffraction
and radiation problems. The boundary conditions in diffraction problems are:
dot  d¢! ooN-

5 = _ 3. e =0, onSpg. (7

In the radiation problem, the boundary conditions are satisfied in translational and rotational de-
grees of freedom of the floating structure, and, if the hydroelastic motion of the body to waves and
current is of interest, the computed generalised modes of the structure. The boundary conditions
of ¢ and ¢ on the body surface for the radiation problem are:

Dot 20"  im;

W:nﬁ W:TJ7 ]:1727”'7m’0nSB7 (8)
where m; terms represent the change in the current-induced local steady flow due to the motion
and deformation of the body. Formulations of the m; terms for rigid-body and the generalised
modes are presented in Wu (1984), Wu and Taylor (1990), Wu (1991) and Chen and Malenica

(1998). Finally, the steady velocity potential, ¢, is obtained by its boundary conditions on the

10
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body and free surface:

Al =0, onSF, ©)
dz
a(ps =ni;, On 537 (10)
on

where n is the normal vector on the body surface, n = (ny,n,,n3), pointing out of the fluid. Given
the boundary conditions on the wetted surface of the body and the free surface, the steady velocity
potential, ¢ and harmonic yelocity potentials, ¢ and ¢", are determined by boundary-integral
method using the Green function for small current speeds. The Green function for wave-current
interaction with a floating structure with small current speeds have been developed generally in
two approaches, (i) perturbation-method, i.e.. expansion of the Green function with respect to
T (see e.g. Nossen et al. (1991), Ertekin et al. (1994), Padmanabhan and Ertekin (2003) and
Padmanabhan and Ertekin (2011)) or (ii) a Green function given as a sum of a term due to the
wave diffraction-radiation problem and terms due to-the presence of the local steady flow by the
current, (see Noblesse et al. (1995), Chen and Malenica (1998) and Monroy et al. (2012)). In this
study, the latter approach for the Green function is implemented, see Noblesse et al. (1995) and
Chen and Malenica (1998) for the formulation of the Green function and the boundary-integral

equations.

Finally, first-order hydrodynamic excitation forces and moments are:

Fi = —ip, // (¢}’ + ¢jL + T(P][-V)nde-i-
58 (11)

Pu .
| V@ 0V} + ofn; as

@,

The added-mass, a i, and hydrodynamic damping, b j, coefficients are obtained from R j;

11
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Rj = —ipw@; //S (‘Pij + T‘P}}’c)nkds -
B

(12)
ipwg//SB V((ﬁs — Xx) V(¢JI7<> n ds,
where
ap =% R} b= S{wieRjk}. (13)

Given the excitation forces and moments on the floating structure (sum of the Froude-Krylov
and diffraction forces-and moments) and those due to the added-mass and hydrodynamic damping

coefficients, the equations of motion of the floating structure to combined waves and current are
&i[—@F (Mij+aij) +i@e(bij) 4 (cijomoor + cij)] = AR, i j=1,2,---m,  (14)

where ¢;; and c¢;j moor are the hydrostatic restoring and the mooring line stiffness coefficients,
respectively. The response amplitude operators (RAOs), [%\ of the floating structure to waves and

current are computed for a range of encounter frequencies, @,:

C. Aerodynamic loads on wind turbines

Assuming that the wind speed is constant and the incoming wind flow is orthogonal to the
rotor-plane area, the aerodynamic loads on the rotors of a FOWT are computed by use of the
steady blade-element momentum method (BEM). The theory is described in detail by Hansen
et al. (2006), among others, and its application in our numerical approach is discussed for single
and multi-unit FOWTs in Lamei et al. (2023a,b,c). In this approach, to include the wind-wave

misalignment, the wave heading angle, 3, changes. Furthermore, the wake-interaction between

12
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the rotors supported by the same structure is not considered.

To obtain the motion of a FOWT to the environmental loads in the frequency-domain, the aero-
dynamic loads on the rotor and the tower are linearised with a harmonic function with encounter
wave frequency, ®,. Assuming that the thrust force on the rotors is an excitation force that is
transferred to the tower tops and given that the towers commonly have circular cross-sections, the
phase angle of the aerodynamic excitation force, F w is computed by the same formulation given
by MacCamy and Fuchs (1954) for harmonic excitation forces on circular cylinders. Thus, the

complex wind excitation force on the rotor is given as
FJW: |F],W‘ Cos(wet_5aer0)7 ]: 1,2,"‘,]’/’!, (15)

where O,¢ro 1S the phase angle of the excitation force and it is given by

Y, (kero)]

Saero (kero) = —tan™"! [J’ (kero) (19
1 e

where k, is the encounter wave number, J,(k.r) and Y, (k.r) are the Bessel functions of the first

and the second kind of order p, respectively, and rg is the top diameter of the tower.

Due to the motion of the substructures of FOWTs, rotors experience a relative motion with
respect to the incoming wind flow. Therefore, in steady BEM, the thrust force on a rotor of a
FOWT is given as a function of the relative incoming wind speed on the rotor, V,,; = Vo — V,,
where V) is the incoming wind speed and V}, is the horizontal speed of the rotor hub, along the

incoming wind direction. Therefore, the thrust on the rotor of a FOWT is:

1
T(Vre ) = EpaArCT(Vrze )7 (17)

13



233

234

235

236

237

239

240

241

242

Response of multi-unit floating offshore wind turbines

where p, is the air density, A, is the rotor-plane area, and Cr is the thrust coefficient. In the
frequency-domain, the hub velocity in the x-direction can be given as i@, (&; + &s(z; — z¢g)) for
the rigid structure, where zj, and z., are the vertical coordinates at the hub and the centre of gravity,
respectively. Assuming that V, is small and the thrust force due to O(Vrzd) and higher terms are

negligible, Eq. (17) is simplified as

1
T(Vre ) - EpaArCT (V()z) - paArCT<V0 iwe(él + 55 (Zh - ch)))- (18)

in which the first term in Eq.”(18) represents the excitation aerodynamic force in surge, Fi w, on
a fixed rotor, i.e. V;, = 0. Furthermore, the second term on the right-hand side of Eq. (18) is due
to the relative motion of the hub along the incoming wind direction, where p,CrV represents the
aerodynamic damping coefficient, Bgero, 11, 0n'a FOWT with a single rotor. For an arbitrary FOWT

with n wind turbines, the aerodynamic damping matrix in the translational and rotational modes is

n x (paCrAVy) 000 —Y puCraAVo(z), %) — Y. PaCTANO(Y] — Veg)
=1 =1

J

]:

0 000 0 0
0 000 0 0
Baero =
0 000 0 0
n R n .
— Y paCrAVo(z, —zc4) 000 PaCrANo(2), — 2cg) 0
= =1
~ Y PuCrAVo(Y, —veg) 00 0 0 Y. PaCrANo (v, — Veg )
j=1 j=1

223 and the aerodynamic load vector is

14
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n .
Z |F1]W| 08 (et — Siero)

0
0

Fy = ; (20)
0

- Z |F1JW| X ch> COS((Det - 6aJ€r0>

o Z ‘Fl{W‘ X <y;1 _ycg) COS((Del‘ - 5;{ero)
Furthermore, the drag force by the incoming wind on the towers are computed with an empirical
relation
1

=5 CaAV§ 21)

where C; = C4(Re) is the drag coefficient with respect to the incoming wind Reynolds number,
VoD . ) ) 5% . ) o .
Re = -~ with D the diameter of the tower, v is the air kinematic viscosity at 20°, and A; is

the cross-sectional area of the tower. Similar to the wind excitation forces on the rotors, the phase

angle of the aerodynamic drag force on the towers is computed by Eq. (16).

If the elasticity of the FOWT is of interest, the aerodynamic forces and damping coefficients
in the generalised modes are obtained by use of the finite-element method. Finally, given the total
aerodynamic damping matrix and the excitation load vector at the centre of gravity of the FOWT,
Egs. (19) and (20), respectively, the motion of the structure to combined wave, current and wind
is determined in the frequency domain. Therefore, Fy and B, are added to the right-hand and

the left-hand sides of the equations of motion of a floating structure, Eq. (14), respectively:

Eil—F (Mij + aij) +i®e(bij+ Bacromar ) + (Cijmoor + €ij)] = AFF™ + Fy (22)

i?j: 1,2,"‘7’}1,

15
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where the rigid-body responses, for m = 6, and the elastic motion, for m > 6, of the FOWTs to

waves, current and wind are obtained by solving Eq. (22) for the encounter wave frequency, @,.

D. Numerical solution

The numerical solution of wave-, current- and wind-interaction with a FOWT is implemented
in HYDRAN-XR, see NumSoft Technologies (2023). HYDRAN-XR is a potential-flow solver for
wave-induced hydrodynamic analysis that is integrated with the finite-element method to include
the elastic motion of the floating body. Lamei er al. (2023a) and Lamei et al. (2023c) further
enhanced HYDRAN-XR to include a Green function for combined waves and small current speeds
to account for wave-current-structure interaction, and BEM to determine aerodynamic loads on
FOWTs.

Given the finite-element model of the FOWTs, the mass and stiffness matrices of the structure
are calculated. Furthermore, the aerodynamic thrust force and aerodynamic damping effect on
the rotor are applied as nodal forces and dampers to the nodes on the blades, facing the incoming
wind. The pressure difference upstream and downstream the towers results.in an aerodynamic drag
force. In the developed numerical model, the drag forces on the towers are modelled as distributed
nodal forces on their front faces, i.e. those areas of the towers that face the incoming wind. The
equivalent aerodynamic excitation load vector and damping matrix at the centre of gravity of the
structure are determined by use of the finite-element method. Next, the finite-element model of
the FOWT is conformed to a panel mesh with a one-to-one mapping over the wet surface of the
platform. Furthermore, panel mesh on the free surface at the vicinity of the floating structure is
generated. Next, wave-current-structure interaction is solved by use of a three-dimensional source
distribution, the Green function method. Finally, the equation of motion of the FOWT to combined

waves, current and wind, Eq. (22), is solved to determine the rigid-body responses and, if elasticity

16



279

280

281

282

284

285

286

287

288

289

290

291

292

293

294

295

296

297

299

300

301

Response of multi-unit floating offshore wind turbines

is considered, the elastic motion of the structure, at a given encounter wave frequency, @,.

III. THE WIND-TRACING FOWT

The wind-tracing FOWT is a multi-unit FOWT that consists of three 5 MW NREL wind tur-
bines supported by the columns of the floating platform, see Lamei et al. (2023b). The columns
are connected to three pontoons with a length of 2.2 D,, where D, is the rotor diameter. The
length of the pontoons are specified such that the aerodynamic wakes of the front rotors poten-
tially have minimal interference with the performance of the rear rotor. The unique characteristic
of the wind-tracing FOWT 1is in its mooring mechanism, the turret-bearing mooring system.

Lamei et al. (2023b) conducted a parametric study on the layout of the turret-bearing mooring
system of the wind-tracing FOWT and identified the preferred location of the turret. The turret
is submerged 4 d under the platform, where d = 16 m'is the draft of the wind-tracing FOWT, see
Fig. 2(b). Furthermore, in the xy-plane, the turret is located 1/6 L away from Column 1, where L
is the horizontal distance between Column 1 and Pontoon 3, see Fig. 2(a). The turret is connected
to the bottom of the columns and the seabed with three taut cables and.four catenary mooring
lines, respectively. Here, the turret is modelled as 2 x 2 x 2 m rigid box, and the taut cables are
connected to a universal joint at the top of the turret. Furthermore, the catenary mooring lines are
attached to the four corners at the bottom of the turret. This layout of the mooring lines allows the
platform to rotate about the z-axis freely with respect to the turret, and it is constrained in its roll
and pitch modes as it is connected to the catenary mooring lines at its four bottom corners.

The geometry and the material properties of the wind-tracing platform, the mass distribution
and the hydrostatic properties of the FOWT considered here, are presented in detail by Lamei et al.
(2023b), who also performed a mooring analysis of the wind-tracing FOWT. These properties are

summarised in Table I. Furthermore, Table II presents the computed wet natural periods of the
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FIG. 2. (a) Top- and (b) side-view of the wind-tracing FOWT and its turret-bearing mooring system. The
solid lines and the box represent the taut cables and the turret, respectively.
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sz rigid and flexible FOWT in heave, roll and pitch modes.

TABLE I. The mass distribution of the wind-tracing FOWT and the properties of its mooring layout.

Mass distribution and hydrostatic properties

Mass of the structure 23099 tonnes
(without ballast)

Total mass of the turret 64.3 tonnes

Ballast mass 23718 tonnes
Displaced volume 4.7001 x10* m3
Centre of gravity (CG) 7.60 m below SWL
Centre of buoyancy (CB) 11.2 m below SWL
Roll inertia about CG 3.55 x 10! kg-m?
Pitch inertia about CG 3.58 x 10! kg-m?
Yaw inertia about CG 6.85 % 10! kg-m?

Mooring lines properties

Centre of geometry of the turret|(20.03 m, O m, —80 m)

Taut diameter 153 mm
Taut axial stiffness 1481 MN/m
Catenary diameter 95 mm
Catenary wet weight 1942.4 N/m
303 Here, the wave-current-wind interaction with the wind-tracing FOWT under various environ-

s« mental loadings are investigated. Firstly, assuming that the entire structure of the wind-tracing
ss  FOWT is rigid, its motion due to the wave-current-wind combination is obtained and discussed.

w6 Next, the elastic responses of the structure are obtained and compared with its rigid-body counter-
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TABLE II. Wet natural periods of the rigid and flexible wind-tracing FOWT in heave, roll and pitch modes.

Mode |Rigid structure | Flexible structure

Heave 27.78 s 26.8 s
Roll 21.42s 21.1s
Pitch 20.44 s 21.1s

parts. Shown in Fig. 2(a) and (b), the origin of the body-fixed coordinate system is at the centre of
gravity along a vertical line passing through the centre of geometry of the triangular platform and
7.60 m under the SWL. In the following sections, the incoming waves have unit amplitude and
the wind speed is fixed at Vy = 11.4 m/s, the rated wind speed of the 5 MW NREL wind turbines.
Following the linear wave theory assumptions for wave-current interaction, the current speeds are
chosen such that 7 < %, see Section II. In this study, unless otherwise stated, the current speed
is constant at U, = 0.8 m/s and always parallel to the x-axis. The current is assumed uniform
across the water depth, and may be codirectional-or in opposite direction of the x-axis. Finally, in
the following sections, the results are presented as a function of the encounter wave period. The
simulations are carried out on a desktop machine with Intel Core i5 6500U, 3.20 GHz CPU and

32 GB memory and took approximately 6 days for 35 wave periods.

IV. RIGID-BODY RESPONSES

Prior to obtaining the responses of the wind-tracing FOWT, the wave-induced excitation forces
and moments on the structure are determined and compared with those when current is also
present. In this section, the current is always perpendicular to the structure, i.e. parallel to the x-
axis with U, = 0.8 m/s and the waves are either in the following ( f = 0°) or opposing (8 = 180°)

directions. The horizontal and vertical excitation forces, FF*“ and Fy““’xc, and the excitation moment
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FIG. 3. Comparison of excitation forces in (a) surge F,*, (b) heave F*, and (c) excitation moment in
pitch, M)‘fxc , on the wind-tracing FOWT due to waves with those due to combined waves and current, with
B =0° and 180° and U, = 0.8 m/s.

in pitch, My are presented in Fig. 3. When current is present and codirectional with the incom-
ing waves, the excitation forces in surge and heave and the excitation moment in pitch increase
slightly. Furthermore, shown in Fig. 3, current interaction with-opposing waves results in smaller
excitation forces and moment on the floating structure compared with those due to waves and those

due to current interaction with following waves. However, in general, the presence of current does

not influence significantly the excitation forces and moments on the wind-tracing FOWT.

Next, the rigid-body responses of the wind-tracing FOWT in three environmental conditions,
namely (i) waves only, (ii) combined waves and current (in the absence of wind) and (iii) combined
waves and wind (in the absence of current) are presented in Fig. 4. It should be noted that the
airfoil profile varies along the blade, resulting in an asymmetric blade. Hence, although the wind-
tracing platform is symmetric, the complete structure, i.e. the platform and the wind turbines, is
not symmetric and as a result its motion in roll is coupled with its motions in its heave and pitch

modes. Commonly, surge, heave and pitch RAOs undergo a peak at approximately 22 s, which
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is close to the roll and pitch natural frequencies of the rigid wind-tracing FOWT, see Table II.
Moreover, at T, = 27 s, approximately the wet natural period of the rigid structure in heave (see
Table II), a peak is observed in waves- and wind-induced heave RAOs, and there is a trough in
heave RAOs to waves and combined waves and current. The peak observed in surge and heave
RAOs of the structure are due to their couplings with its pitch and roll motions. Furthermore,
it is observed that the addition of the aerodynamic loads results in slightly smaller surge RAOs
and larger pitch RAOs compared with the wave-induced and combined wave- and current-induced
surge and pitch motions for encounter wave periods 10 s < 7, < 20 s. The total aerodynamic
thrust force and the moment in-pitch mode on the wind-tracing FOWT are 2.45 MN and 284.9
MNm, respectively, which are significantly smaller than the wave-induced hydrodynamic forces
and moment, see Fig. 3. Hence, the small changes in surge and pitch RAOs of the structure when
aerodynamic loads are present can be explained by the effect of the aerodynamic damping due to
the operating rotors of the FOWT combined with the hydrodynamic damping coefficient. For the
same interval of encounter wave periods, wave-current interaction results in smaller heave motion
compared with those to waves only and combined waves and wind.

Shown in Figs. 3 and 4, the effect of current on excitation forces and moments, and the rigid-
body motion of the wind-tracing FOWT is relatively small. Similarly, considering the motion of
the wind-tracing FOWT to combined waves and wind, it is observed that wave-induced hydrody-

namic forces and moments are the dominating terms in dynamic motion of the structure.

A. Effect of current speed

As discussed earlier in this section, wave-current interaction with the wind-tracing FOWT and
current speed of 0.8 m/s, resulted in small changes in its dynamic motion compared with its wave-

induced rigid-body responses. In this section, we investigate the effect of current speed and its
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FIG. 4. Comparison of the rigid-body responses of the wind-tracing FOWT to (i) waves only, (ii) combined
waves and current with current speed at U, =0.8 m/s and (iii) combined waves and wind, with wind speed
of Vo = 11.4 m/s.

direction with respect to the x-axis on the dynamic motion of the wind-tracing FOWT.

The wave-current-wind interaction with the wind-tracing FOWT is studied for various current
speeds and discussed. For this purpose, six current speeds, 0.6 m/s, 0.8 m/s and £1.2 m/s
are considered. The incoming waves are at zero wave heading angle, and positive and negative
current speeds indicate that the current is in following or opposing direction of headsea waves,
respectively. Shown in Fig. 5, surge, heave and pitch motions of the rigid wind-tracing FOWT to
combined wave, current and wind are determined for the given current speeds and compared with

those in the absence of current.

It is observed that for currents in the following direction of incoming waves, as the current
speed becomes larger, the surge motion of the structure increases slightly for encounter wave
periods smaller than approximately 7, = 16 s. Regarding the encounter wave periods smaller
than 7, < 20 s, the heave motion of the wind-tracing FOWT is larger with current in opposing

direction of incoming waves. Moreover, the largest effect of current speed is observed in heave
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RAOs of the rigid wind-tracing FOWT, particularly at wave periods larger than 7, = 22 s. The
significant increase in heave motion of the FOWT is observed in an interval of encounter wave
periods between the pitch and heave natural periods of the structure, see Table II. Finally, for
T, < 18 s and T, > 22 s, the effect of the current speed on the pitch motion of the wind-tracing
FOWT is almost negligible, while it becomes more significant at approximately 18 s < 7, <22 s,
around the wet natural period in pitch mode.

In general, by changing the current speed and its direction with respect to the incoming waves,
the surge and heave motion of the wind-tracing FOWT undergo significant changes at encounter
wave periods closer to the wet natural periods of the structure in pitch, roll and heave. However,

the effect of current speed on the pitch motion of the FOWT is almost negligible.

B. Effect of wave direction

In this section, the effect of wave misalignment with current and wind loads on the motion of
the wind-tracing FOWT is investigated. RAOs of the structure to combined waves, current and
wind are presented in Fig. 6 for wave heading angles B =0°,30°, 45°, 90° and 180°. The current
and the wind speeds are constant at U, = 0.8 m/s and V; = 11.4 m/s; respectively. In all cases, the
current is codirectional with the x-axis and perpendicular to the structure.

Shown in Fig. 3, the motion of the structure is primarily governed by wave-induced forces and
moments. In Fig. 6(c), relatively similar pitch RAOs of the FOWT are observed to codirectional
and misaligned waves, current and wind for encounter wave periods up to approximately 20 s. At
20 s, approximately the pitch wet natural period of the structure, the peak value of the pitch RAO
to codirectional wave, current and wind is the largest compared with those for f > 0°. At the same
encounter wave period, shown in Fig. 3, the horizontal excitation force and moment in pitch by

codirectional waves and current are larger than those to waves and current in opposite direction. It
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FIG. 5. Surge, heave and pitch motions of the rigid wind-tracing FOWT to waves and wind in the absence
of current, and waves, current and wind with current speeds U, = 0.6 m/s, U. = +0.8 m/s and U, = +1.2
m/s and V, = 11.4 m/s.

is observed that the misalignment of incoming waves with current and wind has the largest effect
on the surge motion of the floating structure. It can be seen that up to the encounter wave period
of 16 s, the surge motion of the structure to codirectional waves, current and wind is the largest

compared with other load cases. Furthermore, for wave periods approximately larger than 14 s,
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the heave and pitch RAOs of the structure are the smallest to beam waves (f = 90°) combined
with the horizontal current and wind loads on the wind-tracing FOWT. The peak in surge RAOs
is shifted to a larger wave period with wave heading angle f = 180°. Moreover, with waves in
opposing direction of current and wind, the large peaks observed in heave and pitch RAOs are
shifted to larger encounter wave periods and are approximately at the wet natural period in the roll
mode.

Shown in Fig. 6, the misalignment of incoming waves with the current and wind can signif-
icantly change the surge RAOs of the wind-tracing FOWT. The effect of wave heading angle on
the heave and pitch motion of the structure is significant in long wave periods larger than approx-

imately 18 s < T,.

V. FLEXIBLE-BODY RESPONSES

In this section, the hydro- and aeroelastic motion of ‘the wind-tracing FOWT to the environ-
mental loads are presented and discussed. Firstly, wave-current-wind interaction with the fully
flexible wind-tracing FOWT is studied by presenting its motions in surge, heave and pitch modes.
Next, nodal displacements along the towers and pontoons of the flexible FOWT are determined
and compared with its rigid-body counterparts.

Shown in Fig. 7, rigid- and flexible-body responses of the wind-tracing FOWT to wave, current
and wind loads are obtained and compared. Firstly, it can be seen that for 14 s < T, the rigid
structure undergoes smaller surge motions than those of the flexible structure. Similarly, the heave
motion of the rigid FOWT is smaller than the flexible wind-tracing FOWT for encounter wave
periods 7T, < 20, which is close to the roll and pitch natural periods of the flexible structure, see
Table II. Finally, for the majority of the considered encounter wave periods, the rigid-body pitch

RAOs to the combined waves, current and wind are larger than those of the flexible structure. The
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FIG. 6. (a) Surge, (b) heave and (c) pitch motions of the rigid wind-tracing FOWT to codirectional waves,
current and wind, and waves misaligned with current and wind with = 30°,45°,90° and 180°, V, = 11.4
m/s and U, = 0.8 m/s.

peak of the pitch RAOs of the flexible structure is smaller than the one of the rigid wind-tracing

FOWT, and as expected, occurs at approximately 21 s.

Next, the effect of flexibility of the wind-tracing FOWT on its structural responses to hydro-
and aerodynamic loads is investigated. For this purpose, nodes at the leading edge of the towers,
starting from their bases, z = 22 m, up to the tips of the towers, z = 109 m, facing the incoming
wind, and nodes on the outer edge of the pontoons, facing outside the triangular platform at z =
—12 m are considered. The horizontal nodal displacements along the towers are due to the motion

of the structure in its surge and pitch modes, and if elasticity considered, its generalised modes.
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FIG. 7. (a) Surge, (b) heaveand (c) pitch motions of the rigid and flexible wind-tracing FOWT to codirec-
tional waves, current and wind, with V = 11.4 m/s and U, = 0.8 m/s.

Furthermore, the vertical nodal displacements along the pontoons are a result of the motion of
the structure in its heave and roll and if elasticity considered, their coupling with the generalised
modes of the structure. The vertical displacements along the pontoons are reported over their
lengths. The length of Pontoons 1 and 2 are reported with respect to the column supporting Tower

1, and the length of Pontoon 3 is given with respect to the column supporting Tower 2.

Shown in Figs. 8 and 9, the horizontal nodal displacements along the towers and the vertical
nodal displacements along the pontoons of the rigid and flexible FOWTs are computed for codi-
rectional waves and wind and compared with those due to combined waves, current and wind at

three encounter wave periods, T, = 10 s, 15 s and 24 s.

The structure of the wind-tracing FOWT, due to the asymmetric geometry of the blades and the
rotors, is not symmetric with respect to the global x-axis. Therefore, the nodal displacements along
Tower 2 are slightly smaller than those of Tower 3 in both rigid and flexible wind-tracing FOWT.

The difference between the horizontal nodal displacements along these two towers is attributed
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to the mode-shape of the complete structure. Commonly, the three flexible towers experience the
largest horizontal displacements at encounter wave period 7, = 24 s. This is expected, since at
approximately 7, = 24 s, the surge and pitch RAOs of the flexible wind-tracing FOWT are larger

than those of the rigid FOWT.

At T, = 10 s, the towers of the flexible wind-tracing FOWT experience larger nodal displace-
ments compared with the rigid towers in both load conditions. When current is present, shown
in Fig. 7, the pitch RAOs of the flexible structure is slightly larger than the rigid structure. As a
result, we observe that flexible Tower 2 and 3 undergo larger nodal displacements compared with
their rigid-body counterpart. Moreover, the horizontal nodal displacement along Tower 1 is the
largest in the absence of current. The different nodal displacements along the towers at a wave

period can be attributed to the asymmetry of the wind-tracing FOWT and its mode-shapes.

At T, = 15 s, the presence of current results in small horizontal nodal displacements along
flexible Tower 1 in comparison with its rigid counterparts to waves and wind with and without
current. Similarly, when current is present, nodal displacements along Tower 2 is the smallest,
when the FOWT is flexible. Shown in Fig. 5, it can be seen that when current is added, the surge
RAOs of the structure are slightly smaller than its combined waves- and wind-induced surge mo-
tion, hence smaller horizontal nodal displacements along the rigid and flexible towers are observed
when wave-current interaction is considered. However, at T, = 15 s, it is observed that the current
interaction does not influence the nodal displacements along Tower 3 significantly. Furthermore,
at T, = 24 s, flexible towers undergo the largest nodal displacements to waves and wind in the
absence of current. In conclusion, at the encounter wave periods considered in Fig. 8, the addition

of current mostly resulted in smaller horizontal nodal displacements along the three towers.

The vertical nodal displacements along Pontoons 1, 2 and 3 to waves and wind, and combined

waves, current and wind are presented in Fig. 9. For the first two encounter wave periods, 7, = 10

29



471

472

473

474

475

476

417

478

479

480

481

482

483

484

485

486

487

488

490

491

492

Response of multi-unit floating offshore wind turbines

s and 15 s, smaller differences between the nodal displacements along the rigid and flexible pon-
toons are observed compared with those at 7, = 24 s. Considering encounter wave period 7, = 10
s, the vertical nodal displacements along the three rigid pontoons are almost negligible compared
with their flexible counterparts. However, it can be seen that the addition of current loads results in
larger nodal displacements of flexible Pontoons 1 and 2. As discussed earlier, the structure of the
wind-tracing FOWT is not symmetric, and therefore identical vertical displacements along Pon-
toons 1 and 2 are not observed. At 7T, = 15 s, it is seen that the largest vertical nodal displacements
occur by the flexible pontoons to combined wave, current and wind loads. Similar behaviour is
observed at T, = 24 s by flexible Pontoons 2 and 3, which their vertical nodal displacements in-
duced by waves, current and wind are significantly larger than others. Furthermore, 7, = 24 s is
close to the wet natural period of both flexible and rigid wind-tracing FOWTs in their heave and
roll modes. Large vertical displacements along the three pontoons at this encounter wave period,
T, = 24 s, could be explained by the resonance behaviour of the structure in its heave and roll
natural periods. Nevertheless, it can be seen that the wave-current interaction results in larger

hydroelastic motion of the three pontoons at the considered encounter wave periods in Fig. 9.

In this section, the effect of flexibility of the wind turbines and the floating platform of the
wind-tracing FOWT on its motion to the environmental loads is discussed. It is shown that surge
and pitch RAOs of the flexible FOWT are larger and smaller than their rigid-body counterparts,
respectively. Finally, shown in Figs. 8 and 9, the effect of wave-current interaction on the nodal
displacements along the towers and the pontoons of the wind-tracing FOWT is presented. It is
shown that the presence of current has more significant effect on elastic responses of the pontoons

compared with the towers.
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FIG. 8. Horizontal nodal displacements along tower 1 (a), (b).and (c), tower 2 (d), (e) and (f) and tower 3
(g), (h) and (i) at encounter wave periods 10 s, 15 s and 24 s with Vo =114 m/s and U, = 0.8 m/s.

VI. SUMMARY AND CONCLUDING REMARKS

This study investigates the wave-current-wind interaction with the multi-unit wind-tracing
FOWT. Dynamic motion of the wind-tracing FOWT to combined wave, current and wind loads is

determined by a hydro-aero-elastic numerical coupling approach in the frequency-domain.

In this approach, the governing equations of motions of a floating structure to waves and current
in the frequency domain is extended to include the aerodynamic loads on the wind turbines of the

FOWT and to obtain elastic motion of the structure, if the elasticity is considered.

The rigid- and flexible-body responses of the wind-tracing FOWT to wave, current and wind are
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FIG. 9. Vertical nodal displacements along pontoon 1 (a), (b)and (c), pontoon 2 (d), (e) and (f) and pontoon
3 (g), (h) and (i) at encounter wave periods 10 s, 15 s and 24 s with V) = 11.4 m/s and U, = 0.8 m/s.

calculated and discussed. Firstly, the motion of the rigid FOWT to waves only, combined waves
and current and combined waves and wind are compared, and it is seen thatits responses are mainly
dominated by wave-induced hydrodynamic forces and moments. Next, the rigid-body responses
of the FOWT to several current speeds and misalignments between waves with current and wind
are presented. It is observed that when aerodynamic loads are present, increasing the current
speed results in larger surge and heave motion of the FOWT, whereas the pitch RAOs undergo
negligible changes. Furthermore, for encounter wave periods smaller than the pitch natural period
of the structures, wave misalignment with current and wind has insignificant effect on the heave

and pitch motion of the structure. However, the wind-tracing FOWT undergoes the largest pitch
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motion when waves, current and wind are codirectional.

Finally, the elastic motion of the wind-tracing FOWT to wave, current and wind loads is ob-
tained and compared with its rigid-body counterpart. Furthermore, the importance of elasticity
analysis of the multi-unit wind-tracing FOWT is shown by comparing its rigid- and flexible-body
nodal displacements along its towers and pontoons to two environmental conditions, namely (i)
waves and wind and (ii) waves, current and wind. In general, it is observed that the presence of cur-
rent results in smaller nodal displacements along the towers. However, the wave-current-structure
interaction results in-larger hydroelastic responses of the wind-tracing FOWT in comparison to
those when current is‘not present and hence larger vertical nodal displacements along the pon-

toons are obtained.

In conclusion, motion of the wind-tracing FOWT is largely governed by the wave-induced hy-
drodynamic forces and moments on the substructure-and the effect of current with small speed
on the hydrodynamic excitation forces and moments on the structure is almost negligible. Conse-
quently, the wind-tracing platform would rotate with respect to the turret such that the moments
mainly by the wave-induced hydrodynamic loads on the turret-are minimized. This indicates that
an appropriate understanding of rigid-body and elastic motion of the substructure plays an impor-
tant role in analysing the performance of the wind-tracing FOWT. Furthermore, it is also observed
that the aerodynamic damping effect by the three operating rotors on the platform influences sig-
nificantly the surge and pitch motion of the system. Finally, it is seen that when current is present,

the hydroelastic responses of the FOWT is affected considerably.

Dynamic analysis of multi-unit FOWTs, due to their unique design and geometrical charac-
teristics, mainly their platform and the mooring layout, are challenging to study. In this paper, it
is shown that the developed hydro-aero-elastic coupling approach implemented in HY DRAN-XR

can successfully model the environmental loads by waves, current and wind on multi-unit FOWTs
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and determine their rigid-body and elastic motions. The developed numerical model provides in-
sight about motion of a FOWT concept with an arbitrary shape of the floating platform and number
of wind turbines. Therefore, the developed coupling approach can be used in design and concept
stages of FOWTs. Nevertheless, it should be noted that a thorough understanding of the effect
of nonlinear environmental loads on the performance of the structure, the effect of wind turbine
controllers on its power output, and the aerodynamic wake interaction between the wind turbines
on a single platform, among others are necessary for design purposes, and should be considered in

future studies.
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