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a b s t r a c t

Structural design of the floater is an important aspect in developing cost efficient and
reliable floating wind turbines. It is difficult to well account for the effect of strong non-
linear dynamic characteristics and transient loading events, e.g. wind turbine faults, of
floating wind turbines in a frequency-domain finite element analysis. The time-domain
approach which implements the Morison's formula cannot accurately account for the
hydrodynamic loads on the hull of floating wind turbines. While, the conventional hybrid
frequency-time domain approach (based on the potential flow theory) fails to capture
structural responses of the hulls since a rigid-body global model rather than a finite
element model of the hull is employed. The present paper deals with the development and
verification of a time-domain approach that can be easily implemented in various state-of-
the-art computer codes for wind turbine analysis, e.g. Simo/Riflex/Aerodyn, OrcaFlex and
FAST þ CHARM3D, to extend their capabilities to analyze global forces and moments in
structural components of a generic floater subject environmental loads from e.g. wind and
waves. The global forces and moments in the structural components might be used as
inputs of design formulas for structural strength design checks and/or used as boundary
conditions in a sub-model finite element analysis to determine structural responses such
as stresses. The proposed approach focuses on modeling of the inertia and external loads
on the hull and mapping of the loads in the finite element model of the hull. In the pro-
posed approach, floating wind turbines are considered as a system of several structural
components, e.g. blades, rotational shaft, nacelle, tower, mooring lines, columns, pontoons
and braces, rather than one rigid-body, while a finite element model for the hull is
developed to represent the global stiffness of the structural components. The external and
inertial loads on the hull are modeled as distributed loads rather than the integrated forces
and moments. The conventional hybrid frequency-time domain approach, which is
available in the state-of-the-art computer codes, is implemented to model the hydrody-
namic loads on each structural component with essential modifications with respect to the
corresponding hydrodynamic coefficients, e.g. added mass and potential damping co-
efficients and wave excitation forces. Approaches for modeling the hydrostatic pressure
forces, gravity loads, drag forces and inertial loads on each structural component are also
illustrated. Second order and higher order terms of the hydrostatic and hydrodynamic
loads and the hydroelasticity effects are not accounted for in the present paper but can be
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further included. So far, the proposed approach has been implemented in the computer
code Simo/Riflex/Aerodyn to analyze global forces and moments in the hull of a semi-
submersible wind turbine. Good agreement between the reference values and the simu-
lation results has been observed and indicates that the developed time-domain numerical
models are reliable. The simulation results show that the low-frequency aerodynamic
loads and fluctuations of hydrostatic pressure forces on and gravity of the floating wind
turbine are important contributions to the structural responses, in particular, in the low-
frequency range.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

By now, onshore wind energy has been well developed while the potential of offshore wind energy is substantial,
particularly in relatively deep water (e.g. deeper than 80 m). Moving from onshore and shallow water to deep water, floating
wind turbines might be more economically competitive than bottom fixed wind turbines in particular for largewind turbines
with high rated power (e.g. 5e10 MW).

In general, a floating wind turbine is composed of a Rotor Nacelle Assembly (RNA), a tower, a hull and a mooring system.
Current floating wind turbines can be classified as spar-type [1,2], TLP [3e9] and semi-submersible wind turbines [10e17].

In the structural design, ultimate limit state (ULS) and fatigue limit state (FLS) design checks must be carried out based on
structural responses of the floating wind turbine in relevant design conditions. Finite element analysis is normally carried out
to determine the load effects for the design checks with appropriate models of the loads.

Shell elements might be employed to model structural details, e.g. bulkheads, girders and stiffeners in the hull, blades and
tower; chains and wires of the mooring lines; and gear box, shaft and generator in nacelle. Alternatively, we might consider
that the structure is composed of several structural components (based on a multi-body formulation). For instance, the
blades, rotational shaft, nacelle, tower, mooring lines and columns, pontoons and braces of the hull can be considered as
structural components. Beam elements can be used to account for the global structural behaviors of these structural com-
ponents, e.g. the global forces and moments in the structural components. The global forces and moments might be used as
inputs of design formulas for structural strength design checks specified by relevant standards and guidelines from the In-
ternational Electrotechnical Commission (IEC), International Organization for Standardization (ISO), American Petroleum
Institute (API), the Norwegian petroleum industry, class societies such as Det Norske Veritas and Germanischer Lloyd
(DNVGL) and the American Bureau of shipping (ABS) and so on. For example, buckling strength of plates, stiffeners and girders
in global and local loads can be checked by the formulas specified in DNV-RP-C201 [19]. The global forces andmoments might
be used in ULS design checks for tubular members and joints based on formulas specified in NORSOK-N004 [20]. In addition,
the global forces and moments might be used as boundary conditions in a sub-model finite element analysis to determine
structural responses such as stresses, etc.

Finite element analysis in frequency domain is very cost-effective. However, the major limitations are that 1) it is a big
challenge to appropriately account for the strong non-linear dynamic characteristics, which is known as the aero-hydro-
servo-elastic feature [35], of floating wind turbines; and 2) transient loading events, such as wind turbine faults, cannot
be modeled in frequency domain.

Regarding the finite element analysis in time domain, 19 computer codes used by participants from various organizations
in several countries were compared through a code-to-code verification activity [22]. However, none of the developed nu-
merical models can be used to predict the global forces and moments in the hull of the reference semi-submersible wind
turbine. The challenges are 1) how to accurately calculate hydro loads on the hull and 2) how to effectively map the loads in
the finite element model.

As pointed by Matha et al. [36], the Morison's formula, potential flow theory and computational fluid dynamics methods
can be used tomodel hydrodynamic loads on the hull andmooring lines. ULS and FLS design checks require tens of thousands
of time-domain simulation hours [37e39]. Therefore, the computational fluid dynamic method is not considered to be
practical for ULS and FLS design checks due to the extremely expensive computational cost.

The Morison's formula is implemented in some cost effective computer codes [22] to model the hydrodynamic loads
on the hull of floating wind turbines. However, the Morison formula is an empirical formula. In general, it is applicable
when wave length is larger than five times the diameter of the slender structure's cross-section [23]. Meanwhile, the
application of the Morison formula means the memory effects of the hydrodynamic loads are neglected. In addition,
additional pressure forces must be added to account for hydrodynamic loads in axial directions of the columns and
pontoons [22].

The potential flow theory combined with the drag term of the Morison formula can accurately model the hydrodynamic
loads on offshore structures and is frequently used in the offshore oil and gas industry. A set of equations of motions can be
established, as initially proposed by Cummins [25], and solved to obtain the motion responses of the platforms in waves. In
these equations, the platform is assumed as one rigid-body with 6 d.o.f.s, while a hybrid frequency-time domain approach is

http://creativecommons.org/licenses/by/4.0/
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implemented to convert the frequency dependent hydrodynamic pressure loads due to wave diffraction and radiation to the
integrated forces and moments corresponding to these 6 d.o.f.s. While, wind loads on blades and tower are typically
considered as distributed loads. This approach has been implemented in some computer codes [22] to analyze structural
responses of the RNA, tower and mooring lines and rigid-body motions of the hull of floating wind turbines [21,40e45].

The flow chart of a time-domain numerical model of a generic horizontal axis floating wind turbinewhich implements the
hybrid frequency-time domain approach and is developed in the computer code Simo/Riflex/Aerodyn [29e32] is given in
Fig.1 as an example. The hull of the floating wind turbine is considered as a rigid-bodywith 6 d.o.f.s, while the tower base and
fairleads of the mooring lines rigidly follow the motions of the hull. Six motion equations that are composed of the resultant
external loads, e.g. viscous loads, gravity loads and hydro loads, on and inertial loads of the hull are generated in Simo [27]
with necessary input, e.g. mass properties of the hull, drag coefficients, hydrodynamic coefficients, i.e. the added-mass co-
efficient matrices (A(u)), potential damping coefficient matrices (B(u)) and first order wave excitation load transfer function
(Hfw(u)), and specified forces, moments and restoring stiffness matrix. A finite element model, for which the mooring lines,
tower and RNA are modeled as bar and beam elements and coupled to the motion equations of the hull are generated and
solved in Riflex [28] with necessary input, e.g. relevant mass and structural properties and drag and added mass coefficients.
Aerodyn [32] and a Java controller [31] are coupled to Riflex through a dll file [31] to account for the aerodynamic loads on the
RNA and tower, effect of pitch control on aerodynamic loads on the three blades and effect of the generator inside the nacelle
on the power production and generator torque. More details are available in the later part of this paper and [47].

The conventional hybrid frequency-time domain approach is considered as the state-of-the-art approach and has been
used by researchers, e.g. Refs. [21,43,46,47], to analyze responses of floating wind turbines. However, to calculate structural
responses of the hull, we must develop a finite element model of the hull rather than a rigid-body formulation; while, to map
the loads in the finite element model, we must develop accurate and effective time-domain approach to model the loads on
the hull as distributed loads rather than three integrated forces and moments.

This paper addresses a time-domain approach to deal with the challenges mentioned above. The focus is on the modeling
of the inertia and external loads on the floating wind turbine hull and the mapping of the loads to the finite element model of
the hull. The proposed approach can be easily implemented in various state-of-the-art computer codes, e.g. Simo/Riflex/
Aerodyn, OrcaFlex [22] and FAST þ CHARM3D [22], to extend their capabilities to analyze global forces and moments
in structural components of a generic floater subject to linear and non-linear environmental loads, e.g. wind and
waves. Details of the proposed approach and verification are available in the later part of this paper. An application of the
proposed approach for ULS design check for the structural design of the hull of a semi-submersible wind turbine is available
in Ref. [15].
Fig. 1. The flow chart of a time-domain numerical model of a generic horizontal axis floating wind turbine developed in Simo/Riflex/Aerodyn (the conventional
approach).
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2. The proposed approach

In general, numerical models in finite element codes are developed in an earth fixed coordinate system, such as the global
coordinate system (Og-xg-yg-zg) shown in Fig. 2.

In the proposed approach, the hull of floating structures is considered as an assemble of d structural components. d is
specified by designer. A beam element finite element model, which includes d nodes (red colored in Fig. 2), can be developed
in the global coordinate system to represent the global stiffness of the structural components. Each node has 6 d.o.f.s and
corresponds to a structural component. The external loads on and inertia loads of each structural component are calculated,
integrated and transferred to the node that corresponds to the structural component in the finite elementmodel. In particular,
the hydrostatic and the hydrodynamic loads on each structural component are obtained by integrating the hydrostatic and
hydrodynamic pressure loads on the wet surface of the structural component. The pressure loads are normally calculated
based on a frequency-domain hydrodynamic code using a panel method. Global forces and moments in structural compo-
nents of the hull can be obtained by carrying out a finite element analysis using a time-domain code. Accurate global forces
and moments are given at the cross-sections corresponding to the red dashed lines, see Fig. 2. The number of the structural
components and quality of the finite element model of the hull affect the accuracy of the global forces and moments. The
beam element finite element model of the hull should accurately represent the global stiffness of the hull, in particular for
statically indeterminate structures.

The flow chart of a time-domain numerical model of a generic horizontal axis floating wind turbinewhich implements the
proposed approach and is developed in the computer code Simo/Riflex/Aerodyn is given in Fig. 3. Comparing to Fig. 1 (the
hybrid frequency-time domain approach), the proposed approach models the hull as a beam element finite element model
while the approaches for modeling the external on and inertia loads of each structural component are illustrated in the
following part of this section together with the limitations of the approaches.

The approaches are developed by extending the conventional approaches used in the state-of-the-art computer codes.
Therefore, the proposed approach can be easily implemented in various state-of-the-art computer codes to extend their
capabilities.

Generating and solving time-domain motion equations for a rigid-body oscillating with respect to its mean position in
waves is a fundamental feature in some of the state-of-the-art computer codes used in the offshore wind and offshore oil and
gas industry. In these computer codes, usually, three coordinate systems, i.e. Ob-xb-yb-zb, Or-xr-yr-zr and Of-xf-yf-zf coordinate
systems, are established. As shown in Fig. 4, the Of-xf-yf-zf coordinate system is an earth fixed coordinate system located at the
mean position of the geometrical center of the water plane area of the floater. The Ob-xb-yb-zb coordinate system is a body-
fixed coordinate system. The position of Ob and the orientation of the coordinate system rigidly follow rigid-body motions of
the floater. The Or-xr-yr-zr coordinate system is a body-related coordinate system. Or rigidly follows horizontal movements of
Ob (the hull) but the orientation of the body-related coordinate system and vertical position of the Or are fixed (as the same as
Fig. 2. Definition of a finite element model of the hull.



Fig. 3. The flow chart of a time-domain numerical model of a generic horizontal axis floating wind turbine developed in Simo/Riflex/Aerodyn (the proposed
approach).

Fig. 4. Definition of the coordinate systems for a floating body.
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the body-related coordinate system when the hull is located at its initial position in time-domain simulation). When the
floater is located at its mean position, the Of-xf-yf-zf, Ob-xb-yb-zb and Or-xr-yr-zr coordinate systems are coincident. In the
motion equations, the hybrid frequency-time domain approach is implemented to account for thewave excitation load effects
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and radiation load effects on the rigid-body motions. Hydrodynamic coefficients, i.e. the added-mass coefficient matrices
(A(u)), potential damping coefficient matrices (B(u)) and first order wave excitation load transfer function (Hfw(u)) must be
calculated by 1) solving the potential-flow boundary value problemwith the assumption that the hull of the floater is a rigid-
body in the Of-xf-yf-zf coordinate system, 2) calculating pressure forces on the mean wet surface of the hull based on the
Bernoulli's equation and corresponding velocity potential, 3) integrating the pressure on the wet surface of the hull using the
coordinate system Of-xf-yf-zf to obtain the integrated forces and moments acting on Of, and 4) derive the hydrodynamic
coefficients based on the corresponding resultant forces and moments on the Of in the Of-xf-yf-zf coordinate system.

In the proposed approach to calculate external and inertial loads on each structural component, we assumes that 1) the
atmospheric pressure inside the hull is constantly equal to the atmosphere pressure at the still water plane and 2) the ballast
fluid inside the hull is considered as ballast mass which introduce inertia loads on the hull rather than hydro pressure forces
on the corresponding inner surface of the hull; while, in the boundary value problem for solving the hydrodynamic loads on
each structural component, the hull is considered as a rigid-body. The second order and higher order terms of the hydro loads
on the hull, except for the drag forces induced by viscous effect, and hydroelasticity effects are not included in the approaches
discussed in the present paper, but they can be further included. The two assumptions are used to simplify the numerical
models for the loads on the structural components. The second assumption can be implemented since the focus of the
proposed approach is on capturing the global forces and moments in the structural components.

Details of the approaches for modeling inertial and external loads on each structural component are illustrated as follows.
For each structural component, a body-related coordinate system and a body-fixed coordinate system are established. We

denote the origins of the body-related and body-fixed coordinate systems for the structural component i as Or,i and Ob,i

respectively. When the floating wind turbine is located at its mean position, the body-related and body-fixed coordinate
systems for each structural component and the Of-xf-yf-zf coordinate system are coincident. The body-fixed coordinate system
of the structural component i rigidly follows the motion of the corresponding node of the structural component i in the finite
element model in the Og-xg-yg-zg coordinate system. In the Of-xf-yf-zf coordinate system, the motion of the Ob,i and the

orientation of the body-fixed coordinate system are described by hiðtÞ ¼ ½hi1;hi2;hi3;hi4;hi5; hi6�T . hi4; hi5 and hi6 are three Euler
angles about xf, yf and zf axis.

The gravity loads of the structural component i can be modeled as constant force acting on the centre of gravity of the
structural component i in the body-fixed coordinate system of the structural component i and pointing to the negative di-
rection of the vertical axis of the global coordinate system. Inertial loads of and viscous loads on the structural component i
can be calculated in the body-fixed coordinate system. A body mass matrix of each structural component with respect to the
origin of the corresponding body-fixed coordinate system can be specified. The viscous loads can be accounted for by the drag
term of the Morison formula.

The resultants of the first order radiation and wave excitation loads on the structural component i are represented by
Ltexternal;i, see Eq. (1). Ltexternal;i is described in the body-related coordinate system of the structural component i and acting on
the Or,i.

Ltexternal;i ¼ Rpotential wave iðtÞ �
Zþ∞

�∞

kiðt � tÞhi
̇

ðtÞdt� A∞
i €hiðtÞ (1)

in the Ltexternal;i, Rpotential_wave_i(t) is the resultants of the wave excitation loads on the structural component i obtained by
applying inverse Fourier transform on Rwave_i(u). Rwave_i(u) is frequency dependent first order wave excitation vector for the
structural component i. We have Rwave_i(u) ¼ Hfw_i(u)*Ampu$Ampu is determined by a spectrum of incident waves. For a
sinusoidal wavewith a given frequency u, Ampu is the amplitude of the sinusoidal wave.Hfw_i(u) is first order wave excitation
load transfer function for the structural component i. ki(t) is known as retardation or memory function for the structural
component i and determined by Ai(u) or Bi(u). A

∞
i is Ai(u) corresponding to the high-frequency limit. Ai(u) and Bi(u) are

frequency dependent added mass coefficient matrix and potential damping coefficient matrix for the structural component i.
Hfw_i(u), Ai(u) and Bi(u) are obtained by the following steps, 1) solving the boundary value problem in the Of-xf-yf-zf

coordinate systemwith the rigid-body assumption for the hull, 2) calculating pressure forces on the meanwet surface of the
structural component i ðS0wet;iÞ based on the Bernoulli's equation and corresponding velocity potential, 3) integrating the

pressure on the wet surface of the component i (on the S0wet;i) using the coordinate system Of-xf-yf-zf to obtain the integrated

forces and moments acting on Of, and 4) derive the hydrodynamic coefficients based on the corresponding resultant forces
and moments on the Of in the Of-xf-yf-zf coordinate system. Hfw_i(u), Ai(u) and Bi(u) include hydrodynamic interactions.

Rr
r iðtÞ represents the resultant forces and moments of the hydrostatic pressure forces on the outer surface and the at-

mospheric pressure forces on the inner surface of the structural component iwhen the structural component is located at the

instantaneous position described by hiðtÞ ¼ ½hi1; hi2; hi3; hi4; hi5; hi6�T in the Of-xf-yf-zf coordinate system. Rr
r iðtÞ is a 6 � 1 vector,

acting on Or,i and described in the body-related coordinate system.
Neglecting the second order and higher order terms, the expression of the Rr

r iðtÞ is derived as:
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Rr
r iðtÞ ¼ Fci þ ð�1Þ�C ih

iðtÞ (2)

Fci is a 6�1 vector. Ci is a 6 � 6 matrix with real coefficients. The expressions of Fci and Cihi(t) are available in Eqs. (3)e(8).
The coefficients in the Ci and Fci are expressed by parameters that are defined in the Of-xf-yf-zf coordinate system with

respect to the mean wet surface whereas Rr
r iðtÞ represents forces and moments acting on Or,i in the body-related coordinate

system. We assume that the mean outer wet surface of the structural component i and the corresponding inner surface are
identical and are denoted as S0wet;i in the Of-xf-yf-zf coordinate system. s0 is a point on the wet surface of the hull. The normal

vector and position vector of s0 at the mean position are denoted as n0 ¼ [n1,n2,n3]T and v0 ¼ [v1,v2,v3]T. n0 is pointing away
from the fluid field. Hydrostatic pressure on the s0 (P0s0 ;hydro sta) is given by applying Bernoulli's equation. P0 represents the

atmosphere pressure at the still water plane. Z0 ¼ 0 since the Of-xf-yf-zf coordinate system is located at the still water plane. rf
is density of sea water, taken as 1.025 tonnes/m3. g is gravity acceleration, 9.81 m/s2. We denote the atmospheric pressure
inside the hull as Pinner, atm. We assume Pinner, atm is constantly equal to P0. P0s0 ;net denotes the net pressure on the s0 at the mean

position. P0s0 ;net is the difference between the hydrostatic pressure on the outer surface of the s0 and the atmospheric pressure
on the inner surface of the s0.

P0s0 ;hydro sta ¼ P0 þ rf gZ0 � rf gv3 (3)

P0 ¼ P0 � P (4)
s0 ;net s0 ;hydro sta inner; atm

2 2 3 3
Fci ¼

666666664

∬
S0wet;i

4n1
n2
n3

5P0s0;netds

∬
S0wet;i

2
4 v1
v2
v3

3
5�

2
4n1
n2
n3

3
5P0s0;netds

777777775
(5)

i
�
D1

�

Cih ðtÞ ¼ D2

(6)

2
n

3 2
hi

3 2
n

3

D1 ¼ rf g ∬

S0wet;i

4 1
n2
n3

5�hi3 þ hi4v2 � hi5v1

�
ds� ∬
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hi5
hi6

75� 4 1
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5P0s0 ;netds (7)
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4 0
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(8)
Flexibility effects of the hull on the hydro loads are not accounted for. The hydrodynamic loads on each structural
component are derived from the velocity potential that are obtained by solving the boundary value problems with the
assumption that the hull is a rigid-body. The kinematics of different structural components is constrained by the rigid-body
assumption. Consequently, the hydrodynamic interaction effects between the structural components are included in the
hydrodynamic loads on each structural component. However, the proposed approach may not be able to well model the
hydroelasticity effect. Therefore, it is not recommended to be applied on floating structures with relatively large flexibility, for
which hydroelasticity effect can be important.

The expressions of Ltexternal;i and Rr
r iðtÞ can be further modified. For example, additional terms can be included to account

for second order and/or higher order hydro loads on each structural component, while the load effects of the ballast fluid can
be modeled as pressure forces on the inner surface of each structural component.

3. Verification of the proposed approach

The proposed approach is implemented in Simo/Riflex/Aerodyn [29e32] to calculate global forces and moments of the 5-
MW-CSC [15]. The layout of the semi-submersible floater is given in Figs. 5 and 6. The Og-xg-yg-zg and Of-xf-yf-zf coordinate
systems are established at the mean position of the geometrical centre of the water plane area.

Five numerical models have been developed. Three comparisons, i.e. Comparison A, Comparison B and Comparison C, have
been carried out to verify the proposed approach step by step. These numerical models and the comparisons are briefly



Fig. 5. Side (left) and top (right) views of the semi-submersible hull of 5-MW-CSC.

Fig. 6. A realistic cross-section (left) and simplified box-shape cross-section with equivalent thickness (right).

Fig. 7. Numerical models.
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explained below and illustrated in Figs. 7 and 8, respectively. Detailed descriptions for the numerical models are available in
the later part of this paper. A summary of the features of the time-domain models is available in Table 3.



Fig. 8. Verification procedure.
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FDM is a frequency-domain model of the 5-MW-CSC developed in WADAM [26] to calculate wave induced global forces
and moments by implementing a standard procedure used in the offshore oil and gas industry [26].

TDM-2B-L is a time-domain model of the 5-MW-CSC developed in Simo/Riflex [27,28]. The proposed approach is
implemented to calculate wave induced global forces andmoments in the cross-section as shown by the dashed line in Fig. 5.
Aerodynamic loads are not available in the TDM-2B-L.

TDM-1BC is a time-domain model developed in Simo/Riflex/Aerodyn. Aerodynamic loads on the RNA and tower are
appropriately accounted for in the TDM-1BC, while the conventional hybrid frequency-time domain approach is imple-
mented to model the hydro loads on the semi-submersible hull. The modeling approach implemented in the TDM-1BC is
considered as the state-of-the-art approach that has been used by researchers, e.g. Refs. [21,43,46,47], to analyze responses of
floating wind turbines inwind and waves except for the global forces andmoments in the hull since the approach models the
hull as one rigid-body with 6 d.o.f.s.

TDM-2BN is an extension of the TDM-1BC. The proposed approach is implemented to calculate global forces andmoments
in the hull (in the cross-section as shown by the dashed line in Fig. 5). The TDM-1BC and TDM-2BN are identical except for the
finite element model of the hull and method for modeling the external and inertial loads on the hull.

TDM-29BN is an extension of the TDM-2BN. The TDM-2BN includes two rigid-bodies for the hull, while, the TDM-29BN
includes twenty-nine rigid-bodies for the hull. The TDM-29BN model is developed and compared to the TDM-2BN model in
order to show that the proposed method can be generalized to a model consisting of any number of structural components.
From the practical use point of review, it is convenient to use the TDM-29BN model to obtain the dynamic responses at any
critical position of the hull by just one time-domain model. While, using the TDM-2BN approach, many different numerical
models need to be built and analyzed.

It is expected that the time-domain model TDM-2BN can calculate the global forces and moments in the cross-section as
shown by the dashed line in Fig. 5 while the time-domain model TDM-29BN can calculate the global forces and moments in
the same cross-section and the other twenty-seven cross-sections.

As far as the authors know, there is no published experimental data for the global forces and moments in the hull of
floating wind turbines in wind and waves. In addition, the state-of-the-art time-domain computer codes cannot accurately
calculate the global forces and moments in the hull [22].

The accuracy of the calculated responses is related to two modeling issues: 1) whether or not the computer codes can
accurately calculate the wind and waves induced external and inertial loads on the floating wind turbines and map the loads
to the generated finite element models of the floating wind turbines; and 2) whether or not the finite element models
generated in the computer codes can accurately represent the global stiffness of the floating wind turbines and calculate the
structural responses for given loads. These two features are coupled.
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The hull of the 5-MW-CSC is a statically determinate structure. For a statically determinate structure, in general, the
accuracy of the responses in the structure is purely determined by the accuracy of the external loads acting on the structural
components, like aerodynamic loads on the blades and the tower and hydrodynamic loads on the floater and mooring lines
and the inertial loads.

In linear theory, hydrodynamic and hydrostatic loads on structural components of the hull are determined by two issues.
We denote these issues as ISA and ISB respectively.

ISA: The configuration and shape of the mean wet surfaces of the structural components.
ISB: The motion responses of the structural components.
The accuracy of the global forces and moments in the hull calculated by the TDM-2BN is indicated by the results of

Comparison A and Comparison B. Comparison A focuses on verifying that the influence of the ISA on the hydro loads on the
structural components can be accurately modeled in finite element codes which implement the proposed approach. Com-
parison B focuses on verifying that finite element codes which implement the proposed approach can accurately predict the
motion responses of the structural components and responses of the RNA, tower and mooring lines of the reference semi-
submersible wind turbine in wind and waves. Comparison C is carried out, to some extent, to address that the proposed
approach can be applied to generic floating wind turbines, for which the hull may need to be modeled by any number of
structural components. The proposed approach is not necessarily limited to two rigid-bodies for the hull. Due to the limitation
of the proposed approach, we do not account for the hydroelasticity effect in the comparisons discussed in the present paper.

In Comparison A, the FDM is used as a reference model for the transfer functions of wave to global forces and moments in
the hull. While the transfer functions can also be derived from structural responses of the hull calculated by carrying out
regular and/or irregular wave analysis in time-domain numerical models that implement the proposed approach, e.g. TDM-
2B-L, TDM-2BN and TDM-29BN. The FDM is a linear system and does not account for non-linear effects on the global forces
and moments, while TDM-2B-L is developed to be, as much as possible, a linear system and equivalent to the FDM. The
agreement in the transfer functions calculated in the FDM and TDM-2B-L is expected to be good if the proposed approach
accurately models the hydro pressure forces on the structural components of the hull and maps the forces on the finite
element model of the hull.

TDM-2B-L models the 5-MW-CSC as two structural components connected by three artificial beam elements. Aero-
dynamic loads are not accounted for in the TDM-2B-L. In contrast, aerodynamic loads are accounted for in the TDM-2BNwhile
the TDM-2BN models the hull of the 5-MW-CSC as two structural components connected by three artificial beam elements
and the mooring lines, tower and blades as beam elements. The mean wet surfaces of the two structural components of the
TDM-2B-L are identical to the mean wet surfaces of the two structural components of the TDM-2BN correspondingly and
respectively. Consequently, if the influence of the ISA on the hydro loads on the structural components can be accurately
modeled in TDM-2B-L, the influence can be accurately modeled in the TDM-2BN.

The motions of the hull and responses of the RNA, tower and mooring lines predicted by TDM-2BN and TDM-1BC are
compared in Comparison B. TDM-1BC is used as a referencemodel except for the global forces andmoments in the hull. TDM-
1BC and TDM-2BN are identical except for the finite element model of the hull and method for modeling the external and
inertial loads on the hull. Therefore, agreement in the compared responses is expected to be good.

Since the hull of the 5-MW-CSC is a statically determinate structure, it is expected that the global structural stiffness of the
hull does not affect the global forces and moments in the structural components of the hull except for the inertia loads and
hydro loads induced by the flexible modes of the hull. The global structural stiffness of the hull is determined by properties of
the equivalent cross-sections of the pontoons and columns and material properties, e.g. Young's modulus and modulus of
rigidity. In Comparison C, artificial material properties are implemented to make the global structural stiffness of the hull of
the TDM-29BN to be of the same magnitude as the one of the TDM-2BN. Consequently, the global forces and moments
calculated by the TDM-2BN and TDM-29BN are expected to be identical. Research on the importance of the influence of the
inertia loads and hydro loads induced by the flexible modes of the hull is interesting and will be investigated in future.

3.1. FDM

The FDM is a frequency-domainmodel developed inWADAM [26] to calculatewave induced global forces andmoments in
a cross-section as shown by the dashed line in Fig. 5. Only wave loads are considered here. A realistic cross-section of the
pontoon of the hull may be composed of stiffened plates, stiffeners and girders. As shown in Fig. 6, in global analysis, the
realistic cross-section can be simplified as a box-shape cross-section with equivalent thickness. The mean position of the
geometrical center of the box-shape cross-section in the Of-xf-yf-zf coordinate system is (31.5, 0, �27). The cross-section
divides the semi-submersible wind turbine into two parts: “Part A” and “Part B”. The wind turbine is included in the “Part
B”. The global forces andmoments in the cross-section are derived based on the fact that the global forces andmoments in the
cross-section and inertial and external loads on the “Part A” (as well as on Part B) must be in equilibrium. The standard
procedure used in the offshore oil and gas industry [26] is implemented inWADAM to calculate the inertial and external loads
on the “Part A”.

The inertial loads on the “Part A” are determined by the mass and acceleration of the “Part A”. Motion equations are
generated and solved in frequency domain to derive the acceleration. In the motion equations, the RNA, tower and hull are
modeled as a single rigid-body with 6 d.o.f.s. Structural flexibility of the floating wind turbine is neglected. The mooring lines
are not included in the rigid-body formulation. Instead, a 6� 6 restoring stiffness matrix (Cmooring) is introduced in themotion
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equations to represent the restoring effect of themooring lines on themotions. Hydrodynamic coefficients used in themotion
equations are calculated by solving the potential-flow boundary value problem with the rigid-body assumption. The motion
equations do not include viscous effect. The external loads on the “Part A” are composed of the first order hydrodynamic loads
and the fluctuations of hydrostatic pressure forces and gravity loads.

Cmooring ¼

2
666664
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0
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(9)
3.2. TDM-2B-L

The TDM-2B-L is a time-domain model developed in Simo/Riflex [27,28] and implements the proposed approach. We
intend to make it be, as much as possible, equivalent to the FDM. That means, in the TDM-2B-L, the “Part A” and “Part B” are
modeled as two rigid-bodies. Each rigid-body has 6 d.o.f.s. The origins of the body-fixed and body-related coordinate systems
for the two rigid-bodies are denoted as Ob,PA and Or,PA and Ob,PB and Or,PB respectively. When the floating wind turbine is
located at its mean position, the body-fixed and body-related coordinate systems are coincident to the Of-xf-yf-zf coordinate
system. The positions and orientations of the Ob,PA and Ob,PB are described by hPA(t) and hPB(t) in the Of-xf-yf-zf coordinate
system. In the frequency-domainmodel, the global forces andmoments in the cross-section are derived from the equilibrium
between the relevant external and inertial loads and the global forces and moments. However, to calculate the global forces
andmoments in a straight-forwardmanner in Simo/Riflex, wemust have a finite element model. Consequently, the two rigid-
bodies are connected by three artificial beam elements. The mean positions of the end nodes of the artificial beams in the Of-
xf-yf-zf coordinate system are tabulated in Table 1. Each end node rigidly follows the motions of its corresponding rigid-body
(hPA(t) or hPB(t)). The artificial beam elements are massless. There are no external loads on the artificial beam elements. Each
artificial beam element only has axial and torsional stiffness. Artificial Young's modulus and modulus of rigidity are specified
to make the artificial beams be stiff. For each beam element, the product of the Young's modulus and cross-section area is
specified as 109 kN, while, the product of the torsional rigidity and modulus of rigidity are specified as 109 kNm2/rad. The
proposed approach is implemented to calculate the first order hydrodynamic loads, gravity and hydrostatic pressure forces on
the “Part A” and “Part B” andmap the loads on the end nodes of the artificial beam elements. Viscous loads on the hull are not
included. The mooring lines induced forces and moments on the floating wind turbine are accounted for by (�1)*Cmoor-

ing*h
PB(t), which are acting on Or,PB and described in the body-related coordinate system of the rigid-body that corresponds to

the “Part B”.

3.3. TDM-1BC

The TDM-1BC is a time-domain model developed in Simo/Riflex/Aerodyn. The time-domain model implements the
conventional hybrid frequency-time domain approach. The hull is modeled as a rigid-body with 6 d.o.f.s in Simo. The con-
ventional hybrid frequency-time domain approach is used to account for the first orderwave excitation and radiation loads on
the hull. The blades, shaft of the drive train inside the nacelle, tower and mooring lines are modeled as beam elements in
Riflex. The motions of the lower end node of the tower and the upper nodes of the mooring lines rigidly follow the motions of
the hull. The hub and nacelle are modeled as rigid mass points attached on the shaft and top of the tower. Aerodynamic loads
on the blades and tower are calculated in Aerodyn [32]. A dll file [31] is used to account for the effect of pitch control on
aerodynamic loads on the three blades and the effect of the generator inside the nacelle on the power production and
generator torque. The torque of the generator is calculated by the dll file based on the rotational speed of the shaft. The shaft is
rotational about its longitudinal axis. The rotational d.o.f. is achieved by applying a flex joint [28] on the beam element of the
shaft. The blades are connected to the tower through the shaft. Loads on the blades, hub, shaft and generator torque are
transferred through the flex joint to the beam element of the tower. Hydrodynamic loads on the mooring lines are accounted
for by the Morison formula. The drag term of the Morison formula is used to account for the viscous loads on the hull. The
non-dimensional drag coefficients (Cd) are specified in DNV [33]. Cd for the width and height of the pontoons of the 5-MW-
CSC is 1.95. Cd for the central column is 0.8. Cd for the side columns is 0.64. The work-flow chart is available in Fig. 1.
Table 1
Positions of end nodes of three artificial beams in the body-fixed coordinate system (Units in meter).

End 1 End 2

Artificial beam 1 (31.4,0,�27) (31.6,0,�27)
Artificial beam 2 (31.5,-0.1,�27) (31.5,0.1,�27)
Artificial beam 3 (31.5,0,�27.1) (31.5,0,�26.9)
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3.4. TDM-2BN

The TDM-1BC and TDM-2BN are identical except for the finite element model of the hull and method for modeling the
external and inertial loads on the hull. The cross-section, as shown by the dashed line in Fig. 5, discretizes the hull into two
components. The two components of the hull are modeled as two rigid-bodies: “Body1” and “Body2”. The wind turbine is
mounted on the “Body 2”. Each rigid-body has 6 d.o.f.s. The origins of the body-fixed and body-related coordinate systems for
the “Body1” and “Body2” are denoted as Ob,B1 and Or,B1 and Ob,B2 and Or,B2 respectively. When the floating wind turbine is
located at its mean position, the body-fixed and body-related coordinate systems are coincident to the Of-xf-yf-zf coordinate
system. The positions and orientations of the Ob,B1 and Ob,B2 are described by hB1(t) and hB2(t) in the Of-xf-yf-zf coordinate
system. The two rigid-bodies are connected by the artificial beam elements used in the TDM-2B-L. Each end node of the
artificial beam element rigidly follows themotions of its corresponding rigid-body (hB1(t) or hB2(t)). The proposed approach is
implemented to calculate the first order hydrodynamic loads, gravity and hydrostatic pressure forces on the “Body1” and
“Body2” and map the loads on the end nodes of the artificial beam elements. The drag term of the Morison formula is used to
account for the viscous loads on the hull. The non-dimensional drag coefficients used in TDM-2B-L and TDM-2BN are
identical. The work-flow chart is available in Fig. 3.
3.5. TDM-29BN

The TDM-29BN is an extension of the TDM-2BN. Numerical models for the RNA, tower and mooring lines of the TDM-2BN
and TDM-29BN are identical. In the TDM-29BN, we consider that the hull is composed of twenty-nine structural components.
For example, the blue colored parts in Fig. 9 are the structural components named “ICP_S1” and “SP3_2” respectively. Each
structural component corresponds to a reference node (the brown colored circle). Each reference point represents 6 d.o.f.s of
the corresponding structural component. The reference points are connected by beam elements that represent the flexibility
of the hull. The beam elements are massless and there are no external loads on the beam elements. The viscous drag is
accounted for by the drag term of the Morison formula and being integrated and transferred to the corresponding reference
nodes. The end nodes of beam elements rigidly follow the motions of the corresponding reference node. In the 5-MW-CSC,
there are four interfaces between the columns and pontoons. The ICP_S1 represents an interface between the side column 1
and the pontoon 1. For the TDM-29BN, the stiffness of the interfaces is not modeled since the interfaces are modeled as rigid-
bodies. The stiffness of the beam elements are determined by properties of the equivalent cross-sections of the pontoons and
columns and material properties, e.g. Young's modulus and modulus of rigidity. In the Comparison C, artificial material
properties are implemented tomake the global structural stiffness of the hull of the TDM-29BN be in the same level as the one
of the TDM-2BN. The specified stiffness properties of the beam elements are tabulated in Table 2. EAg represents the product
of the Young's modulus and cross-section area. EIg represents the product of the Young's modulus and the second moment of
the area of the cross-section. GJg represents the product of the torsional rigidity and modulus of rigidity. The work-flow chart
is available in Fig. 3.
Fig. 9. The finite element model of the hull with twenty-nine bodies.



Table 2
Specified stiffness properties of the beam elements used in TDM-29BN.

EAg [kN] EIg [kNm2] GJg [kNm2/rad]

Column 1.29*1010 6.79*1010 5.11*1010

Pontoon 1.89*1010 6.27*1010 2.00*1010
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4. Results and discussions

4.1. Comparison A

Fx, Fy, Fz,Mx,My, andMz denote the wave induced global forces andmoments in the cross-section shown by the dashed line
in Figs. 5 and 6. The global forces and moments are acting on the origin of the Oinp-xinp-yinp-zinp coordinate system and
described in the Oinp-xinp-yinp-zinp coordinate system. The Oinp-xinp-yinp-zinp coordinate system is a body-fixed coordinate
system. When the 5-MW-CSC is located at its mean position, the body-fixed coordinate system is coincident to the Of-xf-yf-zf

coordinate system except that the origin of the body-fixed coordinate system is located at the geometrical center of the cross-
section which is (31.5, 0, -27) in the Of-xf-yf-zf coordinate system.

For a given point on the cross-section, axial stress (sx) and shear stress (t) are calculated by Eqs. (10) and (11).

sx ¼ Fx
A
þ My

wy inp
þ Mz

wz inp
(10)

t ¼ Mx

2A0tc
þ FySz inp

Iz inptc
þ FzSy inp

Iy inptc
(11)

A is the area of the cross-section. wy_inp and wz_inp are the section moduli corresponding to the y_inp and z_inp axes and the
position of the point on the cross-section. A0 is the circumscribed area of the cross-section. tc is the equivalent thickness of the
cross-section. Sy_inp and Sz_inp are static moments corresponding to the y_inp and z_inp axes and the position of the point on
the cross-section. Iy_inp and Iz_inp are the second moments of area of the cross-section.

For the TDM-2B-L, transfer function moduli for wave induced global forces and moments and axial and shear stresses can
be obtained by carrying out irregular wave analysis or regular wave analysis.

Regular wave analysis can directly give the moduli and phase angles of the transfer functions; however, the phase angles
are very sensitive to numerical issues. The transfer functions corresponding to 19 different wave directions and 58 different
frequencies are calculated. Thewave direction varies from 0� to 180� with 10-degree intervals. The frequencies are distributed
in the range from 0.3 rad/s to 2.2 rad/s. The amplitude of each regular wave is specified as 0.1 m.

Alternatively, transfer function moduli can be derived from the spectral densities of the incident waves and global forces
andmoments. For each wave direction, a 10-hour realization of wave elevation is generated from awhite noise spectrum. The
frequency range of the spectrum is from 0.3 rad/s to 2.2 rad/s. Significant wave height of the spectrum is specified as 1.233 m
(Hs ¼ 4

ffiffiffiffiffiffiffi
m0

p
,m0 denotes the variance-area under the spectral density function). The wave induced motions and global forces

andmoments are calculated by the TDM-2B-L. The spectral densities are obtained by applying inverse Fourier transform, with
a fixed smoothing parameter, of the autocorrelation function of the incident wave and global forces and moments.

The relative difference (Rb) in the obtained transfer function is employed to show the difference in two groups of data. Rb is
used to address the relative difference with respect to the corresponding maximum value in the entire wave frequency range
(from 0.35 rad/s to 2 rad/s). For example,e(u) ¼ {e(u1), e(u2),…e(ui),…} and f(u) ¼ {f(u1), f(u2),…f(ui),…} represent transfer
function moduli for wave induced axial force (jHFxj). The transfer function moduli are calculated by carrying out irregular
wave analysis and regular wave analysis respectively. ui is a given frequency.

RbðuiÞ ¼ jeðuiÞ � fðuiÞj=maxfeðuÞ; fðuÞg � 100% (12)
Transfer function moduli for wave induced global forces and moments and axial and shear stresses obtained by carrying
out regular and irregular wave analysis in the TDM-2B-L are compared. The agreement is good. The largest Rb for the transfer
function moduli for axial and shear stresses is less than 6%. For most of the transfer function moduli, Rb is less than 3%.
Therefore, for the TDM-2B-L, in the following, the transfer function moduli are obtained by carrying out irregular wave
analysis.

The transfer function moduli given by the FDM and TDM-2B-L are compared. Some selected results are shown in the
present paper. Note that the trend of the transfer function moduli for the sectional forces and moments are not necessary to
be the same as that of the total integrated wave excitation loads or motions. The sectional forces and moments are resultants
of the difference between the effects of these two on the structure.

The main observations are discussed as follows:
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The agreement in transfer functionmoduli for the global forces andmoments and stresses given by the FDM and TDM-2B-
L is very good. The relative differences (Rb) vary with respect to the wave frequency and wave direction. In general, peak
values of Rb may appear at frequencies nearby troughs of the transfer function modulus curves. However, the effect of the
peak values of Rb on the accuracy of the global forces and moments calculated by the TDM-2B-L is very limited. This is
because, in the frequency range from 0.35 rad/s to 2 rad/s, for most of the transfer function moduli, Rb is less than 2.5%. The
maximum value of Rb for the transfer function moduli for stresses and for global forces and moments is no more than 8% and
5.9% respectively. Two examples are available in Figs. 10 and 11. Position of the points on the cross-section is shown in Fig. 6.

The difference between the FDM and TDM-2B-L is induced by: 1) inherent difference between frequency-domain and
time-domain models; 2) accuracy limitation for the numerical solver and other numerical issues.

Detailed discussions are as follows:

C Transfer function moduli for the global forces and moments and stresses subjected to the white noise irregular wave
analysis with Hs ¼ 1.233 m and Hs ¼ 12.33m are compared. For wave directions, where yawmotion is very small due to
the shape of the wet surface of the hull, i.e. 0-degree-wave, 60-degree-wave and 120-degree-wave, Rb for the transfer
functionmoduli is close to zero and indicates that the difference is negligible. In the rest wave directions, the difference
is significant. In the frequency range from0.85 rad/s to 2 rad/s, Rb for the transfer functionmoduli for the stresses can be
up to 28% (in the area around 1.85 rad/s). In the frequency range from 0.35 rad/s to 0.85 rad/s, Rb for the transfer
function moduli for the stresses is less than 5%. An example is shown in Fig. 12.

C Transfer function moduli for the responses are calculated by the TDM-2B-L based on two groups of random seed. Rb for
the transfer function moduli for the stresses is in the range of 0%e2.2%. The difference may be induced by stochastic
uncertainties, non-linear effect and/or numerical errors.

C The mooring lines, tower and blades are flexible slender structures, while the hull and shaft are very stiff. For a large
volume structure, such as the 5-MW-CSC, the integrated hydrodynamic loads on the hull can be much larger than the
integrated aerodynamic loads on the blades or hydrodynamic loads on the mooring lines. The large variations in the
generalized stiffness matrix and external load vectors of the finite element model of the floating wind turbine may,
numerically, result in an accuracy limitation and/or numerical errors.

C In Simo/Riflex, global shear forces in the beam elements are calculated by the EulereBernoulli beam theory. If the three
artificial beam elements of the TDM-2B-L are replaced by a very short (0.1 m) beam element with very large axial,
torsional and bending stiffness, the shear forces calculated by the TDM-2B-L are strange and wrong until the bending
stiffness of the beam element is reduced and/or the length of the beam element is increased.

C The TDM-2B-L does not have viscous damping. Therefore, very limited wave energy at the resonant frequencies can
result in very large resonant motions. The amplitude of the resonant motions could be much larger than the amplitude
of the motions in the wave frequency range. The very large resonant motions can introduce strong numerical noise on
the realizations of the motions in the wave frequency range. Therefore, the lower limit of the frequency range of the
white noise spectrum used in the irregular wave analysis is specified as 0.3 rad/s to keep the wave energy be away from
the resonant frequencies, avoid very large resonant motions and limit the numerical noise. Alternatively, the numerical
noise can be moderated by introducing viscous effect into the numerical model.
Fig. 10. Comparison of transfer function modulus curves for the axial stress at the point 6 given by the FDM and TDM-2B-L subjected to 120-degree-wave.



Fig. 11. Comparison of transfer function modulus curves for the axial stress at the point 1 given by the FDM and TDM-2B-L subjected to 10-degree-wave.
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C In the TDM-2B-L, the first order wave excitation loads on the hull are generated from the corresponding spectral
densities of the wave excitation loads. “WETFF59” and “WETFF199” represent wave to wave excitation load transfer
functions that correspond to a set of 59 selected frequencies and a set of 199 selected frequencies respectively. If the
TDM-2B-L use the “WETFF59” and is subjected to 80-degree-wave, 90-degree-wave or 100-degree-wave, the TDM-2B-
L will give strange results in the transfer functions for the global forces andmoments. The strange results will disappear
if the “WETFF59” is replaced by “WETFF199”. Fig. 13 shows the transfer function modulus curves for the global lateral
shear force (Fy) given by the FDM and TDM-2B-L, which use the “WETFF59” and is subjected to 90-degree-wave, as an
example. Compare to the FDM, the TDM-2B-L gives strange transfer function moduli (“an impulse”) in the frequency
range from 0.79 rad/s to 0.89 rad/s. We can observe similar strange results in the spectral densities for the global forces
and moments given by the TDM-2B-L that implements the “WETFF59” rather than the “WETFF199”. Fig. 14 shows the
spectral densities for the global lateral shear force (Fy) given by the TDM-2B-L that implements the “WETFF59” and
“WETFF199” respectively. The circles and squares on the curves represent the set of the 59 selected frequencies and set
of the 199 selected frequencies respectively. The spectral densities are generated based on the same smoothing factor
for the inverse Fourier transform. The realizations of the global forces and moments are calculated based on the same
realization of the wave elevation. In the frequency range from 0.79 rad/s to 0.89 rad/s, the set of the 59 selected fre-
quencies for the “WETFF59” has two frequencies (0.797 rad/s and 0.877 rad/s). These two frequencies are nearby the
boundary of the range and sufficient to represent the wave excitation transfer functions in the range. The set of the 199
selected frequencies for the “WETFF199” has 12 frequencies uniformly distributed in the range. The “WETFF59” agree
with the “WETFF199”, while, the “WETFF199” are smoother since the “WETFF199” include more frequencies. Fig. 15
shows the transfer function curves for the lateral wave excitation force on the “PartA” in 90-degree-wave, as an
example. We do not observe similar strange results in the “WETFF59” and “WETFF199”. We can conclude that the
strange results are related to the selected frequencies for the wave excitation transfer functions. However, the reason is
not clear yet. In this paper, the numerical models, which implement the proposed method, utilize the “WETFF199”. In
general, a refined frequency resolution should be considered when using irregular wave analysis to obtain the transfer
function.
4.2. Comparison B and comparison C

Ten combined wind and wave conditions are selected from a site in northern North Sea [34] and tabulated in Table 4. The
combined wind and wave conditions are composed of five different mean wind speeds covering the below rated, at rated,
above rated and parkedwind speed and twowave directions. In addition, we also looked at wave only conditions by removing
the winds from the combined conditions. For each condition, one 1-hour time-domain simulation is carried out in the TDM-
1BC, TDM-2BN and TDM-29BN respectively. Identical random seeds are used to eliminate stochastic uncertainties. Responses,
i.e. the pitch angle of each blade, azimuth angle and rotational speed of the rotor, aerodynamic forces and moments on the
rotor, torque on the rotational shaft of the drive train, generator torque, generated power, global forces and moments in a
given cross section of the tower, global rigid-body motions of the hull and mooring line tension at the top end (fairlead) of
each mooring line, are calculated and compared. Definition of the directions of wind and waves is available in Fig. 16.



Fig. 12. Comparison of transfer function modulus curves for the axial stress at the point 3 given by the TDM-2B-L subjected to 80-degree-wave and different
significant wave heights.
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Results and discussions with respect to the Comparison B are given as follows:
The responses of the TDM-1BC and TDM-2BN subjected to the wave only conditions are firstly compared. We find that the

responses are identical to each other (the difference is negligible). Part of the realization of the fore-aft bending moment at
the tower base, in EC02000 (wave only), is given as an example, see Fig. 17.

Then, the responses of the TDM-1BC and TDM-2BN subjected to the combined wind and wave conditions are compared.
When the relative wind speed at the hub is below the rated speed, the generator torque and rotational speed of the rotor will
be adjusted by the controller to optimize the power generation. A slightly numerical difference in the TDM-1BC and TDM-2BN
can result in slightly differences (phase shift) in the azimuth angle and rotational speed of the rotor. The differences will be
accumulatedwith development of simulation time and result in developing differences in the aerodynamic loads on the rotor,
global forces and moments at the tower base and mooring line tensions at the fairleads. As shown in Figs. 18 and 19, the
realizations of the azimuth angle of the TDM-1BC and TDM-2BN are identical at the beginning but the phase shift is accu-
mulated with the development of the simulation time. The differences induced by the phase shift have very limited effects on
the realizations of the rigid-bodymotions of the hull and spectra of the global forces andmoments at the tower base, mooring
line tensions and rigid-body motions. Spectral densities of the fore-aft bending moment at the tower base of the TDM-1BC
and TDM-2BN are given in Fig. 20 as an example.

For EC04000 and EC04090, the relative wind speed at nacelle is always above the rate speed. Therefore, the generator
torque is constant and azimuth angles of TDM-1BC and TDM-2BN are in phase. Very slightly difference exists in the responses,
see Fig. 21 as an example. The difference is induced by very slightly numerical difference in pitch actuator control. Identical
responses can be obtained if the control model is removed from the TDM-1BC and TDM-2BN. In EC05000 and EC05090,
where the wind turbine is parked, identical responses are observed.

Results and discussions with respect to the Comparison C are given as follows:
We compare the responses of the TDM-2BN and TDM-29BN in wave only and in combined wind and wave conditions.

Observations of the comparisons of the responses of the RNA, tower and mooring lines of the TDM-2BN and TDM-29BN are
similar to the observations of the comparison of the TDM-1BC and TDM-2BN which have been illustrated in above.

Therefore, we focus on discussions with respect to the global forces and moments in the cross-section shown in Fig. 5. As
mentioned in above, the global forces and moments in the cross-section (the dashed line) are described in the Oinp-xinp-yinp-
zinp coordinate system and are denoted as Fx, Fy, Fz, Mx, My, and Mz. For each condition, time realizations of the global forces
and moments of the TDM-2BN and TDM-29BN are in phase and almost identical. An example is given in Fig. 22.

When the floating wind turbine is located in calmwater without wind loads, the global forces andmoments in the hull are
static and are determined by the gravity and hydrostatic pressures forces on the floating wind turbine. We find the difference
in the static loads calculated by the TDM-2BN and TDM-29 and the analytical solution is less than 1%.

Figs. 23 and 24 show the spectral densities of the My (bending moment) of the TDM-2BN and TDM-29BN in EC01000,
EC02000, EC03000, EC04000 and EC05000. We do not observe any high frequency responses (in the frequency range 2 rad/s
to 4 rad/s). The peaks of the density curves in the frequency range 0.5 rad/s to 2 rad/s correspond to the Tp of the wave
spectrum, while, in the operational conditions, considerable low-frequency (from 0 rad/s to 0.3 rad/s) components can be
observed. The standard deviation of theMy, for example, in EC03000 with combined wind and waves is 21.4 MN*m, while the
standard deviation of the My in EC03000 with waves only is 15.2 MN*m. The relative difference is 41%.

In the low frequency range, the global forces and moments in the structural components of the hull are sensitive to
fluctuations of the hydrostatic pressure forces on the structural components. This is because: 1) the aerodynamic loads on the



Fig. 13. Comparison of transfer function modulus curves for the global lateral shear force (Fy) given by the FDM and TDM-2B-L (based on the “WETFF59”),
subjected to 90-degree-wave.
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RNA and tower can excite significant rotational motions (e.g. roll and pitch) in particular in the low frequency range
comparing to the motions excited by the wave excitation loads on the hull, while the first order terms of the fluctuations of
the hydrostatic pressure forces are proportional to the motions; 2) wave excitation loads are expected to be small since wave
energy is expected to be very limited (except for swell) in the low-frequency range; and 3) inertia and radiation loads are
proportional to the first order derivative (velocity) and second order derivative (acceleration) of themotions and are expected
to be small in the low-frequency range.
5. Conclusions

The present paper deals with the development and verification of a time-domain approach that can be easily implemented
in various state-of-the-art computer codes to extend their capabilities to analyze global forces and moments in structural
components of a generic floater subject to linear and non-linear environmental loads fromwind and waves. The global forces
and moments in the structural components might be used as inputs of design formulas for structural strength design checks
and/or used as boundary conditions in a sub-model finite element analysis to determine structural responses such as stresses,
etc.

The proposed approach focuses on the modeling of the inertia and external loads on the hull and the mapping of the loads
in the finite element model of the hull. In the proposed approach, floating wind turbines are considered as an assemblage of
several structural components. The conventional hybrid frequency-time domain approach is extended to model the external
loads on and inertia loads of each structural component. Hydrodynamic loads on each structural component are obtained by
integrating the pressure loads that are obtained by solving the linear hydrodynamic problem with the assumption that the
hull is a rigid-body. The kinematics of different structural components is constrained by the rigid-body assumption. The
proposed approach does not account for hydroelasticity effects. The expressions of the hydro loads on each structural
component can be further modified to account for, for example, second order and/or higher order hydro loads on each
structural component. Beam elements are used to represent the global stiffness of the structural components but the pro-
posed approach can be further extended to use other finite element models to represent the stiffness of the structural
components.

So far, the proposed approach has been implemented in the computer code Simo/Riflex/Aerodyn to analyze global forces
and moments in the hull of a semi-submersible wind turbine. Responses calculated by the numerical models that implement
the proposed approach and obtained by the reference models are compared step by step. The agreements are very good.
Accuracy of the proposed approach needs to be further checked by sensitivity studies and by comparison to the model test
data.

In the operational conditions, considerable low-frequency components can be observed in the spectra of the obtained
global forces andmoments in the pontoons of the reference floating wind turbine. The results indicate that the low-frequency
aerodynamic loads, the fluctuations of the hydrostatic pressure forces and the fluctuations of the gravity loads of floating
wind turbines are important contributions to the structural responses, in particular, in the low-frequency range. This feature
needs to be further investigated by experimental studies.



Fig. 14. Spectral densities of the global lateral shear force (Fy) calculated by the TDM-2B-L based on the “WETFF59” and “WETFF199”. Wave direction is 90-
degree. The circles and squares on the curves represent the set of the 59 selected frequencies and set of the 199 selected frequencies respectively.

Fig. 15. Moduli and phase angles of transfer functions of wave to lateral wave excitation force on the “PartA”, subjected to 90-degree-wave. The solid lines
represent the moduli and phase angles corresponding to the set of the 59 selected frequencies. The dashed lines represent the moduli and phase angles cor-
responding to the set of the 199 selected frequencies.

Fig. 16. Definition of the directions of wind and waves.
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Table 3
Summary of the features of the time-domain models.

TDM-2B-L TDM-1BC TDM-2BN/TDM-29BN

Mass and structural models
The hull The floating wind turbine is divided into two parts:

“Part A” and “Part B”. The two parts are modeled as
two rigid-bodies. Each rigid-body has 6 d.o.f.s. The two
rigid-bodies are connected by three artificial beam
elements. Integrated mass (corresponding to each
rigid-body).

The hull is modeled as one
rigid-body with 6 d.o.f.s.
Integrated mass.

The hull is discretized as two rigid-bodies: “Body1”
and “Body2”/twenty-nine rigid-bodies. Each rigid-
body has 6 d.o.f.s. The two rigid-bodies are connected
by three artificial beam elements/The twenty-nine
rigid-bodies are connected by beam elements.
Integrated mass (corresponding to each rigid-body)

Nacelle Rigid-bodies with integrated mass (Included in the
rigid-body for the “Part B”).

Mass point attached to tower
top

Identical to TDM-1BC

hub Mass point attached to shaft
Tower Flexible bodies

Beam elements
Distributed mass

Blades
Shaft
Mooring

lines
The finite element model of the mooring lines is not
developed.

External load model
The hull 1) Gravity loads

2) Extended hybrid frequency-time domain approach
3)Hydrostatic pressure force
4) Rayleigh damping (the part that is proportional to
the structural stiffness)
5) Linearized restoring forces and moments provided
by the mooring lines.

1) Gravity loads
2) Conventional hybrid
frequency-time domain
approach
3) Viscous force (Drag term of
the Morison formula)
4) Hydrostatic pressure force

1) Gravity loads
2) Extended hybrid frequency-time domain approach
3) Viscous force (Drag term of the Morison formula.
The drag coefficients are identical to TDM-1BC)
4) Hydrostatic pressure force
5) Rayleigh damping (the part that is proportional to
the structural stiffness)

Nacelle 1) Gravity loads 1) Gravity loads
2) Rayleigh damping (the part
that is proportional to the
structural stiffness)

Identical to TDM-1BC
hub
Tower

Blades 1) Gravity loads
2) Aerodynamic loads
(Aerodyn)
3) Rayleigh damping (the part
that is proportional to the
structural stiffness)

Shaft 1)Generator torque
Mooring

lines
None 1) Gravity and Buoyancy loads

2) Morison formula

Table 4
Environmental conditions.

Environmental
conditions

Mean wind speed at nacelle
height
[m/s]

Turbulence
intensity
[%]

Hs

[m]
Tp
[s]

Wave
direction
[degree]

Note

EC01000 4.9 23 4.6 8 0 Wind turbine in operation; Two-parameter JONSWAP
spectrumEC01090 4.9 23 4.6 8 90

EC02000 8.0 17 5.2 8 0
EC02090 8.0 17 5.2 8 90
EC03000 11.0 15 5.7 8 0
EC03090 11.0 15 5.7 8 90
EC04000 16.5 13 6.5 8 0
EC04090 16.5 13 6.5 8 90
EC05000 34.6 11.1 8.7 9 0 Wind turbine parked;

Two-parameter JONSWAP spectrumEC05090 34.6 11.1 8.7 9 90

Fig. 17. An example of the time series of the fore-aft bending moment at the tower base of the TDM-1B-C and TDM-2B-N, EC02000 (wave only).
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Fig. 18. An example of the time series of the azimuth angle of the TDM-1B-C and TDM-2B-N, EC02000.

Fig. 19. An example of the time series of the azimuth angle of the TDM-1B-C and TDM-2B-N, EC02000.

Fig. 20. Spectral densities of the fore-aft bending moment at the tower base of the TDM-1B-C and TDM-2B-N, EC02000.

Fig. 21. An example of the time series of the fore-aft bending moment at the tower base of the TDM-1B-C and TDM-2B-N, EC04000.
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Fig. 22. An Example of the time series of the My (bending moment) of the TDM-2B-N and TDM-29B-N, EC04000.

Fig. 23. Spectral densities of the My (bending moment) of the TDM-2B-N and TDM-29B-N in EC01000, EC02000, EC03000, EC04000 and EC05000.

Fig. 24. Spectral densities of the My (bending moment) of the TDM-2B-N and TDM-29B-N in EC01000, EC02000, EC03000, EC04000 and EC05000 (wave only).
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