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a b s t r a c t

A fully coupled nonlinear simulation tool using Morison's equation is developed to predict the dynamic
response of floating offshore wind turbine (FOWT) system. Water tank tests are conducted to investigate
hydrodynamic coefficients and the performance of the simulation tool under different sea states. Three
issues are discussed in this paper. First, correction factors for the added mass and drag coefficients are
proposed to account for the effects of frequency dependent hydrodynamic coefficients, and the effects of
these correction factors on the global matrices are validated by the forced oscillation tests. Then, the
effects of the frequency dependent hydrodynamic coefficients and the axial Froude-Krylov force on
slender members are clarified by the free decay tests and water tank tests with regular and irregular
waves. Finally, the dynamic behavior of mooring system on the fairlead tension is investigated by using
quasi-static and dynamic models, respectively. The dynamic responses of FOWT with improved hydro-
dynamic models agree well with those measured in the water tank tests.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Offshore wind has more energy potential compared with
onshore because of much higher wind speed. It is estimated that
the total offshore wind energy potential in the USA is approxi-
mately 4150 GW [1]; the theoretical offshore wind energy potential
in Japan is estimated to be 1600 GW, with 80% of its wind resources
located in deep water (>50m) [2]. According to GWEC [3], global
new installed offshorewind power is 4.3.GWand global cumulative
value has been 18.8 GW in 2017. In deep water, floating offshore
wind turbine (hereinafter referred to as “FOWT”) is an innovative,
prospective, and attractive design to capture the vast offshore wind
energy. Owing to continuous support from government and intense
R&D, several full-scale FOWTs have come to reality. The world's
first full-scale 2.3MW spar FOWT in Hywind project was installed
in Norway by Statoil Hydro in 2009 [4], and the second prototype
was the 2MW semi-submersible FOWT in WindFloat project
deployed in Portugal by Principle Power in 2011 [5]. In Japan, a
ng).
2MW spar FOWT in GOTO-FOWT project was built off the coast of
Kabashima in 2013 [6]. In addition, another 2MW semi-
submersible FOWT and a 7MW V-shape semi-submersible FOWT
in Fukushima FORWARD project were completed off the coast of
Fukushima in 2013 and 2015 respectively [7].

An accurate evaluation of hydrodynamic force is important for
the prediction of dynamic response of FOWT under different sea
states. Potential flow theory and Morison's equation [8] are widely
used to evaluate hydrodynamic loads. Potential flow theory ac-
counts for the Froude-Krylov forces and diffraction effects for a
large rigid body, but it cannot evaluate drag coefficients due to the
viscosity of water, so the global drag matrix should be calculated
from the member-level Morison drag terms as mentioned by
Robertson et al. [9]. In addition, two issues remained in terms of the
hydrodynamic coefficients used in Morison's equation. One is the
determination of frequency dependent hydrodynamic coefficients.
The other is the calculation of correction factors for the distributed
hydrodynamic coefficients when the global hydrodynamic co-
efficients have been obtained from the water tank tests. The global
matrices of hydrodynamic coefficients of the floater should be
consistent with those obtained from the water tank tests. This
consistence also needs to be assured in the simulations
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incorporated with the quadratic viscous damping, such as the
distributed drag coefficients used in FAST. With a conventional
Morison's equation, Sethuraman et al. [10] examined the hydro-
dynamic response of a floating spar wind turbine under regular and
irregular waves by the industry standard time-domain modeling
tool, OrcaFlex [11]. Phuc and Ishihara [12], and Waris and Ishihara
[13] used an augmentedMorison's equation to analyze the dynamic
response of a semi-submersible FOWT and showed some differ-
ences between predicted response and those from the water tank
test, which indicates Morison's equation needs to be further
improved.

FAST (Fatigue, Aerodynamics, Structures, and Turbulence)
developed by National Renewable Energy Laboratory [14] is one of
the programs using potential theory to predict the dynamic
response of FOWT, inwhich the floating platform is modeled with a
rigid body, and concentrated mass on a single point is adopted.
Nonlinear quadratic viscous drag forces are incorporated into the
hydrodynamic force after FAST released its version 8. Potential flow
theory-based hydrodynamic model can be used to predict the
motion response of the platform to a sufficiently accurate level
[15e17]. However, the rigid platform assumption will lead to a
different tower natural frequency from the real one, and rigid body
dynamic response makes it impossible to capture the elastic mo-
tion of the structural elements. In contrast to rigid body dynamic
response analysis, elastic body dynamic response is performed by
modeling the structural components with finite element method
(FEM), and the distributed hydrodynamic force acting on each
member is evaluated according to Morison's equation. CAsT
(Computer Aided Aerodynamic and Aeroelastic Technology),
developed by Phuc and Ishihara [12], is one of the simulation tools
using Morison's equation and elastic body model. The commercial
code Bladed [18] provides an option to use potential flow theory or
Morison's equation. The study by Phuc and Ishihara [12] high-
lighted that the dynamic response of flexible floating platform
might be underestimated by the rigid body assumption.

The mooring system is critical for station-keeping of FOWT in
sea states. A comprehensive literature review in terms of dynamic
modeling and quasi-static modeling of mooring system was pro-
vided in the study by Hall et al. [16,19]. The quasi-static model in
the form of either force-displacement relationships or analytical
solutions for catenary cables in static equilibrium is used in some
simulation tools, such as FAST [14] and Bladed [18], because of its
computational efficiency. Quasi-static model is suitable to predict
the dynamic motion of the platform, since the dynamic force on
mooring lines compared with those on the platform and wind
turbine are minimal [14]. However, the effects of dynamic behavior
of mooring system on the dynamic motion of the platform and
mooring line fairlead tension might be significant in cases where
the motion of the platform is significant. Since quasi-static model
has shown its deficiency in fairlead tension prediction not only in
themodel test [16], but also in the fieldmeasurement [20], dynamic
mooring line models including added mass, mooring line inertia,
and nonlinear hydrodynamic drag force should be employed and
validated.

Several studies using the dynamic model of mooring system
have been performed recently [13,16,19,21,22]. The dynamic anal-
ysis for platform-mooring coupling system can be classified into
de-coupling and full-coupling analysis. In the de-coupling analysis,
the mooring tension is calculated according to the given instanta-
neous displacement of the platform, while in the full-coupling
analysis, the computed fairlead tension is transferred to the force
on the platform and several iterations in each time step are per-
formed until final convergence is reached. In general, de-coupling
analysis is applicable for dynamic response of FOWT with cate-
nary mooring system, since fairlead tension in mooring line is
small. However, fairlead tension in the TLP (Tension Leg Platform) is
extraordinarily substantial, and therefore, a dynamic model with
full-coupling analysis is definitely necessary [17]. In the study by
Hall et al. [16], fairlead tension predicted by de-coupling dynamic
model analysis matched well with measured fairlead tension. Since
poor fairlead tension agreement was recorded when full-coupling
analysis was conducted [16], the accuracy of dynamic modeling
mooring system in prediction of fairlead tension using full-coupling
analysis should be validated against the water tank test.

In this study, section 2 describes two scaled water tank tests and
a comprehensive data set to determine frequency dependent hy-
drodynamic coefficients. Numerical models are described in section
3, including the equation of motion, wave theory, numerical
scheme and hydrodynamic coefficients. Correction factors for hy-
drodynamic coefficients from a steady flow are proposed to assure
consistence between global hydrodynamic coefficients and those
from the water tank tests. Section 4 shows the effects of frequency
dependent hydrodynamic coefficients and validates the accuracy of
hydrodynamic models used in this study. Impact of dynamic be-
haviors of the mooring system on the dynamic response of FOWT
and fairlead tensions is investigated. The accuracy of predicted
dynamic response is validated by the water tank tests. Finally,
conclusions of this study are summarized in section 5.

2. Water tank tests

Two water tank tests are carried out in this study. One is used to
examine the hydrodynamic coefficients of FOWTand validate those
used in numerical simulations. The other is employed to investigate
the dynamic response of scaled FOWT under various sea states and
to validate the performance of the proposed hydrodynamic models.

2.1. Forced oscillation tests

In order to identify the added mass coefficient and drag coeffi-
cient for the 1/50 scaled platform used in Fukushima FORWARD
project [7], forced oscillation tests in horizontal, vertical, and
rotational directions are carried out.

In this test, themodel is forced to oscillate sinusoidally as shown
in Eq. (1) and Eq. (2).

xðtÞ ¼ a sinðuotÞ (1)

qðtÞ ¼ qa sinðuotÞ (2)

where, xðtÞ and qðtÞ are time-varying displacements in translational
and rotational directions, respectively, a and qa are the oscillating
amplitudes, uo is the oscillating frequency (¼2p=To), and To is the
oscillating period.

The time series of hydrodynamic force, FHðtÞ, associated with
the added mass coefficient and drag coefficient is obtained by
subtracting the body inertia force, FIðtÞ; hydrostatic force, FKðtÞ; and
radiation damping force, FrðtÞ, from the measured force, FðtÞ.

FHðtÞ ¼ FðtÞFIðtÞFKðtÞFrðtÞ (3)

where,

FIðtÞ ¼ M x
::ðtÞ (4)

FKðtÞ ¼ KR xðtÞ ¼ rwgAwxðtÞ (5)

FrðtÞ ¼ Crx
: ðtÞ (6)



Fig. 1. Oscillating frequency-dependent radiation damping coefficients obtained from
potential flow theory.
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Aw ¼ Nsc
pD2

sc
4

þ pD2
cc

4
þ Nbrace

pD2
brace

4sinðqXYÞ

where M is the model mass including the mass of attachment used
to connect the force balance and model; KR is the hydrostatic
stiffness, which is zero for the case of horizontally forced oscilla-
tion, while KR ¼ rwgAw for the case of vertically forced oscillation;
rw is the water density; g is the gravitational acceleration; Cr is the
oscillating frequency dependent on radiation damping, which is
obtained from potential flow theory; x

: ðtÞ and x
::ðtÞ are the velocity

and acceleration of the model motion respectively, Aw is the water
plane area and is calculated using the elements passing through the
water surface (SC-1, SC-2, SC-3, CC, Brace-1, Brace-2, Brace-3) as
shown in Fig. 5, Nsc and Nbrace are the number of side columns and
braces, Dsc, Dcc and Dbrace are diameters of side column, center
column and brace, qXY is the angle between the axial of elements
and still water surface (XY plane).
A ¼

8><
>:

NHpDHpHHp þ NPntnLPntnHPntnsinðqXÞ; in horizontal direction

NHp
pD2

Hp

4
; in vertical direction
The radiation damping coefficient, Cr, resulting from the out-
going wave generated by the moving platform is evaluated from
potential flow theory. The commonly used three-dimensional panel
method or boundary element method (BEM) is performed by the
computer program ANSYS AQWA [23]. Fig. 1 shows the oscillating
frequency dependent radiation damping coefficients for each
Fig. 2. Water tank tests for the forced oscillations in (a)
mode. The radiation damping coefficients in surge and heave
modes are used to evaluate the radiation damping forces, FrðtÞ, in
the horizontally and vertically forced oscillation tests, respectively.

The hydrodynamic force and moment in Eq. (3) are expressed in
the form of Morison's equation as:

FHðtÞ ¼ Carwc x
::ðtÞ0:5CdrwA

��x: ðtÞ��x: ðtÞ (7)

MHðtÞ ¼ CIarwcR2 q
::

ðtÞ0:5CIdrwAR3
���q: ðtÞ���q: ðtÞ (8)

where Ca and CIa are the added mass and added inertia moment
coefficients, c is the volume of water displaced by the platform at
its initial position, Cd and CId are drag coefficient in translational
and rotational directions, R is the characteristic length, and A is the
characteristic area.

As introduced in Ref. [24], Fourier averages of hydrodynamic
coefficients are then obtained as follows:

Ca ¼ 1
prwcua

ZTo

0

FHðtÞsinðutÞdt (9)

Cd¼ 
3

4rwAua2

ZTo

0

FHðtÞcosðutÞdt (10)

CIa ¼ 1

prwcR2ua

ZTo

0

MHðtÞsinðutÞdt (11)

CId¼ 
3

4rwAR
3ua2

ZTo

0

MHðtÞcosðutÞdt (12)
where NHp and NPntn are the number of heave plates and pontoons,
DHp and HHp are the diameter and height of heave plates, LPntn and
HPntn are the length and height of pontoons, qX is the angle be-
tween the axial of element and the global X coordinate.

Fig. 2 shows water tank tests for the forced oscillations. Pa-
rameters of the model are listed in Table 1. The hydrodynamic
horizontal, (b) vertical, and (c) rotational directions.
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Fig. 3. Hydrodynamic coefficients in (a) horizontal direction, (b) vertical direction, and (c) rotational directions obtained from the forced oscillation tests.

Fig. 4. The 1:50 scaled semi-submersible model used in the water tank test.
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coefficient can be estimated by the measured force; 10 periods of
data are used tomitigate the unstable result owing tomeasurement
uncertainties.

The global matrices of ½Ca� and ½Cd� for one oscillating period of
3.0 are shown in Eq. (13). Diagonal terms of Ca11 to Ca55 and Cd11 to
Cd55 are obtained from the water tank tests. The off-diagonal term
Ca15 and Cd15 indicate the coupling between surge and pitch mo-
tion, while Ca24 and Cd24 indicate the coupling between sway and
roll motion, which are also obtained from the water tank tests. The
rest of off-diagonal terms in both ½Ca� and ½Cd� are almost zero
owing to the symmetric geometry of floater. Ca66 and Cd66 are ob-
tained by the forced oscillation in yaw direction using numerical
simulation as studied in Zhang and Ishihara [25].

½Ca� ¼

2
6666664

0:70 0:0 0:0 0:0 0:08 0:0
0:0 0:70 0:0 0:08 0:0 0:0
0:0 0:0 1:11 0:0 0:0 0:0
0:0 0:08 0:0 0:08 0:0 0:0
0:08 0:0 0:0 0:0 0:08 0:0
0:0 0:0 0:0 0:0 0:0 ð0:11Þ

3
7777775

½Cd� ¼

2
6666664

1:19 0:0 0:0 0:0 0:11 0:0
0:0 1:19 0:0 0:11 0:0 0:0
0:0 0:0 5:51 0:0 0:0 0:0
0:0 0:11 0:0 0:24 0:0 0:0
0:11 0:0 0:0 0:0 0:24 0:0
0:0 0:0 0:0 0:0 0:0 ð0:16Þ

3
7777775

(13)

Fig. 3 shows the measured hydrodynamic coefficients of
diagonal terms in ½Ca� and ½Cd�. It is found that the added mass
coefficient, Ca, shows weak oscillating period dependence in hori-
zontal, vertical direction and rotational directions. Whereas, the
drag coefficient, Cd, is a function of the oscillating period. Cd in
horizontal and rotational directions decreases with increasing
period, while Cd in vertical direction increases with increasing
period and is expected to be larger than the value obtained in the
steady flow due to the unsteady effect as shown by Zhang and
Ishihara [36] and the definition of characteristic area in the vertical
directionwhich is defined by using three heave plates and ignoring
the projected area of pontoons.

In this study, one towing test is also carried out to evaluate the
drag coefficient in a steady flow. The drag coefficient is obtained as
follows:

Cd ¼ Fd
0:5rwU

2A
(14)

where Fd is the measured drag force on the platform in towing
direction, U refers to the towing speeds(0.2m/s, 0.5m/s and 1.0m/
s), and A is the characteristic area in the horizontal direction listed
in Table 1. The drag coefficients obtained from three different
towing speeds are then averaged as shown in Fig. 3(a), which
corresponds to infinite period.

In the numerical simulation of dynamic response of the scaled
FOWT, hydrodynamic coefficients at oscillating period of 3.0 s in
the horizontal direction and 2.4 s in the vertical direction are used
to identify the hydrodynamic coefficients used for the free decay
tests. As for the prediction of the dynamic response of FOWT to
regular or irregular waves, the hydrodynamic coefficients at cor-
responding wave period or peak period are employed.

2.2. Dynamic response tests

Dynamic responses of a 1/50 scale model for 2MW semi-
submersible FOWT [7] in various sea states are tested in National
Maritime Research Institute. Dimensions of thewater tank are 40m
length, 27m width, and 2m depth. The water depth set up in this
experiment is 1.7m. Fig. 4 shows the model used in the water tank
test. Twovideomarkers on the deck of platformand one at the topof
tower are used to record the instantaneousmotion of platform in six
DOFs. The translational motion of platform in X, Y, and Z directions
are called surge, sway, and heave motions, while the rotational
motion about X, Y, and Z axes are named roll, pitch, and yawmotions
respectively, as shown in Fig. 5. The origin of the coordinate system
is at the free surface level. A summary of the geometry, including the
diameters of eachmember is illustrated inTable 3. Sixmooring lines,



Fig. 5. Configuration of the floating wind turbine system (units: mm).
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i.e., ML1 to ML6, are arranged as shown in Fig. 5(a). Each mooring
line is 12.0m length in the experimental scale and is made by
connected studless chains as shown in Fig. 6. The properties of
mooring chain are given in Table 2. The mass displaced by the
platform is 42.2 kg including the mass of platform, wind turbine,
additional mass for inclination adjustment, mass of video markers,
and apparent mass of mooring line in water. Only the mass of
platform and wind turbine are taken into account when measuring
the center of gravity, meta-centric height, and radius of gyration.

Experimental cases are listed in Table 4. Case 1 is conducted to
confirm the initial position of platform and the fairlead tension in
Table 1
Parameters used in the forced oscillation tests.

Parameters Symbol

Mass of platform (kg) M
Hydrostatic stiffness (N/m,Nm/rad) KR
Oscillating amplitude (m, rad) a
Oscillating period (s) To
Characteristic length (m) R
Characteristic area (m2) A
Displaced volume of water (m3) c
the mooring lines. It is also used to calibrate the established nu-
merical model. Case 2 is carried out to find the natural period of the
floating system in each DOF. Response amplitude operators (RAOs)
of platform in regular waves are measured in case3. Finally, an
irregular sea state is carried out in case 4 to investigate responses of
FOWT. Unidirectional wave generated in the experiment propa-
gates along positive X axis in both case 3 and case 4.
3. Numerical models

A finite element model with beam, truss and spring type
Horizontal Vertical Rotational

42.2 42.2 42.2
e 570.6 �14.9
0.1 0.04 0.052
1.2e3.0 1.2e3.0 1.2e3.0
e e 1.285
0.3216 0.185 0.3216
0.0422 0.0422 0.0422



Table 2
Chain properties in mooring system.

Material Nominal Diameter Dm (mm) Length P (mm) Spacing W (mm) Weight in air (N/m) Weight in water (N/m)

Steel 3 24 5 1.432 1.246

Table 3
Hydrostatic properties of the floating offshore wind turbine model (1:50).

Elements Dimension(m)

Total draft of the platform 0.38
Elevation of center column(tower base)

and side columns(SC) above SWL
0.2

Spacing between side columns 1.005
Height of center columns (CC) and side columns 0.5
Diameter of center column 0.1
Diameter of side columns 0.136
Depth to top of heave plates(Hp) below SWL 0.3
Height of heave plates and pontoon (Pntn) 0.08
Diameter of heave plate 0.28
Width of pontoon 0.06e0.12
Length of pontoon 0.39
Diameter of brace (Brace) 0.045
Height of deck 0.045
Width of deck 0.045
Center of gravity below SWL �0.166
meta-centric height above SWL 0.086
Radius of gyration Kxx 0.52
Radius of gyration Kyy 0.51
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elements is developed to perform dynamic response analysis of
full-coupled system including wind turbine, platform, and mooring
system. The time domain analysis is used to efficiently capture the
nonlinear characteristics of the floating system.

The equation of motion is briefly introduced first. Components
of external force in terms of gravitational force, buoyancy force,
hydrodynamic force, mooring tension and restoring force are
described in section 3.1. Then, the wave theory used to simulate
regular and irregular waves is given in section 3.2. Numerical
scheme is described in section 3.3. Hydrodynamic coefficients for
each element obtained from previous studies are summarized in
section 3.4. Section 3.5 shows the global matrices for the hydro-
dynamic coefficients in the equation of integrated form. Finally, the
correction factors for the added mass and drag coefficients in
normal and axial direction are proposed in section 3.6.
3.1. Equation of motion in distributed form

The nonlinear equations of motion for the coupled wind turbine
and support platform system is written as:

Mfx::g þ Cfx: g þ Kfxg¼ fFGg þ fFBg þ fFHg þ fFMg þ fFRg
(15)

where M, C, and K are the mass, damping and stiffness matrices of
the system respectively, which are described in detail in numerical
Fig. 6. Configuration of chain
scheme in section 3.3; fxg, fx: g, and fx::g are the unknown dis-
placements in six DOFs and their time derivatives; fFGg is the
gravitational force; fFBg refers to the buoyancy force; fFHg means
the hydrodynamic force; fFMg stands for the force from the
mooring line; and fFRg represents the restoring force.

3.1.1. Gravitational force
Gravitational force, fFGg, includes the contribution from wind

turbine, platform and mooring lines. It is directly calculated in the
global coordinate system as follows:

fFGg ¼ �FxG; FyG; FzG�T ¼ f0;0;mggT (16)

where, m is the mass of element, x, y, and z denote global
coordinates.

3.1.2. Buoyancy force
Buoyancy force, fFBg, is obtained from Archimedes’ principle

and is nonzero only for heave DOF of the platform. The expression
for the buoyancy force subjected to the elements reads:

fFBg ¼ �FxB; FyB; FzB�T ¼ f0;0; rwgcgT (17)

where, c is the volume displaced by the element.
In the vertical direction, the buoyancy force balances with the

gravitational force and the fairlead tension in mooring lines when
the platform is at rest.

3.1.3. Hydrodynamic force
The element under water is subjected to hydrodynamic force in

both normal and tangential directions. Notation of the components
are expressed as follows:

fFHg ¼ �FnH; FtH�T ¼ �FxH; FyH; FzH�T (18)

where fFnHg and fFtHg refer to the hydrodynamic force components
acting on the element in the normal and tangential directions,
respectively.

Morison's equation, represented by linear superposition of
inertia and drag forces, is used to evaluate the hydrodynamic force
in both normal and tangential directions. The inertia force is pro-
portional to the local flow acceleration as well as the mass of water
displaced by the elements. The drag force is proportional to the
signed square of the instantaneous flow velocity. Illustration of
force acting on a segment of slender cylinder and a heave plate is
shown in Fig. 7.
used in mooring lines.



Table 4
Definition of the cases in the water tank tests.

Cases Conditions Description Discussed in this paper

1 Still water Static equilibrium test Section 4
2 Still water Free decay test in Surge, Sway, Heave, Roll, Pitch and Yaw directions Section 4
3 Regular wave H¼ 0.06m; T¼ 1.6e3.0s Section 4
4 Irregular wave Hs ¼ 0.06m; Tp ¼ 1.34s Section 4
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When the body moves in an oscillatory flow, hydrodynamic
force acting on the element in the normal direction is expressed by
the relative form of the augmented Morison's equation as:
FnH ¼ rwc
n _un þ rnaC

n
arwc

n _unþ0:5rndC
n
drwA

nðun _xnÞ��un _xn
�� rnaC

n
arwc

n €x nCnr _x
n (19)
where the first term at the right side of Eq. (19) accounts for the
Froude-Krylov force owing to the undisturbed incident wave, and
the second term represents the diffraction force resulting from
pressure effects because of the presence of the structure. The third
term means the drag force resulting from flow separation, and the
last two terms refer to the hydrodynamic inertia force and radiation
damping force caused by the motion of the structural component.
Radiation damping force is neglected in the conventional Morison's

equation. un and u
: n

are the normal vectors of undisturbed velocity

and acceleration of water particle on the element respectively. x
: n

and x
::n

are the normal vectors of velocity and acceleration of the
element motion, respectively. Cnr is the frequency dependent radi-
ation damping applied on the element located at the center of
gravity; An is the projected area of the element in the normal di-
rection; cn is the displaced volume of water of the element in the
normal direction; and Cn

d is the constant drag coefficient, which is
usually determined from previous studies obtained from a steady
flow [26]. Since Cnd is a function of oscillating period as shown in
Fig. 3, a correction factor, rnd, is introduced in this study and it will be

explained in section 3.6. Cn
a is a constant added mass coefficient

which is commonly obtained from previous studies. The interaction
between members needs to be considered; thus a correction factor,
rna , is also introduced in this study. Consequently, Cn

d is assumed to
be the product of Cn

d obtained from steady flow and a correction
factor, rnd obtained from the forced oscillation test. Cn

a is also
Fig. 7. Illustration of hydrodynamic forces acting on a segment of cylinder and a heave
plate.
multiplied by a correction factor, rna , obtained from the forced
oscillation test to consider the interaction between members.

As for the floating structure, hydrodynamic force along the axial
(tangential) direction is significant in evaluating the dynamic
response, especially for the motion in the heave direction. In order
to effectively increase the hydrodynamic damping in the heave
direction and reduce the heave response, appendages, such as
heave plates (disks), are usually added to the keel of the vertical
cylinder [27,28].

Hydrodynamic force acting on the element in the tangential
direction is evaluated by the augmented Morison's equation as
shown below:

FtH ¼ 0:25p
h
D2
bpb � ðD2

bD
2
t Þpt

i
nþ rtaC

t
arwc

tu
: t

þ 0:5rtdC
t
drwA

tðutx
: tÞ��utx

: t��� rtaC
t
arwc

tx
:: t � Ct

rx
: t

(20)

where the first term at the right side of Eq. (20) accounts for the
Froude-Krylov force, and the second term represents the diffraction
force. The third term means drag force, which accounts for flow
separation, and the last two terms refer to the hydrodynamic
inertia force and radiation damping force; Db and Dt are the di-
ameters of the cross-section of element ends; Pb and Pt correspond
to the dynamic pressures at the position of element ends; n is the

unit vector along the tangential element direction; ut and u
: t
are the

tangential components of undisturbed velocity and acceleration of

water particle on the element respectively; x
: t

and x
:: t

are the
tangential components of velocity and acceleration of the element
motion respectively; Ct

r is the frequency-dependent radiation
damping in the axial direction of element which is applied on the
element located at the center of gravity; At is the projected area of
the element in the tangential direction; ct is the displaced volume
of water of the element in the tangential direction; Cta and Ct

d are
the added mass and drag coefficients in the tangential direction
respectively; and rta and rtd are the correction factors of Ct

a and Ct
d

respectively. Ct
d is assumed to be the product of Ct

d obtained from
previous studies and correction factor, rtd, obtained from the forced

oscillation test. Similarly, Ct
a, determined from previous studies is

multiplied by a correction factor, rta, obtained from the forced
oscillation test to consider the interaction between members.

Wave kinematics used in Eqs. (19) and (20) and associated dy-
namic pressure are given in section 3.2. In Fig. 7, the equivalent wet
volume is considered for those finite elements which are partially
out of the water.

It should be noted that Froude-Krylov force in Eq. (20) is
calculated for all elements, while the other terms in Eq. (20) are
applied to the heave plate only as shown in Table 5.



Table 5
Hydrodynamic forces on elements.

Hydrodynamic force Slender element Heave plate

Normal to
axial direction

Axial
direction

Normal to
axial direction

Axial
direction

Froude-Krylov force B C B C

Diffraction force B N B C

Drag force B N B C

Added inertia force B N B C

Radiation damping force C N C C

Note: B indicates that the force term is included in the conventional Morison's
equation; C indicates that the new force term considered in the augmented Mor-
ison's equation; N indicates that the term is neglected.
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Finally, hydrodynamic forces evaluated in Morison's equation
are summarized in Table 5.
3.1.4. Mooring line force
The dynamic and quasi-static models are used to evaluate the

mooring line force, fFMg, in this study. An analytical solution for the
catenary mooring line force on the fairlead is widely used and
known as the quasi-static model. The detailed description is given
in the study by Jonkman [29]. Truss elements are used in the dy-
namic model to simulate the mooring line segments and to
investigate the effect of dynamic behavior of mooring system.
Morison's equations as shown in Eq. (19) and Eq. (20) are used to
evaluate the hydrodynamic forces on mooring segments. The fair-
lead tension of the mooring line is calculated by the full-coupling
analysis as described by Waris and Ishihara [13]. Since a portion
of mooring line lies on the seabed is subjected to contact force, the
contact force, fFCg, proposed by Ju et al. [30] is used and is written
as follows:

�
FC

�
¼
�
Ftc
Fnc

�
¼ kp

�
m2 m
m 1

��
xt

xn

�
¼ �FxC; FyC; FzC�T (21)

where m is the coefficient of friction, xt and xn are the relative
displacements in the tangential and normal directions, respec-
tively, kp is the penalty constant. The contact force at each node
lying on the seabed is estimated by Eq. (21) and several iterations
are carried out to satisfy the convergence criteria.
3.1.5. Restoring force
A non-hydrostatic model proposed byWaris and Ishihara [13] is

employed in the simulation. The hydrostatic loads resulting from
the hydrostatic pressure are dependent on the elevation of incident
wave and motion of the floater itself. The restoring force, fFRg, in
Eq. (15) reads:

n
FR
o
¼ KRðfxg � fhgÞT ¼ �FxR; FyR; FzR�T (22)

KR ¼
2
40 0 0
0 0 0
0 0 rwgAw

3
5 (23)

where KR is the linear hydrostatic-restoring matrix from the effects
of water-plane area, and fhg is the wave elevation vector, which is
nonzero only in the vertical DOF. Since FEM is utilized, the contri-
bution on rotational restoring stiffness has been considered auto-
matically. The restoring stiffness in the horizontal direction is
mainly realized by the mooring system.
3.2. Wave theory

The FOWT is located in deep water; therefore, linear wave
theory is used in regular wave to provide water particle velocity
and acceleration for Morison's equation. Wheeler stretching is
employed to account for the kinematics of water particle above the
mean water surface.

The instantaneous wave elevation, h, in the linear wave is
expressed as follows:

h ¼ H
2
cosðkxutÞ (24)

where H is the wave height, k refers to the wave number,
uð¼ 2p=TÞ represents the wave frequency, and T means the wave
period.

Wave kinematics and associated dynamic pressure for the linear
wave are obtained as below:

ux ¼ pH
T

cosh ðkzþ kdÞ
sinh ðkdÞ cosðkxutÞ (25)

uz ¼ pH
T

sinh ðkzþ kdÞ
sinhð kdÞ sinðkxutÞ (26)

u
:
x ¼ u2H

2
cosh ðkzþ kdÞ

sinh ðkdÞ sinðkxutÞ (27)

u
:
z¼ 

u2H
2

sinh ðkzþ kdÞ
sinh ðkdÞ cosðkxutÞ (28)

p ¼ rgH
2

cosh kðzþ dÞ
cosh kd

cosðkxutÞ (29)

where ux and uz are the velocity components of water particle in x
and z directions, u

:
x and u

:
z are the accelerations of water particle in

x and z directions, d is the water depth.
As for the irregular wave, JONSWAP wave spectrum is used in

both numerical simulation and water tank test. The spectrum is
given as follows:

Sðf Þ ¼ a�H2
ST

4
P f 5exp

n
1:25ðTPfÞ4

o
g
exp
n

ðTPf1Þ2

2s2

o
(30)

a� ¼ 0:0624
0:230þ 0:0336g0:185=ð1:9þ gÞ (31)

where f is the wave frequency (Hz), Hs is the significant wave
height, TP is the peak wave period, g is the peak factor, s is the
shape factor (s¼0.07 for f � ð1=TPÞ and s¼ 0.09 for f > ð1=TPÞ).

The frequency spectrum is discretized with the number of fre-
quencies N, and the instantaneous wave elevation, h, is represented
as a finite sum of sinusoidal components [24] as follows:

h ¼
XN
n¼1

Ancosðknxunt þ εnÞ (32)

where An, kn, un, and εn are the discretized wave amplitude, wave
number, wave frequency and random phase respectively.

Similarly, wave kinematics and associated dynamic pressure at
location ðx; zÞ for the irregular wave are given as below:



Table 6
Description of the numerical scheme used in this study.

Term Description

Dynamic analysis Direct Numerical Integration (Newmark-b)
Formulation Total Lagrangian formulation
Convergence Newton-Raphson Method
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ux ¼
XN
n¼1

Anun
cosh ðknzþ kndÞ

sinh ðkndÞ cosðknxunt þ εnÞ (33)

uz ¼
XN
n¼1

Anun
sinh ðknzþ kndÞ

sinh ðkndÞ sinðknxunt þ εnÞ (34)

u
:
x ¼

XN
n¼1

Anu2
n
cosh ðknzþ kndÞ

sinhð kndÞ sinðknxunt þ εnÞ (35)

u
:
z¼ 

XN
n¼1

Anu2
n
sinh ðknzþ kndÞ

sinhð kndÞ cosðknxunt þ εnÞ (36)

p ¼
XN
n¼1

Anu2
n
cosh ðknzþ kndÞ

cosh knd
cosðknxunt þ εnÞ (37)

Wheeler stretching [31] is used to stretched the kinematics
calculated at the mean water surface to the true surface by modi-
fying the original vertical coordinate z as follows:

z
0 ¼

	
z� h
dþ h



d (38)

where z
0
is the scaled vertical coordinate and d is the water depth.

The velocity and acceleration of water particle in x and z di-
rections are transformed to the normal and tangential directions of
the element for usage in Eq. (19) and Eq. (20). The effective element
length below the instantaneous wave elevation is used to evaluate
the hydrodynamic loads acting on the element.
3.3. Numerical scheme and finite element model

The origin in the coordinate system is at free surface level as
shown in Fig. 5. The equation of motion in numerical solutions is
rewritten as follows:

ðMþMaÞfx
::g þ ðCþ CrÞfx

: g þ Kfxg ¼ fFg (39)

where fFg is the external force, Ma ¼ raCarwc is the added mass
from radiation force in Eq. (19) and Eq. (20), C is the structural
damping matrix and is estimated using the Rayleigh damping
model as follows:

C ¼ a ðMþMaÞ þ b K (40)

where M is the mass matrix, Ma is the added mass matrix, K is the
stiffness matrix of the element, which depends on the element type
(i.e., beam, truss, or spring element) [32,33]. The off-diagonal terms
in the mass matrix for each finite element are assumed to be
negligible. The mass matrix of element, i, in the numerical model is
given as follows:
MiþMai¼

2
6666664

mi þmai 0 0 0 0 0
0 mi þmai 0 0 0 0
0 0 mi þmai 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0

3
7777775

(41)

a ¼ 2u1u2

 
u1z2u2z1
u2
1u

2
2

!
; b ¼ 2

 
u1z1u2z2
u2
1u

2
2

!
(42)

where u1, u2 and z1; z2 are the natural frequencies and damping
ratios for the heave and pitch modes; z1 ¼ z2 ¼ 0.005 are used as
shown in the reference [13].

The numerical scheme is summarized in Table 6. Newmark-b
method is used to solve the nonlinear equation of dynamic motion
in time domain. Unconditional stable condition with g0¼ 1=2 and
b¼ 1=4 is used in the Newmark-b method. Total Lagrangian
formulation is employed and the coordinate system is earth-fixed
in this study. Newton-Raphson method is utilized to reach the
convergent solution.
3.4. Hydrodynamic coefficients

In order to evaluate the hydrodynamic loads on the platform by
Morison's equation, hydrodynamic coefficients, namely drag and
added mass coefficients need to be determined first. In this study,
hydrodynamic coefficients are determined from previous studies
first, and correction factors for hydrodynamic coefficients are
identified according to themeasured coefficients obtained from the
forced oscillation tests.

The drag and addedmass coefficients for each component of the
platform determined from previous studies are listed in Table 7. In
the normal direction, iC

n
d is the drag coefficient for infinite long

cylinders in a steady flow. An equivalent drag coefficient, Cnd, for the
whole platform in the normal direction is evaluated as follows:

Cnd ¼
P�

iC
n
dA

n
i sin

3ðqiÞ
�

An (43)

where i represents each element of the platform; An
i and An refer to

the characteristic areas of each element and the whole platform,
respectively; and qi is the angle between the axial and global X
directions of the element.
3.5. Equation of motion in integrated form

The distributed equation of motion as shown in Eq. (39) is in-
tegrated, and the integrated form readsX

ðMþMaÞfx
::g þ

X
ðC þ CrÞfx

: g þ
X

Kfxg ¼
X

fFg (44)

where, Ma ¼ Carwc.
The non-zero components in the global matrices of ½Ca� and ½Cd�

shown in Eq. (44) are as below.

½Ca� ¼

2
6666664

Ca11 0:0 0:0 0:0 Ca15 0:0
0:0 Ca22 0:0 Ca24 0:0 0:0
0:0 0:0 Ca33 0:0 0:0 0:0
0:0 Ca42 0:0 Ca44 0:0 0:0
Ca51 0:0 0:0 0:0 Ca55 0:0
0:0 0:0 0:0 0:0 0:0 Ca66

3
7777775
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½Cd� ¼

2
6666664

Cd11 0:0 0:0 0:0 Cd15 0:0
0:0 Cd22 0:0 Cd24 0:0 0:0
0:0 0:0 Cd33 0:0 0:0 0:0
0:0 Cd42 0:0 Cd44 0:0 0:0
Cd51 0:0 0:0 0:0 Cd55 0:0
0:0 0:0 0:0 0:0 0:0 Cd66

3
7777775

(45)

The evaluation of non-zero components are obtained as:
Ca11 ¼ 1
rwc

XNW

i¼1

h
iC

n
arc

n
i sin2qi � iC

t
arc

t
i cos

2qi

i
;Ca22 ¼ Ca11; Ca33 ¼ 1

rwc

XNW

i¼1

h
iC

t
arc

t
i cos

2qk þ iC
n
arc

n
i sin2qk

i
;

Ca44 ¼ Ca55; Ca55 ¼ 1

rwcR2

XNW

i¼1

h
iC

t
arc

t
i cos

2qkx
2
i þiC

n
arc

n
i sin

2qkx
2
i þ iC

n
arc

n
i sin

2qiðzizGÞ2þiC
t
arc

t
i cos

2qiðzi � zGÞ2
i
;

Ca66 ¼ 1

rwcR2

XNW

i¼1
iC

n
arc

n
i

h
x2i þy2i

i
; Ca15 ¼ 1

rwcR

XNW

i¼1

h
iC

n
arc

n
i sin2qiðzizGÞ þ iC

t
arc

t
i cos

2qiðzi � zGÞ
i
;

Ca51 ¼ Ca15; Ca24 ¼ �Ca15; Ca42 ¼ Ca24: (46)
where NW is the number of element in water, qj is the angle be-

tween the axial and global Y directions, cn
i and ct

i represent the
projected displaced volume of element i in the surge and heave
directions, ðxi; yi; ziÞ is the coordinate of the element i, and zG is the
z-coordinate of the whole floater.
Cd11 ¼ 1
Ax

XNW

i¼1

h
iC

n
dA

n
i sin3qi þ iC

t
dA

t
i cos

3qi

i
; Cd22 ¼ Cd11; Cd33 ¼ 1

Az

XNW

i¼1

h
iC

t
dA

t
i cos

3qk þ iC
n
dA

n
i sin3qk

i
;

Cd44 ¼ Cd55; Cd55 ¼ 1

AxR3

XNW

i¼1

h
iC

t
dA

t
i cos

3qkjxij3 þ iC
n
dA

n
i sin3qkjxij3 þ iC

n
dA

n
i sin3qijzi�zGj3 þ iC

t
dA

t
i cos

3qijzi�zGj3
i
;

Cd66 ¼ 1

AxR3

XNw

i¼1
iC

n
dA

n
i

�
x2i þ y2i

�3=2�
; Cd15¼ 

1

AxR2

XNW

i¼1

h
iC

n
dA

n
i sin3qiðzizGÞ2 þ iC

t
dA

t
i cos

3qiðzizGÞ2
i
;

Cd51 ¼ Cd15; Cd24¼ Cd15;Cd42 ¼ Cd24: (47)
where Ax and Az are the characteristic area of the floater in the
surge and heave directions, An

i and At
i represent the area of element

i in the normal and tangential directions.
According to the distributed hydrodynamic coefficients given in

Table 7, the global matrices of added mass and viscous damping
with respect to the center of gravity is evaluated as follows:

½Ca� ¼

2
6666664

0:67 0:0 0:0 0:0 0:03 0:0
0:0 0:67 0:0 0:03 0:0 0:0
0:0 0:0 1:05 0:0 0:0 0:0
0:0 0:03 0:0 0:09 0:0 0:0
0:03 0:0 0:0 0:0 0:09 0:0
0:0 0:0 0:0 0:0 0:0 0:11

3
7777775
½Cd� ¼

2
6666664

1:11 0:0 0:0 0:0 0:01 0:0
0:0 1:11 0:0 0:01 0:0 0:0
0:0 0:0 4:06 0:0 0:0 0:0
0:0 0:01 0:0 0:06 0:0 0:0
0:01 0:0 0:0 0:0 0:06 0:0
0:0 0:0 0:0 0:0 0:0 0:07

3
7777775

(48)
3.6. Correction factors for hydrodynamic coefficients

When the global matrices of ½Ca� and ½Cd� based on database are
different from the measured ones from the water tank tests, the

ishihara
線



Table 7
Hydrodynamic parameters for each component of the platform.

Elements iC
n
d iC

n
a iC

t
d iC

t
a

Side column SC-1 1.07 [34] 1.0 [35] 0 0
Side column SC-2 1.07 [34] 1.0 [35] 0 0
Side column SC-3 1.07 [34] 1.0 [35] 0 0
Center column Cc 1.07 [34] 1.0 [35] 0 0
Heave plate Hp-1 1.07 [34] 0.5 [25] 2.49 [36] 2.14 [36]
Heave plate Hp-2 1.07 [34] 0.5 [25] 2.49 [36] 2.14 [36]
Heave plate Hp-3 1.07 [34] 0.5 [25] 2.49 [36] 2.14 [36]
Center heave plate Hp-C 1.07 [34] 0.5 [25] 2.49 [36] 2.14 [36]
Pontoon Pntn-1 1.98 [37] 0.725 [35] 0 0
Pontoon Pntn-2 1.98 [37] 0.725 [35] 0 0
Pontoon Pntn-3 1.98 [37] 0.725 [35] 0 0
Brace-1 1.20 [34] 1.0 [35] 0 0
Brace-2 1.20 [34] 1.0 [35] 0 0
Brace-3 1.20 [34] 1.0 [35] 0 0
Mooring line 1.20 [38] 1.0 [38] 0 0
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hydrodynamic coefficients need to be corrected. As observed in
Fig. 3(a), the drag coefficient in an oscillating flow is a function of
oscillating period, which means that the frequency dependent
characteristics should be considered to accurately predict the dy-
namic response of the model in a free decay test as well as in
regular and irregular waves. In this study, correction factors are
proposed. Even though ½Ca� and ½Cd� are 6� 6 matrix, some off-
diagonal terms are zero owing to the symmetric geometry of the
floater. The correction factors in the surge, sway and heave di-
rections are obtained as shown in Eq. (49). The added inertia
moment can be modified by adding one additional value on a
specified node.

ra;ii ¼
CIa;ii
CDa;ii

; rd;ii ¼
CId;ii
CDd;ii

i ¼ 1;2;3 (49)

where CI
a;ii and CI

d;ii are the integrated added mass and drag co-

efficients, CD
a;ii and CD

d;ii are the equivalent added mass and drag
coefficients evaluated according to the distributed hydrodynamic
coefficients.

The correction factor for the drag coefficient in the normal di-
rection is identified as:

rnd ¼ CndA
nP�

iC
n
dA

n
i sin3ðqiÞ

� (50)

where Cn
d is the measured drag coefficient from the forced oscilla-

tion test in the horizontal direction as shown in Fig. 3(a), An is the
characteristic area of the model in the horizontal direction as listed
in Table 1, qi is the angle between the axial and global X directions
of the element.

The correction factor for the drag coefficient of heave plate in its
tangential direction is obtained as:

rtd ¼
CtdA

t
P

iC
n

d
rndA

n
i

�

P

jC
n

d
rndA

n
j sin

3ðqkÞ
�

P
kC

t

d
At
k

� (51)

where Ct
d is the measured drag coefficient from the forced oscilla-

tion test in the vertical direction as shown in Fig. 3(b), At is the
characteristic area of the model in the vertical direction as listed in
Table 1, iC

n
d, jC

n
d
, and kC

n
d are the drag coefficients of pontoons,

braces and heave plates respectively, as listed in Table 7, An
i , A

n
j and
An
k refer to the corresponding characteristic areas, rnd is the

correction factor obtained by Eq. (50), qk is the angle between the
axial and global Z directions of the braces.

The correction factor for the added mass coefficient is also
calculated by comparing it with the measured added mass coeffi-
cient from the forced oscillation test. The correction factor for the
added mass coefficient in the normal direction is evaluated as:

rna ¼ Cnac
nP�

iC
n
ac

n
i sin

2ðqiÞ
� (52)

where Cna is the measured added mass coefficient in the horizontal
direction as shown in Fig. 3(a), iC

n
a is the added mass coefficient

listed in Table 7,cn
i andcn refer to the displaced volumes of water

by each element and the whole platform in the normal direction,
respectively, qi is the angle between the axial and global X di-
rections of the element.

The correction factor for the added mass coefficient of heave
plate in its tangential direction is identified as:

rta ¼
Ctac

t
P�

iC
n
a r

n
ac

n
i

�

P

jC
n

a
rnac

n
j sin

2ðqkÞ
�

P
kC

t

a
ct

k

� (53)

where Cta is the measured added mass coefficient in the vertical
direction as shown in Fig. 3(b), iC

n
a , jC

n
a
and kC

n
a are the added mass

coefficients of pontoons, braces and heave plates in the normal
direction respectively, listed in Table 7, cn

i and cn
j refer to the

corresponding displaced volumes of the element in the normal
direction, ct

k is the displaced volume of the element in the
tangential direction; rna is the correction factor obtained by Eq. (52),
qk is the angle between the axial and global Z directions of the
braces.
4. Numerical results and discussion

The influence of hydrodynamic coefficients on the dynamic
response of FOWT is investigated and clarified by the free decay
test. Then, the significance of axial Froude-Krylov force on the dy-
namic response of platform is discussed according to the results in
regular waves and an irregular wave. Finally, the dynamic effect of
mooring system on tension prediction is investigated by examining
the fairlead tension obtained by quasi-static and dynamic models.
4.1. Determination of correction factors for hydrodynamic
coefficients

The platform, tower and rotor are modeled with 73, 11, and 33
beam elements respectively, to represent the floating system in the
established FEM. Each rectangular pontoon shown in Fig. 5 is
modeledwith four varying cross-section cylindrical elements in the
numerical model, and the hydrodynamic coefficient for each cy-
lindrical element is identical in the normal direction. Each mooring
line is modeled with 50 truss elements to simulate the mooring
system with the dynamic model. The studless chains are modeled
by cylindrical elements with a diameter of 2Dm (6mm). Di-
mensions of other components are summarized in Table 3. By
ensuring the volume displaced by the pontoon remained un-
changed, each varying cross-section rectangular pontoon is
modeled by four varying cross-section cylindrical elements.

The resulting ½Ca� and ½Cd� after themodification for translational
DOF (Surge, Sway, and heave) are given as follows:
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Fig. 8. Measured and predicted frequency dependent correction factors for Cd and Ca.
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Fig. 9. Measured and predicted time history of force coefficient by Morison's equation in the forced oscillation.

Table 8
Measured and predicted amplitude of hydrodynamic force coefficient.

Direction Measured Predicted Error (%)

Horizontal 2.42 2.35 �2.9%
Vertical 12.10 12.88 6.4%
Rotational 0.74 0.68 �8.1%
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½Ca� ¼

2
6666664

0:70 0:0 0:0 0:0 0:03 0:0
0:0 0:70 0:0 0:03 0:0 0:0
0:0 0:0 1:11 0:0 0:0 0:0
0:0 0:03 0:0 0:09 0:0 0:0
0:03 0:0 0:0 0:0 0:09 0:0
0:0 0:0 0:0 0:0 0:0 0:11

3
7777775

½Cd� ¼

2
6666664

1:19 0:0 0:0 0:0 0:01 0:0
0:0 1:19 0:0 0:01 0:0 0:0
0:0 0:0 5:51 0:0 0:0 0:0
0:0 0:01 0:0 0:09 0:0 0:0
0:01 0:0 0:0 0:0 0:09 0:0
0:0 0:0 0:0 0:0 0:0 0:07

3
7777775

(54)

As can be seen from ½Ca�, the difference in the translational DOFs
between Eq. (13) and Eq. (54) are small, and are improved as well
after the correction comparing Eq. (48). As for ½Cd�, the accuracy in
the surge and heave directions are also improved after the
correction comparing Eq. (48). The difference for the off-diagonal
term has little influence on the dynamic response of the floater
motion.
Formulas of correction factors are proposed to account for fre-

quency dependent phenomena as.

rna ¼ 1:07� rna ðfÞ; rna ðfÞ ¼ 1

rta ¼ 1:09� rtaðfÞ; rtaðfÞ ¼ 1
(55)

rnd ¼ 1:34� rndðfÞ; rndðfÞ ¼
	
1�0:52

p
tan�1ð2ðTo�2:0Þ Þ




rtd ¼ 1:40� rtdðfÞ; rtdðfÞ ¼
	
1þ0:14

p
tan�1ð5ðTo�1:7Þ Þ


 (56)

The comparison between experimentally determined and for-
mulas predicted correction factors are shown in Fig. 8. The
correction factors for Cd show significant frequency dependent,
while the correction factors for Ca are almost frequency indepen-
dent. Although the hydrodynamic coefficients are functions of both
Reynolds number and KC number [36,39,40], the proposed
correction factors for hydrodynamic coefficients in this study are
focused on one specific frequency parameter-beta defined by Re/KC
[24].

As for the prediction of the response to regular or irregular
waves, the hydrodynamic coefficients corresponding to regular
wave periods or peak periods as shown in Fig. 3 are employed to
determine the correction factors.

Time history of hydrodynamic force in non-dimensional form as



Table 10
Linear radiation damping coefficient at natural period obtained from potential
theory.

DOF Surge
(kg/s)

Sway
(kg/s)

Heave
(kg/s)

Roll
(kg$m2/s)

Pitch
(kg$m2/s)

Yaw
(kg$m2/s)

Cr 0.01 0.01 0.26 0.0 0.0 0.0
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a force coefficient is expressed as follows:

CFðt�Þ ¼
FHð t�Þ

0:5rwAðuaÞ2
; t� ¼ t

To
(57)

where, CFðt�Þ is the non-dimensional force coefficient, t� is the non-
dimensional time, and To is the oscillating period.

Fig. 9 shows the measured and predicted time series of the
hydrodynamic force coefficient in forced oscillations with a period
of 1.6 s listed in Table 1. Even only the hydrodynamic coefficient in
the horizontal and vertical directions are directly corrected ac-
cording to the water tank test, good agreement is obtained in the
rotational direction as well.

The predicted amplitude of the force coefficient by Morison's
equation and measured force coefficient are listed in Table 8 for
quantitative comparison. The differences between the measured
and predicted force coefficient amplitude in the horizontal, vertical
and rotational directions are �2.9%, 6.4% and �8.1%, respectively.

The mooring system is modeled by either quasi-static or dy-
namic modeling in this study. Morison's equation is used to eval-
uate the hydrodynamic force on the mooring system in the
dynamic model. Since the hydrodynamic force on the mooring
system is ignored in the quasi-static model, the equivalent force is
considered on the platform when using the quasi-static model in
this study.
4.2. Effect of frequency dependent hydrodynamic coefficients

The effect of time step on the accuracy of simulation is discussed
first. The predicted time series of non-dimensional surge motion in
one sample of irregular wave with four different time step ranges
from 0.005s to 0.05s are compared. Non-dimensional surge motion
is defined as follows:
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Fig. 10. Time history of non-dimensional surge motion and its max

Table 9
Measured and predicted initial displacements of the floating system and fairlead tension

DOF Surge x (m) Sway y (m) Heave z (m) Roll qx(deg

Exp. 0.051 �0.028 �0.006 0.627
Cal.(W/O adjustment) 0.002 0 �0.001 0
Cal.(With adjustment) 0.051 0 �0.001 0
x�ðt�Þ ¼ xðt�Þ
Hs=2

; t� ¼ t
Tp

(58)

where, x� corresponds to the non-dimensional surge motion, t� is
the non-dimensional time, and TP is the wave peak period of
incident irregular wave.

Normalized maximum displacements are expressed as:

A�
x ¼ Axmax

Hs=2
; A�

z ¼
Azmax

Hs=2
; A�

qy ¼
Aqymax

Hs=2
(59)

where Axmax, Azmax, and Aqymax correspond to the maximum of
motion in the surge, heave, and pitch directions, respectively.

Time history of normalized surge motion is shown in Fig. 10(a),
and it can be observed that larger time step (0.02s) significantly
underestimates the surge motion during non-dimensional time
from 44 to 48. The simulation is independent of time stepwhen it is
less than 0.01 s. Fig. 10(b) illustrates the normalized maximum
displacement in the surge, heave and pitchmotions within 10-mins
simulated data. It is found that the maximum of the pitch motions
is underestimated when using a larger time step. The time step
dt¼ 0.01s is finally used in this study to take into consideration of
the accuracy and computational efficiency.

The static equilibrium test in still water is simulated to test the
balance of floating system. Table 9 gives the initial displacement of
platform and initial tension obtained from the experiment and
0
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2
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imum values in an irregular wave for four different time steps.

s in the mooring lines.

.) Pitch qy (deg.) Yaw qz(deg.) ML1 T1(N) ML2 T2(N) ML3 T3(N)

�0.168 �1.582 3.12 2.78 2.58
�0.555 0 2.72 2.75 2.70
�0.233 0 3.00 2.76 2.47
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numerical simulation. In the experiment, there are some unbal-
anced initial displacements in the surge direction which is due to
the attached cable used for transferring data at the tower base (see
Fig. 4). The initially positive surge motion gives rise to the fairlead
tension in mooring line ML3 smaller than those in the other two
mooring lines. In order to explain the effect of the attached cable,
an additional force is identified as 0.98N by matching the initial
displacement in the surge direction, and is applied on the tower
base. The initial values with this adjustment are also shown in
Table 9. As expected, the predicted fairlead tensions match well
with those in the experiment. The predicted initial sway, roll and
yaw motion are zero because of the symmetric feature of the
floating system. The difference between predicted and measured
heave motion is negligible. Negative pitch motion is mainly caused
Fig. 12. Hydrodynamic force conditi
by the weight of three blades and is improved if the effect of the
attached cable is taken into account. The imperfection of experi-
mental setup brings about non-zero initial roll and yaw displace-
ments. The inclination in the roll direction can yield some sway
displacements. Favorable agreement between predicted and
measured initial conditions indicates that the established floating
system model is reasonable for the following dynamic response
analysis.

The accuracy of hydrodynamic coefficients shown in Table 7
without any correction is investigated by the free decay test. In
addition, the simulation with consideration of corrected hydrody-
namic coefficients as shown in Fig. 8 is also investigated.

The linear radiation damping coefficients corresponding to the
natural period shown in Table 10 are used in the simulations when
ons in two sets of simulations.
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evaluating the hydrodynamic force on the platform by Eq. (19).
Fig. 11(a) and (b) show the measured and predicted time series of
sway and yaw motions in the free decay test. “Const. Coef” and
“Freq. dependent Coef.” refer to the situations where the hydro-
dynamic coefficients obtained from towing test are directly used
and corrected by the correction factors as shown in Fig. 8,
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It is found that both the amplitude of sway motion and natural

period in the sway mode are overestimated when the hydrody-
namic coefficients determined from the steady flow are not cor-
rected, while both the amplitude and natural period are improved
when the hydrodynamic coefficients are corrected according to the
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results obtained from the forced oscillation test. This indicates that
the effect of frequency dependent addedmass and drag coefficients
should be considered. As can be concluded from Fig. 11(b), the yaw
motion predicted by the quasi-static model is overestimated, which
is due to the neglect of hydrodynamic damping on mooring seg-
ments. In contrast to the quasi-static model, the dynamic model
increases the damping since Morison's equation is used to account
for the viscous drag damping.

Natural periods and damping ratios of floating system obtained
from the free decay tests are shown in Fig. 11(c) and (d). The pre-
dicted natural periods in six DOFs match well with those obtained
from thewater tank test. The predicted natural periods of surge and
sway (roll and pitch) mode are the same because of the symmetric
floating system, while there is some difference in the measurement
owing to the limitation of the experiment. The predicted natural
period difference between quasi-static and dynamic models is
negligible because the addedmass provided by themooring system
is sufficiently small compared with the mass of the total floating
system. Whereas, the dynamic model increases the damping
especially in the yaw mode as shown in Fig. 11(d).

4.3. Effect of axial Froude-Krylov forces

The effect of axial Froude-Krylov (hereinafter referred to as “F-
K”) forces on slender cylinders is clarified by the simulations in
regular and irregular waves (case 3 and case 4 as shown in Table 4),
which is neglected in the previous study [41]. Fig. 12 illustrates two
different situations in terms of distinct hydrodynamic force con-
ditions. The case shown in Fig. 12 (a) neglects F-K force on slender
cylinders, while F-K force expressed in Eq. (20) is included in the
simulation as shown in Fig. 12(b). Dynamic motions of the platform
are investigated, and forces under these two conditions are
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Fig. 14. Measured and predicted time series of normalized (a) wave elevation, (b) surge mot
compared to clarify the effect of F-K force in the axial direction.
Response amplitude operator (RAO) is employed to compare the

dynamic responses obtained from water tank tests and numerical
simulations in regular waves. Fast Fourier Transform is applied to
the time series to extract the amplitude of response corresponding
to the wave frequency component. The motion RAO in the regular
waves is expressed as:

RAOsurge ¼ Ax

H=2
; RAOheave ¼ Az

H=2
; RAOpitch ¼ Aqy

H=2
(60)

where Ax, Az, and Aqy refer to the amplitudes of responses in the
surge, heave, and pitch directions respectively, and H refers to the
incident regular wave height.

The normalized time history of wave elevation and motions of
the platform are expressed as:

h�ðt�Þ ¼ hðt�Þ
H=2

; t� ¼ t
T

(61)

x�ðt�Þ ¼ xðt�Þ
H=2

; z�ðt�Þ ¼ zðt�Þ
H=2

; q�yðt�Þ ¼
qyðt�Þ
H=2

(62)

where h� refers to the normalized wave elevation; x�, z�, and q�y
correspond to the normalized responses in the surge, heave, and
pitch directions, respectively; t� is the non-dimensional time; and T
is the wave period of incident regular wave.

Fig. 13 shows the measured and predicted dynamic RAOs and
phase difference between the motion of platform and the incident
wave. “W/O F-K” and “With F-K” indicate that axial Froude-Krylov
forces on slender members are neglected and considered,
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respectively. The wave period corresponding to full scale is also
shown in the figure. It is found that the surge RAO increases linearly
with increasing wave period since the conducted wave period is far
away from the surge natural period of floating system. In addition,
dynamic motions are improved in the whole wave range when the
axial F-K forces on slender members are considered, especially in
the heave and pitch directions as shown in Fig. 13 (b) and (c). Phase
differences shown in Fig. 13 between the incident wave and dy-
namic motion are improved as well. An accurate prediction of
phase difference is of great importance in the evaluation of dy-
namic motions of FOWT since the hydrodynamic force is not only
dependent on the incident wave but is also associated with the
motion of platform itself.

To explain the effect of axial F-K force on the dynamic motion of
the platform in regular waves, one case with wave period of 2.6s is
discussed. Fig. 14 shows the measured and predicted time series of
normalized surge, heave and pitch motions using the two different
models as shown in Fig. 12. The good agreement between the
measured and simulated incident wave elevation shown in
Fig. 14(a) indicates that linear wave theory is suitable to simulate
the incident wave generated in this water tank test. It is expected
that the surge motion between those two sets of simulation is
almost the same as shown in Fig. 14(b) since the contribution of the
axial F-K force on the horizontal force component is negligible. The
inclusion of this axial F-K force makes a difference in the total
vertical hydrodynamic force. It is found that the heave motions
shown in Fig. 14(c) deviate from themeasured heavemotions when
the axial F-K forces are neglected, while the predicted heave mo-
tions are improved significantly after considering the axial F-K
forces on slender members. The predicted pitch motion shown in
Fig. 14(d) is also improved because the axial F-K force brings a
change in the moment around the y-axis. Therefore, the axial F-K
force contributes to the force component in the heave direction and
improves heave and pitch motions significantly.

Vertical components of the external force expressed in Eq. (20)
are extracted to clarify the effect of the axial F-K force on the dy-
namic response of FOWT. The radiation force is isolated from the
total hydrodynamic force in Eq. (20). The total hydrodynamic force
denotes the sum of F-K force, diffraction force and drag force. The
radiation force corresponds to the effect of the motion of the
platform. The hydrostatic force as expressed in Eq. (22) is also
extracted since it is critical in the evaluation of the heave motion of
the platform. The distributed forces on all submerged elements are
summed up, and the total force is used for comparison.

The force components used for discussion are expressed in non-
dimensional form as follows:

Chydrodynamic ¼
Fhydrodynamic

1
.
2rwðuH=2Þ2A

(63)

Chydrostatic ¼
Fhydrostatic

1
.
2rwðuH=2Þ2A

(64)

Cradiation ¼ Fradiation
1
.
2rwðuH=2Þ2A

(65)

Ctotal ¼
Ftotal

1
.
2rwðuH=2Þ2A

(66)

where Chydrodynamic, Chydrostatic, Cradiation, and Ctotal refer to the non-
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dimensional total hydrodynamic force, hydrostatic force, radiation
force, and total force coefficients, respectively; Fhydrodynamic,
Fhydrostatic, Fradiation, and Ftotal represent the total hydrodynamic
force, hydrostatic force, radiation force, and total force acting on the
platform, respectively; A is the projected area of the three heave
plates on the XY plane (0.185m2).

Fig. 15 shows the time series of vertical force components in the
case shown in Fig. 14. It is found that the magnitude of hydrody-
namic, hydrostatic and radiation forces are comparable. The time
series of the hydrodynamic force shown in Fig. 15(a) is almost
perfectly out of phase with the wave elevation. This is because the
diffraction force is dominant, while the nonlinear drag force is
negligible. The hydrostatic force shown in Fig. 15(b) is proportional
to the difference between wave elevation and displacement of
platform as expressed in Eq. (22) and Eq. (23) and it follows the out
of phase heave motion of platform. The radiation force is found to
be in-phase with the heave motion of platform as indicated by Eq.
(20).

The effect of the axial F-K force on the resulting dynamic
response of FOWT is explained here. Since the axial F-K force
slightly changes the hydrodynamic force as shown in Fig.15 (a), this
leads to a slight difference in the heave motion of platform as
shown in Fig. 14(c). As a result, the amplitudes of radiation force
and the hydrostatic force decrease since they are directly associated
with the heave motion of platform. Consequently, the total force
shown in Fig. 15(d) decreases and mitigates the heave response of
platform. It is important that hydrostatic and radiation forces
amplify the effect of axial F-K force through the heave motion even
though the axial F-K force contributes only a small fraction of the
total force.

The dynamic response of FOWT in an irregular wave is simu-
lated to investigate the performance of the proposed hydrodynamic
model in a much wider range of wave frequency. Fig. 16(a) depicts
the power spectrum density (PSD) of generated incident wave ac-
cording to JONSWAP spectrum as described in Eq. (30). The good
agreement between simulated and measured PSD of incident wave
indicates that linear superposition of Airy wave is suitable for
simulating the irregular wave generated in this water tank test.
Fig. 16(b), (c), (d) show the measured and predicted PSD of dynamic
responses in the surge, heave and pitch directions respectively. As
shown in Fig. 16(b), there is no large difference in the PSD of surge
motion of the platform between the two simulations with and
without the axial F-K forces, which is consistent with the conclu-
sion obtained in regular waves. In Fig. 16(c), the first peak of PSD of
heave motion of the platform located at 0.42 Hz corresponds to the
natural frequency of heave mode, where the resonant response is
excited by low wave frequency components in the irregular wave.
The second peak located at 0.75 Hz corresponds to the peak wave
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T. Ishihara, S. Zhang / Renewable Energy 131 (2019) 1186e12071204
period of incident irregular wave. It is found that the wave-induced
motion is improved significantly after the axial F-K forces on
slender members are taken into account, especially in the wave
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Fig. 19. Measured and predicted power spectrum density of normalized fairlead tension in an irregular wave (case 4).
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of pitch motion of the platform is improved remarkably after
considering the axial F-K forces on the slender members as shown
in Fig. 16(d). Consequently, the proposed hydrodynamic model
shows a good performance in both background and resonant re-
sponses across the whole wave frequency range.

4.4. Effect of dynamic behavior of mooring system

The impact of hydrodynamic behavior of the mooring line on
fairlead tension prediction is clarified in this section. First, the
mooring tension RAO in regular waves predicted by quasi-static
model and dynamic models is presented. The performance of the
two distinct models is then investigated by a regular wave with a
period of 2.4 s. Mooring tension RAO is defined as:

RAOTi
¼ ATi

H=2
(67)

where ATi
refers to the amplitude of fairlead tension in each

mooring line (i.e., ML1, ML2 and ML3 as shown in Fig. 5).
In the following discussion, the time series of fairlead tension is

normalized as:

T�i ðt�Þ ¼
Tiðt�Þ
H=2

; t� ¼ t
T

(68)

where T�i refers to the normalized fairlead tension in ML1, ML2 and
ML3; t� is the non-dimensional time; T is the wave period of inci-
dent regular wave.

Fig. 17 shows the measured and predicted fairlead tension RAO
and phase difference in the mooring lines expressed by ML1 and
ML3. Phase difference refers to the phase between fairlead tension
and incident regular wave. It is found that the quasi-static model
apparently overestimates the fairlead tension RAO in all wave pe-
riods for ML1 and ML3, while the dynamic model provides a better
prediction. In addition, accuracy of predicted phase differences by
means of the dynamic model is improved as well. This is primarily
due to the consideration of nonlinear drag force in the dynamic
model, which shifts the phase of fairlead tension. The fairlead
tension in ML3 is overestimated by dynamic model, which is due to
the effect of the attached cable in the experiment, and it is
improved by considering this effect as shown in Table 9.

In fact, an accurate prediction of the platform motion is critical
for evaluation of fairlead tension since the mooring system is fully
coupled with the dynamic response of platform. Favorable agree-
ment between predicted and measured motion as shown in Fig. 13
is a solid foundation for satisfactory tension prediction by the dy-
namic model.

In the study by Hall et al. [16], the poor fairlead tension pre-
diction by the dynamic model is primarily ascribed to the poor
heave motion prediction.

The measured and predicted time series and PSD of fairlead
tension in mooring line 1 by the quasi-static and dynamic models
are shown in Fig. 18 for the case with a wave period of 2.4s. The
initial fairlead tension in the mooring lines is removed and the
fluctuation of fairlead tension is shown. As observed in Fig. 18(a),
the quasi-static model overestimates the magnitude of fairlead
tension inmooring line 1 by 51% and phase lag is observed between
the measured and predicted fairlead tensions. In addition, har-
monic components are observed in the measured fairlead tension
whereas they are not reproduced by the quasi-static model. From
the PSD shown in Fig. 18(b), harmonic components are observed
from themeasurement across thewhole frequency domain. Among
these peaks, the first one (0.09 Hz) corresponds to the natural fre-
quency of the surge motion of platform and the second one
(1F¼ 0.42 Hz) is excited by the motion owing to the first-order
hydrodynamic loads on the platform and by the resonance of the
heave motion of platform (0.42 Hz). This is why the second peak
shows a large value. The third and fourth peaks are associated with
the motion component caused by the nonlinear drag force acting
on the platform andmooring lines, respectively; their frequency are
two and three times as large as the frequency of the second peak.
The quasi-static model could predict the components of the first
three peaks, but, it fails to yield the higher harmonic components,
such as 3F as shown in Fig. 18(b). In contrast to the quasi-static
model, the dynamic model successfully predicts all harmonic
components. In addition, the peaks predicted by the dynamic
model match well with those observed from the measurement,
while the first three peaks by the quasi-static model are over-
estimated. As a result, the influence of the dynamic behavior of the
mooring line is significant in the evaluation of fairlead tension
amplitude, and the drag coefficient for the chain is a key parameter
in dynamic analysis of mooring system.

Finally, the PSDs of fairlead tensions in an irregular wave (case4
in Table 4) are presented in Fig. 19. The predicted PSDs of fairlead
tensions show a favorable agreement with those measured in the
water tank test when hydrodynamic force on mooring segments is
taken into consideration by the dynamic model. The peaks
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corresponding to the surge natural frequency are observed in ML1
and ML3. Since the pitch motion of platform leads to the
displacement of mooring lines in the surge direction, the peaks
with respect to the pitch natural frequency are also observed in the
twomooring lines as well. The predicted fairlead tension for ML1 in
the range of 0e0.2 Hz is slightly underestimated since the surge
motion is underestimated in this range as shown in Fig. 16(b)
resulting from the underestimation of the incident wave height
shown in Fig. 16(a). The predicted fairlead tension for ML3 matches
the measurement well in this frequency range, which may be due
to overestimation of the fairlead tension by these two models.
Overestimation of predicted fairlead tension for ML3 is also
observed in the range of 0.2e0.7 Hz owing to the same reason as
shown in Fig. 17(b), and it is improved when the additional force is
applied on the tower base to simulate the effect of the attached
cable. The predicted fairlead tension for ML1 in this range is
improved by the dynamic model the same as those shown in
Fig. 17(a). The predicted fairlead tensions for the two mooring lines
by the dynamic model show a favorable agreement with the
measurements in the range of 1.0e1.4 Hz, but those by the quasi-
static model are underestimated as mentioned in Fig. 18(b),
because the higher-order harmonic components are significantly
underestimated by the quasi-static model in this frequency range.
5. Conclusions

A fully coupled nonlinear simulation tool is developed with the
augmented Morison's equation, and correction factors for hydro-
dynamic coefficients are proposed. The predicted dynamic re-
sponses of FOWT are validated by the water tank tests. The
conclusions are obtained as follows:

� The correction factors for addedmass and drag coefficients used
in the augmented Morison's equation are proposed to account
for the effects of frequency dependent hydrodynamic co-
efficients and to provide consistent distributed hydrodynamic
coefficients. The global matrices of hydrodynamic coefficients
calculated by the proposed models show good agreement with
those obtained from the forced oscillation tests.

� The effects of frequency dependent hydrodynamic coefficients
and axial Froude-Krylov forces on slender members are clarified
by the free decay tests and water tank tests with regular and
irregular waves. The predicted dynamic motions of floating
offshore wind turbine with the proposed hydrodynamic co-
efficients show good agreement with those obtained from the
water tank tests, while the conventional Morison's equation
underestimates the heave and pitch motions in the high fre-
quency region and overestimates them in the low frequency
region.

� The dynamic model successfully simulated all the harmonic
components of fairlead tension measured by the water tank
tests, but the quasi-static model only reproduced the first three
peaks caused by the motions of the floater. The predicted
amplitude of the fairlead tension in mooring line 1 by the quasi-
static model is overestimated by 51%, while the dynamic model
shows good agreement with the water tank test.
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