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Abstract. A coupled dynamic analysis of a semisubmersible-type FOWT has been carried out in time
domain under the combined action of irregular wave and turbulent wind represented respectively by
JONSWAP spectrum and Kaimal spectrum. To account for the turbine-floater motion coupling in a more
realistic way, the wind turbulence has been incorporated into the calculation of aerodynamic loads. The
platform model was referred from the DeepCwind project and the turbine considered here was the NREL
5MW Baseline. To account for the operationality of the turbine, two different environmental conditions
(operational and survival) have been considered and the aerodynamic effect of turbine-rotation on actual
responses of the FOWT has been studied. Higher mean offsets in surge and pitch responses were obtained
under the operational condition as compared to the survival condition. The mooring line tensions were also
observed to be sensitive to the rotation of turbine due to the turbulence of wind and overestimated responses
were found when the constant wind was considered in the analysis. Additionally, a special analysis case of
sudden shutdown of the turbine has also been considered to study the swift modification of responses and
tension in the mooring cables.
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1. Introduction

Wind energy harnessing presents a unique challenge to engineers and researchers worldwide,
with a huge potential to setback the energy crisis which is arising due to the continuous depletion
of fossil fuels. Considering the abundant wind availability, this, in turn, can be used to drive
turbines for the generation of electricity without any toxic or heat-trapping emissions. In particular
offshore wind enables the generation of higher power from fewer turbines due to greater wind
speeds and causes lesser noise pollution than its onshore counterpart. From an economic
perspective, primarily saving in cost for installation in deeper waters, floating wind turbines are
more suitable than fixed type turbines. Thus, in recent years, a major focus has been directed
towards the development of Floating Offshore Wind Turbines (FOWTS).

The most common approach for the design of floating wind turbines has been to design a
support platform and adopting a commercially available wind turbine from the fixed offshore
market. Tong (1998) was the first to conceptualize on the application of such floating offshore
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platforms to the wind industry. He investigated the technical and economic aspects of wind farms
and also proposed the design of a spar-buoy type FOWT called FLOAT. The engineering
challenges that need to be overcome for the successful and economical deployment of FOWTs
were highlighted by Musial et al. (2004) and Butterfield et al. (2005). They tried to classify the
floating platforms on the basis of their static stability criteria and anchoring systems. Robertson
and Jonkman (2011) carried out a comprehensive dynamic response analysis of different floating
platform concepts supporting SMW wind turbines. They reported that out of the platforms tested,
the barge type floater shows maximum responses under wave excitation. Koo et al. (2014) and
Goupee et al. (2014) have also presented an experimental comparison of three FOWT concepts
focusing on global motions, tower dynamics, and mooring system loads. The semisubmersible
type the floating platform has been identified as one of the suitable platforms for supporting a
floating offshore wind turbine (Liu et al. 2016).

Harnessing of offshore wind energy at a viable cost for per unit of production requires a close
interdisciplinary collaboration among researchers. From the point of view of global motions, the
rotation of turbine blades influences the dynamic responses of a floating platform whereas the
motions of the platform, in turn, affect the position and orientation of the turbine (Fig. 1) and
consequently its aerodynamic performance (Collu and Borg 2016). The need for an integrated
aero-hydro-servo approach in the design of FOWT model for dynamic analysis has been
emphasized by Nielsen et al. (2006). Matsukuma and Utsunomiya (2008) studied the dynamic
responses of a spar FOWT considering the rotor rotation, highlighting the effect of induced
gyro-moment on the motions. The design requirements of a semisubmersible type FOWT called
WindFloat is considered by Roddier et al. (2010) and Cermelli et al. (2009) with an aero-hydro
model. The analysis was performed through wave tank tests and numerical simulations were
carried out using the software package FAST. They concluded that the aero-hydro coupling of the
turbine and floater requires thorough analysis and motion of the floater is required to be minimized
for efficient operation of the turbine. Further, Karimirad and Moan (2012) presented a simplified
method for coupled analysis of FOWTs considering both hydrodynamic and aerodynamic loads as
against earlier works which were primarily carried out typically by the conventional
aero-hydro-servo-elastic approach. Therefore, there is a need for an integrated approach to the
analysis and design of FOWT.

Full-scale tests of FOWTSs have been highly conservative in design to reduce the risks involved.
The scale effects on small-scale model tests may be significant, rendering the tests potentially
guestionable in terms of their effectiveness as prediction tools for the full-scale behavior of
FOWTs. That is why small-scale experiments may not always Yyield reliable results. The focus has
been on the development of modeling and simulation tools for the analysis of FOWTs. To reduce
the computational effort, often the researchers have adopted a frequency domain approach where a
constant velocity wind has been considered in the analysis. A frequency domain approach is
presented by Wang et al. (2017) for predicting the coupled responses of a semisubmersible-type
FOWT including the turbine aerodynamics by means of a constant thrust force and a gyroscopic
moment. A limitation of such a linear approach is that aerodynamic loads are not linear with wind
velocity. Moreover, it has been noted that considering the wind speed variability due to turbulence
can provide a more realistic prediction of the motions (Jamalkia et al. 2016).

In this paper, the coupled dynamic responses of a semisubmersible-type FOWT have been
studied in the time domain, under the combined action of irregular wave and turbulent wind. The
platform model for this study has been referred from the OC4 DeepCwind project while the
turbine was the NREL 5MW Baseline. The validation of the model has been carried out by
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comparing the natural periods from the free decay analysis and also by comparing the response
amplitude operators (RAQOs) from the wave excitation with those obtained through experimental
works by Koo et al. (2014).

Variable wind speed data has been generated by the simulator TurbSim (Jonkman and Kilcher
2012), using Kaimal spectrum (Kaimal et al. 1972) with a turbulence intensity of 0.1. A time
history of thrust force has been obtained from the wind speeds through a MATLAB code and was
applied at the hub level of the turbine for the operating case whereas the gyroscopic moment
generated has been considered in the damping matrix of the equation of motion of the system. In
the analysis, irregular waves were represented by the JONSWAP spectrum for different sea states.
The responses of the wind turbine and tensions in mooring cables have been obtained under the
operational and survival environmental conditions (Koo et al. 2014) by means of operationality of
the turbine by using hydrodynamic software package AQWA (ANSYS 2016). Additionally, a
special analysis case of sudden shutdown of the turbine has also been considered to study the swift
modification of platform responses and tension in the mooring cables.

2. Numerical modeling of a FOWT
2.1 Rigid body motion

For describing the motion behavior of the FOWT, a body-fixed reference axis was considered
with its origin at the center of gravity and initially, it was parallel to the global reference axis,
where the still water surface signifies the x-y plane while the z-axis points vertically upwards. In a
time domain dynamic analysis of structure, a convolution integral form of the equation was used to
account for the frequency dependent added mass matrix and damping matrix. The equation of
motion as given in AQWA (ANSYS 2016) in wave frequency with slow drift may be represented
as

{M+A(e0)} X(t) +CX(t) + KX(t) + jh(t D)X(0)0T =F, 4+ Furo + Froer 1)
Here, M is the system mass matrix consisting of the mass component of the system and A( )is
the added mass matrix component in infinite frequency; c is the linear frequency independent
damping matrix, K is the system stiffness matrix consisting of the contributions from the
hydrostatic stiffness, X is the displacement vector, X is the velocity vector while X is the
acceleration vector Fpyq includes the first order and second order wave excitation forces. Fer iS
the aerodynamic forces. Fnoor IS the mooring dynamic force. Here, h(z) is the acceleration
impulse function computed by the transform of the frequency-dependent added-mass matrix A( @)
or hydrodynamic damping matrix C(w) in wave frequency @ is represented as given in AQWA
(ANSYS 16)

h(r) =< j[C( )5'”(“’0} :ET{A(a))—A(oo)}cos(a;t)dw
o (2)
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Fig. 1 Schematic diagram of FOWT under aerodynamic thrust

2.2 Hydrodynamic model

Hydrodynamic loading on a floating body is primarily caused by the kinematics of water
particles in waves, resulting motions of the floater, and finally the interaction of structure and
incident waves (Faltinsen 1990). Linear potential theory describes the water particle kinematics in
terms of the incident wave potential as

1,9 coshk(h+2z) . B
#(X,z2,t) = cosh(kh) sin(kx — wt) "

Here, @/ is the wave frequency, k is the wave number, 7, is the wave amplitude, h is the

depth of water and g is the acceleration due to gravity.

Knowing the incident wave potential, a boundary element method was used to obtain the
scattered wave potential. The large body surface was discretized into a number of diffracting and
non-diffracting panels by AQWA (ANSYS 2016). These panels must not cut the mean water
surface. All the panels not involved directly in the wave force calculation were referred to as
non-diffracting panels. Thereafter, the wave forces were computed by integrating the pressures on
the panel surfaces. Pressure distribution on the panels was obtained from linear Bernoulli equation
considering both the incident and scattered wave potentials.

The platform motion has generated waves which exert a radiated force on the structure.
Considering an appropriate body surface boundary condition a pressure field was generated.
Integrating the pressure fields for six DOFs, a 6x6 radiated force matrix was obtained. One
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component of this radiated force matrix is in phase with a velocity of the FOWT and acts as a
damping term while another component which is in phase with the acceleration of the FOWT acts
as an added mass term.

Apart from these, the structure is also subjected to second order difference frequency wave
forces which are computed using a bi-chromatic diffraction theory. Quadratic Transfer Functions
(QTFs) (Kim and Yue 1990) are generated for each pair of individual wave frequencies and a QTF
matrix is obtained. Second order difference frequency load is calculated, for each pair of wave
frequencies, as the product of incident wave heights and corresponding QTF component. The total
load is obtained by summing over forces due to all such combination of frequencies. In the
meantime, when a full calculation of QTF matrix is carried out, pressure on the wetted hull of the
floating structure is integrated directly, correctly up to the second-order. All quadratic terms of the
relevant boundary conditions are kept in a perturbation series.

Agwa (ANSYS 2016) is unable to consider the wave viscous effect in a robust way. Although,
an additional damping matrix was provided to delineate this effect. Viscous drag was taken into
account by linearization and divided into constant force and damping, based on the equal energy
dissipation between exact time domain analysis and linearized hull drag frequency domain
analysis (Wang et al. 2017). After linearization, it can be integrated into Eq. (1) by panel method
for larger hull and morison drag for column and braces. For the DeepCwind floating foundation,
Robertson et al. (2014) presented the drag coefficients of different structures.

2.3 Aerodynamic model

Apart from the wind-induced wave, the wind itself makes an influential impact on motions of
an FOWT system which has a significant wind exposed area above the water. In the present study,
a unidirectional turbulent wind was acting in the same direction with the wave on the FOWT
system. To realize the stochastic behaviour of the wind, an external tool TurbSim (Jonkman and
Kilcher 2012) was used through which a time history of wind speed was generated. The turbulent
wind speed is depending upon the specified turbulence intensity (0.1), a power spectral density of
turbulence (Kaimal spectrum (Kaimal et al. 1972)) and a hub height mean wind speed. The
analytical formulation of that IEC Kaimal model was referred from National Renewable Energy
Laboratory (NREL) technical report by Jonkman and Kilcher (2012). The non-dimensional
velocity component power spectrum S, of IEC Kamial spectrum is given (Manwell et al. 2010,

IEC-61400-3, 2009)
S.(f) 4L /U

2

o’ (L+61L, /uy,)"

(4)
Here f is the frequency, k is the velocity component in three directions and Ly is the velocity

component integral scale parameter. The wind speed time history graph with mean wind speed
11.5 m/s has been represented in Fig. 5.

2.3.1 Wind drag force

A nonlinear direct wind load, due to wind drag force and moment can be expressed in terms of
a wind drag coefficient Cp and relative velocity term v. Using the averaged diameter (D,) of NREL
tower the drag force acting on the tower of height (H) is computed as follows:
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1

Fo =5 Copu(D.H)V|Y] ()
Agwa (ANSYS 2016) is based on potential theory and the drag coefficient Cp is obtained by
means of experimental or Computational Fluid Dynamic or empirical approach under the condition
of a known relative heading angle and known wind speed which were respectively constant and
dynamic in the analysis. Under the condition of a known relative heading angle () and known
wind speed (u), the force and moment about structure COG in the structure local axis frame are
obtained by means of experimental or CFD or empirical approach, then the drag coefficients C; at

this specific heading angle can be converted by

1
Fy =§CDpa(DaH)v|v| (6)

2.3.2 Aerodynamic thrust force

Under the operating condition of the wind turbine, the rotor extracts kinetic energy of wind
thereby decreasing the velocity of incoming airflow. To decrease the velocity of air the rotor exerts a
force on the air and as a result, it itself experiences an equal and opposite thrust force in the
downwind direction. The variation of thrust force with absolute wind speed for NREL 5SMW turbine
is shown in Fig. 7. In this paper, a time series of thrust force at hub level has been obtained from the
turbulent wind speed data through a MATLAB code. This pre-calculated dynamic thrust force has
been incorporated into the equation of motion as an external force, which was acting at a local
reference system.

2.3.3 Gyroscopic moment

Apart from the thrust force, a gyroscopic moment also acts on the wind turbine while it is
operating. The gyroscopic moment can be termed as rigid body-coupling between the turbine and
floating platform. It arises because the rotating turbine is placed on a non-inertial floating
foundation, which moves with respect to the inertial, earth-fixed, reference frame. Here, an
additional frequency-independent damping matrix was considered to incorporate the gyro effect into
the equation of motion of FOWT system and the damping values arising due to the gyro effect was
obtained from the work of Tomasicchio et al. (2012).
Throughout the time analysis, the additional damping matrix acted in a global direction, was
responsible for the yaw coupling with the pitch motion of the floating platform. This in part reflects
the coupling effect between the floating foundation and wind turbine. Although, it was observed
from previous study of Wang et al. (2017), that gyroscopic moments did not create any significant
effect on responses for this type of semisubmersible platform. If I is the moment of inertia of rotor

about surge axis, o, is the rotational velocity of rotor and Q s the rotational velocity vector of

the system the gyroscopic moment generated may be expressed as
9 _

M?® =1Qaw, )

The gyroscopic force vector is then written as

F?=(0,0,0,M?,M{,M¢) ®)
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2.4 Mooring dynamics model

As mooring lines are slender structures the mooring loads were not computed by diffraction
theory. Thus, often a semi-empirical Morison equation was used which describes the load per unit
length of cable as a sum of a drag term and an inertia term given as

1 D? . D’ .
dFm :_prdD ur ur +pwcm z uw_pw z (Cm _1)um (9)
2 4 4
ur = uw —_ um (10)

Here p,, is the density of water, Cy is the drag coefficient, Cy is the inertia coefficient, D is the
diameter of mooring line, u, and u, are the transverse directional relative acceleration and the
relative velocity between water particle velocity (u,,) and mooring body velocity (u,, )respectively.

The forces on cable depend on the inertia and drag coefficients which were obtained either from lab
experiments or from field tests and are dependent on the Keulegen Carpenter number and Reynold’s
number of the flow. Cable motion analysis was carried out including drag forces, elastic line tension,
and bending moment coefficient. The motion of FOWT system under the action of irregular wave
and the turbulent wind was also accounted for during the determination of forces on each cable
element, thus providing a coupled solution.

2.5 FOWT model and properties

The semisubmersible model for the present study was referred from the OC4 DeepCwind
project. The geometrical details of the model are shown in Figs. 2(a) and 2(b) whereas Table 1
shows the platform properties, supporting the wind turbine. The NREL 5MW Baseline was the
reference turbine for which the properties were referred from Jonkman (2009). The model has been
created in Design Modeler and imported into the Hydrodynamic Diffraction module of AQWA
(ANSYS 2016) for analysis.

A 3D Panel discretization method (ANSYS 16.0) was used to discretize the platform body
surface into a number of diffracting and non-diffracting panels. In carrying out meshing, the
structure was divided into 9451 panels out of which 5727 panels were diffracting. The structure was
considered as rigid and hence the flexible modes of the tower were neglected. The motions of the
turbine-platform system were defined in terms of the displacement of its centre of gravity
(0,0,-13.46) along the six degrees of freedom while the intersection of the water surface with the
platform centreline served as the origin of the reference axes.

The configuration of mooring cables has been considered relative to the wave and wind
direction as shown in Fig. 3. The mooring lines were modelled as catenary cables according to the
data given in Table 2. Each cable was discretized using Morison elements and dynamics of the
cable has been considered. A three-point Gaussian integration scheme was used for calculating
forces on each element and the total loads were obtained by summation of individual forces and
moments over all elements. Fig. 4 shows the platform-turbine mooring model as designed in
AQWA (ANSYS 2016).
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Fig. 2 (a) Plan and (b) side view of DeepCwind semisubmersible

Fig. 3 The configuration of mooring cables
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Table 1 Physical properties of DeepCwind semisubmersible

449

Structural parameter Values

Draft 20m

Platform mass, including ballast 1.3473 E+07 kg
CM location below SWL 13.46 m

Platform roll inertia about CM
Platform pitch inertia about CM
Platform yaw inertia about CM

6.827 E+09 kg-m~2
6.827 E+09 kg-m~2
1.226 E+10 kg-m”2

Table 2 Mooring line properties

Number of mooring lines 3

Angel between Adjacent Lines 120 degrees
Depth to Anchors Below SWL 200 m
Depth to Fairleads Below SWL 14m
Radius to Anchors from Platform Centerline 837.6 m
Radius to Fairleads from Platform Centerline 40.868 m
Un-stretched Mooring Line Length 835.5m
Mooring Line Diameter 0.0766 m
Equivalent Mooring Line Mass Density 113.35 kg/m
Equivalent Mooring Line Mass in Water 108.63 kg/m
Equivalent Mooring Line Extensional Stiffness 753.6 MN
Drag Coefficient for Mooring Lines 1.1
Sectional Added-mass Coefficient for Mooring Lines 1

Fig. 4 FOWT model in AQWA (ANSY'S 2016)
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2.6 External loading parameters

The wind-driven wave parameters were selected based on data measurement in the offshore
Gulf of Maine, mentioned by Koo et al. (2014). The JONSWAP spectrum was used to define the
wave load in the undeveloped sea, on the structure and time input of its elevation (m) is shown in
Fig. 6. Here, wind load was turbulent in nature with turbulence intensity 0.1 and followed Kaimal
spectrum (Kaimal et al. 1972). To account for the operationality of the turbine, two different
environmental conditions (operational and survival) have been considered (Table 3). The
misalignment between wind blowing direction and wave heading direction of flow was ignored.

———input wind time history =~ ——mean wind speed (m/s)

Wind speed (m/s)
Dt el e
N~ 00O O WOy

0 500 1000 1500 2000 2500 3000 3500 4000
Time (s)

Fig. 5 Input wind speed time history (Kaimal spectrum with turbulence intensity 0.1 and mean wind
speed 11.5 m/s

Elevation (m)
L=}

0 500 1000 1500 2000 2500 3000 3500 4000
Time (sec)

Fig. 6 Input wave elevation time history (JONSWAP wave)
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Table 3 Selected wave and wind conditions (Koo et al. 2014)
Irregular JONSWAP

. Turbulent Kaimal
Environmental

condition Sea state spectrum Wind state spectrum
Hs(m) Tr(s) Gamma Mean speed
Operational Moderate 7.1 12.1 2.2 Rated 11.5m/s
Survival Extreme 10.5 14.3 3.0 Cut out 35m/s

Table 4 Comparison of natural periods from present study and Koo et al. (2014)

DOF Present Study (Numerical model) Koo et al. (2014) (Experimental model)
Surge 114.29 107.00

Sway 119.76 112.00
Heave 17.52 17.50

Roll 26.49 26.90

Pitch 26.43 26.80

Yaw 81.10 82.30

3. Validation of model
3.1 Natural periods

Free decay analysis of the structure has been carried out to obtain the natural periods. The
natural periods thus obtained were compared with those reported by the work of Koo et al. (2014),
which was experimental model test, performed at MARIN (Maritime Research Institute
Netherlands) and the wind turbine was a scaled model of the NREL, 5SMW horizontal axis

reference wind turbine supported by a semisubmersible. A good match was observed as shown in
Table 4.
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3.2 Response Amplitude Operators (RAOS)

Figs. 8(a)-8(c) shows the comparison of Response Amplitude Operators (RAOS) obtained from
regular wave test in the surge, heave, and pitch for the present study with those reported by Koo et
al. (2014). The RAOs follow a similar pattern for the two cases thereby validating the present
model. This signifies a good agreement has been made between the model presented in this paper
and the model used in the work of Koo et al. (2014).

Agwa (ANSYS 2016) solves a set of linear algebraic equations to obtain the harmonic response
of the body to regular waves. These response characteristics are commonly referred to as response
amplitude operators (RAOs) and are proportional to wave amplitude. It was assumed that each
structure in a hydrodynamic interaction structure system is purely modeled by panel elements and
freely floating. Hence, RAO was calculated by excluding the viscous effect as well as effect of
mooring stiffness.

4, Results and discussion

In this paper, the coupled dynamic responses of the semisubmersible-type FOWT have been
studied by following four different analyses (Table 5). They are,
Analysis 1: Effect of wind turbulence on responses
Analysis 2: Responses under parked and operating conditions of turbine
Analysis 3: Low Frequency and Wave Frequency responses
Analysis 4: Effect of sudden shutdown of turbine on responses

——Present study ——Koo et al. (2014) (a) ——Present study  =———Koo et al. (2014) (b)
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Fig. 8 RAO comparison. (a) Surge, (b) Heave and (c) Pitch
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Table 5 External loading conditions in different analyses
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Environmental . .
Analyses L Seastate  Nature of wave  Wind speed  Nature of wind
conditions
. . Turbulent
Analysis 1 Operational Moderate Irregular Rated
Constant
. Operational Moderate Rated
Analysis 2 . Irregular Turbulent
Survival Extreme Cut-out
. Operational Moderate Rated
Analysis 3 perat Irregular Turbulent
Survival Extreme Cut-out
Analysis 4 Sudden Shutdown Moderate Irregular Rated Turbulent
e (@) ! (b)
14 6
g o £
g o 4
B g
a ¢ £,
4 b 2
N 1
. = I , [ | -
- Mean Std. dev. Maximum = Minimum h Mean Std. dev. Maximum  Minimum
mturbulent wind 8315 1.349 12482 4.287 m turbulent wind 3426 0973 6.327 0.557
constant wind 9239 1.145 13.407 6.143 constant wind 3934 0.537 5.255 2207
mturbulent wind constant wind m turbulent wind constant wind
o ©
z i
& 2
)
Ll ) Mean Std. dev Maximum = Minimum
mturbulent wind 1430648 139092 2018179 956933
constant wind 1514950 135689 2123896 987135
m turbulent wind constant wind

Fig. 9 Analysis 1: Statistical estimation of (a) surge responses, (b) pitch responses and (c) tensions in
cable 1, under turbulent and constant wind load

4.1 Analysis 1: Effect of wind turbulence on responses

To investigate the effect of wind turbulence on the responses of the system, a constant wind
analysis has been performed at the rated wind speed 11.5 m/s for the given wind turbine under
operational condition. Figs. 9(a)-9(c) shows the mean, standard deviation, the maximum and
minimum value of surge, pitch and cable 1 tension under the turbulent and constant wind
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conditions. It was seen that neglecting the wind turbulence in analysis leads to an overestimation
of the mean responses in surge and pitch as well as the mean tension in cable 1. This was because
while carrying out constant wind analysis the wind speed is chosen is that for which the turbine
experiences maximum thrust force. In reality, the mean of the dynamic thrust acting on the turbine
was much lower (about 12.75%) than this value. Significantly, the standard deviations of responses
were lesser by 15% in the surge and 45% in pitch when the wind turbulence was not accounted for
in the analysis. Thus, for a more accurate and realistic prediction of the system responses, it is
necessary to include the wind turbulence in the analysis of FOWTSs.

4.2 Analysis 2: Responses under operational and survival conditions of turbine

The time histories of the surge, pitch responses, and tension in mooring line 1 under operational
and survival conditions are presented in Figs. 10(a)-10(c). The mean offset in surge increases from
0.583 m in survival condition to 8.315 m in operational condition. Simultaneously, the mean offset
in pitch increases from -0.058 degree to 3.427 degrees (Table 6). Yaw response does not assume
significant values for either analysis case, although a slight increase in yaw is observed in
operating condition due the effect of gyro-moment. The tension in line 1 has a mean value of 915
kN under survival condition which increases to 1430 kN under operational condition. Hence, the
aerodynamic thrust force has produced significant mean offsets to the motions of the FOWT in all
directions as well as upsurges the tension in the cable.

—Operational — Survival

@ —Operational —Survival (b)
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Fig. 10 Analysis 2: Time history of actual responses of FOWT under operational and survival conditions.
(a) surge, (b) pitch and (c) tension in cable 1
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Table 6 Statistical characteristics of motion responses under operational and survival conditions

Item Characteristics Operational Survival
Mean 8.315 0.583

STD 1.350 2.445

Surge (m)

Max 12.500 10.600

Min 4.290 -6.050

Mean 3.427 -0.058

Pitch (degree) STD 0.973 0.693
Max 6.328 2.110

Min 0.557 -2.252

Mean 1430648 915588

Tension in Cable 1 STD 139092 160432
(N) Max 2018180 2282501

Min 956934 140036

Whereas, the standard deviations of tension in cable 1 and surge responses seem to be increased in
survival condition and more flattered responses are observed in operational condition. This is
because of the extreme sea wave was acting in the surge direction. In the tested condition, the
maximum pitch response reaches to value of 6.328 degrees, which is closer to the accepted limit of
10 degrees (Collu and Borg 2016). The pitch response is an important consideration since many of
the turbine subsystems such as gearbox, bearing, generator etc. are designed to operate close to the
upright condition of the turbine.

4.3 Analysis 3: Low frequency and wave frequency responses

The low-frequency subtype values were obtained by filtering the actual response with a filter
which had a cut-off frequency; here 50 spectral lines were used in AQWA (ANSYS 2016). The
wave frequency response is that which remains when the low-frequency response is subtracted
from the actual response. Low Frequency and Wave Frequency surge and pitch responses under
operational and survival conditions of the wind turbine were obtained in the time domain (Figs.
11(a)-11(d)). It was seen that the aerodynamic loads acting in the operational condition, the
Low-Frequency surge and pitch responses causing a mean offset whereas the Wave Frequency
responses are not much affected. As seen in Section 4.2, in operational condition, both the surge
and pitch responses show an increased offset, which is due to the mean excitation of the structure.
However, the Wave Frequency excitation in operational condition leads to an increased standard
deviation of response in only the pitch degree of freedom while surge remains unaffected.

4.4 Analysis 4: Effect of sudden shutdown of turbine on responses

Failure of the components of the transmission chain of the turbine such as the hub, shaft, shaft
bearing, gearbox, and generator may cause a sudden shutdown of the turbine. Such an occurrence
may have a unique impact on the platform responses due to sudden transition from operating to the
idle state of the turbine.
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Fig. 11 Analysis 3: Comparison of (a) Low Frequency and (b) Wave Frequency surge responses and
comparison of (c) Low Frequency and (d) Wave Frequency pitch responses, under operational and
survival conditions
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Fig. 12 Analysis 4: Time history of responses to special analysis case of sudden shutdown: (a) surge, (b)
pitch and (c) tension in cable 1
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The time histories of the surge, pitch and cable 1 tension in a sudden shutdown condition are
shown in Figs. 12(a)-12(c). For this study, the sudden shutdown was considered to occur at the
2000s. It is observed that just after shutdown the Low-Frequency response dominates and
maximum displacement was found in surge and pitch direction. During the transition, the system
undergoes a global modification, which creates a transient motion, before going to new stationary
states (different from the starting one). As a result, the transitory motion tends to mask the
oscillatory motions induced by the existing excitations, because the transient motion is quite large
compared with oscillations induced by environmental factors. The system motion in pitch direction
attains stationary state in about 300s from shutdown whereas the motion in surge direction and
cable tension reach this state much later at about the 2600s mark. This might be due to the fact that
cable tension is significantly affected by surge motion. Significantly, a sudden drop in cable
tension is also observed in such a circumstance.

5. Conclusions

In this paper, the dynamic responses of a semisubmersible-type FOWT have been analysed
under the action of irregular wave and variable speed wind. The turbine aerodynamics has been
incorporated into the analysis by means of a horizontal thrust force and a gyroscopic moment. The
responses of the platform-turbine system have been studied in the time domain, under the
operational and survival conditions. The effect of wind turbulence on the responses of the FOWT
has been highlighted. Also, a special analysis case of sudden shutdown of the turbine has been
studied. The major findings of this study are-

e Neglecting the wind turbulence, while calculating aerodynamic loads on the turbi
ne, results in an overestimation of surge and pitch responses of the FOWT by 1
5% and 45% respectively.

e The FOWT responses are markedly different under the operational and survival ¢
onditions. In the tested condition, the maximum pitch response reaches the value
of 6.328 degrees, which is closer to the accepted limit of 10 degrees (Collu an
d Borg 2016).

e In operational condition, both the surge and pitch responses show an increased o
ffset, which is due to the mean excitation of the floater.

o If a sudden shutdown of the turbine occurs, a transition period is observed in su
rge and pitch responses, which is characterized by the mean excitation motion of
the floater. The floater attains stationary in pitch much faster than in surge in
case of such an occurrence.

The findings of this study emphasize the necessity of incorporating the turbulence of wind while
considering the aerodynamic load in the analysis of integrated aero-hydro coupled analysis for a
semisubmersible type FOWT. However, the additional platform pitch motion caused by the blade
pitch control is not implemented here and the platform pitch motion can be underestimated in the
operational condition (Kim et al. 2018). Also, the entire structure has been considered as rigid and
hence the bending modes of the tower have been neglected. Thus, this study may be extended in
the future to include the flexibility of tower and additional platform pitch motion in the response
analysis.
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