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As a complex multi degree of freedom coupling system, floating offshore wind
turbine usually works in complex and changeable marine environment. The
research of floating offshore wind turbine often needs to consider the coupling
effect of wind, wave and current at the same time. Under the action of wind and
wave load, floating offshore wind turbine will produce a large motion response.
Generally, the surge motion and pitch motion are the most obvious aspects, and
their motion amplitude is also the largest, and large-scale motion of the floating
platform will directly affect the relative velocity of the wind loaded flow.
Therefore, the surge motion and pitch motion usually have the most
obvious impact on the aerodynamic load of wind turbine. In this paper, the
motion characteristics and aeroelastic responses of the DTU-10MW semi-
floating offshore wind turbine under coupling action of wind and wave are
simulated. The motion characteristics and aeroelastic responses of floating
offshore wind turbine are calculated under different wind and wave
combination conditions, and the influence law of wind and wave action are
summarized. The results show that wind load affects the mean value of motion
of the floating offshore wind turbine, and wave load affects the amplitude of
motion; Finally, the dynamic response of the wind turbine with the included
angle of the wind and wave load is discussed and analyzed, and the influence of
the incident angle of the wind wave on the motion response of the floating
offshore wind turbine is analyzed.
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Introduction

Under the background of social sustainable development, the
development and utilization of offshore wind power reflect the
constraint balance among resources and environment and
economic development, and has become the mainstream
direction of international renewable energy development.
Marine wind power does not need to occupy limited land
resources, no working noise and environmental pollution. In a
large area of sea far from the coastline, the wind power is stable
and strong, and the wind energy conversion efficiency is high,
which has obvious advantages compared with land wind power
(Cao, 2009; Gaumond, et al., 2014; Huijs, et al., 2014; Lo, 2014).

Offshore wind power airports are usually set far away from
the coastline and generally in the deep-water area of 100 ~ 200 m.
In order to effectively control cost, the installation of wind
turbines adopts floating platforms. Compared with fixed wind
turbines, floating foundation of floating wind turbines has a
certain range of movement under the action of marine
environmental loads. The wind turbines are located at an
altitude of nearly 100 m from the sea surface, and the slight
movement of floating foundation can cause significant changes in
the attitude of wind turbines. It affects the system efficiency and
puts forward high requirements for the design of fan floating
body, transmission and control system.

With the help of the design and analysis technology of large-
scale offshore platform, the selection and optimization of floating
body in floating offshore wind turbine system, the design of
mooring system and the coupling hydrodynamic response
analysis of them have a certain foundation (Shi et al., 2018;
Zheng et al,, 2018). However, due to the difference between
hydrodynamic and aerodynamic calculation and analysis
technology, some studies ignore the upper turbine load and
do not take into account the dynamic response characteristics
of wind load; The other part simplifies the load of upper wind
turbine as a constant or considers the floating body as fixed when
calculating the aerodynamics load. Without considering the real-
time spatial position and dynamic characteristics of the structure.
(Jonkman and Matha. 2011) used FAST to analyze the
hydrodynamic forces of the three types of platforms
(2013) designed the floating
foundation of a 600 kW fan working in 60 m water depth.

mentioned. Zhang et al

The random wave environment suitable for semi-submersible
floating body is verified by SESAM. (Latha and Vengatesan.
2013) conducted model test on the hydrodynamic response of a
stepped cylindrical (spar) platform wind turbine, and completed
numerical prediction by Orcaflex. (Madjid et al., 2011; Madjid,
2013) used two analysis methods to conduct time-domain
dynamic simulation and model test for a spar fan moored
with single tension bar.

To sum up, each component system of offshore wind turbine
integrates the multi domain dynamic coupling analysis
technology between water, air and structure. Based on the
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relevant theories of floating platform, it is a feasible method
to calculate and analyze the motion characteristics of floating
offshore wind turbine system under wind and wave load by using
the existing hydrodynamic analysis method of floating body and
the aerodynamic load program of wind turbine. In this paper,
FAST code (Wind nrel, 2003) is used to analyze and calculate the
motion and aeroelastic response of floating offshore wind
turbine, in which BEM (Blade Element Momentum) is used
to calculate the aerodynamics load and the potential flow method
is used to calculate the motion of floating platform.

Theoretical model
Blade-element momentum theory

The basic idea of the blade element theory is to simplify the
wind turbine blade into a number of blade elements with the
length of dr along the spreading direction. It is assumed that
there is no interaction between each segment of the blade element
and that the force acting on the blade element is only directly
related to the inflow momentum in the sweep ring of the blade
element. Inflow through the adjacent blade element ring does not
induce it. In this way, the force on the whole blade can be
approximated by the force along the span integral of the two-
dimensional airfoil on each blade element. Blade element
momentum theory is based on blade element aerodynamic
theory and momentum conservation principle. Velocity
triangles and force vectors of leaf elements are shown in Figure 1.

In Figure 1, D is the drag force; L is lift force; v, (1 — a) is the
axial velocity; Qr (1 +a’) is the tangential velocity; r is the span
location of the blade element; v, is the distant wind speed
upstream of the wind wheel; 2 is the angular velocity of the wind
wheel; a is axial inducible factor; a’ is tangential inducible factor;
« is angle of attack; f3 is torsion angle; ¢ is inflow angle.

Axial induced factor a and tangential induced factor a’
respectively defined by the following formula:

Av vy -V
a=—=

1

Voo Voo
' Ve

a= 2_!)1‘ (2)

where v is the wind speed before the wind wheel, and v, is the
tangential velocity of the airflow at the wind wheel.
The axial induced velocity of the airflow is as follow:

Vi =V (l—a) (3)

The tangential induced velocity of the airflow is as follows:
v = Qr(l + a') (4)

The relative velocity of airflow synthesis is as follows:

W=\ = \/Vio(l —a)’ + (1+d) (r) ()
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FIGURE 1
Blade element velocity triangles and force vector diagrams.

The inflow angle of airflow is as follows:

voo(l _a)

W+ a)or ©

¢ = arctan|

According to the conservation of energy and momentum, the
thrust and torque received by the wind wheel are shown as
follows:

™
®)
Based on the blade element theory, the thrust and torque of the

dF = 4npv2 a(1 - a)rdr
dM = 4npQv, (1 — a)a'r’dr
wind wheel are respectively shown as follows:

1
dF = N (Lcosg + Dsing) = EpWZNc (Cpcosg + Cp sing)dr
&)

dM = N (Lsing — Dcosg)r

%pWZNc(CL sing — Cp cos @)rdr (10)
Equations 7, 9 respectively represent the thrust of the wind wheel
derived from momentum conservation and blade element theory.
Equations 8, 10 respectively represent the torque of the wind
wheel derived from momentum conservation and blade element
theory. Equations 7, 9 are established simultaneously, and then
Equations 8, 10 are established concurrently. In this way, the
relationship between axial inducible factor and tangential
inducible factor and blade chord length and inflow angle can
be obtained:

a &CLcosgo+CDsingo
l1-a 8nar (sinq))z

(11)

Frontiers in Environmental Science

03

<
<€ T

T va= V(1 —a)

a Nc Cpsing —Cpcos¢
R i DRk (12)
1+a 8nr SinQcos@

where C; is the lift coefficient of airfoil, Cp, is the drag coefficient
of airfoil, which can be generally obtained by referring to the
airfoil data table.

When evaluating, first initialize a and a', we assume that a =
a’ = 0; Then, the inflow angle ¢ is calculated according to
the Eq. 6.

After obtaining the inflow angle, the airfoil’s angle of attack
can be determined by the following formula:

a=¢-f (13)

Further, lift coefficient C; and drag coefficient Cp, are obtained by
referring to airfoil data table. Then a and a' are obtained by Eqs
11, 12, and repeat the above steps until a and a’ are convergent.
Finally, the final calculated a and a’ can be substituted into Eqs 9,
10 to calculate the aerodynamic loads of the blade.

Potential flow method

Basic assumptions: 1) the floating platform is a rigid body
and its elastic deformation is ignored; 2) The waves acting on the
floating foundation are micro amplitude waves, and the
nonlinear effects such as wave breaking, shallow water effect;
3) The floating foundation makes micro amplitude simple
harmonic vibration near its equilibrium position, which
simplifies the force and motion of the floating foundation
under the action of waves into a linear problem, which is
applicable to the superposition principle (Merz, et al., 2009

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.965334

Wang et al.

Pu et al., 2012; Ning, et al,, 2018; Yu et al., 2020; Ma et al., 2022;
Yu et al, 2022). Considering only the first-order velocity
potential, the frequency domain motion equation of floating
platform under the action of inertia force, damping force,
hydrostatic restoring force, mooring system restoring force
and first-order wave force is established according to the
principle of dynamic force balance:

{-@’[M+A(w)+io[B(w), +B,]|+C+C.|}X (x,p)=F (w,B)
(14)

where w is the frequency of incident wave; M is the inertia matrix
of floating foundation; A(w) is the additional mass matrix related
i Blw)p is the
frequency dependent potential flow damping matrix; B, is the

to frequency is composed of additional mass A

linear damping matrix related to fluid viscosity; C is hydrostatic
restoring stiffness matrix; C, restoring stiffness matrix of
mooring system; 3 is the propagation direction of incident
wave; X (x, ) is the motion matrix of floating foundation; F
(w, PB) is the wave excitation force matrix, which is composed of
wave excitation force acting on large-scale structure and inertial
force and drag force acting on small-scale structure; i is an
imaginary number unit, which satisfies i = —1.

For various marine engineering structures, the wave loads
they are subjected to can be classified as drag force, inertia force
and diffraction force. For different structures, the proportion of
various wave-induced load components is different, so the wave
load should be calculated reasonably according to the structure
size. When calculating the wave loads acting on the floating
platform, since the platform of floating offshore wind turbine is
usually a combination of two scales, such as large-scale buoy and
small-scale circular pipe, this paper combines Morison equation
and potential flow theory to calculate the wave loads on the
floating platform. For smaller structures (diameter is generally
less than 1/5 of wave wavelength), the existence of structures has
no significant influence on wave motion. The main effects of
waves on structures are viscous effect and additional mass effect.
In this case, the Morison equation can be used to calculate the
wave forces. The transverse wave load dF;" per unit length is:

dF; = pAu +pAC,,(u - fj) + %pDCd‘u - £j|<u - Ej) (15)

where pAui is Froude-Krylov force; % pDCylu — E il (u- f ;) is the
drag force; and pAC,, (1 —¢& ;) is the added mass force; p is the
density of seawater; A is the cross-sectional area of slender
structure; u and u are the velocity and acceleration of wave
particles respectively; D is the diameter of slender structure; 3 j
and &; are the velocity and acceleration of the floating foundation
in the j direction respectively; C,, and C,; are added mass
coefficient and drag coefficient respectively.

For the wave load of large-scale structures (the diameter is
generally greater than 1/5 of the wavelength), the potential flow
theory is usually used to calculate the velocity potential. In the
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basin where the floating platform is located, the velocity potential
consists of three parts consists of three parts: undisturbed
incident velocity potential ¢, diffraction velocity potential of
the floating platform ¢, and radiation velocity potential ¢; which
is caused by the movement of the floating platform, that is:
6

f=1f,+fq +j§1fj (16)
The fluid in the basin near the ocean structure is an ideal fluid,
then the problem of solving the velocity potential of wave field
can be simplified to solving the Laplace equation with
corresponding fluid boundary conditions. The wave field
calculation of irregular structures in offshore engineering
needs to be realized by numerical method. Usually, the
boundary element method is used to calculate the linear wave
frequency response of large-scale structures in regular waves. The
specific calculation process is as follows (Qu, et al., 2013): 1) the
wet surface of the platform is divided into several grids to form
several panel elements. Based on the source sink distribution
method, it is assumed that the surface sources with equal strength
are distributed on each panel element; 2) Combined with Laplace
equation and the boundary conditions of radiation potential and
diffraction potential, the intensity of surface source is solved; 3)
The intensity of the surface source is integrated along the wet
surface grid to calculate the radiation potential and diffraction

potential respectively, so as to determine the velocity potential in
the flow field.

Reference data of OO-Star wind floater
semi DTU-10MW

The model used in this paper is OO-Star Wind Floater Semi
DTU-10MW ( 2016). The upper part of this floating wind
turbine model is a DTU-10MW wind turbine model, which is
a reference wind turbine model designed by the Technical
University of Denmark in 2013. On the other hand, the OO-
STAR semi-submersible platform is used in the lower part of the
floating wind turbine model. The OO-Star Wind Floater Semi
DTU-10MW floating offshore wind turbine model is shown in
Figure 2 below.

The DTU 10-MW wind turbine is a conventional three-blade
upwind variable-speed variable-blade-pitch-to-feather-
c*ontrolled turbine. Its rotor diameter is about 178.4 m and
the hub height is nearly 119 m. The rated wind speed is
11.4m/s. Under the rated wind speed, the rotor speed is
9.6 rpm and the power is 10 MW.

The blades are separated into 38 blade elements and the
structure of the blades used in BEM can refer to Wandji et al.
(2016). Additionally, the radius of the tower top is 5.5 m and the
radius of the tower bottom is 8.3 m, which is linearly distributed
along the tower.
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Mooring line 2
Wind Wheel

C

Mooring line 1

(\ Platform

Mooring line 3

Geometry of OO-Star Wind Floater Semi DTU-10MW and mooring system: (A) geometry model; (B) mooring system.

TABLE 1 Properties of DTU -10 MW wind turbine and OO-Star Semi
floating substructure.

Parameters Value
Number of blades (-) 3

Rated power (MW) 10

Rotor diameter (m) 178.4

Hub height (m) 119

Rated wind speed (m/s) 11.4

Rated speed (rpm) 9.6

Overall substructure mass (kg) 2.1709%x107
Centre of Mass (CM) below MSL (m) 15.225
Substructure roll inertia about CM (kg m?) 9.43x10°
Substructure pitch inertia about CM (kg m?) 9.43x10°
Substructure yaw inertia about CM (kg m?) 1.63x10"°
Tower base interface above MSL (m) 11.0
Displaced water volume (m?) 2.3509x10*
Centre of buoyancy below MSL (m) 14.236
Anchor position below MSL (m) 130
Equivalent weight per length in water (N/m) 3200.6
Extensional stiffness EA (N) 1.506x10°

The OO-Star Semi Floating Substructure is a semi-
submersible platform consisting of a star-shaped base buoy
that connects a central column and three outer columns. All
pillars have a cylindrical upper part and a tapered lower part. The
distance between the central column and the outer column is
37 m. The horizontal buoy element connecting the columns is
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16 m wide and 7m high. The total mass of the platform,
including ballast, is 21,709 tons.

The mooring system of DTU-10MW semi-submersible
floating wind turbine is composed of three mooring lines,
each of which is distributed centrally at a horizontal angle of
120°. The properties of the DTU-10MW model, structural
attributes of the platform and specific mooring system
parameters are shown in Table 1.

Model validation
Thrust and power

To examine the accuracy of different wind speeds, the thrust
and power are computed and compared with the value computed
by CFD method and HWACStab2 code (Wandji, et al., 2016),
which are shown in Figure 3. The results agree with CFD and
HWACStab2 code excellently for the wind speeds from 5 m/s to
25m/s. In this verification part, the degree of freedom of
platform movement is turned off to ensure that the influence
caused by platform movement is excluded.

Free decays

The free decays of OO-Star semi-submersible platform
model are carried out to verify the model. An initial
displacement is given for each degree of freedom (DOF) of
the floating offshore wind turbine system, and then it is allowed

frontiersin.org
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FIGURE 3

The thrust and power under different wind speeds: (A) thrust; (B) power.

to decay freely to the equilibrium position. An initial
displacement of 15m is given for the surge and heave
motions, and an initial deflection angle of 10° is given for
pitch and yaw motions. In the free decays simulation process
of the floating offshore wind turbine system, the wind turbine is
always in the shutdown condition with no incoming wind
and wave.

The free decays of the floating offshore wind turbine system
are numerically simulated by using FAST code, and the time
series responses of the platform movement are obtained, and they
are shown in the Figure 4. The natural frequencies of each degree
of freedom are obtained by Fourier transform of the time series
response.

The natural frequencies obtained are compared with the
reference value in the report of DTU (Wandji, et al., 2016) in
Table 2. The errors are all smaller than 2% which means the
results are in good agreement with the reference data.

Frontiers in Environmental Science

Motion characteristics and aero-
elastic responses of DTU-10MW
FOWT

In this section, the motion characteristics and aeroelastic
responses of the DTU-10MW Turbine under the action of wind
and wave coupling are studied. By comparing with the output
power and thrust of the fix wind turbine, the influence of the
floating platform motions on the aeroelastic response of the
upper turbine is analysed. The motion characteristics and elastic
response of the floating offshore wind turbine are calculated
under different wind and wave combination conditions, and the
effects of wind and wave are summarized. Finally, the dynamic
response of the floating offshore wind turbine with the wind-
wave Misalignment is discussed and analysed, and the effect of
the incident angle of wave on the motion responses of the floating
wind turbine is analysed.
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FIGURE 4
The free decay of the OO-Star platform: (A) Surge; (B) Heave; (C) pitch; (D) Yaw.
TABLE 2 The natural frequencies of the free decays.
Surge (m) Heave (m) Pitch (deg) Yaw (deg)
Calculated values 0.0053 0.0476 0.0314 0.0096
Reference values 0.0054 0.0478 0.0316 0.0097
error 1.296% 0.418% 0.633% 0.412%
TABLE 3 The list of the cases.
Case Wave Wind
Wave form Period (s) Wave height (m) Wind speed (m/s)
DLC 1 Still Water — — 5
DLC 2 Still Water — — 8
DLC 3 Still Water — — 11.4
DLC 4 Regular Wave 10 4 114
DLC 5 Regular Wave 10 5 11.4
DLC 6 Regular Wave 12 4 114
DLC 7 Irregular Wave 10 4 114
Frontiers in Environmental Science 07
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FIGURE 6

Motions of the platform under the regular wave: (A) Surge; (B) Sway

The coupling effect of wind and wave on offshore floating
wind turbine in actual operation is mainly considered. The
motion characteristics and aeroelastic response of the fan
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; (C) Heave; (D) Roll; (E) pitch; (F) Yaw.

under the coupling action of wind and wave are studied by

selecting the combined wind and wave loads with different

parameter characteristics. As shown in Table 3, uniform wind
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load is selected for wind load; as for hydrostatic load, regular
wave load and irregular wave load are selected for wave load, and
JONSWAP spectrum is selected for irregular wave. DLC1 ~
DLC3 (Design Load Case) conditions are selected to study the
effect of wind speed on the motion characteristics and the
aeroelastic response of blades under still water hydrostatic
load. DLC4 ~ DLC6 are selected to study the effect of
different significant wave heights and wave cycles on the
motion characteristics of the turbine under regular waves.
DLC7 is selected to study the motion response and
aerodynamic load characteristics of floating wind turbine
under irregular wave, and the effect of wave load form is
analysed by comparing with the motion response of the wind
turbine under the regular wave.

Compared with the onshore wind turbine, the floating
offshore wind turbine is larger in size which means it needs
to bear greater aerodynamic load during operation. What’s more
is that the complex aerodynamic loads acting on the wind wheel
will have a great impact on the motion of the floating platform,
which in turn will affect the relative inflow conditions of the
upper turbine. Therefore, the motion response calculation of the
floating offshore wind turbine is very challenging. All calculation
examples in this section adopt the elastic model, that is, the
aeroelastic responses of the wind turbine are considered, and the
six degrees of freedom of the platform are considered in the
simulation of the floating offshore wind turbine.

Effect of the wind load
Motion characteristic

In this section, the corresponding platform motions under
different wind speed conditions are calculated, and then the
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influence of different wind speeds on the motion response of the
whole floating wind turbine under hydrostatic load is obtained.
The following Figures 5A-F show the time history curve of the
six DOFs motion of the floating platform under different wind
speeds, in which the wind speeds are set as 5m/s, 8 m/s and
11.4 m/s respectively.

From the Figure 5, the aerodynamic loads of the turbine make
the platform produce a six DOFs motion response, in which surge
motion and pitch motion are the main motion forms. Under the
action of the aerodynamic thrust generated by the wind wheel, the
platform will produce very obvious surge motion and pitch motion
(see Figures 5A,E); The aerodynamic load and hydrodynamic load
will cause the platform to produce corresponding micro amplitude
roll and sway motion (see Figures 5B,D); Heave motion and yaw
motion are affected by other motions, resulting in coupling response
and fluctuation. Below the rated wind speed, the corresponding
displacement response value of each DOF increases with the
increase of wind speed, and the surge motion is the most
obvious, which indicates that the equilibrium position of each
DOF motion of the platform is obviously affected by the wind
load under the action of uniform wind. In addition, it is worth
noting that with the increase of inflow wind speed, the frequency of
platform surge motion increases, beside the time required for
platform motion to stabilize under the wind speed of 11.4 m/s is
shorter. This is because under the action of wind speed of 11.4 m/s,
the equilibrium position of platform surge displacement is largest,
the tension degree of mooring lines is larger, and the restoring force
provided is larger, which affects the frequency of surge movement.
Because of this, when the wind speed increases, the vertical
component of the tension provided by the mooring lines
increases, resulting in a negative shift in the equilibrium position
of the platform heave.

Aero-elastic response

Figures 5G,H have shown the time history curve of blade tip
deflection under DLC1 ~ DLC3 working conditions which are
consistent with Table 3. As can be seen from the figure that the
vibration dominant frequency of blade tip deflection is consistent
with the rotation frequency of wind turbine, indicating that the
rotation of wind turbine will cause the periodic change of
aerodynamic force and then stimulate the periodic change of
blade elastic deformation response. Besides, it can be seen that
the surge motion of the floating platform will cause
corresponding  low-frequency fluctuation of blade tip
deflection in the range of 0 ~ 1,000 s in Figure 5G, and the
surge motion amplitude of the platform is the largest under the
wind speed of 11.4 m/s, so the corresponding blade tip deflection
fluctuation is also the largest. When the platform motions are
relatively stable, the vibration of blades in the direction of the
flapwise and the edgewise becomes stable, which is the same as
the blades of onshore wind turbine. The inflow wind speed is still
the main factor affecting the mean value of blade vibration, but it
has little influence on the amplitude of vibration.
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FIGURE 8
Motion response and wave height time history curve of floating fan under the irregular wave: (A) Surge; (B) Heave; (C) Pitch.
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Deflections under different regular waves: (A) the time history of the flap deflection; (B) the power spectrum of the flap deflection; (C) the time
history of the edge deflection; (D) the power spectrum of the edge deflection.

Effect of the wave load

Motion characteristic under regular wave

In this section, the simulation and calculation are carried out
for the working conditions of DLC4 ~ DLC6 which have shown
in Table 3. The motion responses of the floating wind turbine
system under the combined action of regular wave and uniform
wind are calculated. The whole simulation time is 2000 s, and
1,000 s ~ 1,050 s of the stable section is taken as the output result.
The six DOFs motions of floating offshore wind turbine system
under corresponding working conditions of DLC4 ~ DLC6 are
given in Figure 6 below.

When the regular wave flows into the front, the motion
response of the floating offshore wind turbine produce surge,
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pitch motion and heave motion caused by the coupling effect.
Because the wave and wind load flow directions are perpendicular
to the rotation plane of the wind turbine, that is, consistent with the
surge direction, the surge motion amplitude response of the
floating offshore wind turbine system is the largest in these
simulations, and the large-scale surge motion of the platform
causes the pitch motion and the heave motion; For the floating
platform, the load is very small in the sway, roll and yaw motion
directions, so the movement is relatively stable. It can be seen from
Figure 6 that after changing the wave conditions, the equilibrium
position of each degree of freedom motion is basically the same,
but the motion amplitude changes significantly.

It can be seen from Figure 6 that under the action of regular
wave and uniform wind, the changes of wave period and
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significant wave height have a great impact on the surge, pitch
and heave motion of the floating offshore wind turbine system.
The amplitude of surge, pitch and heave will increase with the
increase of significant wave height. The increase of wave period
will obviously increase the amplitude of surge motion, and the
amplitude of heave motion will increase accordingly, but it has
little effect on the pitch motion. It can be seen that for the floating
offshore wind turbine system, the wind load mainly determines
the mean value of each degree of freedom motion, while the wave
load mainly affects the amplitude of each degree of the freedom
motion.

Motion characteristic under irregular wave

Compared with the regular wave load in the ideal state, the
irregular wave load is more accord with the real wave load
environment at sea. In this section, the irregular wave
incident load is selected based on the typical sea conditions in
the South China Sea, and the JONSWAP spectrum is selected as
the wave spectrum. The DLC7 working condition is set in Table 3
for specific parameters. Figure 7 shows the comparison results
between the frequency spectrum of the wave elevation and the
target spectrum used for calculation in the process of wave load
simulation. The power spectrum of irregular waves simulated in
this paper is in a good agreement with the target spectrum, which
shows that the method in this paper can simulate the sea state of
irregular waves well, and the simulation setting of irregular wave
load is correct.

Figure 8 shows the motion response of the floating offshore
wind turbine in the surge, heave and pitch directions under
irregular wave load and the time history curve of the wave
elevation at the center of the platform. It can be seen from
the figure that the surge, heave and pitch motion trends of the
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floating offshore wind turbine are very consistent, and the change
trend is basically the same as that of the wave elevation. There is
an obvious sudden change in amplitude of the surge, pitch and
heave motion of the floating fan in the period of 1,200 s-1,250 s.
It is found that the time history curve of wave elevation
corresponds to the maximum change of wave load at this
time. This shows that under the action of irregular waves, the
motion response of the platform is directly related to the change
of waves, that is, the motion response of each degree of freedom
increases with the increase of wave height. The equilibrium
positions of heave, heave and pitch motion of the platform
under  this group of working conditions are
19.6926 m, —0.0361 m and 5.187° respectively. Compared with
the motion response of the platform under the action of regular
wave under DLC4 working condition, it is found that the
equilibrium position of each degree of freedom motion is
basically the same, and the reason for the slight difference is
the slight difference of aerodynamic load caused by the different
motion of the platform. It shows again that the main factor is the
wind load determining the balance position of the floating
offshore wind turbine system under the wind-wave coupling,
and the influence of the wave load on the balance position is very
small.

Aero-elastic response

The blade elastic deformation is mainly determined by the
aerodynamic load acting on the blade. Under the action of
regular wave, the blade needs to bear periodic aerodynamic
load,
deformation response. Figure 9 shows the blade flap deflection

so the blade will produce corresponding elastic

and edge deflection responses of the blades under DLC4 working
condition and the corresponding frequency domain response
values.

It can be seen from Figure 9 that under the action of regular
wave, the blade has periodic deformation response in the flapwise
direction, which is different from the displacement response of
onshore fixed wind turbine. Under the action of regular wave,
there is a very obvious low-frequency vibration response in the
flapwise direction of blade. The frequency of blade vibration can
be obtained by Fourier transform of the time history response of
blade flap deflection in the stable stage. There are four
frequencies: f; = 0.05 Hz, f, = 0.10 Hz, f; = 0.155Hz and f, =
0.25 Hz.

Where f; = 0.05 Hz corresponds to one-third rotor rotation
frequency, which is caused by the tower shadow effect; f, =
0.155 Hz

0.25Hz
corresponds to the first-order vibration frequency of the

0.10Hz corresponds to wave frequency; f; =
corresponds to rotor rotation frequency; and f; =

tower, which shows that wave load, rotor rotation speed and
vibration response of the tower will have a great impact on the
vibration in the flapwise direction of the blade. On the other
hand, the displacement amplitude of the blade in the edge
direction is small, and the vibration form is mainly simple
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TABLE 4 Motion amplitudes of floating offshore wind turbine under different wave direction angles.

Wave direction Surge (m) Sway (m) Heave (m) Roll (deg) Pitch (deg) Yaw (deg)
angles

a=0deg 1.500 0.021 1.402 1337 0.017 0.022

« =15 deg 1436 0.467 1.379 1271 0.286 0.708

« = 30 deg 1292 0.895 1.330 1.099 0.525 1.037

« = 45 deg 1.080 1.234 1.292 0.836 0.707 0.728

« = 60 deg 0.832 1.471 1.280 0.526 0.882 0.056

harmonic vibration. The vibration frequency f in the edge
direction also can be obtained by Fourier transform: f; =
0.155 Hz, which is consistent with the rotation frequency of
the rotor. It shows that the vibration in the edge direction of the
blade under the action of regular wave is mainly related to the
rotation frequency of the rotor itself, but has little influence on
the wave load frequency, tower vibration and other factors. The
reason for the inconsistency between the vibration forms in the
flapwise and edgewise directions of the blade is the inconsistency
between the loading direction of the aerodynamic load and the
stiffness of the blade in both directions.

Effect of the wind-wave misalignment

In natural conditions, the environmental load is complex and
changeable. When wind wave coupling acts on the floating
offshore wind turbine system, there is often the included angle
of wind and wave, which is also known as the phenomenon of
wind wave misalignment. Relevant research shows that under the
high wind speed, there will be a small angle between wind and
waves, while under low wind speed, the wind and wave load is
prone to a large angle (Fischer, et al., 2011). The statistical results
show that the angle between wind and waves is usually within 0 ~
60" under the wind wave coupling, and the probability of
exceeding 60° is less than 5% (Kuhn, 2001). It is clearly
pointed out in the design specification manual of floating
offshore wind turbine (Veritas, 2013) that the existence of
wind wave angle will have a negative impact on the
movement of turbine, and the existence of wind wave load
angle should be considered in the design condition of floating
offshore wind turbine. Therefore, it is necessary to study the
effect of the wind - wave misalignment.

In this section, the influence of wave incidence angle on the
six DOFs motion responses of floating fan is studied by changing
the wave incidence angles. Considering that the wind turbine will
control the yaw angle of the wind turbine through the control
system to make the wind turbine face the incoming wind load to
reduce the yaw moment of the wind turbine, the wind load is set
perpendicular to the rotation plane of the wind turbine in the
whole simulation process. The uniform inflow wind load is
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adopted, and the wind speed is set as the rated wind speed of
11.4 m/s. Regular wave loads are adopted for waves, and the
incident angles of waves are set to -180 ~ +180°, one group is
taken every 15°. The wind-wave load setting is shown in
Figure 10.

Figure 11 below shows the six DOFs motion response of the
floating offshore wind turbine system at wave incident angle of
0-60°, and the stable section after 1,000 s is taken as the output
result.

It can be seen from Figure 11 that the incident angle of
waves does not significantly change the equilibrium positions
of the respective degrees of freedom motion, but it has a
significant influence on the amplitudes of the motion of the
platform. For the surge motion, the amplitude decreases
slightly with the increase of wave direction angle « and the
phase changes slightly. For the sway motion, the amplitude of
motion oscillation increases significantly with the increasing of
the incident angle a. For heave motion, the change of wave
direction angle « has very little effect on it. For roll motion, the
amplitude of motion oscillation increases obviously with the
increase of wave direction angle «. Similar to the rolling
motion, for pitch motion, the amplitude of motion
oscillation decreases significantly with the increasing of the
wave direction angle «, which is mainly related to the
decreasing of the amplitude of the surge motion. The
variation of the wave incident angle shadow is slightly
different for the yaw motion. The amplitude of the yaw
motion increases with the increasing of the wave direction
angle in the range of 0 ~ 30° and decreases with the increasing of
the wave direction angle in the range of 30 ~ 60°. This is because
the mooring lines are arranged symmetrically with respect to
the center of 120°. When the angle of incidence of wave is 0 and
60°, the wave load is facing the direction of No.l and
No.3 mooring lines. At this time, the tension of the mooring
lines is the greatest, which restrains the swaying motion of the
platform to a certain extent. This shows that the yaw motion of
the floating offshore wind turbine is not only affected by the
form of wave load of wind load, but also related to the layout of
the platform and mooring system. Table 4; Figure 11G show the
amplitudes of the motions of the floating offshore wind turbine
system when wave directions are set between 0 and 60°.
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Conclusion and discussions

The purpose of the present research is to study the motion
characteristics of floating offshore wind turbine under the wind
and wave coupling load. Therefore, FAST code is used to model
and calculate the DTU-10MW semi-floating offshore wind
different
conditions. Some results are summarized as follows:

turbine under wind and wave combination

The motion of floating offshore wind turbine system is
affected by both wind load and wave load, and the wind load
determines the mean value of each motion, while the wave load
affects the amplitude of each motion.

When the inflow direction of wind and wave load is directly
ahead, the floating offshore wind turbine mainly presents the
motion forms of surge, heave and pitch motion.

The increasing of the wave incidence angle will reduce the
amplitude of surge, pitch and heave motion response of floating
offshore wind turbine, and will increase the amplitude of sway
and roll response. The maximum yaw motion response occurs
when the included angle of wind and wave is 30°".

The potential flow method is used to calculate the motion of
the platform in the model. The results show that it is accurate
enough, but there are also some limitations. For example, the
treatment of the viscous effect of water is not considered. Further
research is needed to improve the model and make it more widely

accepted.
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