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Abstract

A realistic turbulent wind field differs from a steady uniform one, in terms of the wind shear, the
turbulence intensity and the coherence structure. Although it has been clear that an offshore floating
wind turbine will behave differently in the turbulent wind, the individual effect of the above three items
are not investigated sufficiently until now. The primary objective of the present research is to investigate
in details how the wind shear, the turbulence intensity and the coherence influence the dynamic and
structural responses of offshore floating wind turbines. Aero-hydro-servo-elastic coupled simulation of
a semi-submersible floating wind turbine is run in time-domain. The wind shear has a limited effect on
the global responses of the floating wind turbine although its influence on each individual blade is
considerable. Comparatively, the floating wind turbine is quite sensitive to the turbulence intensity. In
awind field with high turbulence intensity, the platform motions become more violent and the structural
loads are increased substantially. The proper orthogonal decomposition method is used to investigate
the coherence quantitatively. A partial coherence structure helps to reduce the flow variation seen by
the rotor and thereby beneficial to the safety of the floating wind turbine.

Keywords: turbulent wind; wind shear; turbulence intensity; coherence; offshore floating wind turbine;

dynamic response; structural response

1. Introduction

Currently, great efforts are made around the world to pursue alternative energy sources, which are
expected to be clean, sustainable and economic-efficient. Among various renewable energy resources,
the application of wind energy has been proved successful, and the industry is trying to move to deep
water zone to exploit the offshore wind energy. Since the proposal of the Hywind concept (Equinor,
2017a), the world’s first full-scale offshore floating wind turbine, a set of floating wind turbine concepts
have been proposed. Most recently, Hywind Scotland, the world’s first floating wind farm, already
starts to deliver electricity to the grid (Equinor, 2017b).

The model test has been accepted as a reliable approach to study the performances of offshore

floating wind turbines. Duan et al. (2016) launched a model test program to investigate the vortex
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induced motion of a spar-type floating wind turbine. Li et al. (2018b) measured the dynamic response
of a semisubmersible floating wind turbine in experimental environment, and a free-rotation method
was proposed to correct the Reynolds number dissimilitude. Oguz et al. (2018) investigated the
dynamics of a TLP floating wind turbine with both numerical and experimental methods. Apart from
model test research, numerical simulation technology is also widely adopted by many researchers. Liu
et al. (2017) developed an OpenFOAM-based simulation tool for the fully coupled model of floating
wind turbines. The dynamic response and extreme structural response of an integrated floating turbine
were investigated numerically in (Li et al., 2018a; Li et al., 2018c). Their integrated concept was based
on the combination of a floating wind turbine, two tidal turbines and a wave energy converter.

So far, the uniform wind flow is commonly adopted in both numerical and experimental studies of
offshore wind turbines, which could simplify the aerodynamic modelling. Nevertheless, the wind field
in the natural world is turbulent rather than uniform. A realistic wind field varies with not only time,
but also space. Actually, the turbulence effect on the performance of the land-based wind turbine has
drawn the attention of researchers. Devinant et al. (2002) measured the aerodynamics of a fixed aerofoil
in high turbulence. They revealed the strong dependence of the aerodynamic properties on the
turbulence intensity, especially in the angle of attack range corresponding to aerofoil stall. Chamorro et
al. (2015) launched an experiment to study the unsteady behaviour of a full-scale 2.5 WM wind turbine
in turbulent inflow. A similar relationship was observed by Lee et al. (2018) in the field measurement
of a small vertical-axis wind turbine installed on the rooftop of a building. Barthelmie et al. (2007)
measured the power losses due to wake-induced turbulence at the Middelgrunden wind farm.
Approximate 10% energy losses were observed due to wakes. Based on the field measurement at the
Nysted wind farm, Barthelmie and Jensen (2010) also concluded that the energy absorption was
strongly dependent on the turbulence intensity. Recently, the offshore wind community begins to realize
the importance of inflow turbulence. Li et al. (2018) simulated the power production of a floating wind
turbine in full turbulent wind field.

In the realistic turbulent wind, the wind speed not only varies with the time (turbulence intensity),
but also with the space (coherence and wind shear). Although researches on the turbulence effect have
been documented, the above three factors are frequently investigated altogether and their individual
effect is not fully understood yet. This study aims to investigate the individual effect of wind shear,
turbulence intensity and coherence on the dynamic and structural performances of offshore floating
wind turbines. First, the full turbulent wind model will be interpreted in details. Afterwards, aero-hydro-
servo coupled analysis is conducted in time-domain to capture the performance of a semisubmersible

floating wind turbine with different levels of wind shear, turbulence intensity and coherence.
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2. Model Description

A semisubmersible floating wind turbine, namely the OC4 DeepCwind semisubmersible concept
(Robertson et al., 2014), is considered here. As shown in Fig. 1, the DeepCwind concept mainly consists
of the wind turbine, the supporting structure, and the mooring line system.

The wind turbine is the NREL 5WM baseline wind turbine (Jonkman et al., 2009), which
incorporates a variable-speed torque controller and a blade pitch controller to regulate the power
generation based on the operational state. The diameter of the rotor is 126 m, and hub height is 90 m.
Please refer to (Jonkman et al., 2009) for more detailed parameters of the reference wind turbine.

Fig. 1. DeepCwind floating wind turbine system design (Coulling et al., 2013).
The supporting structure is a semisubmersible platform, made up of three main offset columns, one

central column, as well as a series of diagonal cross and horizontal bracing components. The main

scantlings of the semisubmersible are listed in Table 1.
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79 Fig. 2. Main dimensions of the submersible platform (Coulling et al., 2013).
80  Table 1. Main scantlings of the platform.
Term Value
Draft 20m
Elevation of platform top 10m
Elevation of offset columns 12m
Spacing between offset columns 50m
Length of upper columns 26 m
Length of base columns 6m
Depth to top of base columns 14m
Diameter of main column 6.5m
Diameter of offset (upper) columns 12m
Diameter of base columns 24'm
Platform mass 13,473,000 kg
Displacement 13,986.8 m®

Centre of mass
Platform roll inertia
Platform pitch inertia
Platform yaw inertia

(Om,0m,-13.5m)
6.827x10° kg-m?
6.827 x10°kg-m?
1.226x10% kg-m?

81

82 The floating wind turbine is displaced at sea site with a water depth of 200 m. Three catenary lines

83  are used to hold the platform against sea waves and offshore wind. The three mooring lines are oriented

84  symmetrically at 60°, 180°, and 300° about the vertical axis. Fairleads are connected to the tops of

85  ballast tanks. The relevant properties of mooring lines are outlined in Table 2.

86  Table 2. Properties of mooring line.

Term Value
Depth to anchor 200 m
Depth to fairlead 14 m
Radius to anchor 837.6 m
Radius to fairlead 40.868 m
Unstretched mooring line length 835.5m
Mooring line diameter 0.0766 m
Equivalent line mass density 113.35 kg/m
Equivalent mooring line extensional stiffness 753.6 MN

87



g8 3. Turbulent Wind Model

89 As shown in Fig. 3, two comparative wind fields are generated. The first one is a steady uniform
90  wind field, where the wind inflow is constant in both time and space scales. The second wind field is
91  turbulent, where the wind inflow varies with not only time but also with space. The second wind field
92 s turbulent, in terms of wind shear, time-scale inflow variation and space-scale inhomogeneity.
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94 Fig. 3. Generated wind fields. (a) steady wind field; (b) turbulent wind field.
95

The wind shear describes how the near-ground wind varies vertically with the height. In the present

96  research, the power-law model is used to represent the wind profile,
97 u(z) =u [ij )
90
98  where « is the exponent parameter. Fig. 4 shows the wind profiles with different values of a. The wind
99  shear becomes more significant when « increases. When a is equal to 0, the wind shear is omitted and
100

the wind field reduces to the uniform one. In the present simulation, o = 0.15 is used.
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Fig. 4. Wind profile.
The wind inflow is also time-dependent and commonly a spectral method is used to model the time-
scale inflow variation. The IEC Kaimal turbulence model (International Electrotechnical Commission,
2015) is used here

46°L/u

S(fy=—————
() (1+6f-L/u)*?

)

where f is the cyclic frequency and L is an integral scale parameter dependent on the hub height. u
is the mean wind speed at hub height. ¢ can be estimated by the turbulence intensity TI (%)

T

o=——Uu
100

3)

The turbulence intensity represents the turbulence level, namely how strong the wind varies with
time. In the present simulation, the turbulence intensity is set to 10%. Fig. 5 displays the spectra of
rated wind (u = 11.4 m/s). As shown, the low-frequency oscillations dominate the wind.

700
600 | —TI=10%—T1=20%
500 4

400 f|

s(f)

300 |
200

100

0 ,
0.00 . 0.04 0.06 0.08 0.10
f (Hz)

Fig. 5. Spectrum of IEC Kaimal turbulent wind.
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Apart from the variation in time scale, the wind velocity is also inhomogeneous across the rotor
plane at each time instant. This is due to the phase differences between two points in the wind field so
that the time-scale phase difference leads to the space-scale inhomogeneity. The IEC coherence model
is used to represent the correlation between two arbitrary points.

[5.,(F)

JS(D3,()

Coh, ,(f)=exp -12\/(%) " (O.lZLLJ @)

L, = min(60, hub height)

Coh, ()=

where S;; is the cross-spectra defining the correlation of the random wind speed at points i and j, r is the
distance between the two points. L. is the coherence scale parameter replying on the hub height.

4. Dynamic Analysis

4.1.  Numerical model

The aero-hydro-servo-elastic coupled simulation code FAST (Jonkman and Buhl Jr, 2005)
developed by the National Renewable Energy Laboratory (NREL) is used to simulate the dynamic
performance of the DeepCwind floating wind turbine.

Assuming that the wave fluid is ideal, the wave-structure is addressed in the framework of potential
flow theory. The wave radiation force is calculated with the convolution term to consider the free
surface memory effect. Since the natural period of horizontal motion of the floating wind turbine is
sufficiently long, second-order drift wave forces are also considered to capture the low-frequency
responses of the floating wind turbine.

The blade element momentum (BEM) method is used to compute the wind force acting on the rotor.
The blade is separated into a set of elements, and the interactions between neighbouring elements are
neglected. By seeking the so-called induced velocity, the aerodynamic load on each element is
determined using the lift and drag coefficients of the aerofoil. For an offshore floating wind turbine,
both the platform motions and wind turbulence produce unsteadiness of the inflow seen by the rotor.
The unsteady effect is accounted by the dynamic wake model developed by Minnema (1998), which
can be regarded as a correction to the induced velocity determined by the BEM method.

A variable-speed torque controller and a blade pitch controller are incorporated to the wind turbine.
The variable-speed torque controller is active in below-rated operational state. The control algorithm is
to maximize the power output by adjusting the rotor speed while the blade pitch angle is fixed at zero.
One the contrary, the blade-pitch controller works in over-rated state to regulate generator power by

increasing the pitch angle of the blade.
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The lumped-mass model is used for the dynamics of mooring lines connected to the floating platform.
The mooring line is divided into a set of evenly-sized segments, which are represented by connected
nodes and spring-damper systems. Each segment is divided into two components and the properties are
assigned and lumped to the two nodes at each end of that segment, respectively. The connections
between adjacent nodes are represented by damper-spring systems. Only the axial properties of the

mooring lines are accounted whereas the torsional and bending properties are neglected.

4.2.  Short-term extreme response

The extreme responses are estimated based on the mean up-crossing rate method. In an arbitrary
time interval T, it can be assumed that the random number of up-crossing is approximated by the Poisson
distribution on condition that the up-crossing is statistically independent. Once a level y is selected, the

distribution of extreme value y,, ., for a random signal y(t) is described as
T
P(ymax < y) = exp{—jv*(y,t)dtJ (5)
0

where v*(y, t) is the up-crossing rate corresponding to level y, which denotes the instantaneous
frequency of the positive slop crossings of the defined level. In this circumstance, the probability of

YVmax €XCeeding a defined level y is given by

P(Yoe > ¥) =1—eXp(—0" (Y)T)
17 (6)
Vi(y)==|v(y,t)dt

W)TQW)

The mean up-crossing rate % (y) can be easily obtained from the time series of the signal that is
going to be analysed. For example, if we have k independent realizations of the random process and let
nf (y, T) denote the number of up-crossings in realization j, then the sample-based mean up-crossing
rate is given by

Vi(y)=V7(y)

. 7
7)== X ) “

Eq. (7) is the basic formula to approximate the mean up-crossing rate ©*(y) through numerical
simulations. If the defined level y is not very high, then just a few simulation realizations of the random
process will produce satisfactory approximation. Nevertheless, extensive simulations are required to
evaluate the extreme values in the tail region. To save computation resources, the extrapolation method
proposed by Naess and Gaidai (2009) is used in this study to extrapolate the mean up-crossing rate
corresponding to high level y. The extrapolation method is based on the observation of marine structures

so that it is applicable in this study. The mean up-crossing rate is approximated by
Vi (y) =Va(y)

(8)
Vi(y)=q-exp{-a(y-b)°},y 2y,
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where @, a, b and c are all constant values. yo is the lower limit of the sampled data used for the
extrapolation. To ensure that the extrapolated rate is reliable, the 95% confidence interval (ClI) of the

raw rate is examined:

cu(y)=v*<y)i%
1 &(ni(y,T) ’ ®)
82(y)=k_1_2{ = —V*(y)j

In the present research, the extrapolated up-crossing rate is based on 6 independent numerical
realizations (k = 6). yo = (mean+std) is used, where ‘mean’ is the average mean response of the 6
numerical realizations; ‘std’ is the average standard deviation of the 6 numerical realizations. Please
note that yo varies with the load case so as to ensure the extrapolated rate is within the confidence interval.
To put more emphasis on the more reliable sampled data, the weight factor proposed by Naess and
Gaidai (2009) is used here

2

©=> w,log(v"(y;))~log(q) +a(y, ~b)° (10)

where @ is the mean square error; w; :|Iog(CI+(yj))—Iog(CL(yj))|_2 is the weight factor. The least

square optimization method is used to get g, a, b and ¢ by minimizing @.

Fig. 6 gives an example of the extrapolated up-crossing rate for the tower base bending moment
under rated steady wind. As shown, the extrapolated rate is located within the 95% confidence interval
indicating that the extrapolation is reliable. Hereinafter, the extreme value corresponding to vfﬁ-t =10°

will be used to represent the short-term extreme response.
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Fig. 6. Extrapolation of the up-crossing rate of the tower base bending moment under rated steady wind based on 6
numerical realizations.

4.3.  Simulation setup

The aero-hydro-servo-elastic coupled dynamic analysis is conducted for a set of wind speeds,

covering different operation states of the wind turbine. The wind speed refers to that measured at the
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hub centre (90 m). The turbulent wind field is generated using the TurbSim (NWTC Information Portal,
2016). Due to the platform motions, the wind turbine moves a lot during the simulation, and a wind grid
with dimension 180 m x 180 m is generated to cover the movement range of the rotor (see Fig. 7). 441
points (21 x 21) are uniformly distributed across the wind grid, at which the time-series of wind speed
are generated. Table 3 summaries the environmental conditions considered in the present simulation.

For each environmental condition, the simulation runs for a total length of 3800 seconds, and only
the last 1-hour data will be collected to get rid of the transient effects in the early simulation stage. The
simulation time increment is set to 0.0125 s.

Table 3. Environmental conditions
Uw Hs Tp
Below-rated 8 mfs 4m 6s
Rated 11.4 m/s 5m 8s
Over-rated 14 m/s 6m 10s
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Fig. 7. Wind grid.

5. Simulation Results

5.1. Dynamic response in turbulent flow

First, the dynamic performance of the reference floating wind turbine in the uniform wind and the
turbulent wind are compared.

Table 4 summaries the standard deviations of the platform global motions under various operational
states (below-rated, rated and over-rated) when the two comparative wind flow conditions are
considered. It is clearly shown that the platform surge and pitch motions are increased substantially,

regardless of the mean wind speed. Since the wind mainly induces horizontal loads, the turbulence has

10
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a negligible effect on platform heave motion. Fig. 8 and Fig. 9 display the response feature of surge and
pitch motions, respectively. In the steady wind, the platform motion is mainly induced at wave
frequency range and resonant frequency. In the turbulent inflow, the platform motion is excited a lot at
the resonant frequency whereas the wave frequency motion is hardly varied. It indicates that the
aerodynamic turbulence effect is not effective at all on wave-induced response. Similar phenomenon

has been documented previously in (Hu et al., 2016).

Table 4. Standard deviation of platform motions

Below-rated Rated Over-rated
Turbulent Steady Turbulent Steady Turbulent Steady
wind wind wind wind wind wind
Surge 1.11 0.94 1.41 1.12 1.18 0.90
Heave 0.06 0.06 0.13 0.13 0.29 0.28
Pitch 0.32 0.21 0.57 0.40 0.72 0.54
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Fig. 8. FFT analysis of platform surge motion.
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Fig. 9. FFT analysis of platform pitch motion, rated operation state.
Apart from platform motions, the effect of turbulent inflow on structural loads is also considerable.
Fig. 10 plots the FFT analysis result of the tower base fore-aft bending moment in the three operation
states. Although the wave-frequency response is generally independent from the turbulent inflow, the

low-frequency and the high-frequency are quite sensitive to the turbulent inflow. In all three operation

11
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scenarios, the bending moment response at low-frequency range is excited the most. It is attributed to
the dominating slow-varying inflow in the turbulent wind field (see Fig. 5). In the meanwhile, the blades
experience wind speed variation over the rotation process due to the spatial inhomogeneity, leading to
the high-frequency range response. Similar conclusions can be drawn from the fairlead tension force,
which is displayed in Fig. 11. The aerodynamic loads are not applied to the fairlead directly but through
the platform movement. Therefore, high-frequency fairlead tension force response is not observed since
the platform’s natural frequency is sufficiently low.

Below-rated Rated Over-rated

3000 — Steady wind field
—— Turbulent wind field

o
X
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Fig. 10. FFT analysis of tower base fore-aft bending moment.
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Fig. 11. FFT analysis of fairlead tension force.

Since the floating wind turbine is subject to identical wave excitations in the steady wind and the
turbulent wind, the amplitude of platform motions and structural loads could be purely attributed to the
wind force. Fig. 12 illustrates the response character of rotor thrust force. The majority of response
energy is located within the low-frequency range, mainly induced by the turbulence intensity. Besides,
the response is also observed around 0.44 Hz, namely the 3P frequency of the rotor speed. The 3P
frequency response is induced by the spatial inhomogeneity of the wind field since the wind speed seen
by the blade experiences variation during the rotation process. Two aspects contribute to the spatial
inhomogeneity. The first one is the wind shear, representing how the wind inflow varies vertically with
the height. Secondly, the phase lag between two points in the rotor plane also leads to the space-scale
inflow variation, and it is represented by the coherence model. In the following part, the individual

effect of wind shear, turbulence intensity and coherence will be clarified.

12
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255 Fig. 12. FFT analysis result of thrust force in turbulent wind field, below-rated operation state.
256 5.2.  Wind shear effect
257 Fig. 13 and Fig. 14 plot the platform surge and pitch motions, respectively. It appears that the
258  platform motions are not sensitive to the wind shear at all. Despite that the wind shear exponent
259  increases from 0 to 0.25, the responses of surge and pitch motions are hardly varied. When a blade is
260  experiencing the high wind velocity region (up half of the rotor plane), the other two blades are within
261  low wind velocity region (down half of the rotor plane). In this case, the resultant thrust force induced
262 by the three blades remains relatively stable. Consequently, the wind shear has a negligible influence
263  on the platform motions.
10 15.0 12
a  4=0—a=015—a=025 b =0 =015 =025 c — 4=0 =015 a=025
8 1251
E E E
g s % 100 OE)’
K 4 K 75¢
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264 Time (s) Time (s) Time (s)
265 Fig. 13. Time series of platform surge motions. (a) below-rated condition; (b) Rated condition; (c) Over-rated condition.
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267 Fig. 14. Time series of platform pitch motions. (a) below-rated condition; (b) Rated condition; (c) Over-rated condition.
268 Fig. 15 and Fig. 16 demonstrate the extreme tower base bending moment and the extreme fairlead
269  tension in the presence of wind shear, respectively. As discussed above, the rotor thrust varies hardly
270  with the wind shear, and thereby the extreme tower base fore-aft bending moment and the extreme
271  fairlead tension remains nearly unchanged regardless of the wind shear.
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Although the platform motions and the structural loads at tower base and fairlead are not sensitive
to the wind shear, the local loads at blade root depend strongly on the wind shear. According to the time
series plotted in Fig. 17, the out-of-plane bending moment at blade root becomes quite unstable in the
presence of large wind shear. As explained before, the blade will experience high-speed and low-speed
region alternately due to the wind shear. Although the resultant force of the three blades remains stable,
the load applied on each blade varies violently.
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Fig. 17. Times series of blade root bending moment.
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5.3.  Turbulence intensity effect

The performances of the floating wind turbine with different turbulence intensities (10% and 20%)
are examined in this sub-section. The law exponent parameter « is set to zero to eliminate the wind
shear effect.

Fig. 18 plots the time series of platform surge and pitch motions under below-rated wind. It is easy
to identify that the platform motions become increasingly violent when the turbulence intensity
increases to 20%. To interpret the turbulence intensity effect more clearly, the time series of platform
motions are analyzed with the FFT method and the results are presented in Fig. 19. The turbulence
intensity effect is only observed within the low-frequency region (lower than the resonant frequency).
In the right side of the vertical dash line (representing the resonant frequency), the two curves match
well. When the turbulence intensity increases, the resonant response is somewhat amplified. Moreover,

the quasi-static response at very low frequency range (10 Hz ~ 10 Hz) is further induced.
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Fig. 18. Time series of platform motions, below-rated.

0.5 T 0.20
—TI=10%—TI = 20%
— f —TI=10%—TI =20%
04r i : 016 F~_
~ - N
= | N =) SN
E os3f g o2} TN
[}
(=2 <
5 2 \
N 02r o 0.08f
low fregeuency range
0.1 0.04 + low fregeuency range
0.0 L L 0.00 L L
10* 103 102 10* 10* 10 102 107
Frequency (Hz) Frequency (Hz)

Fig. 19. FFT analysis results of platform motions, below-rated.

In addition to the platform motions, the turbulence intensity also has observable consequences for
structural loads. According to Table 5, the extreme responses of the tower base bending moment and

the fairlead tension increase considerably with the turbulence intensity.

Table 5. Short-term extreme responses

Tl =10% Tl =20%
Tower base bending moment (kN-m) 1.09%x10° 1.19%x10°
Fairlead tension force (kN) 2159 2462
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5.4. Coherence structure effect

In addition to the wind shear and the turbulence intensity, the blade also experiences inflow variation
due to the inhomogeneity of the wind field and the inhomogeneity is caused by the coherence (phase
difference). We adopt the hub centre as the reference point. An unsteady uniform wind field, in which
the phase difference between any point and the reference point is zero, is generated to illustrate the
coherence structure effect. As shown in Fig. 20, the wind speed is not uniformly distributed in the
spatially coherent wind field at each time instant due to the phase lag. On the contrary, a completely
coherent air inflow is uniformly distributed across the space at each time instant since the phase
difference between any two points are zero. Of course, the wind speed also varies with time since the
time-scale turbulence is not eliminated. Please note that, at each time instant, the reference point wind

speeds of the two comparative wind fields are equal.

wind speed (m/s)

13.00
12.00
11.00
10.00
9.000
8.000

" s 7.000

‘ Q ‘ 1=150s 000 1=150s

| t=100s 5.000 t=100s
[i t=50s t=50s
t‘= 0s t=0s

Fig. 20. How the spatial distribution of wind speed varies with time. Left: partially coherent wind field; right: completely
coherent wind field.

In the unsteady uniform wind field, any two points are completely coherent whereas a realistic
turbulent wind field is partially coherent. To demonstrate the coherence structure quantitatively, the
proper orthogonal decomposition (POD) method is used to decompose the above two wind fields. In
the present research, 21x21 points are uniformly distributed across the space so that we have total 441
measurements of wind speed at each time instant. We are to decompose 1000 s of wind inflow time
series with the time step being 0.1 s. Consequently, the overall wind flow data U = [uy, Uy, ..., un] has
a dimension of 441x10000 (the 21x21 points have been re-organized). The auto-covariance matrix of
Uis

R=U"-U (11)
Then we have the orthonormal eigenvectors G = [03, 92, ..., gn] and the eigenvalue matrix A
RG =RA (12)

Please note that eigenvalue matrix 4 should be re-organized if necessary, to satisfy
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The normalized POD modes (the orthonormal basis) is then given by
9 Y
ho= (14)
9 - uil

The first three POD modes on based 1000 seconds of numerical realizations are displayed in Fig. 21,

where the two wind fields exhibit distinctive coherence structures. For the partially coherent wind field,

the first POD mode is characteristic of a single major coherent structure. In higher order modes, more

patterns are observed and the inhomogeneity becomes more significant. However, all the POD modes

of the completely coherent wind field are exactly flat. Apparently, the coherence structure is to have an

influence on the performance of the platform wind turbine.
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Fig. 21. Normalized POD modes of the wind field. (a) partial coherence; (b) complete coherence.

Fig. 22 illustrates the coherence structure effects on the platform motions. As shown, the pitch

motion increases substantially when the points in the wind field become completely coherent with each

other. According to the FFT analysis result, the resonant platform motion is amplified implying that the

floating wind turbine is subject to more aerodynamic loads.
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Fig. 22. Platform pitch motion, rated operation condition.
At first sight, this conclusion appears contradictory since the spatial inhomogeneity is totally

removed when all the points in the wind field are completely coherent. To interpret the underlying

N
philosophy, we plot the average wind speed U = Zui /' N of the wind grid in Fig. 23 (There are N =

i=1
421 points in the wind field). As shown, when all the points in the wind field are completely coherent,
the average wind inflow seems to become more ‘turbulent’. In partially coherent wind field (see Fig.
20, left side), the wind speed at each point oscillates around the mean level of 11.4 m/s. Due to the
phase difference, the instantaneous speeds at some points are higher than 11.4 m/s whereas lower than
the mean level at others. In this circumstance, the variation of the average wind speed seen by the rotor
is relieved due to the phase lag at different points. Consequently, the average wind speed across the
rotor plane is close to 11.4 m/s, although it also varies with time. On the contrary, the wind speeds at
all points are in phase with each other if the wind field is completely coherent. If the speed at the
reference point (hub centre) exceeds 11.4 m/s, then the speeds at all other point are higher than 11.4
m/s as well. Apparently, the inflow seen by the rotor is more unstable in the presence of complete

coherence. The result is that the rotor will be subject to more violent aerodynamic loads.
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Fig. 23. Average wind speed seen by the rotor, rated operation condition.

6. Conclusions

This work aims to investigate how offshore floating wind turbines react to the wind shear, the
turbulence intensity and the coherence structure of a turbulent wind field.

The platform is not sensitive to the wind shear since the resultant aerodynamic loads applied on the
three blades will not differ much. Nevertheless, the structural load at each individual blade becomes
unstable in the wind shear. During the rotation process, a blade experiences low-speed and high-speed
regions alternately due to the wind shear. Consequently, load at each blade is excited at the 1P frequency.

The turbulence intensity effect on the floating wind turbine is quite considerable. According to the
wind spectrum, the air inflow mainly carries low-frequency components and thereby the low-frequency
platform motion responses are excited. Moreover, the response is not sensitive to the turbulence
intensity at high frequency range (higher than the resonant frequency). Regarding the structural loads,
the floating wind turbine is more likely to exceed the limit state with high turbulence intensity.

The coherence structure of the turbulent wind field is interpreted quantitatively using the proper
orthogonal decomposition method. Although a completely coherent wind field removes the spatial
inhomogeneity, the time-scale variation increases. In a partially coherent wind field, the average wind
inflow seen by the rotor is more stable. Therefore, the floating wind turbine is safer in a partially
coherent wind field.
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