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Abstract: Platform motions induced by waves pose a challenge to accurately predict the aerodynamic
performance of floating offshore wind turbines (FOWTs). In view of this, the power performance and
wake structure of FOWTs under platform pitch, surge, and their combined motions were investigated
in this paper, using the computational fluid dynamics software, STAR-CCM+, with overset meshing
and rigid body motion techniques. First, the simulation cases in single and same-phase combined
motions with different amplitudes and frequencies were performed. Afterward, the approach of
calculating the phase difference between pitch and surge motions was proposed to investigate
the influence of the combined motion with phase difference on the aerodynamic performance.
Results show that the increment of amplitude and frequency augments the mean power output and
aggravates the power fluctuation in single and same-phase combined motions. The intensity of
power variation under combined motion with a phase difference is weakened at 0.1 Hz compared to
the single motion, while enhanced at 0.2 Hz, showing a different influence law on the aerodynamic
performance. In addition, this paper established the power fluctuation table based on real sea states
of Shidao in China, providing a certain reference for the controller design in this sea area.

Keywords: floating offshore wind turbines; computational fluid dynamics; numerical modeling; real
sea states

1. Introduction

As onshore wind power has developed to a certain scale and is limited by space and
utilization rate, the offshore wind power industry is gradually becoming an important
development field. According to the Global Wind Energy Council 2021 report [1], the
newly installed offshore wind power capacity in 2020 reaches 6.1 GW, accounting for 7% of
the new installed capacity of global wind power, and the total installed capacity is up to
35.3 GW, representing 4.75% of the total wind power. Compared with fixed offshore wind
power, floating offshore wind turbines (FOWTs) have the advantages of being free from
water depth limitation, more convenient installation, operation, maintenance, and more
abundant wind resources [2]. As a result, floating offshore wind power is becoming more
and more popular among developers. The world’s first floating wind farm, Scotland’s
Hywind, was built in October 2017, using a single-column floating installation with a total
installed capacity of 30 MW [3]. The first wind turbine of the semi-submersible floating
wind farm Windfloat Atlantic, with a total installed capacity of 25 MW, was connected to
the electricity grid in January 2020 [4]. Research by the US National Renewable Energy
Laboratory (NREL) showed that the cost of FOWTs is likely to fall faster than that of fixed
offshore wind turbines. Although the FOWT is exposed to severe ocean conditions, the
multiple degrees of freedom (DOFs) motions will have complex coupling effects on the
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aerodynamic performance of the wind turbine. The objective of this research is to study
the unsteady aerodynamic performance of the FOWT under platform motions. Among six
DOFs motions, surge and pitch DOFs seem to be the largest amplitudes modes for most
platforms [5], leading them to be chosen for the investigation.

At present, a considerable number of scholars have focused on the aerodynamic
performance of wind turbines, as shown in Table 1. Jonkman et al. [6,7] developed a
modeling tool based on the blade element momentum theory (BEM) to simulate and
analyze the dynamic behaviors of FOWTs. De Vaal [8] pointed out that the BEM method
overestimates the aerodynamic damping, and there exist significant differences in the
average induced velocity. Tran et al. [9] integrated the equivalent average velocity into the
unsteady blade element momentum theory (UBEM). They found that the power and the
thrust calculation results under small angle motion (1~2°) are similar to the CFD simulation
results, but the discrepancy is as high as 24% under large-angle motion (4°). In a word, the
traditional BEM method has some theoretical limitations and needs to be further optimized
to calculate the complicated aerodynamic loads.

Table 1. Publication related to the analysis of pitch and surge motion of the wind turbine.

Authors Pitch (°) Surge (m) Frequency (Hz) V1 (m/s) Method
De Vaal [8] 4,8,16 0.02,0.04, 0.08 11.2 BEM
Tran [9] 0.01,0.1,0.5,1, 4 1/30,0.05,0.1,0.2 8,11 UBEM
Wen [10] 1,2,3 0.05,0.1,0.2 114 FVM
Wen [11] 0.5,1.5,2.5 0.03,0.1,0.2 11.4 FVM
Farrugia [12] 0.916~4 0.065~0.2 6,11.4,18 FVM
Jeon [13] 3 0.083 45 VLM
Tran [14,15] 1,4 0.1 11 CFD
Leble [16] 3,5 0.1136 11 CFD
Lienard [17] 4,8 8,16 ~0.1 114 CFD
Kyle [18] 9.4 0.1234 7,114 CFD
Chen [19] 1,4 1,2 0.1,0.2 11.4 CFD
Wu [20] 0.85 0.1 8,11.2 CFD
Rockel [21,22] 16~19 1.2~1.8 6.05 Experiment
Fu [23] 5,10, 20 0.6,1.2 8.48 Experiment
Hu [24] 5 0.3 35 Experiment
Bayati [25] 1,3 0.01,0.1 0.65,2.1 2.33,3.67 Experiment

! Wind speed.

The free vortex method (FVM) based on the potential flow theory was first proposed
by Sebastian [5,26,27]. It can accurately calculate the aerodynamic loads of wind turbines
in motion and effectively capture the turbulent wake vortex as it can represent the actual
physical flow field. Wen [10,11] adopted the FVM to study the influence of surge and
pitch motion on the power and the axial thrust of the Spar type FOWT, and proposed the
reduced frequency factor to integrate the influence of the amplitude and the frequency. The
results revealed that when the reduced frequency increases, the average power decreases at
the low tip speed ratio but increases at the high tip speed ratio. Farrugia [12] replicated the
aerodynamic phenomenon observed in experiments based on the open-source free trailing
vortex algorithm. It was concluded that the variation amplitude of the aerodynamic loads
increases with the larger blade tip speed ratio, and a linear relationship between the surge
velocity and the aerodynamic loads was also developed. In addition, Jeon [13] used a
vortex lattice method (VLM) to predict the aerodynamic performance of FOWT, which was
in good agreement with the experiment.

The FVM and the VLM can capture the unsteady aerodynamic phenomena to a certain
extent; however, both are based on the ideal fluid assumption; therefore, many studies
focus on computational fluid dynamics (CFD) with higher fidelity to gain the flow field
information around the moving wind turbine. Tran et al. [14,15] investigated the influence
of different pitch motions on the aerodynamic loads of the wind turbine based on the
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k —w SST turbulence model. They indicated that the unsteady aerodynamic loads of
the blades are significantly affected by the motion amplitude and frequency. Leble [16]
studied the influence of pitch and yaw motion on the aerodynamic performance based
on the DTU 10 MW wind turbine model. It was concluded that the pitch motion with a
period of 8.8s and amplitude of 3° could not cause the wind turbine to enter the vortex
ring state, while the wind turbine enters the vortex ring state at the pitch amplitude of
5°. Lienard [17] studied the aerodynamic performance of wind turbines under pitch and
surge motion, respectively. The results suggest that the main reason for the load variation
is the significant change of the attack angle rather than the relative local speed. Kyle [18]
investigated the effect of surge motion on the wake state of the wind turbine and found
that the blade root can more easily enter the vortex ring and propeller state as the attack
angle at the root is smaller than that at the tip. Chen [19] compared the variation of global
loads between combined motion and single motion. It was illustrated that the average
power under the combined motion is smaller than that under the single pitch motion.

Moreover, many researchers apply experimental methods to study the influence of
platform motion on wind turbines. Rockel [21,22] carried out an experiment of floating
wind turbines under pitch motion at Portland State University and compared the experi-
mental data with four wake model simulations. They noticed that the development area of
the wake is nearly 0.7~7 D behind the wind turbine, and none of the four wake models
can describe the wake development in detail. Hu [24] also conducted experiments of the
wind turbine under the prescribed pitch motion through the high-resolution digital particle
image velocimetry (PIV) system to measure the flow field information. It was concluded
that the development of the wake under pitch motion is highly dependent on the direction,
the amplitude, and the frequency of the platform motion.

Many scholars have researched the influence of platform motions on wind turbines,
especially pitch and surge motions. Some scholars have also conducted simulations on
the combined motion of the two, but without considering the phase difference between
the two motions. The research results presented by Cheng [28] revealed that the platform
surge motion has an opposite variation law compared to the pitch motion. Therefore, the
aerodynamic characteristics under combined motions of pitch and surge with different
frequencies, amplitudes, and phase differences were investigated in this paper. Further-
more, most scholars use ideal values of motion amplitude for the convenience of analysis.
If the selected amplitudes were based on real motion conditions, the simulation results
would have more practical engineering significance. Hence, the power variation table was
constructed under the actual possible platform motions in Shidao in China.

2. CFD Simulation Model
2.1. Introduction of Turbine Parameters and Platform Motions

The selected NREL 5-MW wind turbine model is widely used in the FOWT simulation
calculation. It is a traditional three-blade wind turbine, with a rotor radius of 63 m and
a hub height of 90 m. The blades are comprised of DU and NACA airfoils from the hub
to the tip. The rated wind speed is 11.4 m/s, and the rated rotational speed is 12.1 r/min.
This research aimed to simulate and analyze the influence of platform motions on the
aerodynamic performance of the wind turbine at the rated state (rated wind speed and
rated rotational speed), considering the tower but without the controller. All related
parameter information of the NREL 5-MW wind turbine can be found in Jonkman’s
literature [29], and more information about the characteristics of the wind turbine can be
found in Table 2.
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Table 2. Design parameters of the NREL 5-MW wind turbine.

Parameter Value
Rated mechanical power 5.2966 MW
Rated electrical power 5 MW
Rotor orientation, configuration Upwind, 3 blades
Rotor, hub diameter 126 m, 3 m
Hub height 90 m
Cut-in, rated, cut-out wind speed 3m/s,11.4m/s,25m/s
Cut-in, rated rotation speed 6.9 rpm, 12.1 rpm
Rated blade tip speed 80m/s
Shaft tilt, pre-cone 5°,2.5°

Unlike fixed offshore wind turbines, FOWTs usually have a mooring system to limit the
6 DOFs motions of the floating platform within a certain range. The 6 DOFs motions include
three translational components (surge, sway, and heave along the XYZ axis, respectively)
and three rotational components (roll, pitch, and yaw around the XYZ axis, respectively),
as shown in Figure 1. There usually exist coupling effects between motions and the external
environment. Moreover, these effects will aggravate the aerodynamic unsteadiness of the
wind turbine, such as blade tip vortex interaction, dynamic stall, wind shear, etc., posing
more challenges to the design of the wind turbine. The traditional BEM method is not
sufficient to capture these unsteady phenomena [30,31], so a high-fidelity simulation tool
such as CFD is needed to study the aerodynamic characteristics of floating offshore wind
turbines.

A8 T‘ A
Y
d
|

Figure 1. Six DOFs motions for a floating offshore wind turbine.

2.2. CFD Approach

The CFD computations were performed using the STAR-CCM+, which solves the
unsteady Reynolds-averaged Navier—Stokes (RANS) equations. The implicit unsteady
solver was selected in the STAR-CCM+, and the second-order central difference format
was used for time discretization. Rigid body motion (RBM) and superimposed motion
technology were used through user-defined field functions to define the combined motion.
The overlapping grid technology was used for the grid data exchange between the wind
turbine motion domain and the far-field background domain. For an incompressible,
transient, viscous fluid, the RANS equations are generally solved based on the mass
continuity equation and the momentum equation, which can be expressed as:

V-U=0 1)

+V-(p(U-Uy)U) =—-Vp;—g-xVp+ V- (yeffVU) +(VU) - Viesr + f, 2
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where U denotes the velocity field of fluid, U, represents the velocity field of grids, p; =
p — pg-x denotes the dynamic pressure, g is the gravity acceleration, p is the fluid density,
Heff = p(v +vt) is the effective dynamic viscosity, in which v and v; are the kinematic
viscosity and the eddy viscosity, respectively, f,, represents the source term that works at
the free surface. To meet the closure requirement and solve RANS equations, the Menter’s
shear stress transport (S5T) k — w turbulence model [32] was applied. It is a two-equation,
eddy-viscosity turbulence model as follows:

3ok _
%+v~(pl«[k) =V - (TxVk)+ P, — Dy + S 3)
9 _
(09) L ¢ (pUw) = V - (TuVew) + Py — Do+ Yo + ¢ 4)

ot

where I'y and T, are the effective diffusivity of the turbulent kinetic energy k and the
specific dissipation rate w, respectively, P and P, are the turbulence production terms, Dy
and D, are the turbulence dissipation terms, Y, is the cross-diffusion term introduced by
blending the standard k — w and k — € models. Wall functions were adopted automatically
for near-wall treatment according to the near-wall grid size.

2.3. Simulation Setting

As seen from Figure 2a, the entire fluid domain contains three parts, including the
background domain, the rotor domain, and the tower domain. The dimension of the
background domainis 10D x 6 D x 3D (L x W x H), where D is the rotor diameter. The
experiment results revealed that the wake of the wind turbine has a range of about 7D [22],
so the inlet and the outlet boundaries of the background domain are 3D and 7D away from
the wind turbine, respectively. The rotor domain is a cylinder with a diameter of 1.1D, a
height of 16 m, and a centerline along the axis of the shaft.

(@) (b)

(©) (d)

Figure 2. Simulated mesh in different parts. (a) The full fluid domain; (b) blade surface mesh; (c) overset mesh; (d) hub

surface mesh.
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In this work, the inlet, top, and side of the background domain were set as a velocity
inlet with a magnitude of 11.4 m/s and a turbulence intensity of 1%. The outlet of the
background domain was set as the far-field sea-level pressure outlet. The bottom of the
background domain was set as the non-slip wall, as well as the turbine and tower surface.

Figure 2a also reveals the detailed grid of the background domain, the rotor domain,
and the tower domain, with a total of 19 million grid cells. The mesh is the orthogonal
grid generated by the AUTOGRID tool of STAR-CCM+ [33]. Figure 2b shows meshes of
three regions that overlap with each other. Among them, the fluid domain has 9 million
grid cells, which is enough to realize the transition from the inflow state to the internal
fluid domain; the tower domain has 0.8 million grid cells; the rotor domain has 9.5 million
grid cells. Fine mesh is generated on the blade surface as plotted in Figure 2c,d to ensure
that the y+ value is between 10 and 100, which satisfies the requirement of the k — w SST
turbulence model [20]. Table 3 shows the calculated value of rotor torque with the different
number of grid cells in the rotor domain. Taking the design torque value 4.18 e® N-m under
rated wind speed as the reference, 9.5 million was selected as the appropriate number for
further simulation research due to the low relative error (6.22%) and moderate computation
cost.

Table 3. The number of grid cells in the rotor domain.

Cells Number (Million) 1.8 3.0 5.6 7.2 9.5 12.5
Torque (10° N-m) 2.37 3.2 3.19 3.81 3.92 3.96
Relative error (%) 43.3 23.44 23.68 8.85 6.22 5.26

The steady-state computation was first completed after 1000 iterating steps, and
its results were set as the initial condition of the unsteady-state simulation. Then, four
cycles of unsteady-state simulations with a large time step and six cycles of unsteady-state
simulations with a small-time step were performed. Finally, the simulation results of the
last two cycles were taken as analysis data. The small-time step was set as the time for the
rotor to rotate 2°, approximately 0.02775 s. All simulations were performed on a parallel
computing workstation, which had a 24 core Intel Xeon E5-2678 processor, and 64 GB
memory. For each time step with 10 sub-iterations, the calculation required 3 min of 24
core parallel logic processing time.

2.4. Model Validation

Figure 3a shows the power variation under platform pitch motion with different
computational methods. The CFD methods usually have lower power coefficients than
other numerical algorithms as they consider the viscous effects. Particularly, the rigid
body motion approach (CFD-RBM, blue line) that models real blade rotation can accurately
account for the flow field interaction between the blades and the wake regime. The
multiple reference frames approach (CFD-MREF, orange line) defines the virtual blade
rotation; therefore, the CFD-RBM approach is expected to produce the lowest estimation
of aerodynamic power [14]. The RBM approach was adopted in this paper, but the peak
power coefficient of the CFD-present (red line) is 2.85% lower than that of CFD-MRB
(blue line)—this is because we take the tower’s existence and 5° shaft tilt into account
while Tran [14] did not. Moreover, the CFD simulations of Chen [19] and Wu [34] were
selected to validate the results under surge motion, as presented in Figure 3b. The power
coefficient under the surge motion can be consistent with the result of Chen, who employed
high-quality mesh.
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Figure 3. Power coefficient comparison results. (a) Pitch motion with amplitude of 1° and frequency of 0.1 Hz; (b) surge

motion with an amplitude of 2 m and a frequency of 0.1 Hz.

3. Single Motion
3.1. Pitch Motion

Pitch motion is a rotation around the Y-axis, and the rotation axis is usually on the
water surface. The prescribed pitch motion is:

Qp(t> = Apsin(2mtfpt) (5)

where Ap refers to the pitch amplitude and fp refers to the pitch frequency. Taking the
case (Ap = 4°, fp = 0.1 Hz) as an example, the motion trajectory of pitch is depicted in
Figure 4. To ease the analysis, there are eight moments marked from TO0 to T7 for one pitch
period. The absolute speed at the hub center is plotted in red, whose maximum value
occurs at TO with a value of about 4 m/s. The relative inflow wind speed normal to the
rotation plane is plotted in blue, whose maximum value occurs at T4, about 15 m/s.

—— pitch mnotion
hub absolute velocity
hub relative velocity

T2 16
4 4
(3 b4
21 )
- @
~.
< rl fFi1i2 g
L0870 Lo =
0 =
= %)
< F-1 10 9
[
-
-2 -2
L 5 8
-4 -4
T6
T T T T T T T T T T T T T T -6

0.00 0.25 0. 50 0.75 1.00 1.25 1.50 1.75 2.00
Pitch period (T)

Figure 4. Pitch motion analysis under case 3 (Ap = 4°, fp = 0.1 Hz).

To quantify the influence of pitch motion amplitude and frequency on aerodynamic
loads, the different parameter combinations of Ap =1°,2°,4°, and fp = 0.1 Hz, 0.2 Hz are
considered, where the frequency is selected based on the actual wave frequency distribution.
The settings of the simulation cases are summarized in Table 4.
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Table 4. Pitch motion cases.
Case Motion Ap (°) fp (Hz) P,, (MW) P, (MW) )
1 Pitch 1 0.1 497 6.05 20.92%
2 Pitch 2 0.1 4.99 7.10 44.83%
3 Pitch 4 0.1 5.20 9.01 70.70%
4 Pitch 1 0.2 492 7.03 43.88%
5 Pitch 4 0.2 5.52 12.11 107.73%

The power curves under different cases are shown in Figure 5. The detail of the power
statistics can be found in Table 4. The power oscillation factor J is defined in Equation (6),
where P, denotes maximum power, P_ denotes minimum power, and P, denotes average
power. As the motion amplitude increases, the average power increases slightly while the
maximum power augments dramatically. From case 1 to case 3, the maximum power has
an increment of about 1 MW, 2 MW, and 4 MW from the fixed value, showing a linear
proportional relationship with the motion amplitude. In addition, the power fluctuation
aggravates heavily with the increase of the motion amplitude.

PP

0 2Py,

(6)
when considering the effects of pitch frequency, it is obvious that the results of case 4 are
very close to the results of case 2. That is to say that the effect of doubling the frequency
is similar to the effect of doubling the amplitude. This is because the influence of the two
cases on the hub absolute speed is identical; therefore, the degree of influence of pitch
motion on power can be described by the product of amplitude and frequency. The greater
the Ap - fp, the more intense the power fluctuates. It should be kept in mind that the
increase in frequency will bring about more dense load fluctuations and fatigue damages
to the mechanical structure.

16000 7 ——A=1%f=01Hz  -—- A=1°f=02Hz 14,000 [ Jmin
14.000 - —A=2°f=0.1Hz 13,000 4 I:I mean ——
' ——A=4°f=01Hz  ——m— A=4°f=02Hz 12,000 1 [ Jmax
12,000 10,000 4
_ 9000 —
10,000 —~ 1
§ S 8000
4 N N
g 8000 < 7000
2 g 6000
s ) 1
6000 S 5000
4000
4000 3000 ]
2000 2000
1000
O 0 T T T T T
A=T° A=2° A=4 A=1° A=4
Time (s) f=01Hz f=01Hz f=01Hz f=02Hz f=02Hz
(a) (b)

Figure 5. Power performance under pitch motion. (a) Power variation versus time; (b) the average and extreme power.

According to Leble and Barakos’ investigation on FOWT [35], the vortex ring state of
the wind turbine is defined based on the following inequation: —1 < V;./V}, < 0, where V,
is the normal wind speed of the rotor plane; V}, is the thrust reference speed calculated as
follows: Vj, = \/F,/20S, Fy is the average thrust, S is the swept area of the rotor, and p
is the air density. Taking case 3 and case 5 as examples, the speed ratios of the two cases
are shown in Figure 6. In case 3 (Ap = 4°, fp = 0.1 Hz), the wind turbine is in the normal
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working state and turbulent wake state. Although the wind turbine has entered the vortex
ring state for a part of the time in case 5 (Ag = 4°, fg = 0.2 Hz), it mainly occurred near the
TO moment. Figure 7a,b display the iso-surface of the vortex and velocity in the symmetry
plane under case 3. It is concluded that the gap between the present and previous tip
vortex keeps a certain distance at TO moment, and no obvious blade/vortex interaction
is observed. On the contrary, under case 5, shown in Figure 7c,d, it can be seen that the
vortex generated by the blade tip interferes with the preceding one, and the rotor enters
the rear wake. The vortex is stroked by the blade tips and becomes extremely unstable in
the downstream flow of the wind turbine, and then breaks off slowly.

1.0 5 : :
05 ——A=4,f=01Hz
0.0 A=4%f-02Hz ‘propeller state
-0.5 1 | 5 | |
N\ /'&0 N\ /vortex ring state

Vc/Vh

-1.0 : : :
Ay A
20 TO 3turbulent wake state

nnormal working state

45 T T T T )
0 5 10 15 20 25

Time (s)

Figure 6. VRS identification scheme under pitch motion.

~

Vorticity: Magnitlide (1s)
1,6000

/
l.zuoo

0.90000

Figure 7. Wake scheme under pitch motion. (a) Iso-surface at TO moment under case 3; (b) velocity in the symmetry plane
at TO moment under case 3; (c) iso-surface at TO moment under case 5; (d) velocity in the symmetry plane at TO moment

under case 5.
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3.2. Surge Motion

Surge motion is a translational motion along the X-axis. The specific motion form is
designated as the simple harmonic motion, as shown in Equation (7),

xs(t) = As sin(2mfst) (7)

where Ag denotes the surge amplitude and fs denotes the surge frequency. Taking the
case (As = 4 m, fs = 0.1 Hz) as an example, the trajectory of surge motion is plotted in
black in Figure 8, the absolute speed in red, and the relative inflow wind speed in blue.
Similar to the pitch motion, the maximum absolute speed of the surge motion occurs at TO
moment with the value of 2.5 m/s. The maximum relative inflow wind speed occurs at
T4, about 14 m/s. The simulation cases of Ag =1m,2m, 4 m, and fs =0.1 Hz, 0.2 Hz are
considered. The cases in surge motion are summarized in Table 5.

surge
hub absolute velocity 4
. hub relative velocity L 14
L2
13
E 7 1
= 12 é
é &
04 -0 2
g F11 g
< e
[9 o
2 L -1 >
A 24 10
L2 Lo
-4
T6
T T T T T 3t 8

T T
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
Surge period (T)

Figure 8. Surge motion analysis under case 10 (Ag =4 m, fg = 0.1 Hz).

Table 5. Surge motion cases.

Case Motion Ag (m) fs (Hz) P,,  MW) P, (MW) )
6 Surge 1 0.1 4.90 5.67 15.52%
7 Surge 2 0.1 4.96 6.46 29.56%
8 Surge 4 0.1 5.05 8.07 56.84%
9 Surge 1 0.2 4.92 6.41 29.25%
10 Surge 4 0.2 5.36 11.16 98.31%

Table 5 and Figure 9 show the power statistics and variation under surge motion.
Under cases 6, 7, and 8, the maximum power increment is 0.7, 1.49, and 3.1 MW compared
to the fixed value. The power oscillation factor under cases 610 decreases by 5.4%, 15.27%,
13.86%, 14.63%, 9.42% compared to cases 1-5. In general, the variation law of power under
surge motion is similar to that under pitch motion, but the intensity of power fluctuation
caused by surge is 70% of that under pitch motion.

Figure 10 shows the power oscillation factor as a function of Af, it is concluded that
the aerodynamic loads of the wind turbine are more susceptible to the pitch motion, and
the power oscillation factor under the surge motion shows a good linear relationship.

The speed ratio of case 8 and case 10 are plotted in Figure 11, from which one can see
that the wind turbine under two cases does not enter the vortex ring state. Take case 10
(As =4 m, f¢ = 0.2 Hz) as an example, Figure 12 shows the iso-surface of the vortex at TO
moment. At the TO moment, there is no obvious disturbance between the blade and wake
vortices. The gap between the present tip vortex and the preceding one is larger than that
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under case 3. Then, the turbulence intensity decreases, and the output power increases
by 1.06 MW at TO moment. Although Figure 11 shows that case 10 has a more intense
turbulent state, this is because of the higher induced speed at the blade tip at 0° azimuth

angle than at the hub center under pitch motion.
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Figure 9. Power performance under surge motion. (a) Power variation versus time; (b) the average and extreme power.
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Figure 11. VRS identification scheme under surge motion.
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Figure 12. Wake scheme under surge motion. (a) Iso-surface at TO moment under case 10; (b) velocity in the symmetry

plane at TO moment under case 10.

4. Combined Motion of Pitch and Surge

When it comes to the combination of two sinusoidal motions, one should keep in mind
that the phase of sinusoidal motion has two important factors, namely the frequency and
the initial phase. This section focuses on the impact of combined pitch-surge motion with
the same frequency on the aerodynamic performance of wind turbines, considering two
motions with equal initial phases and different initial phases. For simplicity of notation,
the combined motion of surge and pitch with equal initial phases is denoted as same-phase
combined motion, and the combined motion of surge and pitch with different initial phases
is denoted as combined motion with phase difference.

4.1. Same-Phase Combined Motion

Given a prescribed combination of surge and pitch motion, the specific form is defined
as follows: N R
where 0, X, are the pitch and surge motion as defined above. The phases of the two
motions are equal all the time when the two motions have the same frequency and initial
phase. Then the absolute speed of the hub center can be written as:

Vy =2nf(HA, + As) cos(2mft) )

where f refers to the motion frequency, H refers to the height of the hub above sea level.
Figure 13 shows the combined motion under Ap =4°, Ag =4 m, f = 0.1 Hz. The absolute
speed curve is shown in black, with the maximum absolute speed of approximately
6.46 m/s at TO moment; the relative inflow wind speed at the hub is shown in red, with the
maximum value of approximately 17.8 m/s at T4 moment. The simulation cases are the
combination of single motion cases, as summarized in Table 6.

The wind turbine power under the same-phase combined motion is presented in
Table 6 and Figure 14. One can notice that the same-phase combined motion aggravates
the unsteady aerodynamic load characteristics of the wind turbine. The maximum power
of combined motion is greater than that of either single motion under the same amplitude
and frequency. The power oscillation factor of the combined motion is approximately equal
to the algebraic sum of that of each sub-motion. Comparing the results of case 12 and case
13, it is obvious that the power oscillation under case 13 is more severe, which indicates
that doubling the pitch amplitude has a greater impact than doubling the surge amplitude.
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Power (kW)

Case 16 shows the occurrence of negative power, which is due to the negative relative
inflow wind speed in this state.
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Figure 13. Combined motion analysis under case 14 (Ap =4°, Ag =4m, fs = 0.1 Hz).

Table 6. Cases of same-phase combined motion.

Case Motion Ap (°) Ag (m) fs (Hz) P, MW) P, MW) )
11 Pitch + surge 1 1 0.1 494 6.84 37.35%
12 Pitch + surge 1 2 0.1 5.03 7.83 50.92%
13 Pitch + surge 2 1 0.1 5.11 8.08 57.78%
14 Pitch + surge 4 4 0.1 5.48 11.76 107.05%
15 Pitch + surge 1 1 0.2 5.12 8.92 69.20%
16 Pitch + surge 4 4 0.2 6.42 15.98 127.45%
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Figure 14. Power performance under same-phase combined motion. (a) Power variation versus time; (b) the average and

extreme power.
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The speed ratio of case 14 and case 16 is shown in Figure 15. Under case 14 (Ap = 4°,
As = 4m, fs = 0.1 Hz), the wind turbine experiences two states and is on the edge
of the vortex ring state. Under case 16 (Ap = 4°, As = 4m, fs = 0.2 Hz), the wind
turbine experiences four states. Figure 16 a,b depict the iso-surface of the vortex near
the TO moment under case 14. It is obvious that at TO, the gap between two vorticities is
close to zero, which is coherent with the analysis results of Figure 15. The blades have
strong turbulence effects but are not immersed in the wake vortex. Figure 16c—f show
the iso-surface of the vortex near the TO and T2 moment under case 16. There is a visible
event of strong blade vortex interaction at the tip, as anticipated. The blade tip has entered
the vortex generated by the previous blade and disturbed the normal development of the
vortex. Figure 16c,e show that the wake vortex disturbed by the blade becomes extremely
unstable, and then begins to break off and dissipate. Figure 16d,f on the right clearly show
that the upcoming vortex enters the penult vortex domain as the previous vortex has been
destroyed, and the vortex disappears soon after being disturbed.
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Figure 15. VRS identification scheme under same-phase combined motion.
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Figure 16. Wake scheme under same-phase combined motion. (a) Iso-surface at TO moment under case 14; (b) velocity in
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plane at TO moment under case 16; (e) iso-surface at T2 moment under case 16; (f) velocity in the symmetry plane at T2

moment under case 16.

4.2. Combined Motion with Phase Difference

Generally, there will be a constant phase difference between pitch and surge motion
under steady wind and regular waves [28]. This steady-state phase difference comes from
the phase difference between different wave excitation loads, and the phase difference
between the excitation and response. At a certain wave frequency, the first-order wave
excitation forces of surge and pitch DOFs can be expressed as:

FY%¢ = Apsin(wt + ¢1) (10)

My = Ay sin(wt + ¢2) (11)

The second-order hydrodynamics and coupling effects between motions are not
considered in the following analysis. After linearization at the operating point, the surge
and pitch motion can be considered as a second-order linear system with a single DOF,
respectively [36]. According to the phase-frequency characteristics of the second-order
linear system, the phase lag between the displacement response and the excitation force
can be calculated through Equation (12) [37]:

Ay = arctan(— %) (12)
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surge (m)

where A = w/w; denotes frequency ratio, w is the excitation frequency, w;, is the natural
frequency; ¢ = c¢/2 mw, denotes damping ratio, c is the system damping, and m is the
mass or inertia.

Different types of floating platforms have different hydrodynamic characteristics and
system inherent attributes. The platform in this paper refers to the OC4 semi-submersible
floating platform designed by NREL [38]. The hydrodynamic characteristic parameters
of the system, such as the wave excitation force and the radiation damping at different
frequencies, can be obtained through frequency analysis in the ANSYS-AQWA software.

The natural frequency of the platform system can be obtained via the free decay test,
as shown in Figure 17. The system response caused by the initial unit displacement has the
following expression:

u(t) = et (cos wyt + sin wgt) (13)

¢
g

6
44
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Figure 17. Free decay response. (a) Surge motion; (b) pitch motion.

The natural period of the system can be defined as follows:

T, = Ty\/1— & (14)

where T; denotes the damping period, obtained through the points on the decay test
curve. ¢ is the system damping (mainly fluid viscous damping as the radiation damping
at the damping frequency is very small and can be ignored) and can be calculated by
the Equation (15), where J is the amplitude logarithmic decay rate, namely the natural
logarithm of the ratio of two adjacent response amplitudes.

e—Swnt
) In —Con(FTy)

N o=t 15
¢ 27 27 (15)
In addition, the system damping should also contain the aerodynamic damping.
The linearization analysis was completed in OpenFAST v2.4.0 to obtain the aerodynamic
damping values at the rated operating point [39]. Table 7 shows a summary of the system
damping parameters at the rated wind speed operating point.
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Table 7. Damping parameters of the OC4 platform.

Parameters Surge Pitch
Natural frequency 0.0554 rad/s 0.2446 rad/s
Aerodynamic damping ratio 0.0513 0.1076
Radiation damping ratio 0.7665 0.07053
Viscous damping ratio 0.04279 0.01707
Total damping ratio 0.8606 0.1952

In the steady-state response of the system under the uniform wind and regular waves,
the wind loads usually determine the equilibrium displacement, and the wave loads usually
determine the oscillation amplitude of the system near the equilibrium point [29,40]. Taking
a regular wave with a frequency of 0.1 Hz and a height of 2 m under the rated wind speed
as an example, the phase analysis results are shown in Table 8. It can be concluded from
the table that the motion phase calculated according to Equation (12) is roughly consistent
with the phase obtained by the FAST simulation results [39]. There is a certain discrepancy
(about 6°), mainly due to model assumptions and inaccurate calculations of damping.
Fortunately, the phase differences calculated by the two methods are almost equal with
the discrepancy of 0.7°; therefore, the above method of calculating the phase difference is
believable. For convenience, taking the surge motion as a reference, the phase difference
of the pitch motion relative to the surge motion can be expressed as A = Py — Psurge-
Then the absolute speed of the hub center is changed to:

Vi = 2nf - HA) - cos(2mft + Ap) + 27f - As - cos(2mtft) (16)

Table 8. Phase parameters of pitch and surge motions at 0.1 Hz.

Parameters Surge Pitch

Wave excitation force phase 69.9° —87.4°
Total damping ratio 0.8606 0.1952
Frequency ratio 11.11 2.5688
Displacement phase (present) —101.22 —259.42
Displacement phase (FAST ) —107 —264.5

1 Fatigue, Aerodynamics, Structures, and Turbulence.

According to the above analysis, each frequency uniquely determines the phase
difference at a given wind speed; therefore, this paper selects two frequencies of 0.1 and
0.2 Hz as research. The specific simulation cases are shown in Table 9. Figure 18a,b show
the motions of the wind turbine under case 20 and case 22, respectively. Under case 20, the
moment of maximum absolute speed of the hub center moves to T3. Under case 22, the
moment of maximum absolute speed moment moves to T7.

Table 9. Cases of combined motion with phase difference.

Case Motion Ap (®) Ag (m) f Ay 1 P,, (MW) P, (MW) )
17 Pitch + surge 1 1 0.1 —158.2° 4.92 5.42 10.66%
18 Pitch + surge 1 2 0.1 —158.2° 491 5.49 11.11%
19 Pitch + surge 2 1 0.1 —158.2° 497 6.57 31.66%
20 Pitch + surge 4 4 0.1 —158.2° 4.92 7.10 40.69%
21 Pitch + surge 1 1 0.2 —270° 4.98 7.69 52.16%
22 Pitch + surge 4 4 0.2 —270° 5.57 14.24 131.38%

1 Phase difference.
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Figure 18. Velocity analysis under combined motion with phase difference. (a) Case 20; (b) case 22.

Under the combined motion with a phase difference, the power variation curves
are depicted in Figure 19, and the power statistics are presented in Table 9. First, the
power oscillation under the combined motion with a phase difference is smaller than that
under the same-phase combined motion. The maximum power of case 17 is reduced by
1.42 MW compared to case 11, and the maximum power of case 21 is reduced by 1.23 MW
compared to case 15. It is concluded that the impact on the attenuation of power at 0.1 Hz
is greater than that at 0.2 Hz. Furthermore, under different frequencies, the combined
motion with phase difference has different power influence characteristics compared to the
single motion. At 0.1 Hz, the maximum power of case 17 is smaller than that of the pitch
motion of case 1 and the surge motion of case 6; however, at 0.2 Hz, the maximum power
of case 20 is larger than that of the pitch motion of case 4 and the surge motion of case
9. This illustrates the mutual weakening effects on power characteristics between pitch
and surge motion at 0.1 HZ and the mutual strengthening effects at 0.2 HZ. In addition,
under combinations of different motion amplitudes, the characteristic position of the power
variation curve is different. At 0.1 Hz, the maximum power occurs near the T7 moment
in case 17, near the T5 moment in case 18, and near the T7~T0 moment in case 19. This is
mainly because the power is affected by pitch and surge motion amplitude differently.
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Figure 19. Power performance under combined motion with phase difference. (a) Power variation versus time; (b) the

average and extreme power.

The speed ratio V. /V}, of case 20 and case 22 are shown in Figure 20. The wind turbine
under case 20 is only in the normal working state, whereas it experiences three states except
the propeller state under case 22; however, case 22 shows a negative power phenomenon
in Figure 19 as the hub speed used in the formula V./V}, cannot represent the speed
distribution of the whole rotor plane.

14 ——Ap=4°,As=4m,f=0.1Hz, ¢=-152.8°
——Ap=4°, As=4m, f=02Hz, ¢=-270°
04 propeller state
T7
14 vortex ring state
§ 2 turbulent wake state
o
> T3
3 normal working state
4
-54
T T T T T T T T T 1
0 5 10 15 20 25

Time (s)
Figure 20. VRS identification scheme under combined motion with phase difference.

Figure 21a,b display the iso-surface of the vortex at T3 moment under case 20. The
gap between wake vortices shedding from the blade tip maintains a certain distance, which
is different from case 14. It is visible that the blade does not directly interfere with the wake
vortex. Figure 21c—f display the iso-surface of the vortex under case 22. The vortex emitted
by the previous blade has been stroke by the next blade before it flows downstream away
from the tip near the T7 moment. The wind turbine has completely entered the vortex
ring state, but the intensity of blade/vortex interference is reduced, and the integrity of
the vortex structure is better than in case 16. The blade breaks away from its own wake
vortices for a while; then, new wake vortices are generated based on the previous one, so
what we see is that no new vortex structure is produced during this time.
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Figure 21. Wake scheme under combined motion with phase difference. (a) Iso-surface at T3 moment under case 20; (b)
velocity in the symmetry plane at T3 moment under case 20; (c) iso-surface at T7 moment under case 22; (d) velocity in
Table 7, moment under case 22; (e) iso-surface at T1 + T moment under case 22; (f) velocity in the symmetry plane at T1 + T
moment under case 22.

5. Motion Induced by Real Sea States

The motion amplitude given in Sections 3 and 4 is an ideal choice for the convenience
of comparative analysis. In order to reflect the load fluctuations of the turbine under
real sea conditions, the reasonable possible motion amplitude of the wind turbine was
selected based on the sea state data of Shidao in China from 1996 to 2020. Figure 22 shows
the distribution probability of meteorological conditions; the significant wave height is
mainly distributed between 0.5 and 1.0 m, the zero-crossing period is mainly distributed in
4-7 s, and the wind speed is mainly distributed in the low wind speed region. Response
amplitude operator (RAO), which can be obtained through the ANSYS-AQWA software,
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is used to predict the response of the FOWT under a given sea state. RAO is defined as
follows:

RAO;(w) = Amotion ;4 5 (17)

Awave

where Ajotion refers to the response amplitude, Aqqoe refers to wave amplitude, and i =1,
5 denotes the surge and pitch motion, respectively. The FOWT response amplitude can be
calculated when given the wave period and wave amplitude. Generally, the significant
height has the following relationship to wave amplitude [41]:

H;

Ai}ave = ? (18)
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Figure 22. Sea states on Shidao in Shandong province of China. (a) Wind speed, v; (b) significant wave height, Hs; (c) wave

period, Tp.

According to Equations (17) and (18) and the phase difference analysis method in
Section 4, one can establish the motion table as the function of wave parameters, as shown
in Table 10. It should be emphasized here that all phase differences are calculated with the
aerodynamic damping value at the rated wind speed for simplicity. The motion amplitude
increases with the increment of the wave period and the significant height. The pitch
motion amplitude does not exceed 1°, the maximum value in the table is only 0.5377°, and
the maximum surge oscillation is only 1.105 m in this sea area.

Table 10. Motion states at given sea states.

Tp (s) Hs (m) Ap (°) fp (Hz) As (m) fs (m) Ap (©)!
5 0.5 0.0022 0.2 0.0266 0.2 —270
5 1.0 0.0044 0.2 0.05751 0.2 —270
5 3.0 0.01284 0.2 0.1734 0.2 —270
10 0.5 0.0893 0.1 0.09727 0.1 —158.2
10 1.0 0.1788 0.1 0.1959 0.1 —158.2
10 3.0 0.5377 0.1 0.5894 0.1 —158.2

1 Phase difference.

Considering that the rotor has large inertia and the wave period is short, one can
assume that the rotor speed does not change during such a period. The statistical results of
power variation under different sea conditions are shown in Table 11. In this sea area, the
power increases with the increase of wind speed and significant wave height but decreases
with the increase of the period. The maximum power fluctuation amplitude is 479.9 KW.
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Table 11. The power fluctuation value at the given environment; units are in kW.
v (m/s)
Tp (s) Hs (m) 5 8 114 15
5 0.5 18.57 39.48 71.25 76.51
5 1.0 37.63 80.3 145.3 155.1
5 3.0 143.37 245.8 438 479.9
10 0.5 15.27 34.82 61.58 66.6
10 1.0 31.14 67.84 115.6 131.4
10 3.0 89.45 192.5 343.3 375.2
15 0.5 13.27 28.8 54.83 56.85
15 1.0 25.99 57.11 105.1 111.5
15 3.0 75.32 167.6 303.7 326.7

6. Conclusions

Based on STAR-CCM+, we conducted the unsteady numerical simulation of the NREL
5-MW wind turbine and investigated the power performance and the wake structure under
different platform motions. In particular, the simulations under platform motions with a
phase difference, which other scholars did not consider before, were performed through
the proposed approach in this paper. These research results help to better understand the
influence law of platform motions on power performance, and provide new ideas and
directions for the CFD simulation of wind turbines under multi-DOFs motions. In addition,
simulations under realistic platform motions were conducted in the given environment.
These simulation results will be more practically useful than the simulation results in which
ideal motion amplitudes were used. The main conclusions are drawn as follows:

e As the motion amplitude or frequency increases under the single motion, the average
power increases slightly and the power fluctuation aggravates heavily. The power
performance of wind turbines is more susceptible to pitch than surge motion.

e  The power oscillation under the same-phase combined motion is more severe than
that under a single motion. The wind turbine under the same-phase combined motion
is more likely to enter the propeller state.

e  The combined motion with phase difference has different influence effects on the
power performances at different frequencies. At 0.1 Hz, the power oscillation factor is
smaller than that under the single motion; at 0.2 Hz, the power oscillation factor is
larger than that under the single motion but still smaller than that under the same-
phase combined motion. Furthermore, different combinations of motion amplitudes
will alter the characteristic position of power variation.

e  Under most real sea conditions in Shidao in China, the maximum pitch oscillation
amplitude of the platform is only 0.5377°, the maximum surge oscillation amplitude
is only 1.105 m, and the maximum power fluctuation amplitude is 479.9 kW.

In the future, the research will extend the simulations to more complex motions by
adding yaw motion as a further DOF. Moreover, an improved approach to calculating
phase difference will be proposed by considering the coupling effects between motions.
In addition, the power variation table will be constructed based on wind-wave joint
distribution probability.
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