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Abstract. This paper aims to investigate the drivetrain load response caused by induction and
wake steering control on two floating wind turbines (FWTs) in a wind farm. In this study, two
DTU 10 MW turbines, supported on the nautilus floater, are modelled using FAST.Farm. The
downstream turbine is placed at the distance of seven rotor diameters (D) from the upstream
turbine in the positive wind direction. Partial wake shading is considered for wake steering
control and full wake shading is considered for induction control. An ambient wind speed
of 8m/s is used and a representative sea state is selected. The test cases are defined based
on different blade pitch and yaw angles of the upstream turbine. Power generation of the
offshore wind farm is studied under different test cases. A decouped analysis approach is used
to investigate drivetrain response. Global responses are obtained from FAST.Farm. These loads
are used as input of the 10 MW wind turbine drivetrain model for the gears and bearings load
response analysis. Results show that both induction and wake steering control lead to a limited
increase in power generation of the wind farm. Additionally, both control methods affect the
drivetrain response statistics, while the features are different. This study facilitates a better
understanding on drivetrain dynamic behaviour in a wind farm perspective, which serves as a
reference for the wind farm optimizaton in the future.

1. Introduction

Wind farm control has received significant attention in recent years. Wind turbine wakes,
characterized by a velocity deficit and added turbulence, could significantly affect the total
power production and fatigue life of turbines within a farm. More specifically, the velocity
deficit behind the upstream turbine results in a power loss of downstream turbines, whereas the
added turbulence causes the increase in structural loads of downstream turbines leading to the
increase in fatigue damage [1].

Many studies have been conducted to investigate the dynamic behaviour of wakes or wake
effects on wind turbines [I]-[3] and some studies have been carried out on the wind farm control
[4]-[12], while studies on the load effect analysis of the drivetrains in wind farms have not yet
been conducted. It is known that the drivetrain is the most vulnerable part in the wind turbine
system and its downtime would pose huge loss of the cost of the wind turbine [13]-[15]. Hence,
reducing the drivetrain loads and improving its working life should be taken into account when
performing wind farm optimization.
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The objective of this study is to get more insight into the power performance and drivetrain
dynamic behaviour of floating wind turbines in a wind farm. To achieve this objective, an offshore
wind farm which consists of two 10 MW floating turbines is established using OpenFAST and
FAST .Farm [16]-[20]. Moreover, effects of yaw and blade pitch control on power generation and
drivetrain dynamic response of the two 10 MW floating turbines are studied.

2. Methodolgy

2.1. FAST.Farm model

FAST .Farm is a midfidelity multiphysics engineering tool able to predict the power performance
and structural loads of wind turbines within a wind farm which has been developed by the
National Renewable Energy Laboratory (NREL). FAST.Farm is based on the Dynamic Wake
Meandering (DWM) model and uses instances of OpenFAST to compute the aero-hydro-servo-
elastic dynamics of each turbine separately.

2.1.1. Wind Field Setup The wind field size is chosen to be X X Y x Z =10 km x 952.5 m X
472.5 m, which is referred by the study of Wise et al. [2I]. The low-resolution domain AX, AY
and AZ is found to be 1.376 m, 7.5 m and 7.5 m with a timestep of 2 s [19]. The high-resolution
domain has an identical spacial resolution, but a different timestep of 0.125 s [22].

The high resolution wind field is located around the FWT, whereas the low resolution wind
field covers the rest of the wind field. The number of high resolution nodes N Xp;g5, NYpign and
N Zp;gn are taken to be 102, 64 and 32 nodes, which results in a high resolution wind field of
the dimensions of Xp;gn X Yhigh X Zpigh = 139m x 472m x 232.5m where the high resolution
wind field starts 80m in upwind direction from each individual turbine.

The wind field is created using the Mann turbulence model [23], which can be generated using
a pre-processor tool of HAWC2 [24]. The Mann turbulence model is a three dimensional velocity
spectral tensor and is defined in IEC61400-1 [25]. The model depends on 3 variables: ae??, L and
I'. ae?/3 is the energy dissipation rate parameter, L is the length scale describing the eddy size
that mainly contains the energy and I' is the shear distortion parameter. € is the rate of viscous
dissipation of turbulent kinetic energy and « is the three-dimensional Kolmogorov constant
equal to 1.7 [26]. ae?/3 L and T are found to be 0.144m*/3s2, 33.6m and 3.9, respectively. The
simulation time is 4000s, with a 400s transient and an output timestep of 0.025s.

2.1.2. Arrangement Two turbines are placed in the wind field with the hub coordinates
described in Table[I]and the yaw control layout shown in Figure [T} where FWT; is the upstream
turbine and FWT}, is the downwind turbine. The layout is based on Gebraad (2014) [27] and
Kanev (2020) [§] with an absolute distance of 7 rotor diameters, D.

Table 1. Turbine hub coordinates above SWL in the generated wind field (Left: yaw control;
right: blade pitch control).

Turbine number [-] X [km] Y [m] Z[m] Xkm] Y [m] Z [m]

1 1 -89.15 119 1 0 119
2 2.245 0 119 2248 0 119
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Figure 1. Turbulent Wind Field of the reference yaw case (TCp) where the wind flows in
positive X direction.

2.2. OpenFAST model

The WT model used in OpenFAST is the DTU 10 MW reference wind turbine [28], which is
supported by the nautilus semi-submersible floater [16 28]. This floater is developed in the
LIFES50+ project, which aims to develop new innovative substructure concepts. The floater is
symmetric and consists of four columns, which connect the main frame by an X-shaped deck
and a square-shaped ring pontoon on the top and the bottom, respectively. The model used can
be seen in Figure

The mooring lines are modelled using MoorDyn [29] for a water depth of 130m and an
unstretched length of 833.24m. On one side, they connect the columns, and on the another side,
they are fixed to the seabed by drag anchors for station keeping.

The tower is modelled with a traditional approach where the tower is flexible from the nacelle
to the floating substructure.

The rotor diameter is D = 178.3m and the hub height is zp,;, = 119m above still water level
(SWL). These values have not been changed from the original DTU 10 MW reference turbine.
The rotor aerodynamics have been updated to AeroDyn v15 [30].

The DTU wind energy controller of the DTU 10 MW reference WT was tuned to avoid
resonance of the nautilus 10 MW WT, which is explained in Larsen et al. [31]. The blade
pitch angle (B.P. angle) and yaw angle have been modified in the ServoDyn module to create
the desired test cases and constant power control is used above rated for maximum power
production.

Figure 2. Computational model of the nautilus
10 MW WT visualized in OpenFAST with lines
representing the prebent blades. The tower and
nacelle are colored black while the hydrodynamic
members are colored yellow [21].

?
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2.8. Drivetrain model

In this paper the 10 MW reference drivetrain developed by Wang et al. [32] was used. The
drivetrain adopts a four-point support configuration and a medium-speed gearbox which consists
of two planetary stages and one parallel stage, with a total transmission ratio of 1:50. The
drivetrain topology with gear and bearing nomenclatures is shown in The drivetrain
dynamic model is established using a multi-body system (MBS) simulation tool SIMPACK [34],

which is presented in the
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Figure 3. 10MW reference drivetrain topology [32]
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Figure 4. 10MW drivetrain numerical model [32]

2.4. Decoupled analysis method

A decoupled analysis method is used to calculate the drivetrain dynamic load responses in this
study. First, Global forces and moments of the two FWTs are obtained using the program
FAST .Farm. Then, these time series of forces and moments are applied at the hub center of the
drivetrain models to calculate gear and bearing load effects.

2.5. Environmental conditions and test cases
The environmental conditions are based on a deep water site in the North Sea. A mean wind
speed at hub height, upp, of 8 m/s is chosen. Wind turbine class B is selected in this study, and
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the power law exponent, «, is taken as 0.14. The value of the turbulence standard deviation in
the positive wind direction, o, is determined as follows:

ou = Lref (0.75upyp + b) ;b = 5.6m/s (1)

The significant wave height, Hg, is determined using Beaufort scale linear interpolation,
whereas the corresponding peak period, T, is found using IEC61400-3 [33], where Hy = 2.0m
and T}, = 7.4s. The current is not taken into account in this paper.

A total of 10 test cases are described in The test cases are determined through
iteration in FAST.Farm for optimal power generation. The B.P. angle and yaw angle are both
modified respectively in the ServoDyn module. Test case 0 is the baseline test case for wake
steering control and test case 5 is the baseline test case for axial induction control. Test case 1
to 4 are test cases where the yaw angle is modified to steer the wake. Test case 6 to 9 are test
cases where the B.P. angle is modified to change the axial induction factor of the upwind wind
turbine. In this study, all the test cases are applied on the first turbine, by which investigating
the effects of yaw and B.P. controls on power generation and drivetrain load effects of both
turbines.

Table 2. Considered test cases of turbine 1 for this work.

Test case number [-]  Blade pitch angle [-]  Yaw angle [°]
Reference TCo 0 0
TC: 0 5
TCs 0 7
Yaw control TCs 0 8
TCy 0 10
Reference TCs 0 0
TCe 1 0
. TCr 2 0
Pitch control TCq 3 0
TCo 4 0

3. Results and discussions

3.1. Effects on power generation

The power production, thrust, torque and bending moment of each test case are compared
between the two turbines. The comparisons of power production and response statistics of
drivetrain input loads are demonstrated in the Figure [5| and Figure [6] respectively. Also, Table
shows the total power production increase of TC;-TCy4 where TCy is taken as the baseline
case and of TCg-TCqy where TCs is taken as the baseline case.

Table 3. Power production change normalised to TCy for TC;-TC4 and normalised to TCs for
TCs-TCy.

Test case TC, TC, TCs TCy TCeg TCr TCg TCo
Power production change [%] 0.70 0.78 0.73 0.60 0.17 0.02 -0.86 -2.24

From Figure [5| and Table [3] it is observed that the total power of the two FWTs shows a
limited increase and then decreases over both the yaw angle and the B.P. angle, where the power
production of turbine 1 is decreasing while the power production of turbine 2 is increasing. The
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(a) Wake steering control (b) Axial induction control
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Figure 5. Total power production and power production of FWT; and FWTy for each test
case.

limited increase in power production can be explained by the high turbulence intensity of 0.203,
causing faster wake mixing behind the upwind turbine wake.
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Figure 6. Mean values and standard deviations of the thrust (Fx), torque (Mz) and bending

moment (My) at the yaw bearing for each test case (First line: yaw control; second line: blade
pitch control).

Figure [6] presents the mean values and standard deviations of global thrust force Fx, torque
Mz and the yaw bearing bending moment My of the two turbines under all test cases. The
bending moment My acts on the tower top and is of opposite value when used for the drivetrain
model. The coordinates used in this figure are shown in Figure[d In the yaw control scenario,
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it is found the feature of mean values of Fx and Mz of the two turbines is approximately
consistent with that of the power production; namely, they decrease for FWT and increase
for FWT5 as the yaw angle increases. In contrast, the mean values of bending moment My at
the yaw bearing for FWTy are higher than for FWT; under all test cases and they increase for
FWT; and decrease for FWTs as the yaw angle increases. The moment is negative due to the
weight of the hub and blades creating a larger moment than Fa. An increase in Fx will decrease
the magnitude of My. Note that this is not the overturning moment at the tower base.

In the pitch control scenario, the feature of torque Mx of the two turbines are consistent with
that of the power production; namely, the values of turbine 1 decrease and turbine 2 increase
slightly as the pitch angle increases. In contrast, the mean values of bending moment My for
FWT, are higher than for FWT; under all test cases and they increase for FWT; and decrease
for FWTy as the pitch angle increases. The mean value of the thrust force of FWT; is different
with that of the power and torque values. The mean value decreases rapidly passing the mean
thrust value of FWTs between TCg and TCy. Both FWT; and FWTy vary linearly with the
increase of pitch angle. Pitching the WT blades will result in a decreased value for the axial
induction factor, which explains the behavior of F'z.

Table 4. Change of the mean values and standard deviations for yaw control cases with test
case 0 as baseline. Green indicates the mean of a bearing or gear that decreased with more than
5% for TCy, red indicates the mean of a bearing or gear that increased with more than 5% for
TCy4 and orange indicates the remaining bearings and gears.

FWT,
Gear, bearing load mean value standard deviation
TC, | TCy | TC3 | TCy | TCy | TCy | TCs | TCy
-1 -1 -2 -2 -1 -2 -2 -2
3 4 5 6 1 2 2 3
-1 -2 -2 -3 -1 -2 -2 -2
-1 -2 -3 -3 -1 -1 -1 -2
-1 -2 -5 -9 -1 -1 -1 -2
-1 -2 -2 -2
-1 -1 2 -3 -2 -2 -2 -2
FWT,
Gear, bearing load mean value standard deviation
TC, | TCy | TC3 | TCy | TCy | TCy | TC3 | TCy

2 3 3 4 1 2 2 2
-1 -1 -1 -2 0 0 0 0
3 4 5 6 2 2 2 3
0 0 1 1 1 1 1 1

2 3 3 4
2 3 4 5 3 3 > o

2 3 4 4

3.2. Effects on drivetrain dynamic response

Table [4 and Table [5] list the percentual change of drivetrain response statistics for cases with
and without yaw control and pitch control, respectively. Relative values of each test case are
presented in these tables. Representative gears and bearings, INP-A, INP-B, HS-B and three
stage gear pairs, are selected to analyze in this study. The layout of these gears and bearings
is illustrated in Figure [3] Figure [7] and Figure [§ show the INP-A and INP-B radial and axial
loads, as well as the the gear-pinion loads. In general, effects on drivetrain dynamic response
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Table 5. Change of the mean values and standard deviations for pitch control cases with test
case 5 as baseline. Green indicates the mean of a bearing or gear that decreased with more than
5% for TC7, red indicates the mean of a bearing or gear that increased with more than 5% for
TC7 and orange indicates the remaining bearings and gears.

FWT,
Gear, bearing load mean value standard deviation
TCs | TCr | TCs | TCy | TCs | TC7 | TCs | TCo
-6 -14 -22 -31 -7 -11 -15 -18
-1 -2 -3 -4 -2 -4 -6 -8
-8 -18 -28 -38 -7 -11 -15 -20
-1 -3 -5 -6 -1 -4 -6 -8
-1 -2 -5 -9 -1 -3 -4 -5
-1 -8 -2 -3
. 2 - -9 -1 -2 -3 -4
FWT,
Gear, bearing load mean value standard deviation
TCe | TC7 | TCsg | TCy | TCs | TCr | TCg | TCo
1 4 7 10 0 0 1 1
-3 -6 -8 -10 -1 -2 -2 -3
6 10 14 0 0 2 2
1 2 3 4 0 0 1 2
0 1 1 2
2 5 8 12 0 0 0 2
0 0 0 0
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Figure 7. Mean values and standard deviations of the axial and radial INP-A and INP-B
bearing loads and the 3rd gear-pinion load for each yaw test case.
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Figure 8. Mean values and standard deviations of the axial and radial INP-A and INP-B
bearing loads and the 3rd gear-pinion load for each blade pitch test case.

induced by pitch control are larger than by yaw control, because pitch control results in larger
global load variations than the yaw control under test cases defined in this study. Effects on
mean values of drivetrain loads of the two wind turbines are observed with same features in the
two control scenarios. More specifically, the feature of mean values of axial forces of INP-A and
INP-B is close with that of the global thrust force shown in Figure[6] because main bearing axial
forces are mainly induced by global thrust loads. Additionally, feature of mean load response
of gears and bearings inside the gearbox, HS-B radial load and three stage gear tooth contact
loads, is observed to be close with that of the global torque loads with the increase of the test
cases, which is because the gearbox load response is mainly dominated by torque loads. The
radial loads of main bearings are mainly induced by rotor blade and main shaft weight as well
as vertical force and bending moments produced by the rotor, thus the feature of mean values
of INP-A radial force is corresponding with the yaw bearing bending moment My shown in
Figure [6] It is noted that the radial stiffness of upwind main bearing INP-A is larger than the
downwind bearing INP-B, which lead to the majority of radial loads are carried by the INP-A
and this accounts for the fact that both the yaw control and pitch control have very small effects
on mean values of INP-B radial loads. In addition, both the yaw control and pitch control affect
standard deviations of drivetrain load response of the two turbines, while characteristics of the
effects induced by these two control scenarios differ. It is observed that pitch control generally
induces larger effects on the drivetrain standard deviation response of FWT; than FWTs, while
it is opposite with the effects induced by the yaw control. Reason for this is revealed by load
spectra analysis. Figure[9)and Figure [I0] compare the axial force spectra of main bearing INP-A
in the two turbines between TCy and TCy as well as TCs and TCy, respectively. It is found that
all the load spectra are dominated by the wave frequency response as well as the rotor 3P and
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6P response. Peak values at the wave frequency are very close in all of the load spectra, while
those at the rotor 3P and 6P frequencies differ in the spectra of Figure [9] and Figure The
3P and 6P response for TC4 and TCy are very close. A small decrease in 3P and 6P response is
found for FWT; and a small increase is found for FWT5. For TCs; and TCy a frequency shift
is found for the 3P and 6P response due to the decrease in angular velocity of the main shaft,
where the peaks do not change significantly. For FWT, a small decrease in 3P and 6P response

is found.
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Figure 10. Comparison of the axial force spectra of main bearing INP-A between TCs and
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4. Concluding remarks

This study deals with the effects of induction and wake steering controls on power generation
and drivetrain load response in an 10 MW offshore wind farm perspective. The wind farm
consists of two 10 MW floating wind turbines supported on the nautilus floater. The wind farm
models are developed using FAST.Farm and the 10 MW floating wind turbines are built using
the software OpenFAST. In addition, a high-fidelity drivetrain model, which is established using

10
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multi-body system method, is employed. Environmental conditions which consist of turbulent
wind and irregular waves are presented. Induction control and wake steering control are realized
via defining the blade pitch and yaw angles on the upwind turbine. Effects of these two control
scenarios on the wind farm power generation and drivetrain dynamic response are investigated.

The upstream turbine power is decreasing while the downstream turbine power is increasing
for as the pitch and yaw angles increase. Global torque and thrust loads of individual turbines
vary with approximately identical feature of their power production as the yaw angles increase.
Global torque loads of individual turbines vary with approximately identical features of their
power production as the blade pitch angle increases, while the upstream turbine thrust load
decreases significantly as the blade pitch angle increases. Effects of the induction and wake
steering control on mean values of drivetrain load effects are generally identical with that of the
global load response. Wake steering control does not have large effects on drivetrain standard
deviation response of the upstream turbine, while the increase of yaw angle would lead to the
increase of drivetrain standard deviation response of the downstream turbine, which is due to
partial shading of the downstream turbine. As a contrast, the increase of blade pitch angle would
lower the standard deviations of drivetrain dynamic response of the upstream wind turbine, while
it does not affect the standard deviations in the downstream turbine significantly. This is due
to the 3P and 6P response of drivetrain gears and bearings being different in the two turbines
under the two control strategies.
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