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Abstract: Yaw misalignment can make a wake steer, which is an effective method to increase the power of wind
farms, but it also increases the fatigue load of the turbines. In this paper, the method of combining yaw
misalignment and pitch control (CYMP) is proposed to investigate the potential to mitigate wake interference,
the wind velocity distribution and turbulence distribution in the wake, as well as the power and load changes
of the wind turbine are studied, focusing on power increment and fatigue damage reduction. Although some
studies have found that the method of CYMP are beneficial to increase power generation and reduce fatigue
loads, there are no papers that have made a detailed analysis of the effects of wake turbulence, wind speed
distribution, power, especially fatigue damage under this control. Simulation tool FAST.Farm is used to model
and analyze wind farms, obtain the variation details of wake and provide simulation data for calculating power
and fatigue load. The pitch control brings bias to the CYMP optimization results was neglected, the case studies
show that the method of CYMP can reduce the fatigue load by 10.29% and increase the total power by 1.7%
compared with only wake steering. The Model Predictive Control collaborative method based on CYMP is
proposed, which can increase power by more than 2% and reduce thrust by more than 4% under 10m/s
turbulent wind.

Keywords: Fast Farm; combining yaw misalignment and pitch control; wind farm power; fatigue damage;

wake interference; optimal control

1. Introduction

Offshore wind power has grown rapidly in the past few years, it is estimated that the total
installed capacity of global offshore wind power will reach 200GW by 2030 [1,2]. The proportion of
offshore wind power is growing fast, which is of great significance to achieving the goal of carbon
neutrality. Compared with the onshore wind farm, the turbulence intensity of offshore wind farm is
low, and the wake is not easy to dissipate, therefore, the wake interference is serious. The maximum
annual power generation loss caused by wake is 54% [3], and the wake also reduces the reliability of
turbines [4].

Nowadays, there are three methods to mitigate wake interference in the wind farm, which are
mic-sitting, layout optimization of the wind farm, and wind farm control. The first two methods were
constrained by wind farm space [5], electrical cost [6], maintenance cost [7], and sea terrain [8]. Wind
farm control uses the freedom degree of a single wind turbine to achieve the wind farm wake
interference goal, which is easier to achieve compared with the first two methods [9].

Wake steering is a method to mitigate wind farm wake, which has attracted great attention. The
yaw misalignment of the upwind turbine makes the wake steer [10,11], and the downwind turbine is
away from the wake center and the power increases. Wake steering is considered to be an effective
method to increase power output [11,12]. Adaramola and Krogstad [13] studied the wake steering in
a wind tunnel test, and they found that when the upwind turbine yawed by 30°, the total power
output could be increased by 12%. Campagnolo et al. [14] changed the wind tunnel test conditions,
and it was found that when the upstream turbine yaw misalignment was set to 20°, the maximum
power gain was 7.0%. Howland et al. [15] conducted a series of field tests and found that an
appropriate yaw misalignment control could increase the wind farm power output by about 10%.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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However, the fatigue load of the turbine always increases under wake steering. The turbine increases
its fatigue load due to yaw offset [16]. Lin and Port'e-Agel [17] used the method of multi-objective
parameter optimization to determine the maximum power output and the minimum fatigue load in
the wind tunnel test. The wake steering also increases the fatigue load of the downwind turbine.
Churchfield et al. [18] also found that although the wake steering made the downwind power
increase, the fluctuation of blade root flap-wise moment was significantly increased, and the root
mean square of bending moment of the turbine blade affected by partial wake was increased by at
least 15% in CFD simulation analysis.

Pitch control [19-21] has also attracted much attention in the study of relieving wake effect
[22,23]. Corten and Schaak [24] tested 24 turbines (3 X 8) with 25 cm rotor diameter in the wind
tunnel, and they found that the pitch control of the front row turbines made the total power output
increase by 4.6%, meanwhile, the increase of the power was the most pronounced in the second-row
turbines. However, pitch control did not always improve the power generation of wind farms. Bartl
and Seetran [25] set the constant average wind speeds and varied the turbulence intensity in the wind
tunnel test, the rotor diameter of the two turbines was 90 cm, and the pitch control did not improve
the total power. Campagnolo et al. [26] also applied wind tunnel experiments to investigate the pitch
control, and they found that only when the first two turbines were considered, the pitch control could
increase total power, but when the third turbine was considered, the total power output did not
increase. Kim et al. [27] validated that the atmospheric turbulence and Reynolds number affected the
pitch control, i.e., when the atmospheric turbulence intensity was low, the wake expansion rate was
slow [4], also, when the Reynolds number was low, the rate of wake expansion was slow [28], so the
momentum recovery was low. Annoni et al. [29] found that when the downwind turbines were
affected by full wake, the upwind turbines were pitched, and the kinetic power along the wake
boundary was significantly increased, but with the wake expansion, the swept area of the downwind
turbine was away from the boundary, which had little influence on the power increase of the
downstream turbines. Combining the experiments and analysis above, Ha et al. concluded that the
pitch control effect was greatly affected by the environment [30].

Reducing the axial inducement factor can reduce the thrust of the rotor to the wind, which plays
an important role in reducing the turbulence and wake deficit of the wake [31,32]. Pitch is one of the
methods to change the axial induce factor. Although the pitch control does not significantly improve
the wind farm power, it helps to reduce the wake turbulence intensity.

Bossanyi [32] has proposed a combining yaw and induction control method to optimize wind
farm power and reduce fatigue load. This method takes advantage of changes in wind direction and
speed in the wind field to maximize power output and reduce fatigue load by adjusting the yaw angle
and blade pitch angle of the wind turbine. The fundamental theory of the method is that the yaw
misalignment control makes the downwind turbine away from the wake center or close to the wake
boundary, and the pitch-control reduces the axial induction factor of the upstream turbine and
increases the recovery of kinetic energy along the wake boundary. This paper examines a joint yaw
and pitch control method, but its primary focus is on analyzing the impact of wind speed and
turbulence distribution changes on the wake of a wind turbine under various control methods.
Specifically, this study examines how these changes affect the downwind turbine's power output and
load fluctuations, while also analyzing the resulting power and fatigue damage under different
control modes. Fatigue damage is a key factor in predicting the expected life of wind turbines, as it is
the result of repeated loading and unloading of turbine components under different wind and
operating conditions. This damage leads to small cracks and material degradation that can build up
over time, eventually leading to structural failure. The hope is that the fatigue damage analysis under
different control will help researchers reduce the costs associated with maintenance and operation
over the life cycle of turbines.

The paper is arranged as follows. Section 2 introduces the simulation tool FAST.Farm and
simulation setup, section 3 gives the case analysis and discussion points, and section 4 summarizes
the whole paper.
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2. Methodology
2.1. Overview of FAST.Farm

FAST Farm is a simulation tool developed by the National Renewable Energy Laboratory
(NREL), which is an extension of the OpenFast. The wake calculation is conducted by modifying and
extending the dynamic wake meandering (DWM) model. FAST.Farm is used to describe wake
development and evolution, explain the wake interference effect, and describe the fatigue load and
power of the turbine under wake interference.

The thin shear layer approximation of Reynolds averaged Navier-Stokes equation under quasi-
steady-state conditions is used to simulate wake deficit, and the turbulent closure captured with eddy
viscosity formula [33] is also applied.

2.2. Wind Turbine Model

The NREL's 5 MW baseline turbines model is used, the parameters of wind turbines are listed
in Table 1.

Table 1 a. Turbine parameters.

Parameter Value
Rated power (MW) 5
Blades number (-) 3
Cut-in, cut-out, rated wind speed (m/s) 3,25,114
Cut-in, rated rotor speed (rpm) 6.9,12.1
Hub height (m) 90
Rotor diameter (m) 126

The control of pitch and yaw misalignment change the momentum deficit of air passing through
the wind turbine, which is related to the thrust of the wind turbine rotor. Thrust is the basis of fatigue
load, and the azimuthally averaged thrust-force coefficient is normal to the rotor disk.

2.3. Wake Model
2.3. CYMP and Presentation of Results

The flow field of the downwind turbine has changed when compared with the free flow field.
This change is due to the wake generated by the upwind turbine, and the turbulence intensity
increases as the average wind speed decreases. The wake interference diagram is shown in Figure 1,
where the parameter y is the angle between the rotor axis and wind direction, it is called the yaw
misalignment angle, and the parameter f is the pitch angle.

In Figure 1 (a), in the case of the wind speed below the rated speed, the turbine WT1 is in free
flow and has no control over the wake, y and  are 0°, and the power of WT1 reaches the optimum.
At this time, the wind speed of the wake is very low, the turbulence intensity is high, and WT2 is
seriously affected by the wake, resulting in the decrease of WI2 power and the increase of fatigue
load [2]. The CYMP method is a combination of yaw misalignment and pitch control. Yaw
misalignment makes the wake steer, and the downwind turbine far away from the wake center. The
upwind turbine reduces the thrust to the wind through pitch, while reducing the thrust to the wind
of the upstream turbine will reduce the turbulence in the wake [29].

doi:10.20944/preprints202306.0914.v1
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Figure 1. Wake interference diagram: (a) Free stream state; (b) CYMP operation of the upwind wind
turbine.

In Figure 1 (b), the CYMP method is applied to make velocity recover (dashed arrow) and wake
centerline offset, where both y and f are not 0°. WT1 applies the CYMP method, which makes Cp
reduced, as shown in Eq. (11),

Co(Bi A vi) = Cp(Bi A:) neos (v:)? (11)

where Cp is deduced from the experiment of Medici [34], and it is a function of §,Aandy, 4 is the
tip speed ratio. 71 is the loss factor. Cp(B;, 4;) is obtained from Cp-curve without yaw. The power of
WT1 P; reduces, as Eq. (12) [35].

1
Pi = EpAiCP(ﬁi'Ai']/i)vis (l = 1, 2, 3 ) (12)

where i is the wind turbines number, p is the air density, A; is the turbine rotor swept domain, v is
the efficient wind speed.

Repeated fatigue load accumulation will cause fatigue damage to turbine materials, for example,
cracks appear, consequently reducing the service life of the turbine. According to Eq. (13)

D =Z% (13)

where ni is the number of fatigue load cycles, and N is the number of cycles causing fatigue load
failure. In this paper, damage equivalent fatigue load (DEL) is applied to fatigue loads in different
simulations.

Ym

m
DEL = § ”W (14)

i
where m is Wohler exponents, the value of m varies with different materials. In the fatigue load

analysis of Section 3, the Blade out-of-plane moment at the blade root is selected as the object, and m
is defined as 10.

2.4. Simulation Setup

The visualization image of the flow field of two turbines (WT1 and WT2) is shown in Figure 2,
which provides the intuitive flow field characteristics. Figure 2 (a) shows that the layout is 5 diameters
(D) apart from the inter row, and the wind direction is along the X-axis. WT1 is the upwind turbine,
followed by WT2 in the downwind. As shown in Figure 2 (a) and (c), the size of the wind farm is set

doi:10.20944/preprints202306.0914.v1
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to 3130 m x 1010 m x 350 m. The low-resolution domain in Figure 2 (a) is mainly responsible for wake
wandering and merging, and it encompasses the entire wind farm. The spacing of spatial nodes is 10
m in FAST.Farm, the number of spatial nodes is 313 x 101x 35, the temporal resolution is 3 s; the high-
resolution domain is responsible for the wake formation and inflow, located around the turbines, the
spacing of spatial nodes is 10 m, the number of spatial nodes is 18 x 17 x 17, the temporal resolution
is 0.1 s. In Figure 2 (b), wake evolution can be seen in the XY plane as well as the wake cross-section,
three wake cross-sections at x/D=1, x/D=3, and x/D=4.6 are researched.

Figure 2. Visualization of wind farm flow field in a different position: (a) Visualization of wind farm
flow field in XY plane at hub center height; (b) Visualization of wind farm with three wake sections.
Along the X direction, the disks are at x/D=1, x/D=3, x/D=4.6; (c) YZ plane at WT1. The dotted line in
the figure calibrates the height of the hub center.

The average wind speed (v) of 7.5 m/s is researched in simulation. The wind characteristics of
this region are: a) obvious wake interference; b) when the wind speed is lower than rated, the pitch
control is easy to achieve. The characteristics of turbine operation in those regions are: a) the rotor
speed increases and the pitch angle is 0°; b) the rotor speed control follows the optimal Cp tracking.
Turbulence intensity (TI) of 6 % , a wind shear(kv) of 0.13, ari density (p) of 1.225 kg/m? are typical
offshore wind characteristics, The distance of the two wind turbine in the wind direction is 5D.
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Figure 3. Explicit boundary conditions schematic.

Turbsim is a tool for generating wind by NREL [39]. It is most applicable to the simulation of
small wind farms, and it has lower computational complexity than CFD simulation tools. The
turbulent wind is generated by Turbsim, the specific settings are as follows:

a. The turbulence degree is 6%, the average wind speed is 7.5 m/s, and the turbulence model-
Kaimal model;

b. Wind shear adopts power exponent 0.13.

The simulation time under each control mode is 1000 s. To make the downwind wake fully
develop, the analysed data between 200 s and 1000 s is chosen .

3. Result Analysis

In this section, the three aspects are studied and analysed, which are the wake visualization, the
impact of the CYMP on the wake, and the impact of the wake on the downwind turbine under the
control of CYMP.

x/D=1
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Figure 4. Instantaneous flow velocity visualization on YZ planes downstream from WT1. Red circles
indicate a rotor located directly downwind of the turbine. The color bar indicates the wind velocity
corresponding to the different colors in the figures. 20Y means control at yaw error angle of 20°;
20Y0.8P means combination control of 20° yaw error and 0.8 degree pitch.

3.1. Flow Visualizations

The visualization of the wake plane can vividly show the changes in the wake. Just take the
results of three different cases as examples, which are no yaw misalignment and no pitch, 20° pitch
(20Y), and 20° yaw misalignment and 0.8° pitch (20Y0.8P) the yaw angle of 20° and the pitch angle of
0.8°, there is no particular reason. In each case, three YZ-wake planes (the plane positions are as
shown in Figure 2 (b)) are captured at 477s as in Figure 2. The wake states in. As shown in Figure 3,
20Y and 20Y0.8P make the wake center offset to the right, and the farther the distance downwind of
WT1, the greater offset to the right of the wake center. This result is consistent with the characteristics
of yaw misalignment control [36]. Wind shear results in a lower wind speed within the lower half of
the swept area, and it is one of the important factors that cause the increase of the fatigue load [37].
Compared with the control result of 20Y, 20Y0.8P makes the wind speed at the wake boundary
recover faster, which is manifested in the reduction of wake radius in Figure 3.

The XY plane in Figure 1 (a) shows the meandering and offset of the wake. Figure 1 (b) shows
the YZ plane in different downwind distances (x/D=1, x/D=3, x/D=4.6), and the variation of wind
speed at different downstream distances can be observed. Figure 1 (c) shows the YZ plane at WT1,
and its wake characteristics are that the wind shear causes the wind speed on the lower side to be
lower than that on the upper side.

3.2. Effect on the Wake

This part is the quantification of the wake characteristics in Section 3.1, and the axial velocity
deficits, wake turbulence and wake center-line offset are analysed.

In Figure 5, the characteristics of the wake center-line offset can be found that the yaw
misalignment makes the wake center-line offset in the y-axis direction, whereas it is not obvious in
the z-axis direction. The distance of the wake center-line offset under the 20Y0.8P control is less than
the 20Y control, and this may be caused by the difference in the wake speed. Wake deficits and
turbulence also have such characteristics, so they are analysed only in the y-axis direction.

The recovery of the wake is generally considered from two aspects, which are wake deficit and
wake turbulence. As shown in Figure 6, the controls of 20Y and 20Y0.8P make the wake deficit center
offset to the right (y<0) by 0.2 times the rotor radius(R) because of the upwind turbine yaw
misalignment. The ability to capture energy at 0.6-0.8 0.6-0.8R from the hub center is the greatest, and
the wake deficit is the most at 0.6-0.8R as shown at x/D=1. With the evolution of wake downwind,
compared with at x/D=1, the wind speed of x/D=3 at 0.6-0.8 r recovers rapidly. At x/D=4.6, the wind
deficit at the wake center is the most, and the closer to the boundary, the lower the wind deficit.


https://doi.org/10.20944/preprints202306.0914.v1

Preprints.org (Wwww.preprints.org) | NOT PEER-REVIEWED | Posted: 13 June 2023 doi:10.20944/preprints202306.0914.v1

8
x/D=1 x/D=1
OV ™, M ] ot e SN A~ TN
VALY, \/\ /’\/\
220 M‘ 50
40 1 1 L 1 L L L L - 0 L L L 1 L L L L 1
£ 100 200 300 400 500 600 700 800 900 1000 100 200 300 400 500 600 700 800 900 1000
c x/D=3 x/D=3
g T T T T T T T T T 150 . . .
8 0 /\’\ | A - NN
o VWV W 100 | e A e N N ]
£-20 ‘
g | 50
s \ -
840 yv-o ..
pY 0 . . . . . . . . .
= 100 200 300 400 500 600 700 800 900 1000 100 200 300 400 500 600 700 800 900 1000
= x/D=4.6 x/D=46
ol ; . . . . . . . 1 150 ‘ : — ‘ . . . ‘
0 ] g \\,\/\/\/\/\
V/A 100 | / ]
20+ - ]
40 W 50}
100 200 300 400 500 600 700 800 900 1000 100 200 300 400 500 600 700 800 900 1000
Time (s) Time (s)
[——20v 20Y0.8P |
Figure 5. Wake centerline offset on y- axis (left) and z- axis (right). 20Y means control at yaw error
angle of 20°; 20Y0.8P means combination control of 20° yaw error and 0.8 degree pitch.
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Figure 6. Spanwise profiles of the velocity deficit at the hub height for the incoming flow. 20Y means
control at yaw error angle of 20°; 20Y0.8P means combination control of 20° yaw error and 0.8 degree
pitch.

There is little difference in the wake deficit on the left side of the hub center between the controls
of 20Y and 20Y0.8P, and on the right side of the wake plane (y<0), the wake deficit of the 20Y control
is less than that of the 20Y0.8P control. At x/D=4.6 and the 0.6-0.8R position, the 20Y0.8P control makes
wind speed 0.18 m/s higher than that of the 20Y control. This can be explained that under the 20Y0.8P
control, the wind speed of the downwind wake recovers quickly, which helps improve the power of
the downwind turbines. This conclusion is consistent with the visualization results in Figure 4

Turbulence is an important factor to affect the fatigue load. As shown in Figure 7, at x/D=1, the
20Y0.8P control makes the turbulence of 0.6-0.8 R lower than that of the 20Y control. This is caused
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by the reduction of the thrust of the upwind turbine, and the difference in other regions of the y-axis
is not obvious. At x/D=3, the turbulence intensity on the left side (y>0) of the wake plane is higher
than that on the right side, but the opposite is true at x/D=4.6. In the right side of the wake plane at
x/D=4.6, 20Y0.8P makes the turbulence reduced by 1.25% at the 0.6-0.8 times rotor radius position,
and this is also one of the factors to reduce the fatigue load of downwind turbines.

The wind speed at the hub center and rotor speed of WT2 are shown in Figure 8 and Figure 9,
respectively. As shown in Figure 8, under the control of 20Y0.8P, although the wind speed of WT2
has not been significantly improved, the Probability Density Functions (PDF) of the wind speed of
WT2 greatly changed. This is important for the rotor speed increase of WT2. For the average wind
speed greater than 5.5 m/s, the PDF under 20Y0.8P control is higher than that of 20Y. The rotor speed
of WT2 shows consistency with the wind speed distribution. As shown in Figure 8, when the rotor
speed is greater than 8 rpm, the PDF of 20Y0.8P is greater than 20Y. When the rotor speed is around
8.4 rpm, the PDF value under 20Y0.8P control is twice that of 20Y.

x/D=1 x/D=3 x/D=4.6
1.5 1.5 1.5
1 1 \ 1
0.5 0.5 0.5
[a)]
= 0 0 0
\—~,
-0.5 -0.5 -0.5
-1 -1 -1
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0.05 0.1 0.15 0.2 0.25 0.1 0.15 0.2 0.25 0.1 0.15 0.2 0.25

Turbulence intensity (-)

—20Y 20Y0.8P

Figure 7. Spanwise profiles of the turbulence intensity for the inflow wind. 20Y means control at
yaw error angle of 20°; 20Y0.8P means combination control of 20° yaw error and 0.8 degree pitch.
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Figure 8. Wind speed variation (left) and PDF (right) in the hub center of WT2. PDF is an abbreviation
for Probability Density Function, which is used to represent the probability distribution of wind
speed. 20Y means control at yaw error angle of 20°; 20Y0.8P means combination control of 20° yaw
error and 0.8 degree pitch.
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Figure 9. Rotor speed variation (left) and PDF (right) of WT2. PDF is an abbreviation for Probability
Density Function, which is used to represent the probability distribution of wind speed. 20Y means
control at yaw error angle of 20°; 20Y0.8P means combination control of 20° yaw error and 0.8 degree

pitch.

3.3. Turbine Performance Impact

To study the impact of CYMP on turbine performance clearly, more cases are studied, which are
listed in Table 2. The yaw misalignment angle varies from 0° to 40° (positive for clockwise yaw) with
a gradient of 5°, the pitch angle changes from 0° to 1.0° with a gradient of 0.2°. The fatigue load and
total power of CYMP are shown in Figure 10 and Figure 11, respectively. To observe the effect of
CYMP on turbine performance, the wake steering is used as a comparison. The results are normalized
by the value of no yaw offset and no pitch. As shown in Figure 10, the turbine blade root out-of-plane
moment is used to calculate DEL as fatigue load, normalized by the WT1 DEL value of no yaw
misalignment and pitch. When the method of only wake steering is chosen, some clockwise yaw
misalignment of WT1 makes the fatigue load of WT1 decrease, which is consistent with Kragh's
research [37]. The fatigue load of WT?2 increases because of the partial overlaps. The fatigue damage
of WT1 and WT2 under the CYMP method is both lower than that of wake steering only. When the
WT1 pitch angle is 1.0°, the fatigue damage of the two turbines decreases the most. When the yaw
misalignment angle is 30°, the fatigue damage of WT1 is decreased by 9.94%. When the yaw
misalignment angle is 25°, the fatigue damage of WT2 is decreased by 10.29%. Therefore, the high
fatigue damage of WT2 caused by yaw misalignment can be effectively reduced under the CYMP
method.

Table 2. Simulation cases.

Method name Yaw misalignment [°] Pitch angle [°]
5/10/15/20/
25/30/35/40
entry 2 5 0.2/0.4/0.6/0.8/1.0

10

15

20

25

30

35

40

entry 1 0

Figure 11 shows the total power under the CYMP method, which used wake steering as a
comparison. 5° yaw misalignment and the 1.0° pitch of WT1 make total power maximal improved by
1.7%. When WT1 yaw misalignment is greater than 15°, the CYMP method reduces the total power.
It can be seen that when WT1 takes the CYMP control, the captured power of WT1 reduces, while the
power boosted by WT2 downwind is less than this value, as a result, the total power reduces. This
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value may be improved when adding downwind turbines, and more research will be undertaken in

the future.
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B B
—_ o ~ o ~
< P ; / o
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Figure 10. Effect on fatigue load of turbines with the CYMP control method in wake interference

conditions.
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Figure 11. The total power using the CYMP method, normalized by the total power with no yaw and
no pitch. It is worth noting that the dynamic wake model in FAST Farm does not capture the effect of
the atmospheric boundary layer, however, the pitch angle settings need to be considered in the
specific atmospheric condition [3,29], so the results are biased in this paper. Although the pitch angle
setting deviates from the actual optimization effect, it is enough to prove that this method has the
potential to optimize the wake effect.

4. Cooperative Control of Wind Farm Based on Model Predictive Control of CYMP
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For offshore wind farms, a multi-Model Predictive controller collaborative control strategy
(CoMPCQ) is proposed, and joint pitch and yaw control actions can increase power generation and
reduce wind turbine loads.

4.1 Method Design

Model Predictive control MPC is a commonly used control method for wind turbines. According
to the control needs of offshore semi-submersible floating wind farms, this paper proposes CoMPC.
The framework of CoMPC is shown in Figure 12. The super-controller is for wind farms, the
optimization algorithm “Fmincon” to calculate the optimal references including yaw angle, pitch
angle and rotor speed of each wind turbine corresponding to the optimal target, and considers the
free flow wind speed, wind direction and wind turbine arrangement. Then the super-controller
transmits the optimal operating value of the wind turbine to each MPC controller. The MPC controller
tracks the reference value and controls the wind turbine action. At the same time, the operating data
and wind of the wind farm is fed back to the super-controller continuously and each MPC controller
for real-time adjustment of optimal value selection and tracking of control actions, realizing dynamic

active wake control of CYMP.
r-———————- |
: Wake model :— Super controller

| 1th MPC L‘ontrc)]]er| ‘

Wind farm ‘

9 .
| 2th MP(} UJl’ltT‘L)]]t‘r| v 1, o..

I Bell, 2...1...
Te(l, 2...10...

\I i th MPC ('(mlroller|

“{ruf(l; Dot T w [l)
Bl‘ef(l; 21[]) |
f\ruf(l, 2 . 1 . ['1) :

nth MPC controller

Xm(], 21.]’1)
Vm(l, 211’1)
||\H(1y 21.]’])

Figure 12. Framework of the CoMPC.

4.1.1 Super-Controller Design

The goal of the super controller is to maximize the power };c,, P; of the entire wind farm while
ensuring that the load is reduced. For the convenience of calculation, the load is specified as the
thrust Y;c, F; of the wind turbine. According to the total power and thrust of all generators in the
wind farm, it is expressed as follows:

npmR?v}
Yien Py = TfZiEn Cpi [1 = 6v;(Cr)) jew,]? (15)

pR?v?
YienFi = TfZiEn Cri [1 = 6v;(Cr)) jew,]? (16)

where p is air density, mR? is the plane area of the rotor, vy is the wind farm free-flow wind
speed, 6v;(Crj)jew, indicates that the wind deficit of the ith wind turbine affected by other wind
turbines W; in the wind farm. The wind speed deficit caused by wake, which is obtained by the
classic wake model Jensen model [38] [39], the wake deflection caused by yaw is calculated by the
Jiménez model [40]. These two models are not the focus of this article and will not be introduced in
the article, please refer to the paper for details if needed, Cr; indicates the thrust coefficient of the

i th wind turbine, Cp;, Cy; are affected by the pitch angle f and rotor speed w at the same time,
so the super-controller also needs to consider the control of w, Cp;, C;; are obtained from the look-
up table. The objective function of the super-controller is set as:


https://doi.org/10.20944/preprints202306.0914.v1

Preprints.org (Wwww.preprints.org) | NOT PEER-REVIEWED | Posted: 13 June 2023 doi:10.20944/preprints202306.0914.v1

13

max (f (y, B, w)) = max (X;en(aP; — bF)) (17)

where, a and b are the weights for power and thrust respectively. The goal of the super controller
isto find Vyer, Bres, Wrer When f(y, B, ) is maximized, and take them as the best operating point
of each wind turbine.

For a wind farm with n wind turbines, when the function f(y, 8, @) is maximum, there are 3n
optimization parameters. When n is large, the number of large parameters will increase the
computational burden. Due to changing wind conditions, too long calculation times makes the
optimal reference invalidate. In response to this problem, this paper proposes to partition the wind
farm, with wind turbines in the upwind direction as the dominant factor, and the wind turbines that
are seriously disturbed by the wake of this wind turbine are divided into the same area. The schematic
diagram is shown in Figure 13.

Wind directigh

R1 4%
=

Figure 13. Partition diagram of wind farm wake. Each red rectangle represents one wake disturbance
area.

Firstly, obtain the wind direction wd, coordinates of all wind turbines (x(i), y(i));

Secondly, rotate the coordinates of all wind turbines according to the wind direction wd
according to the Equation (18), and obtain the new coordinates of the wind turbines
(x_wd (1), y_wd (1)),

[xwd(i)] _ [cos (wd) —sin (wd)] [x(i) (18)
Ywa (D) sin (wd) cos (wd) | ly(i)

Thirdly, select the wind turbine with the smallest x coordinate value and name it R1_T1, R1
represents the first area, R1_T1 represents the first wind turbine in the first region; Look for the wind
turbine with less x,4, Ywq is the y coordinate of the wind turbine. If |x,4 — x,q(R1_T1)| <
VAR? + |y,,q — Vwa(R1_T1)|R is satisfied, it is determined that the wind turbine is affected by the
wake interference of R1_T1, where, x,4(R1_T1), y,4(R1_T1) is the x coordinate of R1.T1, R =
63 m. If yes, name the wind turbine R1_T2, and if no, name it R2_T1. In the same way, find the wind
turbines with lower x_wd order again to determine whether they are interfered by R1_T1 and R1_T2
(or R2_T1), and name them according to the naming rules, until all the wind turbines are named and
the partition is completed, area R1, R2... Rk (k<n) can be got.

Fourth, the wind turbine in the same area is considered as an optimization target, and the
Equation (17) is used to find the optimal.

This method is based on the assumption that each area does not interfere with each other.

4.1.2. Control Model of Semi-Submersible Floating Wind Turbine

For semi-submersible floating wind turbine, a control-oriented four-input and two-output
four-order incremental state space expression is established as follows:

X =Ax + Bu
{y =Cx+ Du (19)

State variable x = [w,, w, ,B, ¥, T]T, which are rotor speed, generator speed, pitch angle, yaw
angle, generator torque; control input u = [B,, v, T, ,v, H]", which are respectively the controlled
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pitch angle, the controlled yaw angle, the controlled generator torque, the wind speed of each wind
turbine, and the wave height of each wind turbine; y = [P]”, P is generator power.

A,B,C,D in formula (19) are obtained by linearizing the NREL, semi-submersible floating wind
turbine nonlinear model:

@y = i[KTwwr — By(w, — 2—3) + KrgB + Kryy + Kpyv + KyyH) (20)
Gy = i[—T + KBy (w, — :—Z)] (1)

B =B~ B/ @)

V=017, (23)

T=(T,—-T)/1, (24)

P = nw,T (25)

where the rotor torque of inertia J, = 5.34-10°kg.m?, the generator torque of inertia Jg =
534 kg.m?, the gearbox growth ratio N, = 97, the drive shaft damping coefficient B; = 6.215 -
10 kg -m?/rad - s, Kry, Krg, Kry» Kry, Kru, Kg, €5 Ky Kg is the identification parameter, 74 is
the inertia time constant of variable pitch, 7, is the yaw inertia time constant, 7, is the generator
torque inertia time constant, and the power generation efficiency 1 = 0.944.

4.1.3. MPC Controller for Wind Turbine

After discretizing Equation (19), Equation (26) is obtained.
x(k +1) = Ay x(k) + By u(k) (26)
where A, and B, are obtained by discretization of the state. References to state variables are as
follows:
max(wr,min: min(wr,ref' wr,nom))
max ((‘)g,min' min(wg,ref: wg,nom))
Xref = ﬁref (27)
Yref

min (Tyngz, 72%)
Nwg,o0
where the minimum of rotor speed w;n;; = 0.723rad/s, the nominal rotor speed w;pom =

WDr,min

1.267 rad/s, the minimum of generator speed wg min = , the nominal generator speed wgnom =

2rnom the maximum of generator torque Ty, = 47403 Nm, the nominal generator power By, =
g

5MW, w,, is the generator speed measurement during state equilibrium, which means x = 0.

The goal of MPC in this paper is to minimize the deviation between the predicted state and the
reference value, and to avoid frequent action of the controller and reduce the mechanical load of the
unit. Therefore, the value function of the optimization problem can be described as:

J = min 50V () Q X(k) + &, ()R (k)] + x7 (ko + Np)P x(ko + Np) (28)
where, X = x(k) — Xyop, Ue = Uc(K) — Uem, U is the measurement of control inputs during state
equilibrium. Q. and R, are weight. With dynamic state space equation constraints:

X(k +1) = AkX(k) + Bore (k) (29)
where control input u; = [¥,, B, T.]7, the constraints of i, are as follows:

if wy < Wgnom,

max(_VOI _yrate) max(—yo, _]/rate)
fimin = [Max(—Bo, ~Brate) |, max = max(~fo, ~Brace) (30)
max(—To, —Trare) min(Tpax — To, U:‘;”; —To, Trate)

if Wy = wgnom,
min(ymax ~—Ym yrate)
Min(Bmax = Bms Brate) (31)

2, Pan
mm-(Tmax —To, —To, Trate)
Dwg,0

umax

max(—ﬁo, ﬁrate)

. Prom
mln(Tmax - TO! - TO' Trate)
Nwg,0

Umnin

max(_}/m y’rate) “
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where y, is the yaw angle measurement of control inputs during state equilibrium, yaw rate
Yrate = 0.3 ° /s, maximum yaw angle ¥pq, = 45° [, is the pitch angle measurement of control
inputs during state equilibrium, pitch rate B4, =8 ° /s, maximum pitch angle S, = 90°% T, is
the yaw angle measurement of control inputs during state equilibrium, generator torque rate T4, =
15000 Nm/s, maximum generator torque T, = 40000Nm.

4.2 Result

Taking the wind farm layout in Figure 13 as an example, when the wind direction is as shown in
the figure, the wind farm is divided into 3 zones, assuming that each zone does not affect each other.
The optimization performance of CoMPC for wind farm is proved by the optimization effect of region
1. The X-axial spacing of each wind turbine in region 1 is 5D, and the Y-axis direction has no spacing
(In addition to the displacement changes caused by the movement of the wind tuebine).

According to the wind condition characteristics of an offshore wind farm, the simulated v is
10m/s, TI is 6%, kv is 0.13, and the wave height (WH) are 1.2 and 3m, respectively, with Gaussian
white noise. Wind speed changes and WH changes are shown in Figure 14.

12 wave elevation=3 m
o £ wave elevation=1.2 m
£ =
= <]
H g
210 E,
n [0}
° )
c
E g >
= 2
8 -4
0 500 1000 0 500 1000
Time [s] Time [s]

Figure 14. Simulation conditions, the left picture is wind speed, the right picture is wave
height.

The Greedy algorithm means that there is no collaboration between wind turbines and each
wind turbine is in the optimal power generation operation state. The following results are compared
with the Greedy algorithm. As shown in Figure 15 and 16, the total power controlled by CoMPC is
higher than that controlled by Greedy, while the total thrust is also lower. According to statistical
calculations, when the WH is 1.2m, the average power is increased by about 2.5%, and the average
load is reduced by about 4%. At a WH of 3m, the average power increase is about 2.1% and the
average load decrease is about 4.5%.
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Figure 15. WH= 1.2m, power (top row) and thrust (bottom row).
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Figure 16. WH= 3m, power (top row) and thrust (bottom row).

As shown in Figure 17, under CoMPC control, the out-of-plane moment at blade root of R1-T1
and R1-T2 wind turbine decreases compared with greedy control, while under CoMPC control, the
power capture of R1-T3 wind turbine increases, and the corresponding out-of-plane moment at blade
root increases slightly, but very little.

The movement of the semi-submersible floating wind turbine platform is one of the important
criteria to evaluate the operation of the wind turbine. As shown in Figure 18 and 19, under the control
of CoMPC, the surge displacement and pitch tilt angular displacement of R1-T1 wind turbine are
large and significantly reduced, while the R1-T3 wind turbine still increases slightly due to the
increase in power capture, but the motion range is still small.


https://doi.org/10.20944/preprints202306.0914.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 June 2023 doi:10.20944/preprints202306.0914.v1

17

R1-T1 10000 R1-T2 R1-T3

. .
gz 0000 8000 Greedy
ag) E 8000 CoMPC
£ I 8000 6000
% o 6000
= S 6000
.2 4000 4000
8 ®©

4000, 2000, 2000

1000 1000 0 500 1000
R1-T1 R1-T2 R1-T3

10000 10000 10000
@ E
£ Z 8000 8000
g = 8000
o o
29 6000 6000
23
w ® 6000
s 4000 4000
8 ®

4000, 2000 2000

1000 1000 0 500 1000
T|me [s]

Figure 17. Out-of-plane moment at blade root. In top row, WH=1.2m, In bottom row, WH=3m.
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Figure 18. WH= 1.2m, platform movement. The top row shows platform horizontal surge
displacement, the bottom row shows pitch tilt angular displacement.
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Figure 19. WH=3m, platform movement. The top row shows platform horizontal surge displacement,
the bottom row shows pitch tilt angular displacement.

As shown in Figure 14-18, it is difficult to see a significant difference in the CoMPC optimization
effect of two groups of different wave heights, so it is temporarily believed that wave heights have no
influence on this method.

5. Conclusion

In this paper, a method to mitigate wake interference is studied. The upwind wind turbine with
CYMP is used to optimize the fatigue load caused by wake steering and increase the total power. The
paper starts from the influence of CYMP control on the distribution characteristics of the flow field,
and analyzes the control principle of CYMP, which has not been paid attention to in previous papers,
and the feasibility of CYMP method to reduce wake disturbance is proved by simulation. Several
cases study show that the CYMP method can reduce the fatigue load by 10.29% and increase the total
power by 1.7% compared with only wake steering. FAST.Farm does not consider the influence of the
atmospheric boundary layer, resulting in inaccurate control of the pitch angle, which will lead to
deviations in the optimization results, so this study cannot be repeated to demonstrate the
performance of CYMP, and further verification in modeling is needed.

Proper combination of yaw and pitch angles is critical to reduce fatigue loads and increase
overall power, which is a complex and critical part of CYMP. In this paper, the CoMPC based on
CYMP is proposed, and the concept of super-controller is used to calculate the optimal control action
under the corresponding wind condition under the steady-state wake model, and it is used as a
reference for MPC, so as to realize the purpose of the whole wind farm collaborative control. To solve
the problem of large number of wind turbines in a wind farm, a novel wake zoning method is
proposed, which greatly reduces the dimensionality of the optimization target. Although the steady-
state Jensen model and Jimenez's deflection model are used in the calculation, the super controller
constantly adjusts the optimal value according to the periodic feedback to adapt to the dynamic
change of the wake. At 10m/s turbulent wind, the average power is increased by more than 2%, and
the average load is reduced by more than 4%. This result shows that this method is promising.
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