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Abstract. Wake steering strategies often seek to gain power at the expense of increased
fatigue loads. Here, we investigate the feasibility of applying wake steering at an above-rated
condition. In such a condition, the farm is operating at rated power, and thus, increased power
output is not the goal. Instead, wake steering is considered in the context of load reduction.
We perform a sweep of wind directions and yaw misalignment angles, ranging from negative to
positive values. This approach allows us to obtain trends and identify asymmetries in turbine
response for symmetric scenarios. We use a wind farm consisting of five aligned IEA Wind
15-MW reference wind turbines, and analyze trends related to the blade-root, low-speed shaft,
and tower-base moments, both in terms of standard deviation and damage equivalent loads. We
show that for any given fixed wind direction, the turbines can be yawed such that the fatigue
loads are reduced. Reductions of up to 5% (depending on the component) in terms of standard
deviation and damage equivalent loads can be achieved by negatively yawing the turbine. A
negative yaw misalignment has shown to be the direction of larger improvements. Such results
contrast those found for below-rated conditions, where a positive yaw misalignment is typically
preferred. However, since load reduction is not uniform across all component loads, more study
and consideration is required before operational recommendations can be made.

Keywords: wind turbine controls, wake steering, negative yaw angle, structural response, fatigue
loading, FAST.Farm

1. Introduction
Wake steering is a control strategy applied to the wind farm level in which upstream turbines
are misaligned with respect to the incoming wind such that their wakes are deflected away
from downstream turbines [1]. Upstream turbines usually observe a decrease in power, whereas
downstream turbines benefit from a higher power output, resulting in an overall net power gain
for the wind farm. Wake steering has been central to many numerical [2, 3, 4] and wind tunnel
[5, 6] studies, leading to commercial field testing [7, 8]. The benefits of increased wind farm
power due to wake steering usually come at the expense of increased fatigue loads [9].

When subject to below-rated conditions and without yaw misalignment for wake steering,
a series of turbines aligned in a row will exhibit a decline in thrust and generated power (see
power and thrust curves in Figure 1). Fatigue loads, nevertheless, increase due to wake-added
turbulence impinging on the downstream turbines. On the other hand, when wake steering is
applied, the leading turbine is subject to a reduction in generated power, since it sees a slightly
lower wind speed to the rotor, whereas the downstream turbines see an increased wind speed
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and, therefore, an increase in power output. This leads to an overall net increase in power
production within the wind farm. In terms of fatigue loading, wake steering contributes to a
more even distribution of fatigue accumulation in the array, with increased loading on the leading
turbine [9]. For typical below-rated scenarios, the main goal of wake steering is increased overall
wind farm power production. Wake steering optimization studies have suggested that an optimal
point between power and loads seem to exist for a given farm layout and wind condition [10].
At above-rated conditions, all turbines (including waked ones) are operating at rated power
(Region 3; see Figure 1). In Region 3, wake steering for power extraction optimization is
no longer necessary. Kragh and Hansen [11] investigated the out-of-plane blade root bending
moment of a single turbine at an above-rated condition and concluded that, depending on the
turbulence level, fatigue loads of such a channel can be minimized by yawing the turbine and
that there is a preference for negative yaw angles. Whether wake steering can be applied to
reduce loads of a farm (including waked turbines) remains an open question.
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Wind Speed (m/s] Figure from [12].
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The impact of wakes on fatigue loads of downstream turbines when subject to below-rated
scenarios have been central to several studies (e.g., [9, 13, 14, 15, 16]). The importance of
investigating fatigue characteristics alongside performance metrics have been highlighted by
some authors [4, 9, 17]. With regard to wake steering strategies, asymmetries in terms of loads
have been observed for positive and negative yaw misalignement [10, 9, 18, 11]. Given this
context, in this work, we focus on an above-rated condition and investigate a sweep of yaw
misalignment ranging from negative to positive angles under a variety of wind directions. At
such above-rated conditions, all turbines are operating at rated power and, thus, subject to
high levels of mean and fatigue loading. The objective of this article is to investigate mean
and fatigue loading in a row of turbines and explore the feasibility of employing wake steering
strategies to achieve load reduction, with no impact on farm power production, at above-rated
scenarios.

2. Methodology
This article follows closely the methods and approaches presented and discussed in Thedin et
al. [17]. See their reference for additional details of any of the steps mentioned here.

We devised a small farm with five International Energy Agency Wind Technology
Collaboration Programme (IEA Wind) 15-MW reference wind turbines [12] in a row, spaced
7.6 rotor diameters apart. The rated wind speed of the IEA Wind 15-MW turbine is 10.6 m/s
(see Figure 1), and we imposed a freestream wind speed of 14.6 m/s at the turbine hub height.
By doing so, we ensured waked turbines were still subject to above-rated wind conditions and
collective blade-pitch control (Region 3).

For the present study, a sweep of wind directions is performed, ranging from —10 to 10 degrees
(in increments of 2 degrees). For each wind condition, the turbines are subject to a reference yaw
misalignment, v, ranging from —25 to 25 degrees (in increments of 2.5 degrees). The turbines
were yawed such that the yaw of the first three turbines were the same, yr1 = 9 = y13 = 7,
the yaw of the fourth turbine was half of the reference, ypy = /2 and the last turbine was
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always aligned with the wind, yp5 = 0. This configuration has been inspired by prior studies of
yaw angles [6].

We used an engineering-fidelity tool, FAST.Farm, for the analysis. FAST.Farm is a
multiphysics engineering tool developed to predict performance and structural load response
of wind turbines within a wind farm. FAST.Farm uses individual instances of OpenFAST for
each turbine to solve for the aero-hydro-servo-elastic equations. The turbulence in the ambient
wind is given to FAST.Farm as inputs. Wake deficits, advection, deflection, meandering, and
merging are handled by the dynamic wake meandering models. The inflow is given in terms
of individual, small, high-resolution turbulence boxes around each wind turbine, and one large,
lower-resolution box spanning the entire wind farm. The high-resolution boxes provide inflow
conditions to OpenFAST for the aero-elastic analysis, whereas the low-resolution box meanders
the wake. Additional details of FAST.Farm and the models can be found in [19]. A curled wake
formulation is used [20], and its parameters have been tuned in a thorough exercise comparing
wake center location and turbine responses with large-eddy simulation results (see [17]).

The inflow conditions used for this work were generated synthetically using the Kaimal
spectrum with Davenport’s exponential coherence model, through TurbSim. Davenport’s
coherence parameters are the same on all three velocity components. Although stable
and unstable conditions are important, in this work, we first focus on neutral temperature
stratification. Because of that, TurbSim is particularly well suited to generate the inflow for this
study. The target conditions include a 14.6 m/s wind speed at the hub height (150 m), with a
shear of & = 0.2 and a hub-height turbulence intensity of 10% (6 seeds are used). Values for
Davenport’s coherence parameters, as specified in the International Electrotechnical Commission
standards [21], were used for all three velocity components.

Each case and each seed was simulated for a total of 30 minutes. The initial 10 minutes were
discarded due to transients. The post-processing was then completed with 20 minutes from each
seed. All the turbines have the same controller, relevant for the Region 3 regime, and it is based
on the Reference OpenSource Controller (ROSCO) [22]. An overview of the computation setup
for all the cases is given in Figure 2. In order to reuse the larger farm’s extent for all different
wind directions, we increased it laterally and rotated the farm, as opposed to rotating the flow
field. Small, high-resolution turbulence boxes were saved around each turbine of each case. In
Figure 2, the layout mimicking each different wind direction is shown by a gray line and all
the high-resolution boxes are indicated by small boxes surrounding each turbine. The leading
turbine was always at the same location, ensuring the turbine was subject to the same flow field
(both in terms of the low-resolution and high-resolution turbulence boxes). The final step of
the workflow was to analyze time-series of several quantities, as outputted by the OpenFAST
instanced within FAST.Farm.

2000 --- Low-resgrid —— Inflow -10 deg
—— High-res T1 Inflow -8 deg

1000 A High-res T2 Inflow -6 deg
—— High-res T3 Inflow -4 deg

€ 0 — H?gh—res T4 Inflow -2 deg
> —— High-res T5 Inflow 0 deg
Inflow 2 deg
—1000 1 Inflow 4 deg
Inflow 6 deg
—20001 Inflow 8 deg

0 2000 4000 6000 8000 Inflow 10 deg

x [m]

Figure 2. Computational domain of all the cases executed. Large low-resolution box and small
high-resolution boxes for each turbine shown as used by FAST.Farm. Farm layout is rotated to
achieve different wind directions given same flow field solution. Wind moves from left to right.
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2.1. Quantities of interest

The main goal of the wake steering strategy employed in the cases described is load minimization,
rather than power optimization. Because of that, we focus our attention on both mean and
fatigue loads. Several load channels were investigated in prior work by Shaler et al. [9] and
Damiani et al. [23]. It was found that the tower and monopile provide sufficient yaw stiffness
such that yaw moments are not as critical. The blade root torsional loads were also found to
be the least sensitive, always resulting in lower fatigue. Among the tower loads, the tower base
yielded higher loads than tower top. Our recent work [17] focused on blade root, low-speed
shaft, and tower base bending moment, in addition to tower base torsional moment. It was
found that these channels provide a solid basis to draw conclusions from because they affect the
main components of the turbine. Therefore, we focus on the same channels: blade-root bending
moment, low-speed shaft (LSS) bending moment, tower-base bending moment, and tower-base
torsional moment.

It is common to obtain load channels in pairs for certain components. For example, the
blade-root bending moment is often given as an out-of-plane (flapwise) bending moment and
an in-plane (edgewise) bending moment. Similarly, the tower-base is given as fore-aft and side-
to-side moments. These separate channels are designed to mimic strain gauges used in the
structure, capturing both orthogonal signals. We combine the orthogonal pairs of signals by
computing a load rose with 10-degree sectors. For each condition and each pair of signals, we
obtain new time series for each sector. For each of the resulting 18 sectors, we further calculate
the statistic of interest and pick the values related to the worst-performing sector. This approach
is done for the blade-root, LSS, and tower-base bending moments.

To estimate fatigue loading, we opt to use both the standard deviation of the time-series,
as well as the damage equivalent loads (DELs) as proxies. DELs are the loads of equivalent
fatigue damage that a constant-amplitude load range would cause over a fixed number of cycles.
To compute DELSs, we first use rainflow counting to obtain the ranges and frequencies of the
different load cycles. In our above-rated condition, mean loads are going to be relevant to the
fatigue computations, thus we apply the Goodman correction to DEL computation. We expect
the Goodman correction to have an important effect in the DELs, because the turbines are
operating well into Region 3 and subject to higher loads. The short-term DELs (referred to as
“DELS” in this work) are calculated as

1/m
1 m
DEL = (T Zk: ng LY ) (1)

where nj is the number of cycles of some load Lj related to load bin k (after applying the
Goodman correction), m is the slope of the Wholer curve of the material, and T is the total
length of a given simulation representing a 1-Hz-equivalent cycle (that is, T is the number of
1-Hz cycles during the simulation). The bins k are obtained using the load ranges computed
using rainflow counting of the Goodman-corrected time-series of stresses. We convert loads to
stresses using material properties and then apply Goodman’s correction on the stresses. The
resulting stresses are then converted back to loads and used in the DEL calculations. The values
used for the mechanical properties of each material of each individual component follows those
reported in Thedin et al. [17].

3. Results

3.1. Inflow Velocity

We start by ensuring the turbines are operating at rated power and thus producing the same
power. Given our freestream wind speed, all turbines, including the waked ones, are operating
in Region 3. That means that our farm rated power is 75 MW. We obtain such value for all
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wind directions and yaw angle combination, with the exception of the highest yaw investigated,
|7| = 25, where a minimum of 99.8% rated power was obtained (not shown). For all the other
conditions investigated, the rated power was obtained.

The mean and fatigue loads are, for the most part, a function of the wind speed. In the context
of relating loads to operating conditions, it is worthwhile to first understand the underlying
trends of rotor-normal inflow velocity speed each turbine is subject to, for each case. Figure 3
shows the rotor-averaged rotor-normal wind speed observed by each turbine. In this figure, and
for the remainder of the results section, each column corresponds to an individual turbine. For
each contour plot, the values vary in terms of wind direction, along the horizontal axis, and
reference yaw angle, 7, on the vertical axis. Reference configurations (aligned wind and no yaw
misalignment) are indicated by dashed black lines, with the baseline at the intersection (at the
center). The reference dashed lines therefore split the contour plots in four separate quadrants.

14.6
T2 (b) T3 (c) T4
Yra = 14.4

14.2

14.0

y [deg]

13.8
13.6
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y/2
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4 0

840 4 8 -8-40 4 8 -8-40 4 8 -8-
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wind direction [deg] wind direction [deg] wind direction [deg] wind direction [deg] wind direction [deg]

Figure 3. Map of the rotor-normal wind speed experienced by each turbine for all scenarios.

From inspection of Figure 3, we can draw a few preliminary conclusions. Downstream, waked
turbines are subject to rotor-normal inflow that is always lower than the one experienced by the
leading turbine. When upstream turbines are yawed, in general, that means that downstream,
waked turbines are subject to increased wind speed due to the deflection of the wake. In the
arrangement of yaw angles studied here, however, all first four turbines are misaligned together,
meaning a misalignment of the leading turbine comes with a misalignment of the downstream
turbines too. The result is that the rotor-normal wind speed observed by downstream turbines
are not higher than the rotor-normal wind speed observed by the leading turbine. These
conditions are illustrated in Figure 4. They are helpful in understanding the inflow each turbine
is subject to, and thus turbine response.
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For below-rated cases, when wake steering is applied, leading turbines are subject to lower
rotor-normal wind speeds and, thus, lower thrust and lower mean loads (Figure 4(b—c), light
gray scenario), whereas waked turbines are subject to higher rotor-normal wind speeds than
they would have had yaw misalignment for wake steering not been applied (Figure 4(b—c), green
scenario). Thus, for below-rated conditions, the leading turbine sees decreased mean loads and
the downstream turbines see increased mean loads. For above-rated conditions, the behavior is
different. Both leading and waked turbines are subjected to lower-than-freestream rotor-normal
wind speeds, as seen in Figure 3. Considering an operating point in Region 3, as illustrated in
pink in Figure 4, when turbines are yawed, a shift to lower rotor-normal wind speeds occurs.

3.2. Mean Loads

The mean loads for each turbine and each channel described is given in Figure 5. The figure
contains contour plots in a similar way, but now, each row corresponds to one load channel and
turbine-average quantities are given at the last column. Two scales are shown: absolute and
relative. Additional labels are provided in each separate subplot. The BL in the scales refer to
the baseline case (no yaw, aligned wind).
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Figure 5. Mean of the load channels of interest for each turbine. One channel per row; different
scales for each channel. Each column represents one turbine, and the last column is an average
of the five turbines. Note how the tower-base torsional moment increases monotonically. LSS
mean loads are constant and around zero.

In below-rated conditions, mean loads of upstream turbines are typically significantly higher
than downstream turbines. That is because such turbines are usually extracting more power
from the flow and are subject to higher-speed flow due to its unwaked state. Note, however, that
the above-rated condition investigated here results in a more uniform load distribution across the



The Science of Making Torque from Wind (TORQUE 2024) IOP Publishing
Journal of Physics: Conference Series 2767 (2024) 032020 doi:10.1088/1742-6596/2767/3/032020

different turbines, leading to potential benefits in terms of scheduled maintenance and operating
costs. The LSS bending moment is fairly constant, at around zero, as expected. The blade-
root and tower-base bending moments exhibit small preferences for positive yaw angles and are
roughly symmetric with respect to the wind direction—such behavior will be considered during
the Goodman correction for DELs. For any given wind direction, the tower-base torsional
moment increases monotonically and exhibits the largest deviations of all channels from the
from the baseline case (denoted by BL), up to £60 %. In terms of mean loads, a preference
for negative yaw exists for the tower-base torsional moment, whereas no preferential angle is
observed for the other three channels.

3.8. Load Standard Deviations

The standard deviations are shown next in Figure 6. Monotonic behavior is observed with all
turbines’ blade root bending moment, which is consistent with the literature [23]. The observed
trends for the leading turbine is also in agreement with prior work [11]. Negative yaw angles
result in much lower standard deviations for both the blade-root and LSS bending moments.
The second and third turbines show similar trends, which is different than the trends seen for
the fourth and fifth turbines—that is especially clear for the tower base bending moment. This
is because the second and third turbines have the same yaw angle, whereas the fourth and fifth
are subject to different yaw misalignment angles. Complex trends are seen for the tower-base
torsional moment, with a slight preference for positive yaw misalignment angles. Note that yaw
angles with a magnitude higher than around 17 degrees result in a tower-base bending moment
increase of over 30% from the baseline, which is likely operationally prohibitive.
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Figure 6. Standard deviation of the load channels of interest for each turbine. One channel
per row, one turbine per column; note different scale for each channel. The standard deviation
of the bending moment at the tower base (k—o0) are the most sensitive to the yaw and wind
direction conditions investigated.
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3.4. Damage Equivalent Loads (DELs)

Next, the short-term DELs are shown in Figure 7. The mean loads presented in Figure 5 are
taken into account when calculating the DELs by use of the Goodman correction. The ultimate
strength of each material for each separate component of the turbine is considered. Many of the
trends observed for the standard deviation are present in the DELs. A notable difference is the
percent difference for the tower-base torsional moment, which is now lower. Another difference,
for the same channel, is the switch to a slight preference for negative yaw angles, rather than the
positive seen in the standard deviation. This switch is likely due to the non-monotonic behavior
of the mean loads and the slight asymmetry observed. The Goodman correction increased the
DELs about 1-2% for the blade-root bending moment, and up to about 11% for the tower-base
bending moment when compared to DELs computed without the Goodman correction. No
significant increase in DELs was observed for the LSS bending moment and tower-base torsional
moment when Goodman is applied. In general, for the blade-root and LSS bending moment,
for any given wind direction, a negative yaw angle incurred lower magnitudes. Comparing with
prior work that focused on the blade-root bending moment of the leading turbine [11], although
the wind speed and turbulence level investigated here are different, the results shown fit within
the results of the two surrounding turbulence levels, and have comparable trends.
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Figure 7. Short-term DELs including Goodman correction to account for mean loads for the

same load channels of interest for each turbine. Note the different scales for each channel.

To better visualize the regions of positive and negative differences in the relative results
presented in Figures 6 and 7, we show the same turbine-averaged subplot again in Figure 8 with
a different color map and scale, highlighting the relative differences (relative to the baseline
case).
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Figure 8. Normalized farm-averaged standard deviation (a—d) and DELs with the Goodman
correction (e-h) for the load channels of interest, including: (a,e) the blade-root bending
moment; (b,f) LSS bending moment; (c,g) tower-base bending moment; (d,h) tower-base
torsional moment.

4. Discussions

As a general observation, as noted before, there is a very high correlation between the standard
deviation and the DELs. Interestingly, the blade-root bending moment for the positive wind
direction and positive yaw is worse in terms of standard deviation and better in terms of DELSs
relative to the baseline case (but only by a few percent). In terms of the blade-root bending
moment, for any given wind direction, negative yaw yields a reduction of up to 4% on the
standard deviation and DELs. Similar behavior is observed for the LSS bending moment, with
the reduction in loads being up to 8% in terms of both standard deviation and DELs. The
regions where the loads are minimized for the blade root and LSS bending moment, however,
are the same regions that show a significant increase in the tower-base bending moment of up
to 20% (cropped by the color scale shown).

Due to the significant increase in the tower-base bending moment for high magnitudes of
yaw, we can focus on values of v < 15 degrees. For such yaw angles, for any misaligned wind,
a negative yaw is preferred for all channels in terms of DELs. Reductions in the tower-base
torsional moment are seen at any yaw angle with any misaligned wind. For aligned wind, any
yaw misalignment results in an increase in the tower-base bending moment loads.

All load channels exhibit a preferential yaw direction. The blade root and LSS bending
moments suggest a strong preference for negative yaws, with a positive yaw incurring additional
fatigue loads (standard deviation and DELSs) rather than a reduction. On the other hand, the
tower-base moments show a lesser preference, with both positive and negative yaw resulting in
reduced loads, and a larger reduction for negative yaws. Prior findings for the leading turbine [11]
are consistent with the findings here.

The condition investigated in this work is related to an operating point of low induction (and
low mean thrust). The consequences of that is that actual wake effects are less significant than
those related to a near-rated condition, where higher thrust is observed. The loading behavior
of the turbines seen in the configuration investigated is also simply due to the nacelle yaw angle.
Comparisons between the first and second turbine highlight the additional loading provided by
the wake only.

All the mean results observed for this above-rated condition are opposite to what is found for
a Region 2 condition. In general, for a below-rated condition, a positive yaw is preferable [17].
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For waked turbines, quantities like the blade root bending moment and thrust, among others,
increase up to the rated wind speed, then decrease in Region 3, peaking at the rated wind
speed—see Figure 4. For below-rated scenarios, mean loads tend to decrease with decreasing
rotor-normal wind speeds, whereas for above-rated conditions, mean and fatigue loads tend to
increase with decreasing wind speeds (as long as the lower wind speed is still at or above the
rated speed). Therefore, several conclusions for below-rated wind speeds are opposite to those
under above-rated wind conditions.

5. Conclusions

In this work we investigated mean loads, load standard deviations, and DELs of a small five-
turbine wind farm when subject to an above-rated wind condition. We focused our attention to
the following four load channels: blade root bending moments (combined edgewise and flapwise
moments), low-speed shaft bending moments, tower-base bending moments (combined fore-aft
and side-to-side), and tower-base torsional moment.

The results presented in this work suggest it is possible to apply wake steering strategies at
above-rated conditions solely for the purposes of load minimization. If wind conditions are high
enough to ensure waked turbines are still operating in Region 3, then small yaw misalignments
can yield a reduction in loads, while the overall power output of the farm remains constant, at
rated power. For any given misaligned wind direction, a reduction in loads for all channels is
observed for negative yaw misalignment angles. The tower-base bending moment is the channel
with the highest sensitivity to yaw change, where an increase in fatigue loads of upwards of 10%
for yaw angles v > [15] is observed. Since yaw misalignment reduces some load channels but
increases others, more careful consideration and cost-benefit tradeoff studies are needed before
arriving at any operational recommendations.

A wind farm operator has control over the yaw configurations but not the wind. For any
misaligned wind, imposing a negative yaw will result in lower fatigue loads while still producing
rated power. For positive wind directions, any small yaw v < |5| is beneficial. Loads due to the
tower-base bending moment constrain potential benefits at aligned-wind cases. An important
point is not that the operator would chase a very specific yaw angle for a given wind direction
(which may not remain constant for very long), but rather that the operator would be able to
tolerate certain yaw misalignment angles by engaging the yaw drive less often. This would have
the potential to minimize yaw movements and extend yaw drive lifetime, while many turbine
components benefit in terms of reduced fatigue loads too. It is also worth noting that more
uniform values for the mean loads are observed between leading and waked turbines, which has
the potential to result in a more uniform fatigue accumulation, with benefits to maintenance
schedules.

We finish by noting that a more complete analysis needs to be done for a more realistic
farm with a focus on which components are part of the optimization objective function. More
complex farms would have more complex wake interaction than the simple aligned farm studied
here is able to capture.
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