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Abstract

Wake steering via deliberate yaw offset is an emerging wind farm control technique

that has the potential to mitigate wake losses and further increase wind farm energy

yield. The loads impact of this technique has been studied, but there is limited insight

into wind-farm-wide impacts of wake steering. Understanding such impacts is crucial

to determining the feasibility of using wake steering in commercial wind farms. To

that end, this work investigates the impacts of wake steering on the loads of all tur-

bine components across all turbines in a wind farm operating under a broad set of

inflow conditions, including inflow velocity, shear exponent, turbulence class, and

inflow angle. This was done by performing FAST.Farm simulations of a 12-turbine

wind farm array, excerpted from a larger hypothetical wind farm. The International

Energy Agency Wind 15-MW reference wind turbine was modeled atop a monopile

substructure, an open-source model that closely approximates the properties of simi-

lar commercial options. Wake steering was included via yaw offsets that were com-

puted using an offline optimization with the National Renewable Energy Laboratory

tool FLORIS. For each inflow case, the 12-turbine array was simulated with and with-

out wake steering. Results were compared in terms of time-averaged means, stan-

dard deviations, ultimate loads, and damage-equivalent loads. The findings show that

because wake steering is generally applied at rated wind speeds and below, it is

unlikely to drive ultimate loads. For fatigue loads, wake steering does increase the

overall fatigue accumulation for some load channels, such as blade-root and shaft

bending. This is to be expected when overall power yield increases but may cause

the damage accumulation to be more uniform throughout the array. The significance

of the added fatigue loading is dependent on how frequent wake steering is utilized

in the overall set of inflow conditions across the wind rose.
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1 | INTRODUCTION

New offshore wind projects exist in a competitive yet financially uncertain market. In the United States, the local supply chain is still evolving, leading

to extensive cost uncertainty, yet projects must nevertheless make long-lead-time commitments. Concurrently, the competition of traditional coal and

gas power with land-based wind and solar are continuously in flux. This market landscape puts tremendous pressure on developers to extract as much

power yield (i.e., revenue) as possible from their turbines. Recent commercial turbine models with nameplate capacities in the range of 13–16 MW

will enable high power capacity factors with low logistical cost per unit of energy delivered. In addition to larger wind turbines, new controls

advancements are being developed, such as wake steering via controlled yaw offset, that offer the potential to mitigate wake losses and further

increase wind farm energy yield. Wake steering in particular has been proven to recoup wake losses for some parts of the wind rose and increase net

power yield in computational models,1–4 wind tunnel experiments,5–8 and field trials.9–12 The basic concept behind wake steering is that when the

incoming flow angle aligns with rows/columns of a turbine array, the front-row turbine intentionally yaws away from the aligned flow to deflect its

wake away from downstream turbines. This sacrifices some power output from the upstream turbine but significantly increases the power yield of

the whole array. For deeper arrays, many turbines would operate with a yaw offset angle. The volume of published research on the topic is extensive,

and discussion of all the nuances is beyond the scope of this work. A review article by Houk13 serves as a helpful summary and index of prior work.

Wake steering via intentional yaw offset represents a new approach to operating a turbine array with structural load profiles that differ from

those rooted in decades of design and operational experience. Ultimate load envelopes impact turbine safety margins, and fatigue load envelopes

impact turbine lifetime. Thus, new structural load profiles that could potentially exceed prior ultimate and fatigue load envelopes pose a risk to

standards-based safety margins, project financing, and insurance agreements that underpin successful commercial wind projects. The potential

impact of wake steering on turbine loads is a convoluted problem. By contrast, wakes are known to increase local turbulence intensity (TI) due to

both wake meandering and wake-added turbulence,14,15 which is a strong driver of fatigue loading. Therefore, deflecting wakes away from down-

stream turbines could alleviate fatigue damage, especially on the blades. On the other hand, higher inflow velocity for the downstream turbines

will increase thrust and torque loading cycles on the structure.

The loads impact from wake steering has been studied in model and experimental settings, typically with a narrow focus of two to three tur-

bine arrays and a small subset of load channels. Past studies have focused on the loads impact of yaw offset on a turbine itself and partial waking

on downstream turbines. Past studies on turbine yaw offset have suggested higher extreme and fatigue bending moments through the rotor and

drivetrain, but with cycle magnitude that was sometimes smaller than the variations because of inflow turbulence and a significant nonlinear

dependence on turbine controller settings.16 Additionally, a turbine with a sizeable yaw offset angle will experience asymmetric loading on the

rotor and drivetrain, and higher yaw moments on the support structure.17 The direction of yaw offset is also of importance, as blade fatigue in

past experimental work have shown opposite trends for flapwise and edgewise components, wherein one increases with positive yaw offset while

the other decreases, and vice versa.18,19 Partial waking of downstream turbines must also be considered. The unsteady nature of the flow field

and imperfect decisions by a farm-level controller could lead to partial waking of the downstream turbine, which is perhaps even more detrimental

to fatigue loading than being fully waked.19,20 While mean loads tend to follow the power production level and inflow velocity normal to the rotor

plane, fatigue loads increase for both the upstream—due to skewed flow—and downstream turbines—due to partial waking.20 Others also

observed that yaw offset and partial waking could augment yaw moments on the support structure, but that these added loads could also be shed

downstream with counter yaw offsets.21,22

These past studies provide focused insight into loads response due to wake steering; however, there is limited insight into the whole-turbine

and whole-array impact of wake steering, motivating a more extensive loads assessment. The publication by Kanev et al23 is the most similar to

our aims here. In that work, a higher-fidelity flow model was used in conjunction with a loads lookup table for a whole-turbine perspective on

fatigue loads for a 25-turbine array, each with a rated power of 3.6 MW. Their key finding, consistent with others, is that yaw offsets can increase

fatigue loads on the turbine by Oð10%Þ due to wind shear on the yawed rotor plane. However, this added fatigue load is counterbalanced by the

reduction of wake-added turbulence impinging on the downstream turbines. Thus, when taken over the entire range of the wind rose and operat-

ing conditions, the use of wake steering actually reduces lifetime fatigue loading.23

The objective of this work is to assess the loads impacts of wake steering via yaw offset at the wind-farm scale under a broad set of inflow

conditions. This is accomplished using state-of-the-art farm-level modeling to characterize the loads impacts of wake steering via yaw offset on a

12-turbine array of 15-MW fixed-bottom offshore turbines atop monopile substructures. This paper provides two key contributions to the litera-

ture with respect to the loads impact of wake steering. The first is the use of the International Energy Agency (IEA) Wind 15-MW reference wind

turbine24 as a stand-in for the latest commercially available turbine models. The IEA Wind reference turbine has a significantly higher hub height,

larger rotor diameter, and higher thrust and torque values, leading to much stronger wake vortices that persist further downstream compared to

prior studies. Second, instead of focusing on a limited number of inflow conditions, load channels, or number of turbines, the intention is to char-

acterize the loads impact from wake steering across the whole turbine and farm for a large range of operational conditions. This includes an exam-

ination of mean loads, standard deviations, ultimate loads, and fatigue loads across a 12-turbine array for over 20 quantities of interest (QoI). The

work of Kanev et al23 used an aero-servo-hydro-elastic turbine model for smaller land-based machines. A key difference with our work is that we

consider a lower-fidelity farm flow model with an offshore focus using larger turbines.

SHALER ET AL. 1531



2 | APPROACH AND METHODOLOGY

This section provides an overview of FAST.Farm, the core model used for flow-field and turbine loads calculations, with an overview of the cali-

bration effort to ensure the model was valid for the application. A description of FLORIS is also provided, as it was the basis for computing the

optimal yaw offset angles for wake steering, which only accounted for power production.

2.1 | Overview of FAST.Farm

FAST.Farm is a multiphysics engineering tool that accounts for wake interaction effects on turbine performance and structural loading within wind

farms.25 FAST.Farm is an extension of the National Renewable Energy Laboratory (NREL) software OpenFAST,26 which solves the aero-hydro-

servo-elasto dynamics of individual turbines. FAST.Farm extends this analysis to include wake deficits, advection, deflection, meandering, and

merging for wind farms. FAST.Farm is based on the dynamic wake meandering model,27 with an enhanced implementation to address limitations

in prior work. Using this method, the wake deficit of each turbine is computed using the steady-state thin shear layer approximation of the

Navier–Stokes equations, and the wake in its downwind propagation is perturbed with a turbulent freestream to capture wake meandering. When

skewed flow is present, as in wake steering, the induction is not aligned with the wind direction. In this case, wake deflection is considered by

accounting for the induction in the wake propagation. Wake merging is modeled using a superposition method. Each turbine is modeled using

OpenFAST, in which the rotor aerodynamics are modeled using the blade-element-momentum theory with options for advanced corrections,

including skewed flow, dynamic wake, and unsteady airfoil aerodynamics.

It should be noted that the results presented in this work are derived through simulation, so limitations of the engineering tool may affect the

conclusions. Two model limitations relevant to this work are the absence of wake curl under skewed flow and wake-added turbulence. FAST.Farm

has been shown to reasonably predict wake deflection in skewed flow,19 but the physics of skewed-flow-induced counterrotating vortices are

not currently modeled, which have an impact on the wake recovery, wake deficit asymmetry, and secondary wake steering. Also, FAST.Farm has

been shown to accurately predict turbine power and loads in neutral and unstable atmospheric boundary layer flows with moderate-to-high levels

of turbulence,19 but wake-added turbulence has been shown to be an important driver of fatigue loading for lower turbulence levels.28

FAST.Farm uses several user-specified parameters in the wake dynamics formulation that were specially calibrated for this work. Prior to this

study, these parameters had been calibrated for the smaller NREL 5-MW turbine29 using the large-eddy simulation computational fluid dynamics

code SOWFA. In this work, a series of similar tuning activities were performed via parameter optimization to better calibrate FAST.Farm against

the SOWFA simulations for the IEA Wind 15-MW reference wind turbine with stronger thrust and wake vorticity. The chosen test cases con-

sisted of three turbines aligned to the inflow, spaced seven rotor diameters apart. Time-series and probability density functions for rotor power,

rotor torque, rotor speed, and wake deflection were compared (FAST.Farm versus SOWFA) for a set of six combinations of TI and yaw angle. For

all cases with turbine yaw offset, there were some differences for all QoI and all turbines, including front-row turbines. This was unexpected

based on past comparisons with smaller turbines19,30 and likely due to improper tuning of the FAST.Farm parameters that adjust the horizontal

wake deflection. The parameter values were tuned using a grid search and optimization focusing on minimizing the error between FAST.Farm and

SOWFA in the wake deflection and power generation of the two downstream turbines. A full description of these parameters and the tuning pro-

cess is fully described in Appendix A. The remaining differences were deemed acceptable for the subsequent analysis.

2.2 | Modeling cases and setup

To capture a full range of operational conditions, a wide range of parametric inflow conditions and turbine alignments were used, described in

Table 1. The parameterization is meant to represent the normal operational design load cases 1.1 and 1.2 for ultimate and fatigue loads, respec-

tively, in the International Electrotechnical Commission (IEC) 61400-series standards for wind turbine design.31 A few modifications were made

to the IEC specifications to represent variations that are important for assessing the load impacts from wake steering. These modifications were:

TABLE 1 Parametric inflow property variation for FAST.Farm simulation

Parameter Values

Hub-height velocity [m/s] 6.6, 8.6, 10.6, 12.6, 16.6

Shear exponent [-] 0.1, 0.2, 0.3

Turbulence intensity [-] Class B, C, D

Inflow wind direction [deg] �20 to 20 in steps of 2
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• Adding a lower turbulence class, where wake steering is more applicable, referred to as Class D (IRef ¼0:10);

• Sweeping a range of power-law shear exponents;

• Sweeping of inflow wind directions;

• Using only the expected value of significant wave height and peak-spectral wave period at each mean wind speed because the hydrodynamic

loads are not expected to affect quantities of interest other than loads at the mudline;

• Neglecting loads extrapolation in design load case 1.1; and

• Comparing non-yawed and wake steering load profiles.

The selected wind speeds are derived as offsets from the rated speed of 10.6 m/s. The associated turbulence intensity percentages based on

turbulence class are shown in Figure 1. In total, there were 45 inflow conditions and 21 inflow directions, with 0 ∘ indicating flow straight down

the rows from the left to right in Figure 2.

Ambient wind inflow is synthetically generated with TurbSim,32 which creates time-varying two-dimensional inflow turbulent flow fields

using the Kaimal turbulence spectrum with an exponential coherence model following standard IEC turbulence conventions. Within FAST.Farm,

these turbulent flow fields are propagated along the wind direction at the mean wind speed of the midpoint of the field. Six different random tur-

bulence seeds were used to generate the inflow data for each inflow condition, and six corresponding seeds were used for the irregular waves.

This was done to capture variability in the numerical simulation results due to the stochastic nature of turbulence and waves. Each FAST.Farm

simulation for every inflow condition and angle was repeated for each of the six random seeds. Inflow wind direction variations were modeled in

FAST.Farm by repositioning the wind turbines in the domain rather than by actually changing the wind direction. In total, this parameter space

required 270 TurbSim simulations and 11,340 FAST.Farm simulations.

Wave data for the offshore wind farm was taken from buoy measurement data along the U.S. East Coast. The measurement data were

processed to determine the significant wave height and peak-spectral wave period of the offshore environment. The significant wave height rep-

resents the expected value of the wave height conditioned on each mean wind speed. The peak wave period represents the average peak wave

period conditioned on mean wind speed and significant wave height. The incident waves propagated in a direction aligned with the wind. The

resulting values used in the FAST.Farm simulations are summarized in Table 2. These conditions are well below breaking wave conditions.

The IEA Wind 15-MW reference wind turbine is used for all simulations. This turbine has a hub height of 150 m, a rotor radius of 120 m, and

a variable speed, collective pitch controller with different modes of operation at below-rated and above-rated wind speeds. The performance cur-

ves for the reference turbine, which can be helpful in interpreting the load trends in this work, are found in Figure 3. Structural dynamics of the

blades, drivetrain, tower, and substructure; hydrodynamic wave loading on the monopile; and the response of the wind turbine control system,

including variable-speed torque control and collective blade-pitch control, are also modeled in OpenFAST. FAST.Farm simulations were performed

with a high-resolution inflow box around each turbine and a lower-resolution box elsewhere in the domain. The higher-resolution spatial dis-

cretization was 5 m, which is fine enough to excite the turbine response considered in this paper. The temporal discretization was 0.5 s to capture

the high-frequency content in the turbine loads past six per revolution (6P). Low-resolution spatial and temporal discretization vary between cases

F IGURE 1 Instantaneous two-dimensional flow visualization of a 12-turbine FAST.Farm simulation with 7.72 rotor diameter streamwise and
transverse turbine spacing, 6.6 m/s inflow velocity, Class D turbulence, and a shear exponent of 0.1, colored by velocity magnitude
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based on average hub-height inflow velocity, following the guidance derived from Shaler et al.33 Total simulated time for each simulation was

2,000 s including 300 s for initial transients, not included in the analysis.

2.3 | FLORIS optimization

FLORIS is an open-source model designed to provide a computationally inexpensive, controls-oriented representation of the steady-state wake

characteristics in a wind farm.34 This makes it well suited to optimization of yaw offsets for wake steering and/or array layout to minimize wake

losses. For each inflow case, a standard array was simulated without mean yaw offsets and compared against simulations with wake steering via

yaw offsets. The yaw offsets of each turbine were calculated for each inflow case and inflow angle using an offline optimization with FLORIS.

F IGURE 2 Turbulence intensity (TI) percentage based on TI class and mean hub-height inflow velocity

TABLE 2 Significant wave height and peak-spectral wave period based on average hub-height inflow velocity

Inflow velocity (m/s) Sig. wave Height [m] Peak wave period [s]

6.6 1.172 7.287

8.6 1.323 6.963

10.6 1.523 7.115

12.6 1.764 6.959

16.6 2.255 7.067

F IGURE 3 OpenFAST blade element momentum performance and operation of the IEA Wind 15-MW reference wind turbine rotor with the
ROSCO controller24
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Yaw optimization results were independent of TI class. Note that the yaw optimizations were performed for a larger wind farm, of which the

12-turbine array is a subset of the most upstream turbines with 7.72 rotor diameter streamwise turbine spacing in the corner of the wind farm.

Additionally, within FLORIS the yaw offsets were selected for maximizing the total wind farm power output for each inflow case and inflow angle

and no consideration was given to minimizing turbine loads.

The optimized yaw offsets are shown in Figure 5, using a single pixel for each inflow case as shown in Figure 4. A few immediate observations

are worth noting. First, there is no wake steering above rated conditions (Region III of the power curve) or for inflow angles above �10 ∘ . Second,

positive and negative yaw offset angles were used for all turbines. The use of negative yaw offset angles is an active area of exploration with open

questions as to whether FLORIS has sufficient fidelity to capture the necessary physical nuances in this flow regime. Likely, the optimizer is

observing that in FLORIS, deflecting the wake the opposite direction lowers the aggregation of wakes downstream. Although similar yaw offset

angles were used for all turbines, there were some differences between turbines, particularly for WT1. For WT1, the front turbine for the

5-turbine row at the bottom of the wind farm, the use of negative yaw angles may extend even to the zero-degree inflow case, whereas for all

other turbines, negative yaw angles are associated with negative inflow angles. In this work, which is focused more on loads analysis, the use of

negative yaw angles does impact the loading trends and might also play a role in augmenting or diminishing the negative effects of partial waking

for inflow directions that are misaligned with the turbine array.

2.4 | Quantities of interest

One of the differentiating features of this work is consideration of full wind turbine and farm loads. Thus, the results are broken down by QoI,

which encompass turbine operational parameters, such as rotor speed or blade pitch, and key structural loads or deflections, such as tower-base

moment or out-of-plane blade-tip deflection. The full list of QoI in the analysis is shown in Table 3, some of which are further broken down into

vector components. Time-domain histories of the QoI are presented via aggregate statistics including mean values, standard deviations, ultimate

loads, and short-term damage equivalent loads (DELs). For conciseness, not all QoI are presented for all inflow conditions, angles, and summary

statistics. Additionally, for some QoI, the mean value may be zero. Given the comparison of turbines without yaw offset versus with yaw offset,

the coordinate system definition of fore-aft or side-side can be different. Therefore, only a vector magnitude is considered in the mean and ulti-

mate results for the QoI with those vector components. For postprocessing of fatigue results, see the discussion in the next section.

2.4.1 | Statistical calculations

A cross section of the results is presented in two stages. First, the mean value and standard deviation statistics are presented for a subset of the

conditions to serve as building blocks for understanding the underlying dynamics. Next, ultimate and fatigue loads are analyzed for all conditions;

these quantities directly address the central question of whether wake steering with yaw offsets is deleterious to the turbine load envelope.

F IGURE 4 Explanation of pixel plots depicting yaw offset values for all inflow conditions and directions. In the pixel plots (A), the x-axis
specifies the inflow angle and the y-axis specifies the inflow condition looping over TI, then velocity, and then shear. A sample of the inflow
condition looping is provided in (B)
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Mean time-averaged and standard deviation statistics were calculated using standard methods for each time history and then averaged

across all seeds. Ultimate loads were computed by averaging the sum of the maximum values from each seed, where S is the total number of

seeds (six).

Ult¼1
S

XS
s¼1

max xsj j: ð1Þ

Both short-term and pseudo-lifetime fatigue DELs are presented in this work. Short-term DELs of a given QoI were computed directly from

the time series as an aggregate across all seeds using the NREL postprocessing tool, MLife.35 Rainflow counting was used to bin a histogram of

load cycle amplitudes over the time series. In this case, no Goodman or other mean-value correction was applied to the histogram amplitudes.

The short-term DELs were computed from the histogram bins and the material-specific Wöhler exponent, m, from classical S-N fatigue theory, as

in Equation (2). As is standard practice, m¼4 was used for loads on steel components (main shaft, tower, and monopile), and m¼10 was used for

blade loads as a composite material.

DELshort ¼ 1
T

X
k

nkf
m
k

" #1=m

: ð2Þ

Here, T is the simulation time representing a 1-Hz equivalent cycle, k is the number of bins, and n is the number of cycles at load

amplitude, f. For fatigue of vector-component QoI, such as blade-root, tower, and monopile bending moments, a load rose analysis was applied

with a 10 ∘ increment, from which the maximum DEL around the rose was selected.

To combine multiple short-term DELs into a pseudo-lifetime measure, the frequency or probability of a given inflow condition is

needed to weight the short-term value. Wind speed variation used normalized probabilities from extrapolations of buoy measurements. All

other inflow conditions were considered equally because there was no site-specific joint probability distribution of inflow conditions to assign

probabilities. More specific probabilities could be specified for these quantities with available measurement data. Pseudo-lifetime DELs are

then computed as

DELlife ¼
XN
i

XNvel

j

ϕiϕjDEL
m
short; i,j

" #1=m

, ð3Þ

where ϕi is 1 divided by the number of inflow cases considered, N (not counting velocity), and ϕj is the normalized probability for each

velocity. Table 4 lists the ϕj values for each velocity bin. In Section 3.2.3, pseudo-lifetime DELs are examined for both the full set of all

inflow cases and also the smaller subset, in which only wake steering is used in Figure 5. Therefore, ϕj takes on different values for each set

of cases.

TABLE 3 Quantities of interest and associated applicable vector components used in the analysis

Quantity of Interest Component

Generator power

Rotor speed

Rotor torque

Rotor thrust

Blade pitch

Blade-tip displacements Out-of-plane In-plane

Blade-tip tower clearance

Blade-root moments Out-of-plane bending In-plane bending Pitching

Low-speed shaft moment at main bearing 0 ∘ bending 90 ∘ bending

Tower-top deflections Fore-aft Side-side

Tower-top moments Fore-aft bending Side-side bending Yaw

Tower-base moment Fore-aft bending Side-side bending Yaw

Mudline moments Fore-aft bending Side-side bending Yaw
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3 | RESULTS

The key findings in this paper are communicated in a series of event tables and plots at the end of this section, focusing on ultimate and fatigue

loading due to the use of wake steering. These quantities directly address the central question of whether wake steering with yaw offsets is dele-

terious or beneficial to the turbine load envelope. However, it is easier to understand these aggregate results by first visiting simpler comparisons

where load channel behavior through the array is compared across parametric changes in inflow conditions for simple statistics such as mean

values or standard deviations of the time series. These sensitivity studies serve as building blocks to the key findings and are presented first using

mean value and standard deviation statistics.

3.1 | Mean values and standard deviations

Time-series statistics for the zero-degree inflow direction and varying inflow directions are shown in Sections 3.1.1 and 3.1.2, respectively. For all

of the figures presented in this subsection, the non-yawed turbine simulations (no wake steering) are in the left-hand column and the yaw-

F IGURE 5 Optimized yaw offset angles for wake steering for all turbines in array. Subfigures are arranged to be the same as the wind farm
turbine layout

TABLE 4 Scaled probability of a particular wind speed for all cases and wake-steering-only cases

Inflow velocity (m/s) 6.6 8.6 10.6 12.6 16.6

All cases 0.230 0.242 0.269 0.201 0.057

Wake steering only 0.311 0.327 0.362 0.0 0.0
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optimized turbines using wake steering are in the right-hand column. Each row corresponds to a wind speed bin, from 6.6 to 10.6 m/s, with com-

parisons at higher velocities excluded because there is no wake steering above rated conditions. All 12 turbines are arranged on the x-axis. All

results in Figures 6–10 are normalized by the QoI statistic value of the first turbine (WT1) at the central inflow condition of TI Class C, shear expo-

nent of 0.2 (green dashed line), zero-degree inflow, and zero-degree yaw offset (no wake steering).

3.1.1 | Zero-degree inflow angle, varying inflow conditions

Results in this section vary the shear-TI inflow condition while keeping the inflow angle fixed at zero degrees (aligned with the array). Each line

represents a different inflow condition with shear power law exponent (α) designated by line color and TI designated by line style.

Figure 6 shows the mean value for generator power at a zero-degree inflow angle (aligned with the array), with varying shear and TI inflow

conditions. For the non-yawed results (left-hand side), all downstream turbines have a significant and consistent drop in power production, with

some stratification according to TI and shear. For the yawed results (right-hand side), there is some drop in power production for the front-row

turbines, but a smaller decrease for downstream turbines, leading to a more even power production level throughout the array. Generally, higher

TI results in more power for the downstream turbines due to faster wake recovery. This same behavior is seen for rotor thrust, torque, out-of-

plane blade tip deflection, blade-root out-of-plane bending moment (Figure 7A), tower-base fore-aft bending moment (Figure 7C), and mudline

(monopile base) bending moment, although not all of these QoI are shown.

F IGURE 6 Time-averaged results for each turbine relative to WT1 without wake steering. Each subplot shows results without wake steering
(left) and with wake steering (right). Each row corresponds to a different inflow velocity. Turbine rows are denoted with vertical lines
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Figure 7 shows the mean value for several QoI at a zero-degree inflow angle (aligned with the array), with varying shear and TI inflow condi-

tions. Figure 7A,C follows the same trends as generator power. Similar observations are made about blade-root pitching moment, shown in

Figure 7B. The non-yawed results show that all downstream turbines have a significant and consistent drop in blade-root pitching moment, with

some stratification according to TI and shear. This stratification is present for both front-row and downstream turbines. There is less variation in

downstream turbine results at the lowest wind speed due to rotor operation at the fixed minimum rotational speed. For the yawed results, there

is some drop in pitching moment for the front-row turbines compared to the non-yawed results, but a smaller decrease for downstream turbines,

leading to more even values throughout the array. This same behavior is seen for rotor speed, although it is not shown here. The inconsistent

results for WT1 at a couple of the inflows are due to the use of negative yaw angles.

Different observations are made about tower-base yaw moment, shown in Figure 7D. For the non-yawed results, there is a strong grouping

of results by shear because yaw moments are a reflection of force imbalances on the rotor; these imbalances increase with shear value. There are

also minimal reductions in yaw moment for downstream turbines. For the yawed results, there is a slightly higher degree of variation between

F IGURE 7 Time-averaged results for each turbine relative to WT1 without wake steering. Each subplot shows results without wake steering
(left) and with wake steering (right). Each row corresponds to a different inflow velocity. Line color corresponds to shear exponent value; line
style corresponds to TI class
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upstream and downstream turbines. Note that WT1 stands out as an outlier due to the occasional use of negative yaw angles. However, the over-

all yaw moment value is less than the non-yawed results, contrary to expectations that the yaw offsets would create significant yaw moments on

the support structure. This same behavior is seen for tower-top and mudline yaw moments.

The results in Figure 7 show that without wake steering, whether or not a turbine is within the wake of an upstream turbine is a stronger

driver of the mean loads than variations in TI or shear value. With wake steering, there is more even mean loading along the array rows, and at a

lower magnitude. This could imply an operational benefit of more uniform loading and operational wear across all turbines. Finally, the negative

yaw angle for WT1 causes some nonintuitive loading behavior and is worth further investigation.

Shown in Figure 8 are time-series standard deviation results for several QoI at a zero-degree inflow angle (aligned with the array), with

varying shear and TI inflow conditions. As with the mean results, some yawed results for WT1 are outliers due to the use of negative yaw

angles. For all non-yawed results, standard deviations are grouped by TI as the primary trends driver because higher TI leads to higher stan-

dard deviation of the inflow wind. For blade-root out-of-plane and tower-base fore-aft bending moments, shown in Figure 8A,B, the non-

yawed standard deviation results dip slightly for the first few downstream turbines at lower velocities, but increase slightly for the more

F IGURE 8 Standard deviations of time series for each turbine relative to WT1 without wake steering. Each subplot shows results without
wake steering (left) and with wake steering (right). Each row corresponds to a different inflow velocity. Line color corresponds to shear exponent
value; line style corresponds to TI class

1540 SHALER ET AL.



downwind turbines and at rated speed. These results are from a combination of the buildup of wake-meandering-induced turbulence down

the row and and because the highest sensitivities and largest variations in turbine response are at rated conditions. Additionally, for tower-

base fore-aft bending and yaw moments, there is not a pronounced difference for the yawed results, suggesting that wake steering does

not have a pronounced effect on fatigue cycle for those loads. This same behavior is seen for rotor torque, rotor thrust, tower-top fore-aft

displacement, and mudline fore-aft moment. Blade-root pitching moment results, shown in Figure 8A, have the same grouping by TI, but

also a more noticeable decrease in standard deviations for non-yawed, downstream turbines at below-rated inflow velocities. At rated

inflow velocities, the blade-root pitching moment is more constant. For yawed results, there are smaller differences between front-row

and downstream turbines for a more uniform loading. Tower-base yaw moment results, shown in Figure 8D, display the same grouping by

TI and also that the downwind turbines experience an elevated level of tower-base yaw moment standard deviation, likely due to the

impact of wake meandering causing partial waking of the downwind rotors. Similar trends are seen for tower-top and mudline yaw

moments.

F IGURE 9 Time-averaged results for each turbine relative to WT1 without wake steering. Each subplot shows results without wake steering
(left) and with wake steering (right). Each row corresponds to a different inflow velocity
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3.1.2 | Varying inflow direction, single inflow condition

This section presents the same QoI statistics, but shear and TI are held fixed at the central values (α¼0:2, TI class C). Instead, the inflow angle is

varied from �20 ∘ to þ20 ∘ relative to the array orientation. For each inflow angle, the mean yaw error for each wind turbine is zero for the non-

yawed results and offset from zero for the cases with wake steering. Each line represents a different inflow angle, with the darker the red, the

more positive the inflow angle and the darker the blue, the more negative the inflow angle. A black line is used for the zero-degree inflow case

and shows the same result as the green dashed line in Figures 7 and 8.

Figure 9 shows the mean value for several QoI across varying inflow angles. For tower-base bending and blade-root bending and pitching

moments, shown in Figure 9A–C, both non-yawed and yawed results show that there is a gradual increase in the mean structural loading of

downstream turbines with increasing absolute inflow angle as wake effects diminish and each turbine eventually becomes a “front-row” turbine.
There are also small differences between positive or negative inflow angles. With wake steering, there is reduced mean loading for front-row

F IGURE 10 Standard deviation of results for each turbine relative to WT1 without wake steering. Each subplot shows results without wake
steering (left) and with wake steering (right). Each row corresponds to a different inflow velocity
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turbines, but increased mean loading for downstream turbines, resulting in more even load distribution across the wind farm. All cases with posi-

tive inflow angles have positive yaw angles, while all cases with negative inflow angles have negative yaw angles, respectively. The turbines in the

zero-degree inflow case (black line) have positive yaw angles, except for WT1; therefore, the result of WT1 is more in line with the positive inflow

cases. Similar trends are seen for generator power, rotor thrust, rotor torque, blade tip in-plane and out-of-plane deflections, and mudline bending

moments.

Tower-base yaw moment results in Figure 9D show much different trends. As expected, the normalized mean moments approach unity

for inflow angles above �10 ∘ . However, for the non-yawed results with positive inflow angles under 10 ∘ , downstream turbine mean

moments are below the zero-degree inflow results. Additionally, for negative inflow angles above �10 ∘ , the downstream turbine mean moments

are higher than the zero-degree inflow results. This could be due to partial waking and whether the wake impinges more on the rising or falling

blade, given the clockwise rotor rotation.36 For the yawed results, the same trends as the non-yawed are observed, but with larger absolute values

due to the additional yaw moments from wake steering yaw offset. Additional yaw moments due to wake steering at the zero-degree inflow angle

were not observed in Figure 7D, which is represented by the black line in Figure 9. This same behavior is seen for tower-top and mudline yaw

moments.

Figure 10 shows the standard deviation for several QoI across varying inflow angles, using the central shear and TI inflow conditions.

Figure 10A shows noisy trends in blade-root out-of-plane bending for both the without and with wake steering simulations. In this case,

the load standard deviations are primarily driven by spatial variability in the turbulent flow field, especially at the two lower velocities

(explained in greater detail in Appendix B). This spatial variability is due to each wind turbine ingesting different parts of the flow fields as

the absolute inflow angle increases. This response is also seen for tower-base fore-aft bending and yaw moments (Figure 10C,D), mudline

fore-aft bending and yaw moments, and tower-top fore-aft displacement. Essentially, the standard deviation of the wind field over time can

vary spatially even though the turbulence class is the same. This is partly a product of TurbSim generating turbulent flow fields with the

specified spatial coherence and Gaussian statistics, which means the standard deviation target value is satisfied in aggregate, but not at

every point in the field. This spatial variability of turbulence does lead to some random inconsistencies in inflow conditions between

turbines in the FAST.Farm simulation, which can be seen in some load channels that are not otherwise dominated by turbine operations,

especially at nonzero inflow angle results. It is likely that using more random turbulence seeds would lead to converged results with more

clear trends.

Blade-root pitching moments, shown in Figure 10B, have different trends. For the non-yawed results, the standard deviations decrease for

the downstream turbines, relative to the front-row turbines, at the lower velocities. There is more consistent loading at rated conditions, with

some positive/negative inflow angle asymmetry. Overall, the normalized results tend towards one as inflow angle increases. For the yawed

results, the trends are similar with noticeably less variability across the arrays, but also some exaggeration of the positive/negative inflow angle

asymmetry at rated velocity. Once again, the differences in trends for WT1 are due to its use of a negative yaw angle.

3.2 | Ultimate and fatigue loads

Fatigue and ultimate loads across all conditions are analyzed in several ways. First, pixel plots, using the same convention as in Figure 5, are con-

structed for relative changes for each QoI for the ith turbine at the jth inflow case, using Equation (4).

ΔQoIi,j ¼QoISteering; i,j�QoINoSteering; i,j

QoINoSteering; i,j
: ð4Þ

While these pixel plots identify the impact of wake steering for every QoI and inflow case, they do not compare one case to another and can-

not provide an aggregate impact. Therefore, extreme event tables are constructed for ultimate loads, which involves identifying the maximum

absolute ultimate load value for each QoI across all inflow cases. This is done separately for the cases with wake steering versus without wake

steering via yaw offset. For fatigue loads, a pseudo-lifetime analysis is performed, described in Section 2, and calculated separately for the cases

with and without wake steering via yaw offset. Finally, the resulting extreme events values and pseudo-lifetime fatigue loads are plotted across

the array to more readily identify farm-level trends.

3.2.1 | Ultimate loads: All cases

Figure 11 shows relative difference pixel plots for each turbine constructed using Equation (4) at each inflow condition and angle combina-

tion for ultimate loads. Zoomed-in pixel plots for WT1 and WT2 are shown in Figure 12. Note that a white cell indicates no change with

wake steering, a red cell indicates a higher value with wake steering, and a blue cell indicates a lower value with wake steering. For blade-
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root total bending moments, shown in Figure 11A, there are mostly white pixels, even more so than in Figure 5, and the red and blue sha-

des are quite light. This conveys that while there are blade-root bending moment differences introduced by wake steering, they are generally

small and restricted to select conditions. For downstream turbines, the color shading is red, meaning wake steering increases blade-root

F IGURE 11 Pixel plots of relative difference between ultimate loads for each turbine. Each cell corresponds to a different inflow condition
and inflow angle combination. White cells indicate no change with wake steering via yaw offset, red cells indicate a higher value with wake
steering, and blue cells indicate a lower value with wake steering

F IGURE 12 Zoomed-in pixel plots of relative difference between ultimate loads for WT1 and WT2. Each cell corresponds to a different
inflow condition and inflow angle combination. White cells indicate no change with wake steering via yaw offset, red cells indicate a higher value
with wake steering, and blue cells indicate a lower value with wake steering
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bending, which is consistent with an increase in power production and thrust loads for those turbines. For front-row turbines, the shading is

mostly blue, due to reduced power production and thrust loading. However, there is also some red-blue asymmetry at positive versus nega-

tive inflow angles and the zero-degree inflow case; this phenomenon is not yet fully understood, but is likely related to the advancing and

retreating of the blade operating in a skewed flow. The same trend is observable to an even greater degree for the front-row turbines in

the blade-root pitching moment results in Figure 11B. For downstream turbines, the blade-root pitching moment results are much more

complex with inflow angles aligned with the array leading to an increase in maximum moment with wake steering, but steeper inflow angles

(positive or negative) lead to an ultimate load reduction with wake steering. This is likely due to wake steering at low inflow angles not

modifying the wake path enough to fully unwake the downstream turbines at all time steps, with the partial waking increasing blade pitch

moments. At steeper inflow angles, the wake steering is enough to fully unwake the downstream turbines at all time steps. This phenome-

non is only seen in blade pitching moments because this load is significantly more sensitive to subtle changes in rotor-plane variations and

controller behavior.

In contrast to the complexity for blade-root pitching moment, the tower-base total bending moment results in Figure 11C are more intuitive.

Wake steering decreases the maximum tower-base bending moments for the front-row turbines because the power generation and thrust loads

decrease. Concurrently, wake steering increases the maximum tower-base bending moments on the downstream turbines because the power

generation and thrust loads increase. A more subtle trend is shown by the darker shades of red for the set of pixels associated with the lowest tur-

bulence intensity. This is because higher freestream turbulence intensity mixes out the wakes more quickly, whereas lower freestream turbulence

intensity means the wakes persist further downstream, requiring higher yaw offset angles for wake steering. For the tower-base yaw moment

results in Figure 11D, wake steering increases the loads in almost all cases because all turbines are using a nonzero yaw offset. There are a few

light-blue pixels for front-row turbines and positive inflow angles that are not well understood.

3.2.2 | Ultimate loads: Extreme events

In the wind turbine design process, the most important ultimate loads are those that define the upper limit of the load envelope. As such, the

maximum absolute ultimate load for wake steering and no wake steering results is determined across all inflow conditions and angles for each

turbine and QoI. These results are summarized in Table 5 for WT1 and WT2 (a front-row and downstream turbine, respectively), which iden-

tify the corresponding inflow condition and inflow angle triggering the ultimate load. When processing the wake steering cases, it is important

to recall that not all inflow and wind direction conditions resulted in yaw offsets from the wake steering optimization. Regardless of whether

or not yaw offsets were used for a specific case, all inflows and cases were included in the wake steering analysis. The purpose of these

tables is to determine which case led to the highest ultimate load for each QoI, and if these results differ when wake steering is present.

TABLE 5 Extreme events table of ultimate loads for each QoI for (a) WT1 and (b) WT2, both with and without wake steering

(a) WT1 (b) WT2

Note: No wake steering results (“NoSteering”) are shown as direct values, whereas wake steering results (“Steering”) are shown relative to the no wake steering

results for that turbine. If wake steering changed the extreme value by �1%, these cells are colored: blue for the lower value and pink for the higher value.

Additionally, the corresponding inflow velocity (“Uinf”), shear exponent (“Shear”), TI class (“TI”), and inflow angle (“Angle”) are identified for each QoI with and

without wake steering, with a different color used for each unique value.
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Overall, the highest ultimate loads occurred for Class B turbulence with a shear exponent of 0.3 at wind speeds of 12.6 to 16.6 m/s. This

makes intuitive sense as this inflow condition represents the highest TI, the highest shear, and highest velocities. This was consistent for all

QoI whether or not a turbine was downstream or wake steering was used. The exceptions to this trend occurred for blade-root pitching, with

an ultimate condition at rated conditions, and tower-top bending moments, with an ultimate condition at the highest velocity and lower shear

exponent. For front-row turbines, the extreme ultimate loads generally occur at higher inflow angles, whereas for downstream turbines they

tend to occur at lower inflow angles. This is likely when the turbine is partially waked, which increases the unsteadiness of the inflow and

therefore the turbine loads. Additionally, wake steering increased three QoI for the front-row turbine—out-of-plane blade-tip deflection,

blade-root bending moment, and blade-root pitching moment—and only one QoI for the downstream turbine, blade-root pitching moment.

These results were consistent across all turbines.

When looking at the effects of wake steering on the maximum absolute ultimate loads, for the majority of QoI, the inflow conditions that

define the load envelope are those in which no wake steering is applied. Wake steering tended to increase out-of-plane blade deflections,

blade-root pitching moments, and blade-root bending moments by more than 1%. This was true for all front-row turbines, and for most

downstream turbines. Blade-root pitching moments had the highest increases in ultimate loading, by an average of 12.1% for all turbines and

up to 26.5%. To further investigate how wake steering modifies the maximum ultimate loads for all turbines in the wind farm, down-the-row

extreme events values are shown in Figure 13 for certain QoI. Figure 13A,B shows the two QoI, blade-root bending and pitching moments,

F IGURE 13 Extreme ultimate loads for each turbine, with and without wake steering. Each subplot shows results for a different QoI:
(A) Blade-root bending moment, (B) blade-root pitching moment, (C) tower-base bending moment, and (D) tower-base yaw moment
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where wake steering increases the maximum absolute ultimate for most of the turbines in the array. For blade-root bending moments in

Figure 13A, higher extreme ultimate loads are also more evenly distributed through the array, which could have operational maintenance ben-

efits. However, the maximum absolute blade-root pitching ultimate moments for the downstream turbines exceed those of the front-row tur-

bines even when no wake steering is applied, with the effect exaggerated with wake steering. This is consistent with the hypothesis that

partial waking still persists in the simulations and can be a bigger driver of extreme loading than a fully waked scenario. The tower-base

extreme ultimate moments in Figure 13C,D are two QoI where there is no difference between the cases with or without wake steering. How-

ever, the values through the array are quite noisy and erratic, with no clear trends for front-row or downstream turbines. This behavior

implies that the extreme values are not statistically converged and more than six seeds are likely necessary to rigorously determined extreme

value trends across the entire wind farm. This also implies that other observations in Figures 5 and 13 could be subject to change if

reevaluated with more random seeds.

3.2.3 | Fatigue loads: Short term

Figure 14 shows relative difference pixel plots for each turbine constructed using Equation (4) at each inflow condition and angle combination

using short-term DELs. Zoomed-in pixel plots for WT1 and WT2 are shown in Figure 15. Once again, a white cell indicates no change with wake

steering, a red cell indicates a higher value with wake steering, and a blue cell indicates a lower value with wake steering.

F IGURE 14 Pixel plots of relative difference between short-term fatigue loads for each turbine. Each cell corresponds to a different inflow
condition and inflow angle combination. White cells indicate no change with wake steering, red cells indicate a higher value with wake steering,
and blue cells indicate a lower value with wake steering
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For Figure 14A,B, showing results for blade-root bending moment and blade-root pitching moment, the pixel coloring is quite similar to the

ultimate load equivalent plots in Figure 11 and the same comments apply. For Figure 14C,D, showing results for tower-base bending moment and

tower-base yaw moment, the colored pixels are far more sparse here than for the ultimate load equivalent plots in Figure 11. The cases where

wake steering has increased fatigue loads for the downstream turbines is even more restricted than for ultimate loads; it is more concentrated in

the lower velocities, array-aligned inflow angles, and lower turbulence intensity.

3.2.4 | Fatigue loads: Pseudo-lifetime

To create a cumulative fatigue table, the short-term DELs from aggregated individual cases were computed as pseudo-lifetime DELs following the

description in Section 2, and shown in Table 6. Pseudo-lifetime DELs were computed for all cases (Table 6 (a, b)), as well as a subset of cases that

only included those with wake steering (Table 6 (c, d)).

As was done with ultimate loads, the results from only two turbines are shown here, but all turbines were included in the analysis. When all

inflow cases were considered, wake steering had minimal impact on the pseudo-lifetime fatigue loads. In fact, the only QoI that changed by more

than 1% was blade-root pitching moment, which was reduced in downstream turbines by an average of 12.7% and up to 18.6%. This null result is

due to the frequency with which wake steering is applied. As shown in Figure 5, wake steering is applied at inflow velocities below 12.6 m/s and

inflow angles within �10 ∘ . This accounts for only 31% of the considered cases, thus leading to negligible effects from wake steering when all

cases are included in the pseudo-lifetime fatigue analysis. When the pseudo-lifetime fatigue calculations are restricted only to cases where wake

steering was applied, as in Table 6 (c, d), the impact of wake steering is more prominent. With this method, several QoI show consistent

TABLE 6 Pseudo-lifetime fatigue loads for each QoI for (a, c) WT1 and (b, d) WT2, both with and without wake steering

(a) WT1, all cases (b) WT2, all cases (c) WT1, wake steering cases (d) WT2, wake steering cases

Note: The two leftmost tables (a, b) show the results with all cases; the two rightmost tables (c, d) show the results using a subset of the cases where wake

steering applies. Results with no wake steering (“NoSteering”) are shown as direct values, whereas results with wake steering (“Steering”) are shown

relative to the no-wake-steering results. If wake steering changed the extreme value by �1%, these cells are colored: blue for the lower value and pink for

the higher value.

F IGURE 15 Zoomed-in pixel plots of relative difference between short-term fatigue loads for WT1 and WT2. Each cell corresponds to a
different inflow condition and inflow angle combination. White cells indicate no change with wake steering, red cells indicate a higher value with
wake steering, and blue cells indicate a lower value with wake steering

1548 SHALER ET AL.



TABLE 7 Summary of pseudo-lifetime fatigue loads that change by more than 1% for the subset of cases where wake steering is applied

QoI No steering higher Steering higher

Blade-root bending WT1 & All downstream turbines

Blade-root pitching All downstream turbines WT1

Shaft bending All turbines

Rotor torque WT4 All front-row turbines

Rotor thrust All front-row turbines Some downstream turbines

Tower-base bending All front-row turbines Some downstream turbines

Mudline bending All front-row turbines Some downstream turbines

F IGURE 16 Pseudo-lifetime fatigue loads for each turbine, with and without wake steering. Blue and green lines consider all inflow cases
whereas red and orange lines only consider cases where wake steering is applied
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differences of more than 1% for front-row and downstream turbines. This observation implies that the aggregate impact of wake steering on

fatigue load in real-world projects will be dependent on the frequency of wake steering use relative to the higher inflow velocity scenarios that

often dominate fatigue damage accumulation, given specific wind farm layout and local conditions. If wake steering is applied infrequently, similar

to the 31% of the total case count, there will be a negligible impact on fatigue loads. If wake steering is applied to nearly all wind speeds and direc-

tions in the wind rose, then there will be a prominent impact on lifetime fatigue loads. In those sites, the QoI that will be impacted are summarized

in Table 7. Further study is needed of an intermediate case, where the wake steering duty cycle is between 60% and 80%, as well as the relative

contributions to lifetime fatigue between the wake steering cases and the higher speed inflow cases where wake steering is not used.

The evolution of pseudo-lifetime fatigue loads across the wind farm is shown in Figure 16, enabling a visual comparison of no wake steering

versus wake steering. Pseudo-lifetime results of all cases or only cases where wake steering was applied are compared separately. In absolute

magnitude, the increases in fatigue loads incurred by using wake steering is smaller than the gap between the case sets where wake steering is

used 31% of the time compared to 100% of the time. This implies that cases where wake steering could be used are lower drivers of fatigue,

expect for blade-pitching moment. For most of the QoI shown in Figure 16, there is little variation in pseudo-lifetime fatigue damage across the

array. To a small degree, the use of wake steering provides a more even fatigue loading distribution for blade-root bending moment in Figure 16A,

although it is at a higher level due to increased power production and thrust loads for downstream turbines. Blade-root pitching moment in

Figure 16B remains the outlier in that the dominant trends persist with or without wake steering for both sets of cases considered. The higher

pitching moment fatigue loads for downstream turbines are alleviated to a small degree by using wake steering. Nevertheless, this QoI is sensitive

and dominated to partial waking scenarios that persist in the simulations.

4 | CONCLUSIONS

This study aimed to provide a comprehensive assessment of the loads impact due to wake steering. This included a full-wind-turbine and full-

farm perspective of loads, especially the ultimate and fatigue loads that drive design and operational decisions. The IEA Wind 15-MW refer-

ence wind turbine24 was chosen to be consistent with the latest commercial available offshore turbine models, and to better understand the

loading environment and wake dynamics at this class of turbine rating. While this study looked at a wide variety of inflow conditions and

QoIs, there were still many simplifications and assumptions. Therefore, specific recommendations related to wake steering practices are not

proposed. Instead, there are a number of key findings that were identified as overarching themes that can be used to inform future wake

steering studies and operation:

• For all QoI except the tower or monopile yaw moment, the loads on the first row of turbines significantly decrease with wake steering,

resulting in an overall reduction of wind-farm-level peak loads for below and at rated wind speed conditions. The loads on the downstream

turbines are closer to those on the front-row turbines, although this is often at a high value for the downstream turbines due to the higher

levels of power production and rotor thrust. This is true for all loads statistics—mean, standard deviation, maximum value, and fatigue DEL.

This could potentially aid in long-term maintenance planning and strategies by making it easier to schedule maintenance for all turbines at

the same time.

• Wake steering increases the yaw moment on the tower and monopile for both front-row and downstream turbines. However, because the

tower and monopile typically provide ample yaw stiffness, yaw moments are not usually a design driver or load channel of concern. More

investigation for specific tower and monopile designs will be required to ensure that this remains true for the loads imposed by wake steering.

• For specific inflow conditions where wake steering is applied, the maximum value of the load experienced in a time-domain simulation can

increase. This is consistent with greater power production and overall thrust loading. However, these scenarios are generally at below-rated

conditions that do not define the extreme load envelope that would drive a turbine design.

• Similar to ultimate loads, wake steering can augment fatigue loading cycles for specific inflow scenarios, with blade-root pitching moment

observed as the only QoI with significantly lower fatigue. Whether or not this has a measurable impact on total component lifetimes will be

dependent on the wake steering “duty cycle” for a given site and also on the relative frequency of higher inflow velocity scenarios in the wind

rose that often drive fatigue damage. This is in line with prior findings.18,23

• There is an interplay between wake steering with yaw offsets, especially when considering both positive and negative yaw offsets, and loading

asymmetry due to partial waking. Nevertheless, it may also be possible to use wake steering to minimize this effect as the yaw offsets used in

this work were derived purely from a power optimization. If the offset angles were chosen with awareness of the load implications, they may

be able to nullify this effect.
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APPENDIX A: FAST.Farm CALIBRATION RESULTS

SOWFA, a large-eddy simulation computational fluid dynamics code, was used to calibrate FAST.Farm wake parameters for simulating the

15-MW IEA Wind Reference Wind Turbine. The test case is shown in Figure A1(A), with three turbines aligned to the inflow, spaced seven rotor

diameters apart. The first turbine (WT1) yaw offset was set to either 0 ∘ or 25 ∘ , the second turbine (WT2) was 0 ∘ or 20 ∘ , and the third turbine

(WT3) was fixed at 0 ∘ yaw. The freestream turbulence intensity was either 6% (low-TI case) or 10% (high-TI case). FAST.Farm and SOWFA were

compared using the underlying time-series and also the overall probability distributions of the rotor power, rotor torque, rotor speed, and wake

deflection for the test matrix.

In the baseline cases with no yaw offset, there was good agreement between SOWFA and FAST.Farm predictions for all QoI and both TI

values, especially for WT1. Further downstream at WT3, the match between SOWFA and FAST.Farm is not as close, but this is due to known

shortcomings in FAST.Farm with regards to additive wake superposition. However, for the cases with turbine yaw offset, more differences were

seen for all QoI and all turbines, which is depicted in Figure A2. Because the discrepancies occurred only when turbine yaw was present, they

were determined to be caused by the use of FAST.Farm parameters relating to horizontal wake deflection correction for larger turbine ratings and

diameters that are not ideal for the 15-MW IEA Wind Reference Wind Turbine.

F IGURE A1 Simulation setup for calibration against SOWFA and the FAST.Farm parameters that were tuned for improved tuning for the IEA
Wind 15-MW reference turbine
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The FAST.Farm wake deflection correction model geometry is shown in Figure A1(B). There are two parameters related to horizontal wake

deflection: C_HWkDfl_OY and C_HWkDfl_xY. C_HWkDfl_OY [m/deg] describes the offset from the dashed turbine centerline to the solid line at

the rotor plane, and C_HWkDfl_xY [1/deg] describes the slope of the solid line relative to the rotor axis. The parameters were calibrated using a

grid search and optimization that focused on the wake deflection and power generation of the downstream turbines, WT2 and WT3. The wake

deflection and power generation were expressed as percentage errors between FAST.Farm and SOWFA,

Δyoff ¼
yoff,FF �yoff,S

�� ��
yoff,S

�� �� ðA1Þ

ΔP¼ PFF �PS
�� ��

PS
�� �� ðA2Þ

where yoff is the average wake offset, P is the power generation, the subscripts FF and S denote FAST.Farm and SOWFA, respectively, and the

kxk-notation is the standard norm of the time series. Error measures from both downstream turbines and multiple cases were combined into a sin-

gle summary error measure.

For the optimization over all simulations, metrics, and turbines, the minimum error parameter values were sensitive only to C_HWkDfl_xY,

with an optimal value of �0.002 (compared to a default value of �0.004). There was negligible change with varying C_HwkDfl_OY, so the default

value of 0.3 was unchanged from past FAST.Farm calibration efforts.

Figure A2 contrasts the simulations from FAST.Farm both before and after the recalibration against the SOWFA “reference” results. The

postcalibration FAST.Farm results (black dashed line) matche the SOWFA results (purple line) better for WT2 and WT3 in all QoI than the

precalibration FAST.Farm results (blue dashed line). The improved calibration was deemed sufficient to proceed with the larger wake steering

loads study.

F IGURE A2 Probability density function (PDF) of generator power and rotor speed comparing SOWFA results (purple lines) with
precalibration FAST.Farm results (blue dashed lines) and postcalibration FAST.Farm results (black dashed lines) for all turbines. Cases show results
for WT1, WT2, and WT3 yawed at 25 ∘ , 20 ∘ , and 0 ∘ , respectively, with (A) low-TI and (B) high-TI inflow
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APPENDIX B: SPATIAL VARIATION OF TEMPORAL VARIANCE

The standard deviation of the wind field over time varies spatially even when the turbulence class is the same. This is partly a product of TurbSim

generating turbulent flowfields with the specified spatial coherence, which means the target standard deviation value is satisfied in aggregate, but

not at every point in the field. An example of this is shown in Figure B1 for Class C turbulence and a shear exponent of 0.2 over various wind

speeds. The spatial variability of turbulence does lead to some random inconsistencies in inflow conditions between turbines in the array, which

can be seen in some load channels that are not otherwise dominated by turbine operations, especially in the nonzero inflow angle results. Using

more random seeds could lessen the impact of these inconsistencies. Six seeds were used in this work following IEC conventions. The same seeds

are used for both without and with wake steering simulations to not bias the comparison.

F IGURE B1 Standard deviation of u-direction inflow velocity in [m/s] over the simulation time in the y-z plane demonstrating spatial
variability of turbulence. All results are for Class C turbulence with a shear exponent of 0.2
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