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Abstract. The performance of wind farms can substantially increase when their individual
turbines deviate from their own greedy control strategy and instead also take into account
downstream turbines operating in the wake. The helix approach is a recently introduced
dynamic wind farm control strategy that tackles this issue by leveraging individual pitch control
to accelerate wake recovery. Its effective implementation requires detailed knowledge about the
scaling between control input and the resulting power gain and turbine loading across the farm.
In the present work this scaling is explored by means of large-eddy simulation of a two-turbine
farm in the conventionally neutral atmospheric boundary layer. A parameter sweep for the
amplitude of the helix is performed showing monotonous increase of the farm’s power output
with increasing pitch amplitude within the considered range of zero to six degrees. The scaling
of the power gain suggests that a threshold amplitude should be exceeded for effective speed-up
of the wake recovery, whereas the damage equivalent loads computed for the turbines indicate
an upper limit for the amplitude despite increasing power gains.

1. Introduction
Wind turbines are commonly clustered in farms to allow for cost-effective power extraction, as
e.g. cabling, maintenance, and installation costs can be shared. However, this clustering implies
an inherent coupling between turbines due to wake interaction, which renders conventional
control approaches optimizing isolated turbine performance suboptimal on wind farm level. As
a result, wind farm control approaches have been developed which seek to optimize the overall
power extraction and turbine loading across the entire farm [1].

Recently, especially dynamic control approaches have gained attention, including dynamic
induction control (DIC). Actuation signals for DIC were developed leveraging optimal control
combined with large-eddy simulations (LES) [2], its physical working mechanism was studied
in [3] and steps towards the practical implementation were undertaken using simplified
parameterized signals [4]. These works demonstrated increased wake recovery and overall power
extraction. However, significant thrust and power fluctuations were found, too [5].
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To mitigate these variations, a new dynamic control approach using individual pitch control
(IPC) called the helix was introduced and benchmarked against DIC in [6]. This proof of concept
showed promising gains in power extraction for the helix studying a two-turbine wind farm using
LES. Nevertheless, there are still knowledge gaps regarding the impact of the helix on the flow
physics in the wake, the performance in different atmospheric boundary layer (ABL) conditions
and the optimal actuation signal in terms of amplitude and frequency (usually expressed as
Strouhal number St) [7]. Attempts to optimize the helix signal are limited. For the initial proof
of concept, the frequency is derived from DIC as St = 0.25 and the influence of the amplitude is
analyzed for two levels [6]. A study for a single amplitude, but four different Strouhal numbers
suggested that the optimal frequency might deviate from St = 0.25, although only considering
uniform inflow [8]. In [9] reinforcement learning was applied to optimize the helix amplitude for
a three-turbine wind farm (St = 0.25) reporting an overall power gain of 6.8%.

Looking beyond the sole optimization of the power gain, further investigations were conducted
to evaluate the impact of the helix approach on turbine components. The results showed that
DIC had a significant effect on the turbine tower compared to the helix approach, while the
difference between both methods on the blades was minimal [10]. Another work performed
a more comprehensive sensitivity analysis and found that the tower fore-aft, blade flapwise,
and pitch bearing are particularly sensitive to a high-amplitude helix actuation signal, while
other components are less affected [11]. Since the performance increase of the helix approach
becomes more significant with amplitude, a balance should be found between the increased load
and power gains. As of yet, no study has explicitly examined the amplitude scaling of power
increase versus load increase for a two-turbine set-up.

The objective of the present work is therefore to obtain a more detailed insight into the
amplitude scaling by conducting a parameter sweep using LES of a two-turbine farm. In terms
of atmospheric conditions, we focus on the neutral ABL and in particular its most common type
in the atmosphere: the conventionally neutral atmospheric boundary layer (CNBL) [12]. This
study thereby informs future research on the optimal actuation signal and provides a baseline
for the assessment of the amplitude-power gain scaling in different atmospheric conditions.

2. Methodology
This section outlines the methodology to simulate the flow in the ABL and the wind turbine
dynamics. Further, the helix controller and the approach for the load analysis are introduced.

2.1. AMR-Wind and OpenFAST
The flow in the ABL is modeled using the LES code AMR-Wind [13]. AMR-Wind solves the
filtered incompressible Navier-Stokes equations where the subgrid-scale stresses are modeled
using the kinetic energy one-equation turbulence model [14]. The code uses the Boussinesq
approximation in order to include the effect of density gradients on buoyancy. At the lower
boundary a wall shear stress model using Monin-Obukhov similarity theory is employed
following [14]. At the top of the domain, a slip wall is specified for the velocity and a fixed
gradient for the potential temperature. AMR-Wind solves the governing equations on Cartesian
block-structured grids, which can be locally refined either statically or dynamically. More details
on the numerical implementation of AMR-Wind can be found in the work of [15], which examined
the stable northeastern United States marine boundary layer. AMR-Wind further provides a
coupling to OpenFAST which is used in this work and was previously employed to evaluate the
performance of wind farms operating in low-level jet events [16].

OpenFAST is a multi-physics wind turbine simulation tool capable of simulating the entire
wind turbine including its structural, hydro-, aero- and control dynamics [17]. In this study,
the OpenFAST model for the fixed-bottom monopile variant of the IEA-15 MW turbine is
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employed [18], which is representative of the next generation of offshore turbines. OpenFAST is
coupled to the LES simulation using a standard actuator line model (ALM) [19].

2.2. Turbine controller
The control actions are implemented using the reference open-source controller (ROSCO) [20],
where the IPC routine of ROSCO is extended to include the additional pitch actuation required
for the helix. The key idea of the helix is to impose slowly periodically varying tilt and yaw
moments on the turbine, thereby deflecting the wake in a helical shape and facilitating wake
recovery [6]. The signals for these moments are designed in the turbine’s non-rotating blade
coordinate system using the corresponding yaw βyaw(t) and tilt βtilt(t) pitch angles. They are
given by the relations βtilt = β sin(ωet) and βyaw = β sin(ωet+ψ), where β is the pitch amplitude
and the actuation frequency ωe = 2πfe can be expressed as non-dimensional Strouhal number
St = feD/uH . The rotor diameter is denoted as D and uH is the mean inflow wind speed at
hub height. A counterclockwise (CCW) helix is obtained for a phase offset of ψ = π/2, whereas
a clockwise (CW) helix results from the offset ψ = −π/2. For the implementation on the actual
turbine the designed signals still have to be transformed to three blade pitch actuation signals
βi(t) (i = 1, 2, 3) expressed in the rotating blade-attached coordinate system using the inverse
Multi-Blade Coordinate transform (MBC) [21]. The frequency of the resulting pitch actuation
signals for a CCW helix is then given by ωβ = ωr + ωe (ωe ≪ ωr) for a wind turbine operating
in below-rated conditions with constant rotor speed ωr and collective pitch β0 = 0 [6].

2.3. Fatigue analysis
Fatigue is a type of damage that occurs in structures as a result of repeated loading over time.
This damage typically manifests as small cracks that gradually grow until the structure fails. The
magnitude of the response to cyclic loading is governed by structural parameters such as damping
and natural frequencies, which means that knowing these parameters is essential for designing
structures such as wind turbines that must withstand cyclic loading for extended periods [22]. In
the next paragraphs, the two measures for fatigue used in this study are presented: the damage
equivalent load (DEL), and pitch bearing damage (PBD).

2.3.1. Damage equivalent load One way to model the damage caused by cyclic loading on a
structure is through the use of the S-N (or Wöhler) curve, which indicates the number of cycles
a structure can endure before failure for a given stress level [23]. The slope of the S-N curve is
specific for each type of structure and is used to calculate the damage equivalent load (DEL),
which condenses the total fatigue damage experienced by a structure to a single number. To use
the S-N curve, it is necessary to have information on the ranges and frequencies of the different
load cycles, which can be collected from a load signal using rainflow counting. The means of
these cycles must then be corrected to a single mean value using the Goodman correction, which
is given by:

ARF
i = Ai ∗ ((Au − |Afm|)/(Au − |Am

i |)) (1)

where ARF
i is the Goodman-corrected range, Ai is the range, Am is the mean of the i-th cycle,

Au is the ultimate load, and Afm is the fixed mean load, which is set as the mean of the entire
signal. The DEL is then calculated using the following formula:

DEL = ((
N∑
i=1

(ARF
i )m ∗ ni)/neq)

1
m (2)

where N is the total number of cycles, m is the inverse Wöhler slope (conventionally taken as
5 for the tower and 10 for the blades), ni is the number of cycles with range Ai, and neq is
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the equivalent cycle, which is set as 1. The calculations were performed using NREL’s MLife
toolbox [24]. Furthermore, the DELs in this work are calculated for the blade root (BR) moment
(edgewise, flapwise, and torsional direction), the tower top (TT) moment (fore-aft, side-side,
and torsional direction) and the tower base (TB) moment (fore-aft and side-side direction).
The computational expense of AMR-Wind simulations limits the loads analyses performed in
this work to 35 minutes of suitable simulation data for DEL calculation. This is less than a
typical loads analysis, which uses either six 10-minute datasets with different turbulence seeds
or a single 1-hour dataset [25]. The fatigue results presented in this work should therefore be
considered as preliminary.

2.3.2. Pitch bearing damage Pitch bearings accumulate damage differently due to their
dynamic character [26]. Fatigue develops in radial positions on the bearing rings due to
movement and the blade moment acting on the bearing. Both these components are taken into
account in the pitch bearing damage (PBD) calculation, which differs from the conventional
DEL. The standard used in this study is one prescribed by bearing manufacturers and given by
the following equation:

PBD(ϕ) =
N∑
k=1

δθ(k)(max(cos(ϕ)Mflap(k) + sin(ϕ)Medge(k), 0))
m, (3)

where k denotes the OpenFAST time step, δθ is the pitch difference, ϕ is the radial position of
the inner bearing on the outer ring, Mflap is the flapwise blade root bending moment, Medge is
the edgewise blade root bending moment, and m is the inverse Wöhler slope, taken here as 3.
In our analysis, the radial position with the largest damage is considered.

3. Setup of the numerical simulations
This section presents the setup of the precursor simulation which generates a developed turbulent
ABL state and the subsequent turbine simulations which use this state as initial condition.

3.1. Precursor simulation
A CNBL including Coriolis forces is considered for the precursor where the ABL flow develops
against a stably stratified free atmosphere with lapse rate γ = 1K/km. A capping inversion is
employed to control the growth and height of the CNBL [27]. For the present study a boundary
layer height of h = 1000m and a surface roughness of z0 = 0.0002m are considered. The value of
the surface roughness is in agreement with offshore measurements made off the Dutch coast [28]
and the latitude is chosen accordingly as ϕlat = 52.6◦. Furthermore, a controller is used to drive
the flow at turbine hub height (zH = 150m) to a wind speed of uH = 10m/s and a direction of
ϕ = 90◦ aligned with the eastern direction (aligned with the x-axis of the rectangular domain).
This choice places the operating point of the first-row turbine close to the upper limit of the
below-rated control regime, where collective pitch control is still disabled.

The velocity profile is initialized with the desired hub velocity uH . Further, the initialization
of the temperature profile is crucial to obtain the desired boundary layer height. The height of
the inversion determines the point up to which the boundary layer can grow before its growth
is restricted by the negative buoyancy forces in the inversion layer. The equilibrium strength
for the capping inversion can be estimated as h = Aθ0u

2
∗/(g∆θ) where A ≈ 500 is a constant

and ∆θ is the inversion strength [29]. One can obtain the minimum required strength ∆θmin for
equilibrium using a typical value for the friction velocity in offshore conditions u∗ = 0.28m/s [30]
and a reference potential temperature of θ0 = 288.15K. The implemented inversion strength is
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then chosen as ∆θ = 2.5K ≈ 2∆θmin. The complete temperature initial condition is designed
using the function

θ(z) = θm + a
tanh(η) + 1

2
+ b

ln[2 cosh(η)] + η

2
, (4)

where η = (z − l)/(c∆h) is a non-dimensional height, ∆h = 100m is the inversion depth,
θm = θ0 = 288.15K is the potential temperature in the mixed layer and the parameters a, b, c
and l are directly related to the inversion characteristics [31].

The domain size for the precursor simulation is Lx = 4160m, Ly = 3200m and Lz = 1600m
required to accommodate two turbines and limit domain blockage. The domain is discretized
with an isotropic grid of size ∆x = 10m which is in agreement with requirements for the
CNBL [32, 33]. Using periodic boundary conditions in the horizontal directions (x and y) the
flow is advanced for 16 hours to allow for the development of a quasi-stationary turbulent ABL
state [34]. During the subsequent 45 minutes, instantaneous y-z planes are sampled at the inflow
x = 0m which are then stored as inflow boundary conditions for the turbine simulations.

3.2. Turbine simulations
The small wind farm considered here consists of two IEA-15 MW turbines located at x = 5D
and x = 10D from the inflow each centered at y = Ly/2 in the domain. The grid around the
two turbines and their wakes is refined to ∆x = 5m in a box of size Lx,r = 3840m, Ly,r = 960m
and Lz,r = 600m starting 4.5D upstream of the first turbine. In terms of rotor diameter the
resolution is D/∆x = 48 which allows for the use of the ALM. The simulation is advanced in
time for 45 minutes using a constant time step of ∆tLES = 0.025 s which ensures that the tips of
the blades pass less than one grid cell per time step. The boundary condition in the y-direction
is still periodic whereas in the x-direction an inflow/outflow boundary condition based on the
recorded precursor data is applied in order to avoid the re-circulation of the wakes.

The OpenFAST simulation uses a time step of ∆tOF = 0.005 s and active degree of freedoms
for generator, blades, tower and platform. The blades, tower and nacelle are represented with
NB = 60/NT = 72/NN = 1 actuator points, respectively, and the force projection onto the LES
grid is done with a Gaussian kernel of width ϵ = 2∆x = 10m.

Using the outlined setup, the parameter sweep for the pitch amplitude is performed
considering the six cases β ∈ {0, 1, 2, 3, 4, 6}◦ (denoted as BL, HL1, ...) to explore the full
range of dynamics. It should be noted that the default pitch rate limits of the IEA-15 MW
turbine have to be increased if β > 4◦ in order to enable helix pitch actuation. All helix cases
in this study use the most common helix actuation frequency of St = 0.25, but we do note that
there is still uncertainty not only in the optimal amplitude but also frequency [8]. Note that the
helix is only implemented for the upstream turbine (denoted as T1).

4. Results
This section first presents the characteristics of the precursor simulation. Subsequently, it is
shown how the different helix actuation signals alter the turbine wake and the response of the
turbines in terms of wake development, power extraction and loading.

4.1. Precursor simulation
The characteristics of the precursor simulation are shown in Figure 1, where the data is averaged
across the time interval used as the inflow boundary condition for the turbine runs. As can be
seen from the vertical wind speed profile, the wind controller successfully ensures a hub height
wind speed of uH = 10m/s. The local shear exponent defined as α = (z/uhoriz)(duhoriz/dz)
resulting from the wind speed profile is in the range of α = 0.07− 0.085 across the rotor except
close to the bottom edge of the rotor disk where it reaches up to α = 0.11. The veer profile is
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z
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(b)
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(c)

Figure 1. Vertical mean
profiles of horizontal velocity
magnitude (a), veer (b) and
turbulence intensity (c) aver-
aged across horizontal planes
and the 45 minutes of the pre-
cursor inflow data. The rotor
region is marked with dashed
horizontal lines.

nearly linear in the lower part of the ABL leading to a wind direction change of ∆ϕ = 3.8◦ across
the rotor. The turbulence intensity is defined as TI = (13u

′
iu

′
i/uiui)

0.5 (where u′i = ui−ui denotes
the fluctuation around the temporal average and we use the Einstein summation convention) [5].
It reaches maximum values at the wall where turbulence is generated due to shear and decays
with increasing height. The inflow TI level experienced by the rotor spans from 3% at the rotor
top to 5.3% at the rotor bottom. The mean friction velocity is u∗ = 0.2855m/s, which closely
matches the value assumed for the calculation of the inversion strength.

4.2. Turbine simulations: Wake development
The key concept of the helix control approach is to enhance the recovery of the wake behind
the turbine. This is illustrated by comparing the vertical mean streamwise velocity profiles in
the wake of turbine T1 for the baseline case and different helix signals (Figure 2). The mean
profiles and quantities in the remainder of this article are obtained by averaging across the last
35 minutes of the simulation time discarding the first transient 10 minutes of turbine start-up.

The initial wake behind the turbine consists of two regions of large velocity deficit separated
by a low deficit region in the proximity of the nacelle. The deficit is superposed onto the
incoming shear profile and during its downstream development the low deficit footprint of the
nacelle diffuses. At x/D = 3 it is only visible for the BL and HL1 cases. There is a monotonous
trend of larger helix pitch amplitudes leading to faster recovery of the wake, although differences
between the BL and HL1 cases are minimal. We quantify the comparison by computing the
relative increase of mean streamwise power integrated across the rotor area. At x/D = 4 the
relative increase in power is 5.1% for the HL1 case, whereas the cases HL2, HL3, HL4 and HL6
lead to an increase of 16.2%, 29.3%, 48.8% and 86.6%, respectively.

The main trend found for the vertical mean velocity profiles also transfers to the turbulence
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Figure 2. Vertical mean streamwise velocity profiles at the location of turbine T1 (x/D = 0)
and four locations downstream in its wake. Note that at x/D = 0 all lines overlap.
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kinetic energy kres (TKE), where only the part directly resolved by the LES is considered (Figure
3). Higher helix pitch amplitudes lead to larger TKE levels at a fixed streamwise location. For
all cases, the TKE level is especially elevated in the region of the upper and lower rotor tip
and the nacelle region. However, for larger values of the pitch amplitude, the TKE level also
saturates earlier upstream. Further downstream at x/D = 4 this leads to similar TKE levels at
the upper edge of the rotor region for all cases including the baseline. Within the rotor region,
there are still differences between the BL and HL6 cases of up to 300%.

We further compare the cases by analyzing the wake meandering behavior. The instantaneous
wake centers in y-z planes are computed using the streamwise momentum deficit following [35]

yc(t) =

∫
∆u2(t, y, z)y dydz∫
∆u2(t, y, z) dydz

, zc(t) =

∫
∆u2(t, y, z)z dydz∫
∆u2(t, y, z) dydz

(5)

where ∆u(t, y, z) = uinflow(y, z) − u(t, y, z) is the velocity deficit and the inflow is taken at
x = −2D upstream of T1. Using the mean wake centers (yc, zc) as the origin of a polar
coordinate system the instantaneous wake centers are transformed to a radius rc(t) and angle
γc(t). Binning the angles into bins of size 15◦ and computing the average radius per bin results in
the mean wake center displacements r(γ) shown in Figure 4. Larger helix actuation amplitudes
lead to larger vertical and horizontal wake center displacement throughout the wake.

4.3. Turbine simulations: Turbine response
It is now studied how the trend of enhanced wake recovery with increasing helix pitch amplitude
impacts the generated power of the farm (Figure 5 (a)). The second turbine’s and the farm’s
cumulated power gain increase monotonously with β and interestingly scale superlinear for
β ∈ (0, 2)◦. It should be noted that even though the inflow wind speed for the upstream
turbine is chosen close to the upper limit of the region II control regime the second turbine still
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Figure 3. Vertical mean profiles of resolved turbulence kinetic energy at the location of turbine
T1 (x/D = 0) and four locations downstream in its wake.
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Figure 5. Relative power gain for the two-turbine wind farm with respect to the BL case (a)
and PDF (normalized such that the respective integral equals unity) of the angle of attack for
a blade section at 87% of the span (b). The dotted and dashed lines indicate the airfoil’s lift
coefficient and lift-to-drag ratio normalized with their maximum values, respectively.

operates partially in control regime 1.5. In this regime, the turbine ensures that a minimum
rotor speed constraint is fulfilled by collectively pitching the blades, but the achievable power
coefficient is still lower than in region II. The time spent in region 1.5 increases with decreasing
β. Nevertheless, the superlinear scaling is not the sole artefact of the change of control regimes
since the above-reported increase in streamwise kinetic energy at x/D = 4 scales similarly to the
power gain at T2. These results suggest that there is a threshold amplitude β ≈ 1◦ − 2◦, which
should be exceeded in order to reach the more linear scaling regime of the cumulated power gain
and thus fully capitalizes on the helix actuation at T1.

We also explore the upper end of the β range, although these values are likely higher than
the values which can be implemented in practice. Relative power losses at T1 become especially
relevant for β > 3◦ but are still compensated for by the power gain at T2. The relative power
gains are of the same order as literature results (DTU-10 MW turbine and TI = 5%) that
reported power gains of 3.4% (β = 2.5◦) and 7.5% (β = 4.0◦) using the same St [6].

The impact of the helix actuation on the local aerodynamics at a blade section at 87% of
the span is visualized in Figure 5 (b). It shows the probability density functions (PDFs) for the
angle of attack and in addition the α − CL & α − (CL/CD) characteristics of the airfoil. For
the BL case the airfoil is mainly operating in proximity of the optimal lift-to-drag ratio. For the
largest pitch amplitude β = 6◦ the angle of attack still does not reach the airfoil’s static stall
limit. However, the airfoil mostly operates in regions of suboptimal lift-to-drag ratio reaching
values as low as (CL/CD) = 0.6(CL/CD)max for the HL6 case.

When judging the effectiveness of the helix approach aerodynamic performance cannot be
considered in isolation. The turbine loading of both the upstream and downstream turbines
has to be taken into account. Figure 6 shows the power spectral densities (PSDs) of the out-
of-plane blade moments (MOoPs) for T1 and T2. At T1 there is a strong peak visible at the
1P+St frequency which is the helix pitch actuation frequency for a CCW helix in the rotating
blade-attached coordinate system. At the downstream turbine T2, the comparison between the
baseline and the helix cases shows that the upstream helix actuation still leaves a detectable
footprint at the frequency of St = 0.25. The load impact of the helix on T1 and T2 can be
quantitatively compared by computing the DEL for blades/tower and the PBD (Figure 7). The
figure shows a trend of increased loading as amplitude increases for T1. Especially the blade root
flapwise, tower top fore-aft, tower torsional, and pitch bearing damage are sensitive to increased
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Figure 7. Damage equivalent loads and pitch bearing damage for T1 (a) and T2 (b). Note
that the PBD is scaled with a factor of 10−14 to fit in the figure.

amplitude, which aligns with previous research [11]. Interestingly, the downstream turbine does
not seem significantly impacted by the helical-shaped wake, experiencing only slight increases in
loading. This might also be explained due to the higher effective wind speed on the downstream
turbine as a result of the faster wake recovery due to the helix.

5. Conclusions
In this study we analyzed the performance of the helix wind farm control approach for a two-
turbine farm operating in the CNBL. A parameter sweep was conducted for the pitch amplitude
considering a CCW helix with St = 0.25. There was no saturation of the power gain detected
within the considered range of pitch amplitudes. However, the DELs at the upstream turbine
were sensitive to the helix actuation signal, thus imposing an upper limit for the actuation. A
lower limit is suggested by the very small power gain found for β = 1◦. Therefore, the helix
actuation amplitude should be chosen as a careful trade-off between the scaling of power gain
and loading with β. Future work will focus on assessing how the power gain curve is affected by
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different ABL conditions, the optimization of the actuation Strouhal number and a more robust
calculation of the DEL using multiple turbulence seeds.
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