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Enhanced Wind Farm Performance via Active Wake Control: A
Steady-State Approach

Tim Dammann1, Daan van der Hoek1, Wei Yu2, and Jan-Willem van Wingerden1

Abstract— Denser turbine spacing in wind farms leads to
increased wake interactions, causing power losses when each
turbine operates under its own greedy control scheme. To
mitigate these effects, research is exploring strategies that
consider the entire wind farm rather than singular turbines.
The so-called helix approach has recently gotten significant
attention from the research community. It aims to reduce wake
losses through periodic individual pitch control. Wake steering
on the other hand uses yaw actuation to laterally deflect the
wake away from downstream turbines. In this paper, we adapt
and validate a steady-state surrogate model to compute the
time-averaged velocity field behind a wind turbine operating
with the helix approach. The model is tuned using data from
Large Eddy Simulations. We compare the helix model to wake
steering and baseline operation in a wind farm case study,
demonstrating that the helix approach offers promising benefits
under specific wind conditions.

I. INTRODUCTION

With the increase of global wind energy capacities, it has
become common practice to cluster wind turbines in wind
farms to save on installation costs and maximize power
extraction in areas of beneficial wind conditions. However,
when wind turbines extract kinetic energy from the wind,
they cause a velocity deficit behind their rotor, known as
the wake, which negatively impacts the power production
of downstream turbines. Conventional wind turbine control
strategies focus on maximizing the power production of
singular turbines, which results in a stronger velocity deficit
behind the turbine. Despite being beneficial for a single
turbine, this approach is suboptimal when considering the
power production of a whole cluster. As a result, wind farm
control strategies have been developed to minimize wake
losses while still ensuring high energy extraction [1].

One widely studied form of wind farm control is wake
steering control, in which a turbine uses its yaw actuators
to slightly misalign itself with the incoming wind direction,
causing a deflection in the wake behind the rotor. By doing
so, the wake can be steered away from downstream turbines,
as demonstrated in the development of wake steering control
schemes [2]. Procedures for finding optimal yaw offsets
under dynamic wind conditions have also been explored [3],
and field tests have validated the effectiveness of wake
steering in real-world applications [4].

Recently, wake mixing control has gained significant at-
tention from the research community, with various control
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strategies investigated [1]. One promising approach, known
as the helix method [5], addresses issues like high power
and load fluctuations observed in other strategies such as
dynamic induction control, while achieving substantial cu-
mulative power gains [6]. This method employs dynamic
individual pitch control, which was previously mainly used
for load mitigation [7], [8], to create a helical wake de-
flection, enhancing mixing with free stream velocity and
accelerating wake recovery. However, recent studies have
shown that while the Helix approach is able to increase
power production, certain controller settings may also lead
to higher pitch bearing damage and turbine loads [9]. To
further investigate the scaling between control input and
resulting power gains, Large Eddy Simulations (LES) were
used to explore the impact of varying helix amplitudes,
demonstrating a continuous increase in power output up to a
six-degree pitch amplitude while identifying a threshold for
effective wake recovery and an upper limit due to turbine
loading [10]. In [11], the physical mechanisms behind the
increased power production of the helix approach, along
with the synchronization of the helix phase in a three-turbine
array, were examined. The study found that in a multi-turbine
configuration, the helix phase offset plays a critical role in
optimizing power output.

In the aforementioned studies, the helix approach has
always been simulated through LES employing an Actuator
Line Method (ALM) to simulate the varying pitch angle
of individual turbine blades. While offering high accuracy,
LES-ALM simulations come with high computational costs,
limiting the simulations to a small number of turbines. When
considering large wind farms, this approach is no longer fea-
sible. Therefore, this study will implement commonly used
engineering models to replicate the time-averaged velocity
field behind a turbine when the helix is employed. With this
approach, we can study the effect of the helix approach on
the power production of a wind farm for different ambient
conditions. Furthermore, we compare the increase in power
production with the helix approach to wake steering.

II. STEADY-STATE HELIX SURROGATE MODEL

The steady-state helix surrogate model used in this work
combines a single wake velocity deficit model as described
in [12], which we tuned to high fidelity data, with a blockage
deficit model according to [13], and a turbine-induced turbu-
lence model following [14]. The wakes of different turbines
are summed up linearly. A steady-state helix surrogate model
has been implemented in the FLOw Redirection and Induc-
tion in Steady State (FLORIS) framework [15]; however, this
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study develops a novel steady-state surrogate model within
the PyWake framework to enhance compatibility with high-
fidelity data and better capture wake dynamics. For wake
steering operation, the wake deflection and redirection model
from [16] was applied. The velocity used to calculate the
turbine power, wake deficit and added turbulence is obtained
using 21 points across the rotor plane according to [17].
The single wake model from [12] was chosen based on a
high agreement with the high fidelity data as described in
Section III. The different engineering models were all com-
bined under the umbrella framework PyWake [18], an open-
source framework developed by the Technical University of
Denmark that combines different engineering wake models
with the aim of calculating the Annual Energy Production
(AEP) of a wind farm. To represent the next generation
of offshore wind turbines, the IEA-22MW reference wind
turbine [19] was selected for this case study. The turbine
has a rotor diameter of D = 283.2m and a rated power of
Prated = 22MW. A model for the IEA-22MW turbine in
PyWake was created based on turbulence dependent thrust
and power coefficients obtained with OpenFAST [20], which
is a widely used aeroelastic simulation tool for wind turbines.
The turbulence was generated according to the IEC Kaimal
spectrum, using the TurbSim Software [21].

The steady-state wake model computes the velocity deficit
behind the turbine as a product of the maximum velocity
deficit C(x̃) and a shape function f(r̃), with x̃, σ̃, and r̃, the
axial distance from the turbine, the characteristic wake width,
and the radial distance from the wake center, respectively,
normalized by the turbine diameter d0:

U∞ − Uw

U∞
= C(x̃)f(r̃) = C(x̃)e−r̃

n/(2σ̃2). (1)

Here, U∞ denotes the freestream velocity, and Uw is the
velocity in the wake. The maximum velocity deficit C(x) is
defined as:

C(x) = 22/n−1 −

√
24/n−2 − nCT

16Γ(2/n)σ4/n
, (2)

in which n denotes the Super Gaussian Order and Γ a
parameter, which recovers the original form of C(x̃) as
proposed by Bastankah and Porté-Agel [22] when Γ(1) = 1
and n = 2. The characteristic wake width (σ) is a function
of the turbulence intensity, according to:

σ = (asTi + bs)x+ cs
√
β, (3)

with β a function of the thrust coefficient CT of the turbine:

β =
1

2

1 +
√
1− CT√

1− CT
. (4)

Finally, the analytical super Gaussian parameter n is defined
as:

n = afe
bfx + cf , (5)

in which the parameters (as, bs, cs, af , bf , cf ) represent cal-
ibration parameters, which will be fitted to the LES data in
Section III.

Fig. 1: Sketch of the LES domain. The length of the domain
is 20D in streamwise direction and 10D in both lateral
directions. The turbine rotor is placed at a distance of 4D
from the inlet.

III. HIGH FIDELITY MODEL

For this work, several LES were conducted with the IEA-
22MW turbine to generate data for model calibration and val-
idation. All simulations were performed with the simulation
tool AMR-wind, developed by the National Renewable En-
ergy Laboratory and Sandia National Laboratories. It is part
of the ExaWind modeling and simulation environment [23],
built on top of the AmRex library [24]. AMR-Wind solves
the three-dimensional incompressible Navier–Stokes equa-
tions in a spatially filtered resolved-scale formulation and
employs a subgridscale model for smaller eddy dynamics.
Furthermore, this works uses the available coupling between
AMR-Wind and OpenFAST. The turbine is simulated using
the ALM to accurately simulate the effect of individual blade
pitching on the flow field.

The LES setup, illustrated in Figure 1, was designed so
that the turbine wake can be examined without external
disturbances such as the ground effect, gravitational force,
or the turbine tower, which is crucial for its representation
through an axisymmetrical velocity deficit model. All simu-
lations used for the model calibration described in Section IV
were conducted for a free-stream wind speed of 8ms−1

and an ambient turbulence intensity of TIa = 4%. Further
simulations for the model validation were performed for a
wind speed of 9ms−1 and an ambient turbulence intensity
of TIa = 5.7%

The domain was discretized into cells of 10 m length
with a single refinement around the turbine leading in 56
cells per diameter, starting 2D upstream and extending 5D
downstream with respective 2D spacing into the lateral
directions. All simulations were conducted with a time step
of ∆t = 0.05s. To isolate the influence of the wake from any
boundary layer interactions, all simulations were conducted
without shear and a slip boundary condition was applied
at the lateral boundaries in agreement with [11]. The inlet
features a constant velocity overlaid with fluctuations derived
from a precomputed synthetic turbulence field generated
with TurbSim [21]. The synthetic turbulence fluctuations are
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introduced through a 2-dimensional plane.
The control signals for the helix approach were imple-

mented using the reference open-source controller (ROSCO)
toolbox for wind turbine applications [25]. To create the
helical shape of the wake, slowly varying tilt and yaw signals
are imposed on the turbine. These signals are designed in
a non-rotating reference frame and then translated to the
rotating reference frame by using the Multi-Blade Coordinate
(MBC) transformation [26]. For further information on the
MBC transformation of the helix, the reader is referred
to [5].

IV. MODEL CALIBRATION AND VALIDATION THROUGH
HIGH FIDELITY MODEL

To capture the time-averaged flow field of the helix approach,
the calibration parameters (bs, cs, bf , cf ) of the surrogate
model described in Section II were calibrated on flow field
data of a single turbine operating under helix actuation in
uniform inflow conditions. Note that the calibration param-
eter af was left at its initial value to maintain the super-
Gaussian order as described in [12].

A. Wake model calibration

The following section outlines the step-by-step procedure
used to calibrate the surrogate model with the LES data:

1) The extracted flow slices, containing of 560 × 280
points with a time resolution of 1s, from the high-
fidelity simulations are time-averaged over 10 helix
periods according to T1P = 1

f with f denoting the
helix actuation frequency. The different obtained time-
averaged slices (xy-plane, xz-plane, and two diagonal
cross-stream planes) are then again averaged to form
one slice that is representative for the axisymmetric
flow field.

2) The axisymmetric flow field is recreated in the surro-
gate model, using the same domain specifications as
in the extracted high-fidelity slices. The turbine model
used in the LES is recreated the pywake framework,
using power and thrust coefficient curves obtained via
OpenFAST simulations.

3) A cost function is set up in which the absolute error
between the flow field data from AMR-wind and the
predicted PyWake flow field is minimized for the
arguments ψ = [bs, cs, bf , cf ], as:

ψopt = argmin
ψ

N∑
i=1

|vLES,i − vmodel,i| . (6)

Note that the calibration parameter as is kept constant
at its predefined value of 0.17. The parameter describes
the scaling of the characteristic wake width σ with
changing ambient turbulent intensity TIa. For a correct
determination of as, several simulations with varying
TIa values would need to be conducted which will
be conducted in the future. Therefore, the change of σ
with TIa is assumed to be constant for each simulation.

Fig. 2: Results of the calibration procedure for baseline
operation (left side) and helix operation (right side). The
uppermost row shows an instantaneous snapshot at t =
2000s of the xy-plane. The black lines denote the lateral
width of the turbulent flow. The second row shows the time-
averaged axisymmetric velocity field. Finally, the third row
shows the calibrated surrogate model.

B. Calibration Results

The methodology outlined in Section II was implemented in
Python, utilizing a parallelized constrained genetic algorithm
(GA). The solutions with the highest 20 fitness values were
further averaged to find a set of parameters that was used
for the final model. The GA was developed using the open-
source pygad library [27]. The resulting optimal parameters,
denoted as ψopt, are presented in Table I. A consistent trend
in the calibrated parameters across varying helix amplitudes
suggests that the optimization has not been overfitted to any
single flow field.

TABLE I: Calibrated parameters with constant as = 0.17 for
different pitch angle amplitudes of the helix approach.

bs cs bf cf

Baseline 0.020 0.202 -1.130 2.767
Helix (1◦) 0.031 0.191 -2.570 2.983
Helix (3◦) 0.047 0.189 -2.518 3.128
Helix (5◦) 0.054 0.215 -0.775 2.536

When studying the visual results of the calibration proce-
dure in Figure 2, it can be observed that the helix method
shows a faster wake recovery and a more pronounced wake
spreading when compared to the baseline case, which is well
captured by the tuned surrogate model. However, the time-
averaged velocity field also shows a double Gaussian velocity
deficit, which is especially pronounced in the far wake region
that is not well-captured by the surrogate model. This is
expected, as the model was originally developed for baseline
operation and thus has limitations in accurately representing
the subtleties in the velocity field of a helical-perturbed wake.

C. Validation Results

Due to the computational cost of running an ALM-LES
simulation for an entire wind farm, validation was performed
using a single turbine LES simulation under different ambi-
ent conditions. Specifically, the model was tested at a higher
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Fig. 3: Error of the calibrated model in different ambient
conditions. The red colour shows an overestimation of the
wind speed while the blue colour shows an underestimation.

wind speed of 9ms−1 and an increased ambient turbulence
intensity of TIa = 5.7%.

The visual comparison between the calibrated model and
the simulation is shown in Figure 3. In general, the flow
field demonstrates good agreement with the calibrated model,
particularly in the mid- and far-wake regions. However,
larger discrepancies are observed in the near-wake region.
For the helix calibration, the limitations of the surrogate
model are apparent, as indicated by the underestimation of
the velocity deficit in the center of the wake, which stems
from a mismatch in the shaping function used to model the
velocity deficit.

V. CASE STUDY

The lower-left corner of the Hollandse Kust Noord (HKN)
wind farm was selected as the reference site for this study. It
is situated in the North Sea close to the Dutch coastline and
gives a good reference for the next generation of offshore
wind farms in the North Sea. The turbine coordinates were
estimated using data from [28] and scaled according to
the turbine diameter of 283.2m. Figure 4 compares the
individual power output within the simulated farm under
baseline operation, wake steering, and helix control for a
wind speed of 8ms−1 and an ambient turbulence intensity
of TIa = 4% for the wind direction of 201◦, which is
particularly important as it exhibits the highest wake losses
observed for any wind direction. This angle was selected
because it leads to a significant degree of wake overlap
between the turbines, which can substantially impact power
output and increase turbine fatigue. High wake overlap
conditions, such as those seen for this wind direction, are
of particular importance for operational optimization and
turbine layout design.

(a) Baseline

(b) Wake steering

(c) Helix

Fig. 4: Flow field at hub height (170m) of all Turbines for
wind speed 8ms−1 and TIa = 4% for baseline operation
(a), wake steering operation (b), and helix operation (c) for
wind direction 201◦.
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A. Baseline case

Figure 4a illustrates the performance of all turbines operating
in a conventional greedy mode. As expected, the front row of
turbines achieves the maximum possible power output under
the given ambient conditions. However, turbines located in
the wake of others experience significant power reductions,
with the most pronounced drop reaching up to 69.7% in
the lower-left cluster. This wake-induced performance loss
underscores the impact of wake interactions on downstream
turbines. Overall, the total power output of the farm under
these conditions is 63.1MW.

B. Wake steering

To simulate the wake steering case, we used the baseline
calibration of the surrogate wake model in combination with
the wake redirection model from [16]. The yaw angles for the
wake steering case were optimized, using a serial refinement
approach following [29]. Given a set of possible yaw angles
with 1◦ increments ranging from −20◦ to 20◦, the yaw
angle of each turbine was varied from the upstream to the
downstream direction to maximize the cumulative power of
the farm, formulated as:

γoptn = argmax
γn

N∑
i=1

Pi. (7)

This process was repeated for each individual wind direc-
tion. When studying Figure 4b, it becomes obvious that the
most upstream turbine in the cluster on the left side experi-
ences power losses due to the inclined inflow. However, all
other turbines in its wake experience power gains, leading
to a total power output of 65.2MW, which is an increase of
3.03%.

C. Helix approach

Figure 4c shows the wind farm operating under helix actu-
ation, with the pitch angles of the surrogate helix amplitude
optimized, using an optimisation algorithm, following the
serial refinement approach in Section V-B. Based on the
given wind direction, the helix amplitudes of the upstream
turbine were adjusted along the streamwise direction, and the
total farm power output was compared to the baseline oper-
ation.The results show that helix operation was consistently
selected whenever a downstream turbine was affected by the
wake of the preceding turbine. In every case, the algorithm
selected the highest possible helix amplitude of 5◦, likely
because the power losses associated with helical actuation
were minimal in comparison to the downstream gains. How-
ever, it is important to note that this surrogate model focuses
solely on maximizing power output. Since helix operation
increases turbine loading, a different optimization algorithm
considering structural loads might select lower amplitudes to
balance power generation with operational stress. The total
farm output in this case amounts to 70.3MW which is a
11.4% gain in comparison to the baseline case and a 7.82%
gain compared to wake steering.

D. Comparison

When studying the first turbine in the cluster on the left side
in Figure 4c, the reduction in power is less pronounced than
in Figure 4b, while the power production of the overall array
shows a higher increase. However, the third turbine in the
array shows a smaller power output than in the wake steering
case. Another interesting effect can be seen when studying
the interaction between the 4 turbines on the right side of
the plot. In this cluster, wake steering results in a higher
cumulative power production. Since the yaw misalignment of
the upstream turbine is relatively small, its power production
reduction is the same as for the helix actuation. However,
the gain of the downstream turbine surpasses the gain from
the helix case, resulting in a higher effectiveness of wake
steering in this scenario. This can be partially explained by
the relatively large downstream distance between the two
turbines, which pronounces wake steering effects since the
wake deflection has a larger area for its development.

Figure 5 illustrates the total farm power output as a
function of wind direction. A dip in the upper plot indicates
a wind direction with a high amount of wake losses. Respec-
tively, the lower plot indicates that the relative power gains
with wind farm control increase strongly during these peri-
ods. When comparing the performance of helix actuation and
wake steering to baseline operation, they initially appear to
provide similar gains. However, a closer examination of the
normalized power output reveals distinct differences between
the two under varying conditions. Helix actuation tends to
outperform wake steering, particularly in scenarios where
a significant number of turbines are directly aligned in the
wake. In contrast, wake steering proves more effective when
the wind direction is slightly misaligned with the turbine
arrays, allowing for better optimization in these conditions.
Looking at the power production in comparison to baseline
operation, Wake steering achieves a higher maximum power
gain of 12.5%, whereas helix operation reaches a maximum
gain of 11.9%.

Fig. 5: Total farm power per wind direction. The upper
plot shows the overall power output of baseline operation,
optimized wake steering operation, and optimized helix
operation. The bottom plot shows both, wake steering and
helical actuation normalized with the baseline case.
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VI. CONCLUSIONS

This study has shown that active wake control can signif-
icantly improve the power production and therefore perfor-
mance of a wind farm. Especially for wind directions causing
high wake losses, active wake control can improve energy
harvest significantly by up to almost 12%. We demonstrated
that the helix control is able to outperform wake steering
when full turbine wake overlaps occur in an array. Wake
steering on the other hand proves more effective in situations
with partial wake overlap or increased downstream distance.
Furthermore, a novel calibration methodology was developed
and presented which facilitates the tuning procedure of
engineering wake models through LES data.

Building on these findings, future research in wind farm
wake control could focus on combining these techniques
to exploit the benefits of each to further increase power
generation. By tailoring wake control methods to specific
wind conditions and wake interactions, there is significant
potential to further enhance overall energy yield across the
farm.
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