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HIGHLIGHTS

» Developed a novel velocity deficit and additional turbulence intensity model for wind turbines operating under Helix control.
« The model showed high agreement with test data across a range of ambient and operational conditions.
+ Applied the model to an offshore wind farm to showcase the benefits of wind farm control at a farm level.
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ABSTRACT

Engineering wake models are essential tools in wind farm design and operation. Their computational efficiency
enables rapid layout optimization, energy calculation, and turbine control setpoint design. As wind farms grow
in scale and density, wake interactions between turbines limit overall energy capture and increase structural
loading. Wind Farm Control strategies have become critical for mitigating these effects. While wake steering, the
intentional yaw misalignment of upstream turbines, has consistently demonstrated power gains, new dynamic
control strategies are emerging. Among these, the Helix approach has shown particular promise in accelerat-
ing wake recovery and improving downstream power production. While engineering models for wake steering
are well established, dedicated models for the Helix approach remain unavailable. This study presents a novel
steady-state engineering model for predicting the velocity deficit and added turbulence of wind turbines operat-
ing under Helix actuation. The proposed model extends double-Gaussian velocity deficit and bell-curve- shaped
turbulence intensity formulations to account for Helix-specific effects of actuation amplitude and ambient tur-
bulence. Calibration and validation against high-fidelity large-eddy simulations demonstrate strong agreement
across a wide range of operating conditions. The model accurately reproduces wake recovery trends, variations
in the velocity-deficit profile, turbulence distributions, and the resulting downstream power availability. Finally,
a case study on a large offshore wind farm illustrates that, under typical offshore atmospheric conditions, Helix
control and wake steering yield individual power gains of up to 2.5% and 6.1%, respectively, while their combined
application achieves total power gains of up to 7.1%.

1. Introduction

Engineering wake models, often termed ‘analytical’ or ‘low-fidelity’

of larger and more densely packed wind farms. In such configurations,
aerodynamic wake interactions are amplified, leading to substantial
power losses and increased structural loading on downstream ma-

models, are foundational tools for the design and operation of wind
farms. Their computational efficiency allows for fast estimation of
aerodynamic interactions, specifically the velocity deficits and added
turbulence intensity (TI) arising from turbine wakes. This capability is
essential for critical industry applications, including the optimization
of wind farm layouts [1], the calculation of annual energy production
(AEP), and the design of wind farm control setpoints [2]. The increas-
ing demand for renewable energy continues to drive the development
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chines [3]. Effective Wind Farm Control (WFC) strategies are therefore
necessary to mitigate these detrimental effects, by coordinating the op-
eration of individual turbines to achieve a global plant-level objective,
such as power maximization or load mitigation [4].

WEFC strategies can be broadly classified as static or dynamic. Static
approaches involve a fixed operational offset from the baseline control
scheme. Static induction control, for instance, reduces the thrust of up-
stream turbines (down-regulation) to decrease wake intensity with the
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initial goal of increasing farm power [5,6]. However, several studies
have shown that static induction control is not effective for power max-
imization [7-9], which is why the research focus has shifted towards
wake steering control. Here, the upstream turbine is intentionally mis-
aligned with the incoming wind. This yaw misalignment deflects the
wake, steering it away from downstream turbines to increase the overall
power capture of the array. Wake steering has thus far been exten-
sively studied experimentally [10,11], in simulations [12,13], and in
field experiments [3,14] with consistently promising results.

In contrast, dynamic strategies employ time-varying control inputs,
a notable example being dynamic induction control (DIC), which pe-
riodically changes the turbine’s thrust via sinusoidal variations of the
collective blade pitch. The goal is to promote turbulent mixing, thereby
re-energizing the wake for downstream power gains [15]. However, DIC
has been shown to induce significant alternating forces on the rotor,
raising concerns about its detrimental impact on turbine structural life-
time [16]. Among emerging dynamic techniques, the Helix approach
stands out as a promising alternative. This strategy employs dynamic
individual pitch control to re-energize the wake while aiming to mit-
igate the load and power fluctuations associated with DIC [16]. The
Helix mechanism involves imposing periodic out-of-phase variations in
individual blade pitch angles to exert a rotating force on the flow. The
direction (clockwise or counter-clockwise) of this force, determined by
the pitch actuation’s phase offset, results in a forced helical meander-
ing of the wake. This induced motion enhances turbulent mixing with
the ambient flow, leading to a faster wake recovery and, consequently,
increased power capture by downstream turbines. Several studies in-
volving Large Eddy Simulations (LES) and wind tunnel experiments
have confirmed these benefits, showing significant increases in down-
stream power production [16-18]. While the Helix approach has been
shown to enhance power production, recent studies indicate that it can
also lead to increased turbine loads, primarily associated with higher
pitch amplitudes [19]. Exploring this balance, LES studies have shown
that power gains increase with Helix amplitudes up to a six-degree
threshold, beyond which the impact on structural loads becomes too
large [20]. In multi-turbine arrays, optimizing power output depends
on the Helix phase offset between turbines [17], a principle later used
to develop a controller that utilizes this offset to further increase array
power capture [21].

As WEC strategies mature towards commercial application, the de-
velopment of engineering models capable of predicting their specific
aerodynamic effects becomes imperative. Standard engineering models,
whose formulations typically depend on the turbine’s thrust coefficient
(Cp), are intrinsically capable of simulating static induction control.
Significant research efforts have been dedicated to extending these mod-
els to capture the wake deflection physics of wake steering [22,23]. In
contrast, there remains a notable lack of engineering models capable
of accurately reproducing the complex, time-averaged flow phenomena
induced by dynamic control strategies such as the Helix approach.

To establish such a model, we first revisit the theoretical foundations
on which it must be built. Engineering wake modelling for conventional
baseline operation has a long and well-documented history. The earli-
est engineering model is the top-hat model proposed by Jensen [24],
which assumes a uniform velocity deficit within a linearly expanding
wake. This concept was later refined through momentum-conserving
formulations, such as those of Frandsen et al. [25]. More recently, a
new generation of models has emerged to describe the spatial distribu-
tion of the velocity deficit, exemplified by the single-Gaussian model
of Bastankhah and Porté-Agel [26]. Derived from the conservation of
mass and momentum, it posits a self-similar Gaussian profile for the
velocity deficit, which fits well in the far-wake region. However, the
single-Gaussian profile fails to capture the complex flow physics in the
near-wake region, particularly the double-peaked velocity deficit profile
induced by the pressure drop and root/tip vortices.

The limitations of single-Gaussian wake profiles motivated the de-
velopment of double-Gaussian wake models [27-29]. By superimposing

Applied Energy 414 (2026) 127808

two Gaussian functions, these models can more accurately represent
the characteristic velocity deficit shape in the near wake, transitioning
smoothly to a single-Gaussian profile further downstream. A recent ad-
vancement was presented by Qian and Ishihara [30], which introduced
an enhanced double-Gaussian formulation with improved parameteri-
zations. Their approach incorporates thrust and turbulence-dependent
tuning parameters, leading to greater accuracy across a wider range of
atmospheric stability conditions. However, their model, like its prede-
cessors, is formulated for turbines operating under conventional baseline
control.

Initial efforts to model Helix-induced wakes include the active
wake mixing model implemented in the National Renewable Energy
Laboratory’s (NREL) FLOw Redirection and Induction in Steady State
(FLORIS) framework [31], as well as an early comparative study eval-
uating the effectiveness of Helix control and wake steering in wind
farms [32]. Although these models provide reasonable approximations,
they were developed by tuning the parameters of existing baseline wake
models. As a result, these models fail to capture the complex, time-
averaged flow structures and additional turbulence effects characteristic
of Helix-induced wakes.

The main contributions of this paper are threefold. First, we intro-
duce a novel steady-state engineering wake model specifically developed
for Helix control. Building upon the double-Gaussian framework to bet-
ter represent variations in the velocity deficit profile, the proposed
model incorporates the effects of time-averaged, forced helical mean-
dering on wake recovery. Its formulation explicitly accounts for the
dependence of the time-averaged velocity deficit on both the Helix con-
trol amplitude and the ambient TI. Second, we propose an initial model
to predict the increase in wake-added turbulence induced by Helix con-
trol. This model captures amplitude-dependent changes in added TI,
which are subsequently superimposed on the ambient TI. Both mod-
els are formulated and calibrated using high-fidelity LES training data
and validated against independent LES test cases covering a range of
Helix amplitudes and ambient turbulence conditions. The resulting mod-
els provide a computationally efficient framework capable of accurately
predicting power output and enabling rapid optimization of Helix-based
wind farm control strategies. Third, we present a case study applying the
proposed models to an offshore wind farm in the North Sea to demon-
strate the benefits of Helix control, wake steering, and their combined
application for enhancing farm-level power production.

The remainder of this paper is structured as follows. Section 2
describes the high-fidelity simulation framework used for model devel-
opment and validation. Section 3 presents the analytical derivation of
both the model for the velocity deficit and the added turbulence inten-
sity. Section 4 shows how the model was tuned and validated using the
test data. In Section 5, we apply both models to a reference offshore
wind farm and analyze the resulting effects on the farm’s power output.
Lastly, Section 6 discusses the conclusions and insights gained from this
study.

2. High fidelity simulation setup and dataset generation

The LES-solver used for all simulations is AMR-Wind [33], an
adaptive-mesh incompressible flow solver developed for wind energy
applications. The solver is built upon the AMReX library for block-
structured adaptive mesh refinement [34]. It solves the spatially filtered,
incompressible Navier-Stokes equations on a Cartesian grid that can
be locally refined by combining the finite volume and finite-difference
methods. For temporal discretization, a second-order accurate Crank-
Nicolson scheme was used. Consistent with high-fidelity practices for
AMR-Wind [35], the advection terms were discretized using the fifth-
order accurate WENO-Z scheme [36]. AMR-Wind allows for an internal
coupling with OpenFAST [37], which was used in this study.

For all simulations, the IEA 22-MW reference wind turbine [38] was
used, which has a rotor diameter of D = 284 m and a rated wind speed
of 11 ms~!. The computational domain, shown in Fig. 1(a), was designed
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(b) Sampling planes

Fig. 1. Visualization of the simulation domain (a) and sampling planes (b) in AMR-Wind. The length of the domain is 20 D in the streamwise direction and 10 D in
both lateral directions. The turbine rotor is positioned at a distance of 4 D from the inlet.

to isolate the turbine wake dynamics from any atmospheric effects, in
close resemblance to [17]. The domain extends L, = 20 D in stream-
wise direction and L, , = 10 D in the lateral and vertical directions. The
turbine was placed in the lateral and vertical center at a distance of 4 D
from the inlet boundary.

The domain was discretized using a base grid of isotropic 10m cells.
A single level of mesh refinement was applied, sharing its centroid with
the turbine rotor. The refinement region extended from 2 D upstream
to 5 D downstream of the rotor and spanned 4 D in both lateral direc-
tions, resulting in a grid resolution of Ax = 5m in the refined zone
and approximately 56 cells per D. A constant time step of At = 0.05s
was used, satisfying the actuator line Courant Friedrichs Lewy condi-
tion of M”ALXA' < 1, given a rotor speed of Q = 5rpm for the chosen mean
wind speed of 8 ms~!. The mean wind speed of 8 ms~! was selected,
corresponding to operation in Region II where the turbine achieves its
maximum thrust coefficient (Cr ), thus generating the strongest wake
deficit effects and thereby motivating the use of wake mixing techniques.
The total runtime of each simulation was 2700 s, of which the first 700s
(corresponding to approximately one flow-through time) was discarded
to exclude transient effects.

A mass inflow condition was prescribed at the inlet boundary and
a pressure outflow condition was applied at the outlet boundary. To
prevent atmospheric boundary layer interaction and focus solely on the
wake evolution, slip-wall boundary conditions were applied to all lat-
eral domain boundaries. The effects of the tower, ground, and gravity
were neglected. A uniform inflow was set, coming from 270° (west-
ward, in meteorological convention) with a constant mean wind speed
per case. The incoming wind was superimposed with body forces, de-
rived from a synthetic turbulence grid. Each grid was generated, using
the TurbSim [39] software. Turbulence fields were generated by con-
catenating turbulence time series of six different seeds using the IEC
Kaimal Spectrum. To achieve a shear-free inflow, the mean shear pro-
file was subtracted from the generated turbulence fields. To capture
subgrid-scale effects, the Smagorinsky turbulence model was used with
a constant Smagorinsky coefficient of C, = 0.135.

Within the LES domain, the wind turbine was modelled using the
Actuator Line Model (ALM). The ALM approach resolves the aerody-
namic forces along each blade, allowing for the direct implementation
of the periodic, out-of-phase individual pitch commands that constitute
the Helix control strategy. The turbine rotor was modelled as a flexi-
ble body, using the Elastodyn module in OpenFAST with a 4° precone
and no shaft tilt. The Gaussian smearing of the actuator point forces
was chosen as ¢ = 10, leading to an epsilon by grid (EBG) ratio of
e/A, = 2. Based on prior observations of the authors, the number of
actuator points was set to 59 (equal to the number of defined airfoil
sections), since any other number caused non-smooth velocity profiles in
the near-wake [40]. The dynamic individual pitching motion, allowing

the helical wake deflection, was implemented, using the Reference Open
Source Controller (ROSCO) [41], developed by the NREL, which was
coupled to OpenFAST. The Helix actuation was simulated in a counter-
clockwise manner and the actuation frequency was kept at an optimal
value referring to a Strouhal number of .S, = 0.28 as this value results in
the maximal downstream power gains [42].

Velocity was sampled through four planes (a horizontal hub slice, a
vertical hub slice, and two diagonal hub slices), as illustrated in Fig. 1(b).
Each plane consisted of (280x560) sampling probes (10 m spacing). After
sampling, the planes were spatially averaged to obtain an axisymmetric
representation of the flow field, which was then temporally averaged.

A total of 22 LES cases are investigated in order to derive the an-
alytical formulations in Section 3 and examine the influence of TI and
Helix actuation amplitude on the time-averaged velocity and turbulence
fields, exerted by the turbine. Each case took approximately 50,000 CPU
hours. All cases are listed in Table 1. The 22 simulated cases were di-
vided into a training dataset (16 cases) and a testing dataset (6 cases).
The testing set was composed of cases 1,2,4,6,9, and 17.

3. Helix engineering wake model formulation

The focus of this work lies in accurately modelling the influence of
actuation amplitude and increased TI on the time-averaged velocity field
of a Helix wake. The model for the mean velocity deficit extends the
double-Gaussian approach of Qian and Ishihara [30], while the model
for added TI extends the formulation by Frandsen [43], incorporating
Helix-specific parameterizations. Both models implicitly account for the
loss in thrust force in relation to actuation amplitude, which is modelled
using an amplitude-dependent third-order polynomial fit.

3.1. Full wake characteristics

Fig. 2 presents the time-averaged axisymmetric streamwise velocity
field for baseline operation and Helix actuation for low and high tur-
bulence cases. The difference becomes particularly evident in the low
turbulence case. Helix actuation causes significant contraction of the
wake core, while the continuous helical deflection of the wake induces
a jet of higher-velocity air along the centerline in the far wake. Under
high turbulence conditions, this jet vanishes as enhanced turbulent mix-
ing dissipates the coherent structures in the far wake. The wake core,
however, remains noticeably shortened.

Fig. 3(a) shows the mean streamwise velocity profiles obtained after
slicing the velocity field data at distinctive downstream distances. The
morphology of this profile exhibits a strong dependence on the actuation
amplitude, which accelerates the transition from the double-Gaussian
profile in the near-wake to a single-Gaussian distribution in the mid
wake. This evolution progresses towards a more uniform, flat-Gaussian
shape in the mid wake region. Further downstream, in the far wake,
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Table 1
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List of LES cases. The thrust coefficient throughout all simulations was kept constant at a value of ¢, = 0.87
(disregarding the thrust loss caused by Helix actuation). The actuation frequency was kept at an optimal
value corresponding to S, = 0.28. The incoming mean wind speed was set to U,, = 8ms™'.

Case 1 2 3 4

5 6 7 8 9 10 11

Helix Amplitude (°) 0 1 2 3
Turbulence Intensity (%) 2.0 2.0 2.0 2.0

4 5 0 1 3 5 0
2.0 2.0 4.0 4.0 4.0 4.0 8.2

Case 12 13 14 15 16 17 18 19 20 21 22
Helix Amplitude (°) 1 2 3 4 0 3 5 0 3 4 5
Turbulence Intensity (%) 8.2 82 82 82 103 103 103 13.1 13.1 13.1 13.1

1.00
4
0.75
2
8
=)
Sl — s
S :
=l
-2
0.25
—4
0.00
00 25 50 75 100 125 150 175 200
z/D
(a) Baseline, I, = 2.0%
1.00
4
0.75
2
8
=
2 D 0.50 =
S ;
5
2
0.25
-4
0.00
00 25 50 75 100 125 150 175 200

z/D

(c) Baseline, Is = 13.1%

1.00
4
0.75
2
a <
0 |> 0.50\"
-2
0.25
4
0.00
00 25 50 75 100 125 150 175 200
z/D
(b) Helix (Amplitude: 5°), I, = 2.0%
1.00
4
0.75
2
Q J
2, > o

00 25 50 75 100 125 150 175 200
z/D
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Fig. 2. Spatial and time-averaged streamwise velocity contours of the baseline cases (a, ¢) and maximally examined Helix actuation amplitude (b, d) for the lowest
(top row), and highest turbulence case (bottom row). The dashed line indicates 4 D downstream of the turbine rotor.

the double-Gaussian distribution re-emerges. Notably, the rate at which
these transformations occur is directly proportional to the applied ac-
tuation amplitude. Interestingly, for an actuation amplitude of 1°, this
behavior was not observed. The velocity deficit transitions from the ini-
tial double-Gaussian into a single-Gaussian distribution without further
changes in shape. However, its magnitude is still smaller than in the
baseline case.

Fig. 3(b) demonstrates the dependence of time-averaged added TI
profiles on the helical actuation amplitude. The added TI profiles were
obtained by first calculating the total TI (T'1,,,) for each point on the
sampling plane as:

\2k/3

T, =

, where k = %(u/2 + 01 + wr?), ¢h)

SQ

where the w/, v/, and wr are the fluctuations in x, y, and z directions
respectively, and U_, is the streamwise mean wind speed.

The background TI (T'I,,,) was then determined by averaging the TI
values outside of the waked region. Lastly, its square was subtracted
from the square of the total TI field, resulting in only the wake added TI
(Tl q4):

Tlaa =Tl =TI, ®3)

Consisten with observations in the velocity profiles, increased ac-
tuation amplitude accelerates the dissipation of the double-Gaussian
distribution in the near-wake region. This leads to a pronounced increase
in turbulence levels along the rotor plane centerline, particularly evi-
dent in the mid wake region. In the mid wake, the turbulence profile

transitions into a bell-shaped distribution. For high actuation ampli-
tudes, this characteristic shape is established as early as 3 D downstream,
whereas the baseline case exhibits a much slower evolution towards this
morphology, only materializing in the far wake. Furthermore, higher
actuation amplitudes lead to an increase in the overall width of the
turbulence profile. By 12 D downstream, the turbulence profiles for all
actuation amplitudes converge and exhibit similarity to the baseline
case.

Fig. 4 shows fits of the double-Gaussian (Eq. 4) to the velocity pro-
files obtained at different downstream distances. Key observations are
that the fitted parameters of the double-Gaussian model are strongly
influenced by the Helix actuation.

« Lateral Gaussian Position (Fig. 4a): The streamwise development
of the lateral Gaussian peak separation r;, is directly proportional
to the actuation amplitude. Higher amplitudes cause the function
to reach its global minimum faster, while also causing a steeper
rise of the function tail.

Gaussian Width (Fig. 4b): The width (¢) of each Gaussian ex-
pands more rapidly in the near-wake with increasing actuation
amplitude. Then, the linear growth in the tail becomes inversely
proportional to the actuation amplitude.

3.2. Proposed velocity deficit formulation

The normalized velocity deficit Au(x,r)/u,, at a downstream dis-
tance x and radial position r from the wake center is expressed using
a double Gaussian shaping function to capture the transition from a
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Fig. 3. Comparison of the downstream evolution of wake profiles for the baseline case and five cases with varying Helix actuation amplitudes (1°-5°) for an ambient
TI of I, = 2.0%. (a) Shows the time-averaged streamwise velocity deficit profiles (u, /U, vs. y/D). The Helix actuation clearly accelerates wake recovery, as indicated
by the reduction in the velocity deficit at all downstream locations compared to baseline operation. The magnitude of this effect is proportional to the actuation
amplitude. (b) Time-averaged added TI profiles. The Helix cases generate significantly higher turbulence levels in the near-wake within the wake center.
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(b) Streamwise development of gaussian width normalized
by the turbine diameter D

(a) Streamwise development of lateral gaussian position in
crosswind distance normalized by the rotor radius R.

Fig. 4. Lateral Gaussian position (a) and Gaussian width (b), of the fitted standardized double-Gaussian (Eq. 4) for baseline and varying Helix actuation amplitudes.

near-wake double-peak profile to a flat-peak mid wake profile, to a far
wake double-peak profile. The general form of the wake velocity deficit
equation can be written as:

Au(x,r)

= F(x)¢(r), 3

Upub
where F(x) denotes the amplitude function, and ¢(r) the shaping func-
tion of the velocity deficit. The double Gaussian function, which is used
here in its axisymmetric form, is defined as:

d(r) = % [exp ( > + exp <—

where r,;, (x) denotes the radial position of the Gaussian peaks and o(x)
the standard deviation (width) of the Gaussian peaks as a function of
downstream distance. The model for the streamwise development of r;,,

i)
2cr(x)2

(r = Pryin (X))

4
20'(x)2 @

is an extension of the non-linear Gaussian minimum function proposed
by Qian and Ishihara [30]. A near-wake correction is incorporated to
mitigate the unphysical high values the original function produces near
the rotor plane when fitted to large Helix amplitudes.

£(0.6),

X X \-05
- +b(1 + —) else,
“D ‘D

it £ <06
D

"min
_min _ 5
R 5
in which each unknown parameter (a, b, and ¢) can be expressed through
as a function (k) of the thrust coefficient C, the ambient TI 1, and
the Helix amplitude Ay, extending the original original formula by
Ishihara and Qian [44]:
Avlz I'I’3

Helix~ @

©

— L) €3
Ky Helix = CICTVhIa + ¥

Helix contribution
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with:
erp = S (Ahetic)» )

where ¢, ¢,, and ¢; are the baseline tuning parameters as proposed in
the original formulation and v, y,, andy; are the additional tuning
parameters for the Helix wake.

The newly proposed formulation allows for additional tuning of the
rmin function with respect to the actuation amplitude and incorporates
the separate effect of ambient TI on the Helix wake while defaulting to
the baseline parameterization for an actuation amplitude of 0°.

In the case of the function governing the streamwise development of
o, we propose to extend the original formulation in the following way:

%=(1—a)(k*%+£)+ay1n(%+l>+£, ®
with:

o= AHelix i 9)
(AHelix +9)

in which k* and e, expressed through their original formulation (x)
from [30], are the linear growth and y-offset of the baseline formulation,
respectively. By introducing the blending factor «, the streamwise devel-
opment for sigma defaults to the linear growth function in the case of
baseline operation, while accounting for the steeper near-wake growth
and flattening in the far wake in the case of increased Helix amplitudes.
The new coefficients y, ¢ are expressed through:

Ko Helix = 1 Alc.[ilix1537 (10)
where ¢, {,, and {3 are the new tuning parameters for the Helix wake.

Note that o represents the Gaussian standard deviation. For the over-
all double Gaussian wake boundary, the expression: +(ry + 24/21n20),
with r, = v/21In20 representing the Gaussian half-width, is used.

For the amplitude function, F(x), we adapt the third-order Taylor
series expansion proposed by Qian and Ishihara [30]. This approach
avoids the unphysical, complex values that the original formulation
from Schreiber [29] produces for high thrust coefficients, while remain-
ing consistent with momentum conservation. The original amplitude
function and its Taylor series approximation are given by:

M —+/M2-1/2NC;D? _ C;D? . NC;D*
2N =

SM 64M3

203 pod
N-Cy.D
128 M5

Fx) = , (1D

where M and N are defined as:

2
e .
M = 26%xp <_ ;:;) + 2mminaerf<:7_i>, 12)
20

P \/; o
N = o exp <— :;n> + Trmmaerf( ";m ), 13)
with:
X
erf(x) = i/ exp(—12)dt. 14
\/; 0

3.3. Proposed added turbulence intensity formulation

To model wake-induced TI, we extend the well-known Frandsen
approach [43] by incorporating the influence of a helical wake struc-
ture. This extension modifies both the magnitude and lateral spread of
the added turbulence, making the model responsive to changes in ac-
tuation amplitude. While we acknowledge that this metric aggregates
coherent vortex-induced fluctuations, it serves as an effective engineer-
ing descriptor for the downstream region that is critical to farm-level
optimization.
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The normalized radial offset from the wake centerline is given by:

V(Ax)? + (A

d= — 3 (15)

where Ax and Ay are the streamwise and crosswind distances from the
wake-emitting turbine. Based on this distance, the added TI at the center
of the wake is defined as:

1
Tl = I — (16)

g1 YT apy0 —F——
Cin

where g, | and gy, , are empirical coefficients modelled as functions of

the Helix amplitude Ay;y:

qry1 = [1Auenin)s  4py,2 = f2(Apelix)-

To account for lateral distribution of the wake turbulence, we adopt
the angular bell-shaped weighting function proposed by Frandsen. The
normalized downstream distance is given by:

Ax
s=—=

, 17
D a7
and the characteristic angular wake width is modified as:

180 1 1
Gwz(T-arctan(§)+10)-§-qu3, (18)

where q;, 3 = f3(Aggiy) captures the Helix-induced spread of the tur-
bulence profile. The actual angle between the affected point and the
turbine centerline is computed by:

@ - arctan <ﬂ> , ifAx>0
T Ax .

0= 19
0, otherwise
The turbulence weight is then given by:
0\
exp —<—> , iff <8, and Ax > 10710
w = 6, . (20)
0, otherwise
Finally, the effective wake-added TI is computed as:
Ty = w - ( TR, +TE - Tlambiem) , (21)

where T, i i the ambient TI at the examined location. The square-
root superposition follows the formulation proposed by Frandsen [43],
while the Helix-based extension modifies both the maximum added
turbulence and its lateral decay behavior.

The coefficient functions (g, ,) can be expressed via quadratic fits
in the form of:

2
Gfyn = P1AYeix T P2 AHelx + P3 (22)

in which the free parameters (p,) can be obtained from experimental
data or high-fidelity simulations.

4. Model calibration and validation

The models are validated by comparing their predictions of the veloc-
ity deficit and added turbulence profiles against the test dataset. First,
the relationship between the Helix amplitude and the resulting thrust
and power losses is established. To do this, the last 1800s of turbine
output data from each simulation was split into three pieces of 600s
each. Thrust and power measurements were time-averaged to obtain
representative scalars and subsequently normalized by the correspond-
ing baseline simulation values for each Helix amplitude. From these
normalized quantities, the relative power and thrust losses were com-
puted, providing the data shown in Fig. 5. A third-order polynomial
model was then fitted to these data points, with the resulting coefficients
listed in Table 2.
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Fig. 5. Amplitude based thrust and power loss obtained from data points.

Table 2

Polynomial fit parameters for Helix loss functions. Each fit: /, Af_leuX +

Ly AL+ 1 Ay + Ly
Function 1 1, I3 Iy
Helix power loss 230 x 107* -320x 1073 3.80x 107 1.00
Helix ¢, loss -470x 107 9.60x 107* -320x 10 1.00

4.1. Velocity deficit

The model parameters were calibrated using the training dataset. The
calibration procedure focused on the wake region extending from the
turbine rotor up to 12 D downstream. The objective was to minimize the
Root-Mean-Square Error (RMSE) between the velocity fields predicted
by the model, u,,,,.;, and those obtained from the LES, u; pg:

N
1
RMSE = N 2 (Umoder,i = uLES,i)zv (23)
i=1

where N is the total number of data points in the training set.

A two-stage optimization procedure was employed using the scipy
library [45]. First, a global search was conducted using a differential
evolution algorithm with the best1bin strategy (5000 generations, popu-
lation size of 250) to broadly explore the parameter space. The solution
was subsequently refined using the L-BFGS-B algorithm to find the local
optimum.

The optimization process began with the baseline model coefficients
and was followed by the tuning of the additional Helix parameters. The
final calibrated values are presented in Table 3.

Fig. 6 illustrates the streamwise evolution of the Gaussian wake pa-
rameters, namely the radial position of the minimum velocity r;, and
the wake width o, for Helix actuation amplitudes Ay,;, ranging from
baseline operation (0°) to 5°. As shown in Fig. 6(a), the position of the
deficit minimum r;, expands radially outward in direct proportion to
the actuation amplitude. This behavior is consistent with the model’s

08] =™ Aneix=0°
— Aaix=1°
Qos — Awx=2° Apelix =5°
~
)
0.2 _
0 2 1 6 3 10 12 11
z/D

(a) Streamwise development of 7pyin/R.
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formulation, as discussed in Section 3. Similarly, Fig. 6(b) demonstrates
that ¢ increases with larger actuation amplitudes in the near-wake, while
transitioning to a more gradual growth in the far-wake, a characteristic
governed by the implemented blending function.

The calibrated model is validated against the test dataset under dif-
ferent actuation amplitudes and ambient conditions. As a reference, the
baseline prediction is shown. The results are presented in Fig. 7.

Fig. 7(a) demonstrates the model’s ability to predict the wake evo-
lution under various actuation amplitudes in low TI conditions. The
proposed model accurately captures the transition of the wake profile
from a single-Gaussian shape at low amplitudes to a distinct double-
Gaussian distribution in the far wake at high amplitudes. Furthermore,
the model’s response to varying inflow conditions is highlighted in
Fig. 7(b). It correctly predicts the reversion of a high-amplitude wake
from a double- to a single-Gaussian profile as ambient turbulence
increases.

As aresult of its high fidelity in capturing these complex flow physics,
the proposed model consistently achieves a low RMSE that is of the same
order of magnitude as the baseline wake representation for all test cases
across the entire downstream domain.

The proposed TI model demonstrates a high degree of accuracy when
validated against the test dataset using the parameters from Table 4. As
illustrated in Fig. 8, the model effectively captures the turbulence profile
for various amplitudes, achieving an RMSE consistently below 2.5% for
distances greater than 4 D from the rotor plane. Additionally, the RMSE
for each Helix amplitude is lower than the baseline configuration be-
tween 3 and 9D. The primary limitation occurs in the near-wake, where
the model does not fully resolve the double-Gaussian turbulence struc-
ture, an issue more pronounced at lower actuation amplitudes. It should
be noted that, to the best of our knowledge, this work presents the first
low-fidelity model for Helix wakes including amplitude dependent TI,
precluding a direct comparison with established alternatives.

Fig. 9 illustrates the normalized aerodynamic power (P,,./Ps)
available to a virtual downstream turbine at distances ranging from
x/D = 2 to 9. The proposed model is compared against the empirical
Gaussian based active wake mixing model available in FLORIS [31],
which was tuned on the same training data. The analysis considers the
model’s baseline configuration and two Helix actuation amplitudes of 3°

Table 3
Summary of parameter equations for r;; and ¢ functions.
Function/Model Parameter  Equation
— 0.57 y0.18 0.77 5-0.46
Fonin a = 0.085¢07 1% +0.0044%77 I
= 0.53 70.00 0.14  7-0.03
b =2.52¢033 10001 _ 0,044 4014 [-0036
— 1.25 y0.25 1.16 7-0.39
c =34.4¢}2 197 1+ 1.16ALS I
o (Baseline) k* =0.031c)] 10!
= —0.018 70.14
€ =0.19¢;9018 101
H — 0.042 7—0.18
o (Helix) y = 04066AHCHX I;
—_ 0.046 y—0.17
¢ = 28744454,
0.5 /
0.4 i
Q
~
N 0.3
0.2
0.1
0 2 4 6 8 10 12 14
z/D

(b) Streamwise development of o/D.

Fig. 6. Evolution of (a) the minimum radius r,;, /R and (b) the wake width ¢/D with changing Helix amplitude for an ambient TI of I, = 2.0%.
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Fig. 7. Validation of the proposed velocity deficit model against the test dataset. Subfigure (a) shows the model’s performance for varying Helix amplitudes (Ayg;,)
at a constant low TI. Subfigure (b) shows its performance for varying ambient TIs at a constant Helix amplitude.

Table 4
Quadratic fit parameters for dr,10 dry20 and 5,3 in the
Helix turbulence model. Each fit: p; A . +p; Ageiic +P3-

Function 2 )23 ps3

a5 1.63x 1073 —-141x102  429x107?
a2 —1.58 x 107* 1.42x1073 5.98x 1073
45,3 -2.93x 1073 5.07x 1072 1.11

and 5° under low ambient TI conditions. The aerodynamic power P, ..,
in the wake was calculated for a circular cross-section equivalent to the
rotor area at various downstream distances as follows:

1
Puake.n, = 5P //A u(x, D, dA, (24)
with:
A Dy? 2
=x(3) (25)

where u(x, D,) is the local velocity at position x(r) at downstream
distance D,, and the air density is p = 1.225 kg.

=
=3

4
»

o
>

I
IS

e
o

Il Basecline X LES Data

Available Power Fraction Py /Po

BN Helix 3° —— Proposed Model
g % Helix 5° ==+ FLORIS Modcl
0.0
3 4 5 6 7 8 9
z/D

Fig. 9. Normalized aerodynamic power of a virtual turbine rotor at several
downstream distances for the baseline configuration and the Helix amplitudes
3° and 5°.

The proposed engineering model (solid lines) shows excellent agree-
ment with the high-fidelity LES data (markers) across all configurations.
The proposed model accurately captures the non-linear recovery cur-
vature that the FLORIS active wake mixing model (dashed lines) fails
to predict. While the FLORIS model approximates the general trend, it
exhibits significant deviations — particularly in the near-to-mid wake
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Fig. 8. Validation of the proposed wake added TI model against test data.
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Fig. 10. Comparison of different control strategy settings for the scaled HKN wind farm with inflow conditions of wind direction 201°, wind speed of U, = 8 ms~!,
and TI of I, = 4%. The size of each turbine marker is proportional to its power output. (a) Shows baseline operation without wake control in which the turbines are
numbered according to their position relative to the incoming wind. (b) Optimization using only Helix control; turbine markers indicate Helix-controlled turbines,
with the color and numbering corresponding to the Helix amplitude. (¢) Optimization using only yaw control; triangles indicate yaw-controlled turbines, with the
color and numbering corresponding to the yaw angle. (d) Combined optimization, where each turbine is individually optimized for either Helix or yaw control to
maximize total farm power. The markers indicate whether wake steering or Helix control was chosen by the optimizer while the numbering indicates the magnitude

of the respective chosen control strategy.

region (x/D < 6), whereas the proposed model consistently tracks the
LES results with high precision.

5. Wind farm case study

The Hollandse Kust Noord (HKN) wind farm, located in the North
Sea off the Dutch coast, was selected as the reference site for this study.
It consists of 69 SG 11-200 turbines with a capacity of 11 MW each [46].
This site is representative of the next generation of large-scale offshore
wind farms planned for the region. The turbine layout was derived from
publicly available data [47] and scaled for a rotor diameter of D =
284 m. Within the open-source PyWake framework [48], the proposed
models for velocity deficit and added TI were implemented as new wake
and turbulence models, while the thrust and power loss functions from
Section 4 were incorporated into a wind turbine model representing the
IEA-22MW turbine. In addition, the All2Alllterative wind farm model
class was modified to allow the Helix amplitude to be specified individ-
ually for each turbine while being able to account for blockage effects
in the farm. All wake calculations within the PyWake environment were

performed using the LinearSum superposition model together with the
Rathmann blockage model, an analytical and computationally efficient
approximation of the vortex cylinder solution derived in [49]. In the case
of the turbulence superposition model, we chose the SgrMaxSum model.
Velocity and turbulence at the rotor plane were sampled according to
the circular Gauss integration, using 21 points [50]. This computational
environment enabled the optimization of individual turbine control set-
points to maximize the total power output of the wind farm. For the
Helix model, the actuation amplitudes were optimized up to an upper
limit of 2.5°, in order to consider possible constraints on pitch bearings
and actuators [16]. For a given wind direction, the turbines were sorted
from upstream to downstream, and the actuation amplitude of each tur-
bine n was varied from 0° to 2.5° in 0.1° increments to find the optimum
farm power:

N
Aftetinopn(tt 1,,0) = argmax Y P(u, I,,0),

AHelixn =]

(26)
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Table 5

Comparison of mean total power output for each case and relative gain for
the different control strategies under typical site conditions of U, = 8 ms™!
and I, = 4.0%.

Control strategy Mean power (MW) Mean gain (%) Max gain (%)

Baseline 509.5 - -

Only Helix 517.4 +1.6 +2.5
Only Wake Steering ~ 523.1 +2.7 +6.1
Combined 527.4 +3.5 +7.1

(W,
a o oo
IS
S S oS

19
=3
S

—— Baseline

—— Wake Steering

—— Helix
Combined

Total Power (MW)

IS
)
S

IS
>
=3
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100 150 200

‘Wind Direction (°)

250

Fig. 11. Total power production per wind direction of each control strategy (top)
and relative increase in baseline power production (bottom) for the reference
wind farm (HKN) under typical ambient conditions U, = 8 ms™' and ambient TI
of 1, = 4%.

where u is the wind speed at the rotor plane, I, the TI at the rotor plane,
and 0 the wind direction. For benchmarking, the Helix strategy was
compared against conventional wake steering, a more established wind
farm control method that has been extensively studied, including in field
tests [3,14,51]. The wake steering simulations were performed using the
baseline calibration of the surrogate wake model in conjunction with the
wake redirection model from [22]. The yaw angles for this case were
optimized using a serial refine approach, closely following [52]. This
process is repeated for each wind direction; it involves iterating through
the turbines from upstream to downstream and selecting the yaw angle
for each turbine from a discrete set of possible angles (—20° to 20° in 1°
increments) that maximizes the cumulative farm power, formulated as:

N

Yoprn(s 1, 0) = argmax Y’ Py(u, I, 0).
o=l

27)

Finally, a combined optimization was performed in which each tur-
bine could employ either Helix actuation or wake steering. For every
wind direction, the turbines were again optimized in upstream-to-
downstream order, with each turbine allowed to select either an actu-
ation amplitude (A, ,) or a yaw misalignment angle (y,) from their
respective discrete sets. The chosen value was the one that maximized
the overall wind farm power production:

N
Sopinlts I,,0) = argmax Y P(u,1,.0).

Sn€AHelixn¥n =1

(28)

The results of this procedure for a representative inflow condition
(201° wind direction, 8 ms~! wind speed, and an ambient TI of I, =
4%) are shown in Fig. 10. The figure compares baseline operation with
pure Helix optimization, pure yaw optimization, and the combined
strategy, illustrating how different control approaches influence turbine-
level setpoints and the resulting power distribution across the farm. As
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shown, the combined strategy consistently achieves the highest total
farm power, demonstrating the benefit of allowing turbines to flexibly
choose between Helix actuation and yaw control.

When examining the farm-wide mean power production in Table 5,
it becomes evident that combining the two approaches leads to highest
possible power gain. This synergy can be attributed to the strengths of
each method depending on the streamwise alignment of the turbine ar-
rays: under direct alignment, Helix control outperforms wake steering,
while under partial alignment, wake steering proves more effective, as
demonstrated in previous studies [32,53].

This pattern is consistently observed across the entire wind rose, as
shown in Fig. 11. In the combined case, each turbine is assigned the
single control mode — either Helix or wake steering — that yields the
highest local contribution to total farm power. By allowing this flexibil-
ity, the combined approach consistently outperforms the use of either
strategy in isolation.

6. Conclusions

In this study, a novel steady-state engineering wake model for wind
turbines under Helix actuation was developed, accounting for actuation
amplitude and the specific impact of TI on the Helix wake. Based on
observations from LES, the model extends the double-Gaussian formu-
lation, originally proposed by Qian and Ishihara [30], to include Helix-
specific coefficient formulations. Additionally, a model for wake-added
TI was proposed by extending the bell-curve formulation, originally
proposed by Frandsen [43], allowing for additional Helix amplitude-
dependent parameterizations. Both models were tested against LES and
showed high agreement with the test dataset across different operational
and ambient conditions. Furthermore, the model was validated by evalu-
ating the aerodynamic power within the wake for a virtual turbine rotor.
This validation compared the baseline case against two Helix actua-
tion amplitudes and the current industry-standard model (FLORIS active
wake mixing model). The results demonstrated that the proposed model
provides a significantly more accurate representation of power recovery
in Helix-actuated wakes compared to existing steady-state tools.

Lastly, the models were integrated into the open-source PyWake
framework to evaluate the effect of Helix control, both in comparison
to and in coordination with wake steering on an upscaled version of
an offshore wind farm. In our test case, we found that allowing tur-
bines to select the most effective control mode — either Helix or wake
steering — consistently outperforms using either approach in isolation,
yielding farm-level power gains of over 7% under typical atmospheric
conditions. Although the achieved gains depend on the ambient condi-
tions, increases in power output were observed for all considered wind
directions.

The availability of a more accurate engineering model for Helix-
actuated wakes has significant implications for the design and operation
of wind farms employing this control strategy. It can lead to more reli-
able predictions of power gains achievable with Helix control, facilitate
improved optimization of Helix parameters for different ambient condi-
tions, and allow for a more accurate assessment of potential changes in
turbine loading patterns when integrated with a load surrogate model.
These capabilities can contribute to better wind farm layout design,
more effective control system development, and ultimately, a lower cost
of wind energy.
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