Journal of Physics: a?; PURPOSE-LED
Conference Series *»¢# PUBLISHING

PAPER « OPEN ACCESS You may also like

. . . . [ - Simultaneous wake steering and pulse
An experimental investigation on wake mixing and S i S
uﬁlga nestroza, ulsman an

steering techniques Petrov

- Synergising Wake Steering and Dynamic
Induction Control to Optimise Wind Farm
Power under Varying Wind Directions
Paul Hulsman, Manuel Alejandro Zufiiga
Inestroza and Vlaho Petrovi

To cite this article: D Bortolin et al 2026 J. Phys.: Conf. Ser. 3224 032050

- Experimental and numerical investigation
. . . on the potential of wake mixing by
View the article online for updates and enhancements. dvnamic vaw for wind farm power
F V Muhle, S Tamaro, F Klinger et al.

This content was downloaded from IP address 131.175.148.47 on 16/06/2026 at 13:08


https://doi.org/10.1088/1742-6596/3224/3/032050
/article/10.1088/1742-6596/3224/3/032051
/article/10.1088/1742-6596/3224/3/032051
/article/10.1088/1742-6596/3224/3/032115
/article/10.1088/1742-6596/3224/3/032115
/article/10.1088/1742-6596/3224/3/032115
/article/10.1088/1742-6596/2767/9/092068
/article/10.1088/1742-6596/2767/9/092068
/article/10.1088/1742-6596/2767/9/092068
/article/10.1088/1742-6596/2767/9/092068

The Science of Making Torque from Wind (TORQUE 2026) IOP Publishing
Journal of Physics: Conference Series 3224 (2026) 032050 doi:10.1088/1742-6596/3224/3/032050

An experimental investigation on wake mixing and
steering techniques

D Bortolin!, S Tamaro', F Campagnolo!, F V Miihle!, M Manolesos?,
A Croce® and C L Bottasso!

'Wind Energy Institute, Technical University of Munich, 85748 Garching b. Miinchen,
Germany

2School of Mechanical Engineering, National Technical University of Athens,
Iroon Politechniou 9, 15780, Athens, Greece

3Department of Aerospace Science and Technology, Politecnico di Milano,
Via La Masa, 34, 20156, Milano, Italy

E-mail: carlo.bottasso@tum.de

Abstract. Wake steering and wake mixing are two flow-control strategies aimed
at improving wind-farm performance by redirecting turbine wakes or accelerat-
ing their recovery to increase downstream turbine and overall power production.
Among wake-mixing approaches, the Helix and Dynamic Yaw techniques have
recently attracted significant attention. Although both strategies have shown
promising results in previous studies, they have rarely been compared directly.
This experimental work evaluates the performance of wake steering and mixing,
relative to the conventional greedy operation, within an extended three-turbine
cluster tested in a large boundary-layer wind tunnel. The analysis considers both
power production and the resulting damage equivalent loads across different wind
directions. Several combinations of wake steering and wake mixing are explored
to identify potential synergies. In terms of power production, the results show
that an optimally implemented wake-steering strategy outperforms wake mixing.
The actuated turbine experiences higher loads when wake mixing is applied, while
the load trends on the downstream turbines generally mirror their corresponding
power trends.

1. Introduction

Wake steering has been widely demonstrated as an effective strategy to increase power produc-
tion at the wind-farm level [1, 2]. More recently, wake mixing has also shown strong potential for
enhancing farm performance, even outperforming wake steering in certain scenarios [3]. Wake
mixing relies on actively exciting the wake downstream of a turbine to accelerate its recovery
and boost the power production of downstream machines. Two approaches that have been ex-
tensively studied are the “Helix” and Dynamic Yaw (DY). The Helix strategy [4] relies on cyclic
pitch oscillations of the blades. This cyclic pitching generates a rotor-in-plane moment that
rotates in time and introduces a helical pattern in the wake, thereby accelerating its recovery
[5]. DY [6], on the other hand, is implemented by imposing a periodic motion of the nacelle yaw
angle around its mean position [7]. These oscillations result in a promoted lateral meandering
of the wake, which in turn accelerates its recovery.

The present experimental study provides for a comprehensive investigation of active wake
mixing and wake steering, as well as their combined application for different wind directions.
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We study a cluster of three turbines, extending the current state of the art beyond the one- and
two-turbine configurations considered by most prior work on this topic.

The paper is structured as follows: the experimental setup is first described, followed by
an analysis aimed at identifying the optimal power setpoints for the different control strategies.
Helix, DY, and wake steering are compared for different wind direction angles ) = [—2° : 1° : 2°],
where 1) = 0 corresponds to full waking of the three aligned wind turbines. For wake steering,
two scenarios are considered: one in which both upstream rotors are yawed, and another in which
only the most upstream one is misaligned. This narrow range of wind directions is found to be
sufficient to evaluate the extent to which wake mixing outperforms wake steering. Furthermore,
the combined effect of wake steering and wake mixing is also investigated. First, the upstream
turbine is actuated using simultaneous wake mixing and different yaw angles. Subsequently, the
combination of wake mixing on the first turbine and wake steering on the second is also tested.
Finally, cluster-level fatigue results are evaluated and compared across different wind directions,
providing insight into the impact of wind farm control on the structural loading through the
analysis of Damage Equivalent Loads (DELs). A final discussion compares the behaviour of the
Helix approach observed in this study with findings from existing literature. In particular, we
highlight the key differences and similarities between the turbine model used in this work and
those examined in previous numerical and experimental works.

2. Experimental setup

A cluster of three scaled wind turbine models G1 [8] was installed on a 13 m diameter turntable
in the boundary-layer test section of the Politecnico di Milano wind tunnel [9]. In this set of
experiments, the turntable was used to simulate different wind directions ¢ with an accuracy of
+0.1°. Figure 1 shows a representation of the measurement setup.

Figure 1. Experimental setup showing the three model turbines mounted on the wind tunnel turntable.
The picture includes the reference convention for nacelle yaw angle and wind direction.

The scaled wind turbine models have a rotor diameter D = 1.1 m, are labelled WT1, WTs,
and WT3 moving downstream and are separated by a distance equal to 5D. The yaw system
described in [10] was installed to increase the yaw rate of the G1, thereby extending the range
of DY amplitudes and frequencies to test.

All experiments were carried out under inflow conditions characterised by a turbulence in-
tensity TT = 6% at hub height, a power-law shear exponent « = 0.14, and an integral turbulence
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Figure 2. Wind tunnel inflow characteristics: vertical streamwise velocity (a) and turbulence intensity
(b) profiles, and lateral streamwise velocity profile (¢). In (@) and (¢), U and Urgws are normalised
with respect to the pitot tube velocity Upitor. The top and bottom points of the rotor are indicated with
dashed black lines. Hub height is located at (y,z) = (0,0).

length scale 0.79D. The vertical turbulence intensity profile is shown in 2(b). The vertical and
lateral wind-speed profiles are shown in figure 2(a) and figure 2(c), respectively. The lateral
streamwise wind velocity is shown by normalising the rotor-equivalent wind speed experienced
by the rotor (Urgws), as it is moved laterally, with Upisot. The vertical streamwise velocity pro-
file, instead, is obtained by scanning a vertical line 4D upwind of WT; with a three-component
constant-temperature hot-wire probe. During the experiments, the ambient wind speed Uyt
was measured using a Pitot tube mounted at hub height, positioned 4D upstream of WT;. The
scaled wind turbines were controlled by a dedicated real-time Bachmann M1 system, which pro-
vides setpoints for torque, pitch, and yaw. The control system simultaneously acquires torque,
shaft bending moments, and rotor azimuth at a sampling rate of 2.5 kHz. All other measure-
ments, such as tower-base bending moments, are recorded at a sampling rate of 250 Hz. Each
experimental data point presented in this work corresponds to the temporal average of one
minute.

For all experiments, the inflow wind speed Upitor Was set to approximately 5.5 m/s, corre-
sponding to a turbine operation below rated conditions. In this and in the following sections,
baseline or greedy control refers to the use of a variable speed kw? torque controller [11] for all
three machines, where w is the rotor speed. During greedy operations, the rated rotor speed is
850 RPM, and the turbines operate at a power coefficient Cp =~ 0.41 and a thrust coefficient
Cr ~ 0.81.

3. Identification of the optimal operating points

In the first set of experiments, the optimal power setpoints for both DY and Helix were deter-
mined under fully aligned inflow conditions.

3.1. Dynamic yaw

For the DY strategy, the nacelle yaw angle v was driven with a sinusoidal motion defined as
~(t) = Apy cos(27 fpyt), with Apy and fpy being the DY amplitude and frequency of oscillation,
respectively.

Figure 3 shows the normalized power of the wind farm p, wr = ), pni With respect to
the greedy control, where p,; = p;/ (%pAUSitOt). pi, with i = [1,2,3], is the power produced
by WT1,WTy and WTj3, respectively, p the flow density and A the swept area of the rotor.
Both the amplitude Apy and non-dimensional frequency St = fpy D /Upitor Were systematically
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Figure 3. Cluster power normalised with a baseline case p, wr plotted against amplitude and Strouhal
number of actuation for dynamic yaw for ¢ = 0°. The black dashed lines represent full-scale equivalent
yaw rates. The white crosses in the background mark the locations of the measurement points.

varied in order to identify the most effective operating conditions. The white regions in the
figure correspond to operating conditions that were not tested due to yaw rate limitations of the
scaled model.

The optimal operating point was selected as a trade-off between realistic full-scale yaw rate
constraints and performance. In general, higher yaw rates for DY are associated with increased
power gains. In this study, the yaw rate was fixed to a realistic value of 0.6°/s, and the operating
point corresponding to the maximum total cluster power was selected for the analysis. The
setpoint features an amplitude of 12° and a Strouhal number of approximately St ~ 0.125.
The wind farm power increase with these DY settings is approximately +7.6%. DY has the
potential to deliver power gains up to +20%, well above the value selected here. Consequently,
the power setpoints adopted in this study should be considered a conservative lower bound on
the improvements that DY can achieve. As full-scale turbine technology continues to advance,
the potential of DY may be further unlocked.

3.2. The Helix
The same approach used for DY was adopted for the Helix, for which the individual blade
pitch varies as () = Anelix sin(2m fzt + ®;) where Apelix is the Helix amplitude, fg the Helix
pitch actuation frequency and ® = [0, 2/37, 4/37] the phase difference between the actuation
of the three blades. If the Helix pitch actuation frequency fg is lower than the rotor rotational
frequency f,, the resulting in-plane moment generates a wake that rotates in the clockwise
(CW) direction (for an observer that looks downstream). Conversely, when fg exceeds the
rotational frequency, the wake rotates counterclockwise (CCW). The Strouhal number for the
Helix actuation is here defined as St = (fg — fr)D/Upitot- In this formulation, a negative
Strouhal number identifies the CW case, while a positive Strouhal number corresponds to the
CCW case.

In agreement with [12], increasing the amplitude Apgjix generally led to higher power gains.
In the present study, an amplitude Ageix = 3° was selected. It is worth noting that the
power gains produced by the Helix actuation do not stop at WTs, but continue to propagate
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Figure 4. Local and cluster power normalised with a baseline case for ¢ = 0°. The first wind turbine
WT; performs mixing by Helix with an amplitude Apeix = 3° and a range of actuation frequencies. The
other wind turbines located downstream are aligned with the inflow and operate in greedy power control
mode.

downstream to the third turbine. The CCW case exhibits the highest power gain between the
two Helix implementations and produces larger gains on both WT and WTs. The CW Helix
also increases the power of both downstream turbines, resulting in a total cluster power gain
of +11.3%. Since the objective of the study is to compare the strategies under conditions of
maximum achievable power gain, the CCW Helix, resulting in an improvement in power of
+15.01%, at a Strouhal number of St = 0.25, was selected.

3.3. Wake steering

The optimal nacelle misalignment for steering on WT; was determined by varying the yaw
angle v within the range (-30°:3°:-18°) for positive ¥ and (30°:-3°:18°) for negative 1. For
the aligned inflow configuration, both positive and negative yaw angle variations were tested
and compared. The optimal yaw angles that maximise power production for the same three-
turbine configuration in the case of steering on WT; & WTy were previously identified in [13].
In this study, those optimal yaw setpoints are adopted to implement wake steering on the two
upstream turbines. The optimal yaw angles for Steering on WT; and steering on WT; & WT,
are reported in table 1.

Table 1. Yaw angles resulting from cluster power optimisation corresponding to the two wake steering
strategies, reported for each of the turntable angles investigated.

w2 -1° 00 1°  2°
Steering on WT, v 30° 30° -21° -21° -27°
Steering on WT; & WTy -~ 30° 29° -29° -27° -30°
o 21° 24° -17° -19° -21°

Due to a slight lateral non-uniformity in the wind tunnel inflow — visible in figure 1(c) —
the optimal yaw angles are not perfectly symmetric with respect to the aligned inflow condi-
tion. However, since in this study the turntable misalignment is limited to a maximum of 2°,
the turbines experience wind-speed variations of no more than 1.5% relative to the Pitot-tube
measurement.
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4. Results

4.1. Power production

Next, the results in terms of power production are presented. First, wake mixing and wake
steering are directly compared, then their combination is evaluated, and finally the results for
the Helix are compared to similar studies reported in the literature.

4.1.1. Comparison of wake mizing and wake steering
The control strategies are now compared for different wind directions. Figure 5 presents the
local and cluster power plotted against 1 for different wind farm control approaches.
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Figure 5. Local and cluster normalised power p, with respect to a baseline case for a range of wind
directions 1. Values above 1 indicate an improvement with respect to greedy control. The first wind
turbine WT; performs mixing by the Helix or DY, or it is misaligned by a yaw angle v;. Wake steering
on both WT; and WT; is shown with a purple solid line.

Results indicate that both the Helix and DY yield power gains higher or comparable to the
steering of the sole front wind turbine WT; (dashed red line in figure 5), but only under a
rather limited wind inflow condition, in agreement with [3]. When 1 # 0°, the power gains of
wake steering on py, o increase significantly, whereas those of the wake mixing strategies tend to
slightly decrease. Consequently, for non-perfectly aligned conditions, steering the first turbine
achieves similar cluster-level power as the Helix and higher than DY. When steering is applied
to both the first and second turbines (solid purple line in figure 5), the gains at the third turbine
are significantly larger than those achieved with the use of the Helix or DY. The power losses
observed on the upstream turbine with the Helix control are generally higher than those reported
in literature; nevertheless, the relative power gains on the downstream turbine and on the whole
cluster for the same helix amplitude appear to be higher, as discussed further in section 4.1.4.

4.1.2. Combination of wake mizing and wake steering on W1

Figure 6 reports the wind farm power under the combination of wake mixing and steering when
¥ = 0. In these experiments, the upstream turbine is simultaneously yawed with different
angles 1 and actuated with DY or Helix. When «; = 0°, no steering is applied to the turbine;
consequently, the rightmost points in figure 6 and 7 represent the sole baseline, Helix, and DY
cases for the red, orange, and green curves, respectively.

The combined application of the two strategies does not yield a significant improvement
compared to Helix or DY alone. As the upstream turbine inevitably suffers a substantial power
loss when steered away from the wind, the downstream gains are insufficient to fully compen-
sate for these losses, resulting in an overall net gain of not more than +2% with respect to the
standalone wake mixing strategies. More specifically, the power losses on the upstream turbine
scale proportionally with the yaw angle. In other words, the difference in power between the
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Figure 6. Local and cluster normalised power p, with respect to a baseline case for a range of yaw
angles. Values above 1 indicate an improvement with respect to greedy control. The first wind turbine
WT; performs mixing by the Helix and DY, steering only the first turbine is represented with a red
dotted line.

steering-only case and the Helix or DY strategies remains approximately constant as the yaw
misalignment of WT; decreases. In contrast, the power gains observed on the second turbine
do not follow the same trend. This is particularly evident for the Helix strategy: the power gain
of the Helix relative to steering decreases noticeably as the yaw angle is reduced. For example,
at zero yaw misalignment, the power gain of the Helix with respect to the red dashed curve on
WTs is +61%, whereas at a yaw angle of —20° the gain drops to just over half of that value,
+36%. This combined behaviour of steering and mixing has a direct impact on the total power
production of the cluster, resulting in an almost flat trend of cluster power across the investi-
gated yaw angles.

4.1.8. Combination of wake mizing on WTy and wake steering on WTs

Another set of experiments, in an aligned inflow condition, was conducted to assess whether
steering the second turbine could enhance the cluster-level power gains when mixing is applied
on WT;. For this purpose, while WT} is actuated using either the Helix or DY strategy, W5 is
yawed by an angle v9 = (—24° : 3°: —12°). Figure 7 presents the results of these experiments.
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Figure 7. Local and cluster normalised power p, with respect to a baseline case for a range of yaw
angles. Values above 1 indicate an improvement with respect to greedy control. The first wind turbine
WT; performs mixing by the Helix or DY, the second turbine WT5 is yawed by an angle vs.

The power trends observed for WT9 and W3 are similar for both the DY and Helix strate-
gies. For WTy, power decreases as the yaw angle is reduced, starting from the power setpoint
corresponding to the respective wake-mixing configuration in which no yaw misalignment is
applied to the second turbine. An opposite trend is observed for WT3. As the wake of WTy



The Science of Making Torque from Wind (TORQUE 2026)

10P Publishing
Journal of Physics: Conference Series 3224 (2026) 032050

doi:10.1088/1742-6596/3224/3/032050

is increasingly deflected away from the downstream turbine, the power production of WTj in-
creases. The power increase scales with the yaw misalignment and shows a similar trend for
both wake-mixing strategies. The reference level is the power gain achieved by each wake-mixing
strategy when no yaw misalignment is applied to the second turbine. Results indicate that the
additional power gained on WTj is always insufficient to compensate for the losses incurred on
WTs. Hence, similarly to the previous combination of steering and mixing, this approach does
not lead to a substantial improvement in total cluster power. The same approach, although not

shown here, was also tested for wind directions ¥ = 1° and ¢y = —1°, yielding similarly negligible
power improvements.

4.1.4. Comparison of the Helix with the state-of-the-art

Figure 8 shows the power of WT1, WT5, and WTj3, along with the cluster power considering

two or three rotors, and compares them with numerical and experimental findings from the
literature.
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Figure 8. Local and cluster power under Helix actuation, normalised by the respective baseline cases, for

the studies in [4], [14], [12], and [15]. Experimental results are shown with hatched bars, while numerical
results are shown with solid bars.

The comparison includes three numerical studies (Frederik 2020 [4], Korb 2021 [14], Taschner
2023 [12]) and one experimental study (van der Hoek 2024 [15]). These works were selected to
enable a fair comparison among the different results: despite some differences in the inflow
conditions, all turbines were actuated using the optimal Strouhal number, and the turbine
spacing was consistently set to 5D across all studies. Only in [14] were results for a third turbine
reported, and the Helix approach was applied to the first two turbines in the row. In all the
other studies, a two-turbine setup was considered. The power losses on the actuated turbine
are higher in both experimental studies than in the numerical studies of full-scale machines,
possibly due to unsteady aerodynamic effects. In contrast, the power gains observed on the
second turbine are larger than those predicted numerically. Overall, however, the combined
power gain of WT; and WT5 for the G1 model aligns well with the numerical full-scale results,
with values only slightly higher than those reported in [4] and [12].

4.2. Loads and fatigue

In this section, an analysis of the DELs is presented, using the signals acquired with strain
gauges installed in the hub and in the tower base. The load assessments focus on the comparison
between mixing and steering for different wind directions. Both tower and hub moments DELs —
DEL7 and DELg respectively — were computed by projecting two measured orthogonal bending
components onto the direction corresponding to the maximum DEL, and then normalising the
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result by 1/2p7R3 Ugitom where R is the rotor radius. Results, normalised with the greedy control
case, are shown in figure 9.
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Figure 9. Local normalised DEL,, ; with respect to a baseline case for a range of wind directions .
Values above 1 indicate an increase in damage with respect to greedy control. The first wind turbine
WT; either performs mixing by the Helix and DY, or it is misaligned by a yaw angle v;. Wake steering
on both WT; and WTj5 is shown with a purple solid line.

For all wind directions, the tower DELs of the first turbine show a slight reduction for both
wake steering cases, consistent with the findings of [16]. For the Helix, the increase in tower
DEL is negligible, whereas DY leads to a substantial rise of approximately +50%. The tower
DELs of the second and third turbines follow the power trends closely, as expected. The hub
DELs exhibit a different behaviour compared to the tower loads. The impact of wake steering
on hub loads is negligible across all wind directions. In contrast, the Helix results in an increase
of around +50%, and DY can have increases exceeding +100% for certain wind directions. For
the second turbine, the influence on hub loads remains marginal, while for WT3 an increase is
observed, particularly in the Helix case and when steering is applied to both WT; and WTs.

5. Summary and outlook

This work compared the effects of wake steering, wake mixing, and their combined application
on both power and load performance under different wind directions in a three-turbine cluster.

For a two-turbine cluster, power results indicate a strong dependency of the effectiveness of
wake mixing on . Maximum performance is achieved under conditions of full rotor overlap,
while effectiveness decreases with respect to steering as soon as the wind direction deviates
from full rotor alignment, consistently with the numerical findings of [3]. In contrast, for a
three-turbine cluster, results show that wake steering applied to the two most upstream rotors
outperforms any wake mixing strategy involving only WT;.

The power results from combining wake mixing and wake steering show no clear benefit.
When wake mixing is active, and the turbine is simultaneously yawed, the response of the second
machine suggests a mutual detrimental interaction between steering and the Helix. Further
investigations are required to identify the physical mechanisms responsible for this behaviour.
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Regarding the load results, WT1 experiences reduced or only slightly affected DELs when
wake steering is applied. In contrast, both DY and Helix introduce a significant increase in hub
loads on the actuated turbine. For the second and third turbines, the load trends generally follow
the corresponding power trends. In the two-turbine cluster, wake mixing remains beneficial for
power production under fully aligned conditions. However, the increased fatigue loads on the
actuated turbine introduce a trade-off between power gains and structural loading. Evaluating
this trade-off requires considering several factors, including market conditions, turbine lifetime,
and environmental operating conditions. In this configuration, wake steering appears to be a
more robust strategy for increasing power production while limiting additional structural damage
to the turbine.

This study is limited to static and fixed wind direction variations; future investigations should
focus on dynamic inflow changes and on the relative performance of wake mixing and wake
steering under directional uncertainty. The influence of turbine spacing, inflow characteristic
and cluster configuration on how wake mixing could further enhance wake steering remains to
be investigated. Moreover, recent studies — such as [17] — have demonstrated the possibility of
synchronising wake-mixing actuation on downstream turbines, which could potentially lead to
higher power gains.
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