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Summary

The current change of the Earth’s climate necessitates actions to strongly reduce the hu-
man carbon footprint. For the energy sector, this implies moving to renewable energy
sources like wind. The wind resource is spatially heterogeneous, where wind speeds and
power densities are particularly favourable offshore. The favourable offshore wind re-
source, together with the limited availability of onshore land area for wind energy, moti-
vates the move to offshore wind energy generation. Economic, spatial and environmental
considerations suggest clustering wind turbines offshore into wind farms.

Wind turbines clustered in a wind farm operate on average at a lower efficiency than
they would achieve in isolation. One major source of this efficiency loss is wake interac-
tion. As wind turbines extract kinetic energy from the wind, they leave behind a region of
low wind speed, the so-called wake. When wakes generated by upstream turbines impinge
on downstream turbines in the farm, they reduce their power output and thus the overall
farm efficiency. In the design phase, the wind farm layout is optimised to minimise wake
losses; however, even in an optimal layout wake losses are significant. From the desire
to further mitigate the remaining wake losses, the field of wind farm flow control (WFFC)
arose, which aims to reduce wake losses by farm-wide coordinated control of the wind
turbines.

Wind farm flow control strategies differ based on their working mechanism, e.g. con-
trol strategies aim to either reduce the initial wake deficit of upstream turbines by reduc-
ing the turbine thrust or redirecting wakes past downstream turbines by intentionally
misaligning upstream turbines with the incoming wind direction. A newer category of
strategies for WFFC is active wake control (AWC). Compared to the former quasi-steady
strategies, AWC strategies are inherently dynamic as their working mechanism relies on
unsteady actuation, which aims to trigger underlying instability modes of the wake flow.
One of the most recently developed AWC strategies is helix active wake control. It makes
use of the individual pitch control capabilities (IPC) of modern wind turbines in order to
intentionally force the first instability mode of the wake.

This thesis is concerned with high-fidelity modelling of helix active wake control using
large-eddy simulation (LES) of the atmospheric flow, where the effect of IPC is captured
by representing the turbine in the LES by means of the actuator line model (ALM). Judging
the potential of helix active wake control requires (i) quantifying the arising power-load
trade-off, (ii) comparing it to established WFFC strategies like wake steering, and (iii) ul-
timately testing it in realistic transient atmospheric boundary layers. To this end, the
overall objective of this thesis is to

“Assess the performance of helix active wake control in quasi-steady atmo-
spheric boundary layers and develop actuator line model capabilities for its study
in coarse grid real weather large-eddy simulations.”
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In a first step, the sensitivity of helix active wake control to the amplitude of the pitch
actuation is quantified for a full wake overlap scenario. It is found that the activation
of the control leads to a trade-off between power gain and additional turbine loading in
terms of the incurred damage equivalent loads (DEL). While the power gain monotonically
increases for pitch amplitudes between one and six degrees, the same trend is observed for
the DELs of the actuated turbine. Hence, the value of activating the control and selecting
its pitch amplitude setpoint will need to be determined based on a higher-level metric like
the current electricity price.

In a second step, the sensitivity of the power gain achieved with helix active wake con-
trol to varying degrees of wake overlap and turbine spacing is compared to wake steering.
It is found that wake steering outperforms the helix except for dense spacing combined
with full wake overlap. However, when considering a varying wind direction around full
wake overlap without an immediate control response, the results suggest that the power
gain achieved by the helix control setpoint is more robust.

The previous finding suggests that time-varying wind directions are important for se-
lecting the best control strategy. Hence, in a third step, an actuator line model is im-
plemented into an atmospheric LES code, which allows for driving microscale LES with
mesoscale forcing derived from numerical weather prediction models in order to include
additional time scales in the problem. The correctness of the ALM implementation is
verified with reference to results from four other research LES codes. Additionally, the
emphasis is on ensuring accurate thrust and power predictions on coarser LES grids. To
this end, the filtered lifting line correction is included in the ALM implementation.

Current corrections for coarse grid ALM-LES, e.g. the filtered lifting line correction,
do not consider the complete unsteady problem. Thus, as a last step, we take the IPC
actuation underlying helix active wake control as an opportunity to formally investigate
unsteadiness in the ALM for scenarios corresponding to unsteady attached flow below stall.
By deriving a semi-analytical solution for the two-dimensional “ALM” its connection to
Theodorsen theory is established. Further, this solution allows for determining the optimal
kernel width for the unsteady ALM, which is approximately 40% of the chord length and
determining bounds of its validity. Importantly, we find that even when using the optimal
kernel width, the magnitude of the unsteady force cannot be accurately captured anymore
by the ALM if the reduced frequency exceeds k > 0.2.

In summary, this thesis contributed to the understanding of under which circum-
stances the application of helix active wake control for the mitigation of wake effects might
be a viable option. Given that the benefits and drawbacks of the helix are at least partially
complementary with wake steering control, both control strategies could be seen as pieces
of a more comprehensive toolbox of wind farm flow control strategies. The activation of
a respective control strategy would then happen only during periods corresponding to
its identified favourable conditions. Hence, the model development conducted in the sec-
ond part of this thesis aims towards building a simulation environment — spanning from
mesoscale effects down to airfoil aerodynamics — within which such a selection process
of WFFC strategies can be studied in realistic weather conditions.
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Samenvatting

De huidige verandering van het klimaat op aarde maakt maatregelen noodzakelijk om de
menselijke CO2-voetafdruk sterk te verminderen. Voor de energiesector betekent dit een
overstap naar hernieuwbare energiebronnen zoals wind. Het windklimaat is ruimtelijk
heterogeen, waarbij de windsnelheden en vermogensdichtheden op zee bijzonder gunstig
zijn. Het gunstige windklimaat op zee, in combinatie met de beperkte beschikbaarheid
van landoppervlak voor windenergie, motiveren de overstap naar windenergie op zee. Bo-
vendien pleiten economische, ruimtelijke en milieuoverwegingen voor het clusteren van
windturbines in windparken op zee.

Windturbines die in een windpark zijn geclusterd, werken gemiddeld minder efficiént
dan wanneer ze afzonderlijk zouden staan. Een belangrijke oorzaak van dit rendements-
verlies is het zogeffect. Wanneer windturbines kinetische energie uit de wind halen, la-
ten ze een gebied met lage windsnelheid achter, het zogenaamde zog. Wanneer het zog
dat door bovenwinds gelegen turbines wordt gegenereerd in aanraking komt met bene-
denwinds gelegen turbines in het park, verminderen ze het vermogen van deze turbines
en daarmee het totale rendement van het park. In de ontwerpfase wordt de opstelling
van het windpark geoptimaliseerd om zogverliezen tot een minimum te beperken, maar
zelfs bij een optimale opstelling zijn de zogverliezen aanzienlijk. Vanuit de wens om de
resterende zogverliezen verder te beperken, is het onderzoeksgebied van windparkstro-
mingsregeling ontstaan, dat tot doel heeft zogverliezen te verminderen door middel van
een gecodrdineerde regeling van de windturbines in het hele park.

De strategieén voor stromingsregeling in windparken verschillen op basis van hun
werkingsmechanisme. Zo zijn er bijvoorbeeld strategieén die erop gericht zijn het ini-
tiéle zog van bovenwindse turbines te verminderen door de stuwkracht van de turbine
te verlagen of door het zog om benedenwindse turbines heen te leiden door de boven-
windse turbines opzettelijk niet goed uit te lijnen met de inkomende windrichting. Een
recentere categorie strategieén voor windparkstromingsregeling is actieve zogregeling. In
vergelijking met de vroegere quasi-stationaire strategieén zijn strategieén voor actieve zo-
gregeling inherent dynamisch, aangezien hun werkingsmechanisme berust op tijdsathan-
kelijke aandrijving, die tot doel heeft de onderliggende instabiliteitsmodi van de stroming
te activeren. Een van de meest recent ontwikkelde strategieén voor actieve zogregeling
is helix actieve zog regeling. Deze maakt gebruik van de individuele bladhoekregeling
van moderne windturbines om opzettelijk de eerste instabiliteitsmodus van de stroming
te forceren.

Dit proefschrift gaat over modellering van helix actieve zogregeling met behulp van
large-eddy simulatie (LES) van de atmosferische stroming, waarbij het effect van de in-
dividuele bladhoekregeling wordt meegenomen door de turbine in de LES weer te geven
met behulp van het actuator line model (ALM). Om het potentieel van helix actieve zo-
gregeling te beoordelen, is het nodig om (i) de ontstane trade-off tussen vermogen en
belasting te kwantificeren, (ii) deze te vergelijken met bestaande strategieén voor wind-
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parkstromingsregeling zoals zogsturing, en (iii) deze uiteindelijk te testen in realistische
transiénte atmosferische grenslagen. Daartoe is het algemene doel van dit proefschrift
om:

“Het potentieel in kaart te brengen van helix actieve zogregeling in quasi-
stationaire atmosferische grenslagen en om een actuator line model te ontwikke-
len voor grove resolutie large-eddy simulatie van realistisch weer.”

In een eerste stap wordt de gevoeligheid van de helix actieve zogregeling voor de am-
plitude van de bladhoekactivering gekwantificeerd voor een scenario met volledige zog-
overlap. Er wordt vastgesteld dat de regeling leidt tot een trade-off tussen energiewinst en
extra turbinebelasting in termen van de opgelopen equivalente belasting (damage equiva-
lent loads). Terwijl de energiewinst monotoon toeneemt voor bladhoekamplitudes tussen
één en zes graden, wordt dezelfde trend waargenomen voor de equivalente belastingen
van de geactiveerde turbine. Daarom moet de waarde van het activeren van de regeling
en het selecteren van de instelwaarde voor de bladhoekamplitude worden bepaald op basis
van een andere maatstaf, zoals de huidige elektriciteitsprijs.

In een tweede stap wordt de gevoeligheid van de energiewinst die wordt bereikt met
helix actieve zogregeling bij verschillende mate van zogoverlap en turbineafstand vergele-
ken met zogsturing. Er is vastgesteld dat zogsturing beter presteert dan de helix, behalve
bij een dichte afstand in combinatie met volledige zogoverlap. Wanneer echter rekening
wordt gehouden met een variérende windrichting rond om de richting van volledige zog-
overlap en het feit dat de reactie van de zogregeling niet instantaan is, suggereren de
resultaten dat de energiewinst die wordt bereikt met de helix regeling robuuster is.

De hierboven beschreven bevinding suggereert dat tijdsathankelijke windrichtingen
belangrijk zijn voor het selecteren van de beste regelstrategie. Daarom wordt in een derde
stap een ALM geimplementeerd in een atmosferische LES code, waardoor het microschaal
LES model kan worden geforceerd met mesoschaal data afgeleid van numerieke weermo-
dellen om grotere tijdschalen in het probleem op te nemen. De juistheid van het geim-
plementeerd ALM wordt geverifieerd aan de hand van resultaten van vier andere LES
codes. Daarnaast ligt de nadruk op het waarborgen van nauwkeurige voorspellingen van
stuwkracht en vermogen op grovere resolutie LES. Daartoe wordt de benadering van de
zogenaamde filtered lifting line correction opgenomen in de implementatie van de ALM.

Huidige correcties voor grove resolutie ALM-LES zoals de filtered lifting line correc-
tion houden echter geen rekening met het volledige tijdsafthankelijke probleem. Daarom
nemen we als laatste stap de activering van de individuele bladhoekregeling die ten grond-
slag ligt aan helix actieve zogregeling als een kans om de tijdsathankelijkheid in de ALM
formeel te onderzoeken voor tijdsathankelijke aangehechte stroming. Door een semi-
analytische oplossing voor de tweedimensionale “ALM” af te leiden, wordt het verband
met de theorie van Theodorsen vastgesteld. Verder maakt deze oplossing het mogelijk
om de optimale kernbreedte voor de tijdsvariante ALM te bepalen, die ongeveer 40% van
de koorde bedraagt, en om de grenzen van de geldigheid ervan te bepalen. Belangrijk
is dat we vaststellen dat zelfs bij gebruik van de optimale kernbreedte de omvang van
de tijdvariante kracht niet meer nauwkeurig kan worden vastgelegd door de ALM als de
gereduceerde frequentie k > 0.2 overschrijdt.

Samenvattend heeft dit proefschrift bijgedragen aan het inzicht in de omstandigheden
waaronder de toepassing van helix actieve zogregeling voor het verminderen van zogeffec-



Samenvatting XV

ten een haalbare optie kan zijn. Aangezien de voor- en nadelen van de helix ten minste ge-
deeltelijk complementair zijn aan zogsturing, kunnen beide regelingsstrategieén worden
gezien als onderdelen van een uitgebreidere toolbox van strategieén voor de regeling van
de stroming rond windparken. De activering van een bepaalde regelingsstrategie zou dan
alleen plaatsvinden tijdens periodes die overeenkomen met de geidentificeerde gunstige
omstandigheden. Daarom is de modelontwikkeling in het tweede deel van dit proefschrift
gericht op het bouwen van een simulatieomgeving — variérend van mesoschaaleffecten
tot aerodynamica van vleugelprofielen — waarin een dergelijk selectieproces van strate-
gieén voor windparkstromingsregeling onder realistische weersomstandigheden kan wor-
den bestudeerd.
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Introduction

orldwide greenhouse gas emissions continue to rise and challenge the goal of lim-
W iting long-term average global warming to 1.5°C compared to pre-industrial levels.
Despite this danger, current national policies are insufficient to achieve this goal, as there
is a disparity between ambition and the actions taken. However, there is the chance of
closing this gap by realising the mitigation potential across all major sectors, including
the energy, agriculture, forestry, industry, transport and building sectors, by taking firm
action. In particular, the energy sector holds great potential for reducing greenhouse gas
emissions by deploying solar and wind energy plants [1]. The key role of these two re-
newable energy sources is also highlighted by the International Energy Agency (IEA) in
their Net Zero by 2050: A roadmap for the global energy system strategy [2]. As of now,
wind energy stands at an installed capacity of 1000 GW with additions of 116 GW in 2023,
whereof 107 GW were achieved by onshore projects [3]. Further expansion on a similar
scale is expected for 2024, with an estimated capacity increase of 119 GW [4]. At the
United Nations COP28 climate summit, about 130 countries also agreed to triple contri-
butions from renewable energy [5], and wind energy is a crucial puzzle piece to achieve
this goal [3]. The feasibility of this goal is challenging since growth models for the expan-
sion of wind and solar energy in countries across the globe do not support these assumed
growth rates. National growth rates were found to follow S-curves, and the correspond-
ing maximum growth rates are insufficient to realise scenarios compatible with the 1.5°C
goal. In particular, later adopting countries of the new technology did not achieve higher
growth rates than the early adopting ones [6]. Nevertheless, there are also more optimistic
studies which show that the optimised large-scale deployment of wind and solar energy
can achieve net-zero targets in 2040 [7]. While this thesis is concerned with technological
improvements to both improve the absolute production and the efficiency of wind energy
in support of the outlined deployment goals, it is also worthwhile to consider that achiev-
ing the net-zero CO, strategy in 2050 goes way beyond a sole focus on the supply side.
An increasing focus on sufficiency and efficiency measures on the electricity demand side
aids the climate ambitions and mitigates the risk of a sole focus on the transformation of
the supply side [8].

When considering the scale of the required wind energy deployment, a first natural
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question might be the one of how large the global wind resource actually is. Global wind
resource estimates vary since, for example, the assumed rated power (and height) of the
hypothetical turbines extracting the power varies between studies. In fact they were of-
ten assumed to be of sizes like 1.5 MW turbines in [9], 2.5 & 3.5 MW turbines in [10] and
5MW turbines in [11], which are all significantly smaller than today’s wind turbine stan-
dard. Further accounting for changes of power curves with altitude and excluding regions
because of factors like accessibility, missing grid connection or sea ice concentration in-
fluences the estimates [12]. Despite these variations between the estimates, the former
studies suggest that from a global perspective, the wind resource is abundant [9, 10, 11,
12]. However, the availability of the wind resource is spatially heterogeneous, where
topography and climate are important factors. Offshore sites feature lower surface rough-
ness, which leads to higher wind speeds [9] and mean power densities, where the latter is
proportional to the mean air density and the mean of the cube of the wind speed [13]. A
map of the mean power density at 100 m above ground for central and western Europe is
shown in Figure 1.1. The map displays that the potential for wind energy lies especially
offshore, where the mean power densities are distinctly higher than onshore, which is
visually demonstrated by the fact that the coastlines can be identified solely by the gra-
dient of the colour map without any need for explicitly marking them. While selecting
this specific region for demonstration purposes, the offshore potential is not limited to Eu-
rope and extends worldwide, e.g. to California [14] and China [15]. Beyond the raw wind
resource, there are also additional arguments for offshore wind energy. Given the rapid
growth of wind energy in general, it increasingly has to compete for land surface with
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Figure 1.1: Mean power density at 100 m above the surface for central and western Europe. The raw data is taken
from the global wind atlas (https://globalwindatlas.info/en/). Regions without data are shown in white.
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all other stakeholders in our society and economy. Thus, offshore wind energy unlocks
additional surface for energy generation purposes [16]. Moving offshore also alleviates
onshore transportation constraints, which allows for the design and deployment of larger
wind turbines with higher rated power [17].

1.1 Wind farms — The enabler of offshore wind energy
When moving offshore, economic [18, 19] and environmental [20] considerations suggest
the clustering of wind turbines in proximity to each other, thus forming a wind farm. These
considerations include cabling costs for the intra-turbine and land connections; construc-
tion cost; maintenance cost; and the constraint of the surface dedicated to wind energy
generation, since offshore, different stakeholder interests need to be balanced, too (e.g.
shipping routes, fishing, natural reserves). Modern offshore wind farms contain from a
few dozen up to more than a hundred wind turbines, where each wind turbine on its own
constitutes one of the largest rotating machines built by humankind to date. For reference,
it takes two to three times the wingspan of an Airbus A380 to cover the rotor diameter
of these wind turbines [17]. In the following two sections, we present the physical scales
which impact the performance of these gigantic farms and introduce an unfortunate draw-
back of clustering wind turbines into farms.

1.1.1 The scales impacting wind farm performance — From the air-

foil to the mesoscale weather system
Wind farms operate in the turbulent winds occurring in the lowest part of the Earth’s at-
mosphere, where they are impacted by physical processes spanning a very wide range of
spatial and temporal scales [21]. The wind energy-relevant scales of the atmospheric flow
cover processes from the mesoscale down to the Kolmogorov microscales. The latter char-
acterise the smallest turbulent motions in the flow, which dissipate energy, i.e. transform
kinetic energy into internal energy [22]. Their length scale, 7, in the turbulent atmospheric
flow is on the order of one millimetre with a corresponding time scale, 7,, on the order
of a fraction of a second [23]. In contrast, towards the upper end of the relevant range,
mesoscale atmospheric systems span distances from a few up to several hundred kilome-
tres with temporal dynamics on the order of hours. These larger mesoscale dynamics then
force the microscale atmospheric flow and provide the boundary conditions for its tem-
poral evolution [24, 25]. However, not only the atmospheric physics, but also the scales
of the human-made wind energy extracting machinery span several orders of magnitude
from a small airfoil up to the length of an entire wind farm. To build an intuition for this
coupled natural-technical system, it helps to divide it into four characteristic scales, where
we use the geometric scales of the turbine/farm as a guide. These scales of course merge
into one another and interact, but they are still helpful to structure the system (Figure 1.2):

« Airfoil scale: Airfoils are the two-dimensional cross sections from which a turbine
blade is made up. They are a crucial part of the wind turbine since they harness the
forces of the wind, which turn the wind turbine’s rotor. The airfoil dimensions are on
the order of the chord length c (the length of the airfoil), which for airfoils near the
blade tip is O(c) ~ 1 m. Airfoils located at the outer part of the blade towards the tip
experience local flow speeds of up to U, = 100m/s such that the local characteristic
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time scale, 7., is on the order of O(z,) = ¢/U ~ 0.01s (the time it takes an air parcel
to travel across the airfoil). The airfoils leave behind a wake in the flow with vortex
structures of similar size to the chord length.

« Turbine scale: The kinetic energy extracted from the wind is converted to electric-
ity at the scale of an individual turbine. A modern offshore wind turbine reaches
diameters, D, on the order of ©(D) ~ 200 m where the time for one revolution of the
turbine rotor is on the order of O(7p) = 10s. A large coherent vortex system forms
immediately downstream of the wind turbine, consisting of tip and root vortices
originating from the outer and inner ends of the turbine blades.

« Wind farm scale: A large offshore wind farm can contain on the order of ten rows
of wind turbines, where turbines are spaced typically 5- 10D apart. Hence, the
length (and also width) of such a wind farm is on the order of ©(L) ~ 10— 20km. The
incoming wind in front of the farm attains speeds of ©(U,,) » 10m/s and thus the
time it takes the flow to cross the farm is on the order of ©(zy) ~ 1000 — 2000s, i.e.
tens of minutes.

+ Wind farm clusters and mesoscale: The actual atmospheric microscale condi-
tions encountered by a wind farm are the result of forcing from the larger mesoscale
weather systems introduced above, which span up to several hundred kilometres.
These spatial scales are also encountered when considering clusters of multiple wind
farms.

The performance of a wind farm is impacted by all four of the scales described above.
Hence, we return to them in Section 1.3, where suitable modelling approaches will be
discussed.

O(c)m1m | OD)~200m = OL)~10-20km  O(M)~100km
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Figure 1.2: The range of characteristic scales impacting wind farm performance: airfoil scale, turbine scale, wind
farm scale and wind farm cluster/mesoscale.

1.1.2 Efficiency losses — The cost of clustering wind turbines into
wind farms

In this section, the goal is to introduce the drawbacks of clustering wind turbines into a

large farm from a phenomenological and intuitive standpoint. Each wind turbine in the
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farm converts parts of the kinetic energy contained in the incoming wind into electrical
energy. Since the overall energy is conserved (the sum of kinetic energy in the wind,
electrical energy and losses due to energy conversion), this implies that a positive electri-
cal power output of the turbine results in a reduction of the kinetic energy contained in
the wind behind the turbine, which translates to a reduced wind speed. What does this
imply for the power output of a very long column of wind turbines? Would the wind,
as it moves through the column, eventually slow down to a standstill? Fortunately, this
is not the case, as the air moves downstream between two turbines, its kinetic energy
is partially replenished. This is due to turbulent fluctuations in the wind, which act to
transport kinetic energy from the more energetic surrounding winds from above and the
sides back to the region between the turbine. If we now consider many long columns
of turbines stacked next to each other, the neighbouring winds are depleted of energy,
too, and hence energy is mostly replenished from the top, except for turbines which are
located towards the front or side of the farm. Nevertheless, the replenishment of kinetic
energy implies that the wind not only slows down as it passes each turbine, but it also
accelerates again afterwards. That the atmospheric winds are indeed influenced on such
a fundamental level by the wind turbines/farm is beautifully visualised by an image taken
from the Sentinel-2 satellite on the 16 April 2018 (top panel of Figure 1.3). The image
captures the Sandbank and DanTysk wind farms operating within a cloud cover at the
border of the Danish-German North Sea. While the actual turbines can hardly be spotted
(the very small white dots in the inset), the low wind speed regions behind them are very
prominent due to the distinctly different structure of the cloud cover. These structures also
evidently impinge on the downstream turbines and superpose. Further, the fine-grained
topology of these structures indicates a second property of the low-speed regions behind
the turbines, which are elevated levels of velocity fluctuations, i.e. an elevated level of
turbulence intensity added by the turbines. These two properties — the wind speed deficit
and the higher levels of turbulence — are the two defining properties of the region behind
each turbine, which is called the wake [26]. While it would be speculative what caused
the “atmospheric wake visualisation” in this specific case, it certainly requires suitable
atmospheric conditions [27].

The wind speed deficit of wakes gradually recovers as they move downstream, where
the exact process and rate depends on the ambient turbulence level in the atmosphere,
the boundary layer height, the wind shear, the stratification and the wind veer (the last
two terms refer to the vertical variation of temperature and wind direction in the ABL,
respectively) [28, 29, 30, 31, 32]. However, wake recovery takes time, which translates
to streamwise distance. This distance is limited within a wind farm. Hence, downstream
wind turbines generally encounter lower wind speeds than front row turbines, resulting
in a reduced power output. The efficiency losses depend on the wake recovery rate (see
above) and the effective turbine layout (which is a function of the wind direction), where
field experiments found that wake losses on the order of 10% can occur [33, 34, 35, 36].
Wakes are only one component of the entire wind farm flow topology (see mid panel of
Figure 1.3). The entirety of the turbines in the farm presents an obstacle to the incoming
flow. The flow thus slows down in front of the farm and partially deflects around the farm.
This phenomenon is called global blockage and causes even front row turbines to pro-
duce less power than one would expect from an individual turbine [37]. Furthermore, in a
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Figure 1.3: The Sandbank and DanTysk wind farms in the North Sea observed from the Sentinel-2 satellite on
the 16! April 2018 (top panel). Credit: European Union, contains modified Copernicus Sentinel data (2025).
Qualitative visualisation of the flow physics associated with a large wind farm operating in the atmospheric
boundary layer (mid panel, adapted from [26]). Qualitative visualisation of the global blockage effect, the turbine
power output, and the streamwise evolution of row-averaged wind speed in the wind farm (bottom panel).
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stratified atmosphere, the flow deflection around the top can cause gravity waves. These
gravity waves induce additional pressure gradients in the wind farm, which superpose
onto the driving large-scale background pressure gradient. These additional pressure gra-
dients cause local flow acceleration and deceleration, which modify the turbine’s power
production, too [38]. Another wind farm flow feature is the development of an internal
boundary layer above the farm, which could reach a fully developed state for a very long
wind farm [39, 38, 26]. All these features together result in a case-dependent evolution
of the mean streamwise velocity and turbine power output through the farm, which are
shown qualitatively in the bottom panel of Figure 1.3. Its important features are the major
deceleration in the first few rows and the recurring acceleration/deceleration pattern of
the wakes in between turbines. The resulting overall lower wind speed across the farm
results in, on average, reduced efficiency of the clustered turbines compared to their coun-
terparts operating in isolation. The quantitative attribution of these efficiency losses to
either large-scale farm-atmosphere interaction (blockage, gravity waves and limits to the
vertical replenishment of kinetic energy in the farm from faster winds above) and inter-
nal turbine interaction via wakes is still the subject of ongoing research [40, 41, 42, 43].
However, wakes are certainly a big piece of the puzzle.

1.2 Wind farm flow control — The quest for increasing

farm efficiency

The preceding section detailed the sources of efficiency losses encountered in wind farms.
From there, the question arises whether these losses need to be accepted as they are or if
there is potential for mitigation using optimised design and control. The former is done
during the wind farm planning stage to identify farm layouts which minimise wake losses
and thus is inherently static in the sense that it considers the statistical distribution of the
wind speed and direction at a site [44]. The latter is employed during the operation of a
wind farm with a given layout. In fact, the degrees of freedom of modern three-bladed
variable pitch wind turbines provide a large playground to exploit them for dedicated
actuation, which aims at controlling and enhancing the recovery of the wake flow. From
this opportunity, the research field of wind farm flow control (WFFC) arose. It should be
noted that the objectives of WFFC go beyond an elevated energy extraction. Objectives can
also reduce structural loading, power tracking, O&M services and mitigate environmental
impact [45]. Furthermore, there is also an effort to optimise energy extraction beyond
the sole focus on wakes by accounting for wind farm-atmosphere interaction [46]. In this
thesis, we are, however, concerned with WFFC in the narrow sense of increasing power
extraction via the reduction of efficiency losses due to wakes.

1.2.1 An overview of wind farm flow control strategies — Derived
from the turbine’s degrees of freedom

Let us consider a wind turbine of radius, R, sweeping across an area, A = 7R?, while oper-
ating in an incoming air flow with speed, U, and density, p. The turbine experiences a
force normal to the rotor, which is the thrust force, T, and extracts the power, P, which
in terms of the local wind speed normal to the rotor, U,, is given by P = T« U,. Using
the characteristic scales of the system (U, R, and p) one can define the rotor induction
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a, = 1-U,/Uy and the non-dimensional power, Cp, and thrust, Cr, coefficients
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Theory can now relate Cp and Cp to the induction in the rotor plane and predict maxi-
mum Cp with the corresponding Cr setpoint [47, 48]. The Ct setpoint can be adjusted
utilising the degrees of freedom of modern wind turbines, namely the pitch angle, 5, the
yaw angle, y, and the generator torque, Q, where the last one can be used to regulate the
rotational speed, Q, which is expressed as the non-dimensional tip-speed ratio A = QR/U.
A turbine which is agnostic of its neighbours acts in a greedy manner; thus, it aims to
maximise its own extracted power. To this end, the greedy turbine controller adjusts the
tip speed ratio and blade pitch angle to adjust a, to the setpoint of maximum Cp [47]. For
simplicity, this assumes the case of uniform inflow and thus y = 0° to be optimal. The
resulting relationship between A, 8, Cr and Cp is shown in Figure 1.4 for the IEA 15 MW
reference turbine.
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Figure 1.4: Thrust coefficient (left) and power coefficient (right) of the IEA 15 MW reference turbine as a func-
tion of the blade pitch angle, §, and the tip-speed ratio, A [49]. The stars indicate the setpoint (8, 1), which
maximises Cp.

Within the interval a, € [0,1] (corresponding to the windmill and turbulent wake
states), the relation between Cr and a, is a monotonically increasing one [48, 50]. Hence,
thrust and induction are interlinked and an increasing thrust force results in an increased
initial wake deficit. Conversely, when speeding up the recovery of the wake deficit is the
goal, the modification of the thrust is the required actuator to do so. Deviating from the
optimal greedy thrust set-point implies power losses on the actuated turbine (left panel
of Figure 1.4), which need to be compensated for by increased power extraction of down-
stream turbines. Any successful WFFC strategy then needs to find a favourable balance
between additional power loss due to actuation and power gain due to an enhanced wake
recovery. An overview map of WFFC strategies can be intuitively derived from the dif-
ferent available turbine degrees of freedom, which can be exploited to modify the turbine
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thrust. Such an admittedly subjective map is presented in the following (see Figure 1.5).
For an extensive literature review, the interested reader is referred to [51].

For the greedy turbine, the thrust coefficient is given by C1(A, B,y = 0°). Hence, the
most simplistic strategy one could think of would reduce the rotor induction and thus
Cr in a static manner by adjusting either the tip-speed ratio or the collective blade pitch
angle. This strategy is called static induction control and was already proposed in 1988 by
Steinbuch et al. [52]. However, the potential gains of this strategy have turned out to be
small across numerical, wind tunnel and full-scale studies [45]. When also the turbine’s
yaw angle is considered, one obtains C1(2, §, y). Misaligning the rotor with respect to the
incoming flow (y # 0°) results in yaw angle offsets. These offsets were observed to cause
wake deflection (lateral displacement of the wake) in experiments [53] and LES [54]. The
cause for this deflection is a lateral force exerted onto the flow by the turbine operating
with yaw offsets. Larger yaw offsets lead to decreased Cr, Cp and wake velocity deficit,
but increase the wake deflection. Further, a counter-rotating vortex pair forms behind the
misaligned turbine and leads to a characteristic kidney-shaped wake [55]. The intentional
use of yaw offsets on wind turbines in a farm allows then to steer wakes past downstream
turbines, which provides them with larger inflow wind speed and thus increases their
power production. The resulting WFFC strategy is called wake steering, and the potential
for power gains was already demonstrated in multi-month field experiments at a utility-
scale wind farm [56].

The two strategies above — static induction control and wake steering — can be clas-
sified as quasi-steady control in the sense that the control set-points are only adapted to
slow temporal variations of the mean wind speed and direction. Therefore, the efficacy
of these strategies does not inherently rely on dynamic actuation. In contrast, there is a
relatively new branch of control strategies with working principles which inherently rely
on the dynamic system response. The umbrella term for these strategies is active wake
control (AWC). In order to define the time scale of AWC, 7, a non-dimensional frequency
known as the Strouhal number is convenient. It is defined as St = f,D/U,,, where f, =1/1,
is the actuation frequency. It is also noteworthy that the Strouhal number for an actuation
frequency which matches the rotor’s rotational speed f, = f, = Q/(2x) is directly related
to the tip-speed ratio as St, = A/.

Active wake control strategies can target two different Strouhal regimes. The first
regime is on the order of O(St, = A/x) ~ 3 and includes strategies which aim at trigger-
ing/accelerating the tip vortex instability in the turbine near-wake [57, 58, 59, 60]. These
strategies are motivated by the observation that the tip vortex system inhibits wake recov-
ery [61] and thus its destabilisation could benefit the power production of downstream
turbines.

The second regime concerns AWC actuation with lower frequencies of ©(St) =[0.1,0.5],
which create large coherent structures in the wake with spatial scales on the order of the
rotor diameter. As such, this kind of actuation aims to artificially force phenomena which
are already naturally present in wind turbine wakes or forced by the incoming ABL turbu-
lence [62]. An example is wake meandering, a term denoting the slow lateral oscillation of
the wake due to large-scale turbulent structures in the incoming ABL flow and instabilities
of the wake shear layer [63, 64]. By imposing an oscillatory yaw angle signal (which is not
in response to a changing wind direction), the thrust coefficient is now time-dependent ac-
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Figure 1.5: An overview of wind farm control strategies classified by the time scale of the actuation.

cording to Cr(A, §, y(t)). This WFFC strategy is called dynamic yawing and actively forces
downstream wake meandering [65]; however, the power gains diminished in conditions
with higher ambient turbulence intensity [66].

Even in the absence of atmospheric turbulence, studies conducted in water/wind tun-
nels with negligible to small inflow turbulence levels detected sustained low-frequency
motions in the wake. These motions corresponded to the precession of a helical vortex [67]
and were linked to an unstable helical mode predicted by linear stability analysis [68].
Linear stability analysis of wind turbine wakes revealed that both the zeroth (vanishing
azimuthal dependence) and the first (azimuthal wavelength corresponds to full circle, i.e.
360°) instability modes of a wind turbine wake have significant growth potential, whereby
their deliberate excitation offers the potential to enhance wake recovery through increased
turbulent transport of mean kinetic energy into the wake [69].

The zeroth instability mode can be actively forced by applying a time-varying thrust
force Cp = f(A(¢), B(¢),y = 0°) through actuation of the rotor speed and/or the collective
pitch angle. This leads to the WFFC strategy of dynamic induction control (DIC). Adjoint
optimisation allowed to identify DIC actuation signals which maximise wind power ex-
traction by optimising the turbine-ABL interaction [70, 71]. Analysis of these actuation
signals allowed to derive a simplified DIC strategy by parameterising the Cr(t) variation
with a sinusoid. As a result, optimising DIC does not require finding the optimal time
series for A(#) and/or fB(t), but only selecting the optimal amplitude and frequency (in
terms of St). Applying this parameterised DIC actuation leads to the periodic excitation
of large-scale vortex rings in the wake, which increase wake recovery [72]. Due to this
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flow feature, the parameterised DIC is also colloquially referred to as the pulse.

Modern wind turbines with individual pitch control (IPC) capabilities also allow for in-
tentionally forcing the first instability mode. This requires the creation of an azimuthally
non-uniform thrust distribution which additionally rotates as time progresses. In contrast
to any of the aforementioned wind farm flow control (WFFC) strategies this requires in-
dividual blade pitch actuation f;(t) with i € {1;2;3} and hence Ct = f(4,5;(t),y =0°). In
this manner, the first instability mode manifests itself as a helical coherent structure in
the wake [73]. This WFFC strategy is called helix active wake control — also referred to as
the helix approach or simply the helix. It is one of the newest proposed WFFC strategies
and the subject of the present thesis.

1.2.2 Helix active wake control — Leveraging individual pitch actua-
tion for wind farm flow control

What distinguishes helix active wake control from the other AWC strategies mentioned
in the previous section is the fact that it involves both target Strouhal number regimes,
namely O(St, = A/r) ~ 3 and St ~ [0.1,0.5]. As stated earlier, it forces the first instability
mode of the wake in the frequency range St ~ [0.1,0.5]. However, there is a distinct dif-
ference to e.g. DIC for which the frequency of the collective pitch actuation matches the
forcing frequency of the wake. This does not hold true for the helix, which causes its own
new set of modelling challenges as will become clear later in Section 1.3. To achieve the cre-
ation of the azimuthally non-uniform thrust distribution which rotates with St ~ [0.1,0.5]
an individual pitch actuation on the order of the rotor’s rotational speed, O(St, = A/x), is re-
quired. This can be intuitively understood by following a blade once around the full circle.
At each azimuthal location, the blade pitch is slightly adjusted to create the non-uniform
thrust and induction distribution. If this forced distribution were supposed to stand still,
this would lead to an individual blade pitch actuation frequency of exactly St, = A/z. How-
ever, the non-uniform thrust distribution is supposed to rotate either clockwise (CW) or
counter clockwise (CCW) with St ~ [0.1,0.5] and thus an individual blade needs to pitch
slightly faster or slower than the rotational speed of the rotor with a non-dimensional
frequency of St, + St = A/m +[0.1,0.5] (where plus and minus sign lead to CCW and CW
helix, respectively). This concept for the helix actuation is visualised in Figure 1.6.

The initial work proposing the helix with its above-introduced actuation scheme showed
its potential compared to the pulse using large-eddy simulation [73]. This finding led to
several experimental and numerical follow-up studies, which further matured the control
strategy. Several studies focused on the underlying working mechanism. Investigations
based on large-eddy simulations using the lattice Boltzmann method (LBM) and synthetic
turbulence as inflow showed that the increase in streamwise momentum available to a
downstream turbine stems both from increased radial turbulent transport of mean kinetic
energy (colloquially referred to as “wake mixing”) and an increased lateral displacement
of the wake. The former mechanism was shown to dominate in the near wake, whereas
further downstream the latter became more dominant [74]. The displacement contribution
was shown to be due to the induced velocities of large-scale coherent vortices, which re-
sulted from streamwise vorticity created in the near wake as a result of the helix actuation.
These vortex structures displace and deform the wake, and notably, their interaction with
the wake swirl explains the different efficacies of CW and CCW helix [75]. The formation,
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evolution and decay of the large-scale coherent vortices were further shown to contribute
to the enhanced transport of mean kinetic energy into the wake. Further, CW and CCW
actuation lead to stable and more unstable vortex system configurations, respectively [77].
The observed formation of a large-scale coherent vortex system can be seen as the mani-
festation of the underlying first instability mode of the system, which is triggered by the
helix forcing at the rotor. As such, the frequency of the actuation (in terms of Strouhal
number) has a great impact on the modal growth rate of the instability [69]. All the stud-
ies mentioned so far relied on numerical simulation using LES. However, the enhanced
transport of mean kinetic energy has also been found experimentally. These experiments
also noted an enhanced destabilisation of the tip vortices and an earlier onset of wake
recovery [78, 79]. The latter study also examined a wide range of St and found peaks of
the total power extracted by the two-turbine wind farm around St = 0.4 (CW) and St = 0.5
(ccw).

The Strouhal number is one of the two required parameters to define the open-loop
helix actuation signal, the other being the pitch amplitude. Their choice defines the power
loss/gain and dynamic loading on the actuated and waked turbine. Hence, optimisation of
these parameters is essential. An approach based on reinforcement learning (RL) achieved
power gains of up to 7% for a three-turbine wind farm, but the control actions did not sus-
tain the helix in the wake of the second turbine, and the computational effort was high due
to the required long simulation times [80]. Computational optimisation of the actuation
parameters remains expensive, given that, in principle, the single-harmonic helix actua-
tion could be even extended to include higher harmonics [81]. For the single-harmonic
case, a grid search across the feasible range of amplitudes and frequencies can be an al-
ternative to RL. Such a search has been conducted with two scaled-down turbines in a
wind tunnel with low levels of inflow turbulence (~ 2%) [82]. The experiments allow for
mapping the entire search space, which would be computationally very expensive using
numerical simulation. However, the power curve of the scaled-down turbines can cause
different power loss characteristics in response to the helix actuation compared to utility-
scale turbines, which influences the optimal pitch amplitude. Further, changing the inflow
turbulence level or adding shear are expected to modify the optimal frequency given that
they cause different mean flow wake profiles, which change the stability properties of the
wake [69].

Identifying a setpoint (8, St) which maximises power production is not sufficient, since
the incurred load also needs to be considered. Aero-elastic simulations using synthetic
turbulent inflow allow for the study of the load impact on the actuated turbine across
a wide range of parameters. However, the load impact on the downstream turbine fol-
lows from wake interaction and needs computational fluid dynamics (CFD) solvers for
modelling, which limits the studied operating points. Using both approaches, it is shown
that for the helix, the upstream turbine’s pitch bearing damage and flapwise blade root
moments see the largest increase and are consequently the most important ones to con-
sider in a load-power trade-off [83]. These two important load channels were shown to
scale more strongly with an increase in pitch amplitude compared to frequency, allowing
some tuning of the latter. In addition, the tower top fore-aft and tower torsional moments
were also shown to see non-negligible increases in load [84]. Using measurement-derived
large-eddy simulations of two-turbine wind farms, it was also shown that damage equiva-
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lent load (DEL) increases of the helix are in general significantly larger compared to wake
steering. In boundary layers with low levels of veer and shear, the helix compensates
with larger power gains; however, in particular for larger levels of veer, wake steering is
superior both in terms of power gain and DEL [85]. Based on the same set of LES cases, it
was shown that veer impacts the effectiveness of the different major working mechanisms
underlying the different WFFC strategies. Wake steering achieved the increase in mean
kinetic energy in the wake mostly via mean advection, which proved to be more robust
to increased wake skewing due to veered inflow compared to enhancing the turbulent
transport of mean kinetic energy as the helix aims to do [86].

While most work on the helix focused on its working mechanism, parameter space,
power/load impact and dependence on ABL conditions, a few works have also already
moved towards reduced order modelling, where both data-driven approaches using dy-
namic mode decomposition [87] or spectral proper orthogonal decomposition [88] and
approaches based on the governing equations (linearised perturbation NSE coupled to
RANS) [89] are pursued. Apart from reduced order modelling which is necessary for
further integration of the helix into the wind farm optimisation process (e.g. AEP opti-
misation), there are also efforts to extend the application of the helix past the first row
of turbines in a farm via synchronisation [74, 90] and to implement the helix on floating
wind turbines [91, 92], which unlock new offshore wind resources in deeper waters.

Power gain:

Gap 1 Power loss: 2.2%

z.2%

Az ={2,3,4,..} x D

Figure 1.7: Identified research gaps for helix active wake control. Sensitivity of power gains to the pitch actuation
amplitude (gap 1) and robustness to wind direction changes deviating from full wake overlap (gap 2).

From the outline of the current state-of-the-art, we note two gaps for helix active
wake control (also see Figure 1.7):

1. The impact of varying the pitch amplitude for helix active wake control on
the turbine response of the actuated and waked turbine in terms of power
and DEL has not been assessed for ABL turbulence. Previous studies either
considered only a single value for the amplitude or used scaled-down wind
turbine models in wind tunnel flows with negligible shear.
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2. The potential of helix active wake control compared to established meth-
ods like wake steering in terms of operating conditions (wake overlap and
turbine spacing) and robustness to wind direction changes is still unclear.

To summarise, we have so far explored why wind turbines are clustered into wind
farms; that clustering causes efficiency losses; and that a range of WFFC strategies have
been developed to reduce these losses. We further identified two research gaps for the
new WFFC strategy of helix active wake control. In the following, we will now focus on
the associated modelling challenge posed by this control strategy.

1.3 The modelling challenge — A constant balancing act
between fidelity and cost

In this section, we are concerned with the necessary modelling strategies to study WFFC
strategies in general and more specifically helix active wake control. Section 1.1.1 already
provided an overview of the wide range of scales impacting wind farm performance, i.e.
scales reaching from the airfoil up to atmospheric flow features on the mesoscale. Hence,
when trying to alter wind farm performance with wind farm flow control, one is presented
with a formidable modelling challenge. Before making any modelling choices, it is helpful
to define the requirements for model selection/development from a WFFC-oriented point
of view:

+ The performance of any WFFC depends on the atmospheric state, which is forced by
the current mesoscale conditions and within which the turbine wakes evolve. An
accurate model should either directly resolve or model effects like temperature strat-
ification, turbulence, surface topology and the directional and magnitude change of
the driving background pressure gradient.

« The performance of any WFFC strategy ultimately depends on the turbine response.
In particular, one needs accurate power and load estimates for all, both the actuated
and the affected, turbines in the farm in order to judge the efficacy of the applied
control. Those depend on the turbine’s control system and its aero-elastic behaviour.

These requirements treat the task of choosing an appropriate model for WFFC only as a
matter of physical fidelity. However, WFFC-oriented modelling is done for an objective,
and this objective defines a maximum acceptable computational cost. Hence, a modelling
choice needs to balance physical fidelity with computational cost depending on the ob-
jective. Models with low fidelity are chosen when a single model evaluation should not
exceed the order of seconds on a single CPU [93], e.g. where the objective involves optimis-
ing the wind farm’s AEP with WFFC [94]. Higher fidelity is needed when optimisation
of steady-state setpoints for WFFC is not sufficient, as the objective is to find an opti-
mal dynamic control actuation accounting, e.g. for a time-varying inflow wind direction.
For these applications, models need to capture the temporal evolution and propagation of
wakes in a wind farm. An example is the FLORIDyn model [95], which has been employed
for closed-loop model-predictive WFFC [96].
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Even higher physical fidelity is needed when the objective is to study the underlying
working mechanisms of WFFC strategies and to generate data which can be subsequently
used for the development and validation of lower fidelity models as they were described
above. Given their computational cost, this kind of model might only allow for a number
of evaluations on the order of @(evaluations) ~ 10. In this thesis, we are concerned with
this class of models to address the research gaps for helix active wake control outlined
at the end of Section 1.2.2. However, even within this class of models, the cost-fidelity
trade-off remains since the physical fidelity requirements still span all four major scales
introduced in Section 1.1.1, namely the airfoil, the turbine, the farm and the mesoscale.

A physically uncompromising numerical modelling approach would then need to re-
solve the smallest spatial and temporal processes on the airfoil scale while considering spa-
tial domain sizes and time horizons large enough to account for the atmospheric mesoscale
phenomena. In a very rough manner, one could estimate the degrees of freedom of such a
discretised system as follows. When the discretisation of the airfoil scale requires N* spa-
tial and another N temporal points, the degrees of freedom for resolving the smallest scale
are DOF = N* for a given resolution deemed sufficient. When additionally, the temporal
and spatial scales of the turbine scale should be captured, this would require an increase of
the spatial domain extent and simulated time horizon by at least one order of magnitude,
i.e. the degrees of freedom would increase by at least a factor of (10« 10+ 10)+ 10 = 10*. How-
ever, the resolution N is still constrained by the airfoil scale and thus the total number of
degrees of freedom would be DOF = N4+ 10%. When further including the wind farm and
mesoscale, one would obtain DOF = N4+ 10*x 10*+ 10* = N*+ 10'2. Assuming a required
resolution of N ~ 100 for the airfoil scale this results in DOF = 108« 1012 = 10%°. For refer-
ence, this might exceed the order of the largest computational fluid dynamics simulations
of turbulence conducted at the time of writing this thesis (see e.g. [97]). This very rough
estimate should simply illustrate why even “high-fidelity” WFFC-oriented modelling with
practical relevance needs to make a choice of which scales and physical mechanisms are
(a) directly resolved; (b) represented by an analytical/empirical/data-driven model; or (c)
simply neglected. The particular choices made with respect to (a), (b) and (c) are described
in the following two subsections for the modelling of the atmospheric/wake flow and the
wind turbine, respectively.

1.3.1 Large-eddy simulation — Modelling the atmospheric flow

The flow physics relevant for wind energy concern the atmospheric flow and the therein
embedded aerodynamic flow (fluid-body interaction, i.e. the flow around the turbine
blade/tower with features like the airfoil boundary layer, the tip-hub vortex system and
the turbine wake). For the latter, the fidelity is not only determined by the flow model, but
notably also the fidelity of the turbine model, which will be discussed in the subsequent
Subsection 1.3.2.

The atmospheric boundary layer (ABL) is the lowest layer of the atmosphere, which
is nearest to the earth’s surface [98], featuring an almost continuous presence of three-
dimensional turbulence both in time and space [23]. To model this atmospheric turbulence,
the highest fidelity of modelling needs to stay close to the governing equations. Within
the framework of continuum mechanics and for a Newtonian fluid like air, this leads
to the Navier-Stokes equations (NSE) as the set of underlying governing equations [22].
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For the numerical modelling of the NSE with computational fluid dynamics (CFD) the
candidates are simulation of the (unsteady) Reynolds-averaged Navier—Stokes equations
(RANS), large-eddy simulation (LES) or direct numerical simulation (DNS). RANS mod-
elling only considers the mean NSE. However, since we are interested in dynamics for
helix active wake control, this would be too restrictive. Unsteady RANS modelling only
resolves the low-frequency modes of the flow using temporal filtering and models the re-
maining turbulent fluctuations. As pointed out previously in Subsection 1.2.2, enhancing
turbulent transport is one of the important working mechanisms for helix active wake
control. An unsteady RANS approach would still mostly model and not resolve this turbu-
lent transport, which is undesirable for our purpose. Hence, the candidate chosen in this
work is large-eddy simulation (LES). An approach based on LES resolves all but the small-
est scales of the turbulent flow by employing spatial filtering of the governing equations.
The impact of the unresolved small scales on the resolved part of the turbulent spectrum
is modelled with subgrid-scale models [99]. LES thus finds a balance between directly
resolving most of the flow dynamics and limiting the computational burden compared to
DNS.

LES has been fundamental for numerical modelling of wind farms. Since the primary
works done for infinite wind farms [100, 101], LES has enabled many advancement for
the study of wind farm flow, such as studying the impact of atmospheric stability and the
Coriolis force on wind turbine wakes [30, 102]; the impact of boundary layer height and
gravity waves on wind farm power extraction [31, 38]; the formation of wakes behind en-
tire wind farms (in contrast to the individual wind turbine wakes within the farm) [103];
and attempts to actively control them [104]. LES has been also instrumental for the devel-
opment and evaluation of WFFC strategies [45]. It, for example, played an important role
in the evaluation of wake steering [105] and helix active wake control [73]. LES has also
been combined with an optimal control framework to improve power extraction [70] and
to identify optimal actuation signals for dynamic induction and wake steering WFFC [71,
66]. Furthermore, LES allows to test optimal closed-loop controllers for WFFC, e.g. for
wake steering [106, 107, 96].

To this end, the wind energy fluid mechanics community has developed and maintains
arange of state-of-the-art LES codes with a special focus on modelling of wind farms in the
ABL: Examples are SOWFA [108], TOSCA [109], EllipSys3D [110, 111], AMR-Wind [112],
Nalu-Wind [113], SP-Wind [100, 70], WiRE [114] and VirtualFluids [115]. These codes
are well suited to study WFFC strategies in idealised statistically quasi-steady ABLs. They
then enable to discern and single out the effect of a specific parameter, like boundary layer
height or stratification. As such, these codes are also very well suited to generate large data
sets of high-fidelity data for the development of lower-fidelity models. However, WFFC
strategies ultimately need to show their benefit in realistic operating conditions where the
mean ABL state varies in time and space and hence its energy spectrum contains additional
contributions from low frequencies and long wavelengths, which might not be captured
by the codes above [25]. These variations due to the diurnal cycle [116] and the mesoscale
forcing [117] lead to transient ABLs which need to be accounted for when developing
controllers for WFFC since they could also affect the selection of the most suitable control
strategy (see the second identified gap in Subsection 1.2.2).

As more physical scales are essential for the modelling of WFFC, this calls for a new
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approach to model development, which was also formulated in a more general sense for
the entire wind energy community by Sanz Rodrigo et al. [25]. They noted that in the
past, each of the major scales relevant for wind energy (see Section 1.1.1) was commonly
studied by separate scientific communities, e.g. meteorologists, wind engineers, and aero-
dynamicists. This led, according to them, to

“.. each one [community] developing their own community models with little
interaction with the neighbouring ones (silo effect). The next generation of wind
energy models will necessarily look for an integrated approach that can produce
a more comprehensive characterisation of the modelling system.”

In this spirit, there is benefit in bridging the gap between LES codes designed for ide-
alised quasi-stationary ABLs as introduced above and meteorological LES codes, which
come with more extensive modelling capabilities for atmospheric physics and mesoscale
to microscale coupling. Such codes are WRF-LES [118], PALM [119], FastEDDY [120] and
GRASP/ASPIRE! [121, 122, 123]. For example, ASPIRE features the anelastic approxima-
tion and models not only the transport of momentum, but also heat and moisture. As
such, it includes a radiation balance, cloud formation and precipitation, where all these
processes in turn drive mesoscale fluctuations. The adaptation of open boundary condi-
tions further allows for prescribing large-scale conditions from NWP models with spatial
and temporal variation for all prognostic variables in the LES.

1.3.2 The actuator line model — Modelling the wind turbine

One approach to bridging the gap between the more idealised wind energy and the mete-
orological LES codes is to transfer the advanced turbine modelling capabilities from the
former to the latter. Offshore wind turbines need to sustain static, periodic, transient and
stochastic loading in response to gravity, wind, waves and controller actions. As such,
the fields of aerodynamics, hydrodynamics, structural dynamics and control all need to be
considered to model the dynamics of the turbine. To this end, a range of aero-hydro-servo-
elastic codes have been developed [124], where popular examples are OpenFAST [125] or
HAWC?2 [126]. These codes also provide interfaces to include state-of-the-art reference
controllers for both greedy turbine control, but also AWC strategies [127]. When used in
a stand-alone mode, these models usually use synthetic turbulence as inflow, e.g. gener-
ated with tools like TurbSim [128]. They allow the calculation of the ultimate and fatigue
loads (the latter, e.g. in terms of DELSs) for all major turbine components and assess their
sensitivity with respect to the inflow conditions [129, 130]. Hence, these aero-hydro-servo-
elastic codes fulfil the second requirement defined for high fidelity WFFC modelling at the
beginning of Section 1.3.

To address the first requirement, we outlined the need for LES in the previous subsec-
tion. Consequently, turbine models need to interface the flow computed<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>