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Abstract

Wind turbines operating in wind farms often suffer from the interference of the wakes from

upwind turbines, causing significant power losses and fatigue. To address this issue, wind

energy researchers have proposed active yaw control (AYC) to redirect the wakes of upwind

turbines away from downwind turbines. However, since the wake behaviour of a yawed tur-

bine is significantly different from that of a non-yawed turbine, theoretical and simulation

models that yield satisfactory results for non-yawed turbine wakes usually fail to capture the

unique features of yawed turbine wakes. In this thesis, we systematically explore the best

practice of simulating the wakes of the turbines subjected to AYC using large-eddy simulation

(LES) and evaluate the effects of AYC on the power production and fatigue of wind turbines.

In the first study, we validate the blade-element actuator disk model (ADM-BE) for LES of the

wake of a yawed wind turbine. LES results using the ADM-BE are compared with wind-tunnel

measurements and analytical model predictions of the wake of a stand-alone miniature wind

turbine with different yaw angles. We find that the results using the ADM-BE in LES are in

good agreement with both wind-tunnel measurements and analytical model predictions in

terms of the mean velocity and turbulence intensity in the wake. We also find significant

improvements in the power prediction of the ADM-BE over the standard actuator disk model

(ADM-std).

In the second study, we compare the LES results of the flow through a three-turbine array

in the non-yawed/yawed and full/partial-wake conditions with wind-tunnel measurements.

The turbine forces are parametrised by three models: the ADM-std, the ADM-BE, and the

actuator line model (ALM). The turbine power outputs and wake flow statistics obtained from

the simulations are compared with experimental results. We find that the results of LES using

the ADM-BE and ALM are in good agreement with wind-tunnel measurements. In contrast,

the results of LES with the ADM-std show discrepancies with the measurements in the yawed

and partial-wake conditions. These discrepancies are caused by the uniform force assumption

of the ADM-std, which fails to reproduce the inherently inhomogeneous distribution of the

turbine forces. We also find that LES using the ADM-BE yields better power predictions than

the ADM-std and the ALM in the cases considered in this study.
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In the third study, we investigate the power production and blade fatigue of a three-turbine

array subjected to AYC in the full/partial-wake configurations. A two-way coupled framework

of LES and aeroelastic simulation is applied to simulate the flow through the turbines and

the structural responses of the blades. In the full-wake configuration, we find that the local

power-optimal AYC strategy with positive yaw angles endures less flapwise blade fatigue and

more edgewise blade fatigue than the global optimal strategy with negative yaw angles. In the

partial-wake configuration, in certain inflow wind directions, applying positive AYC achieves

higher optimal power gains than that in the full-wake scenario while reducing blade fatigue

from the non-yawed benchmark. Using the blade-element momentum (BEM) theory, we show

that the aforementioned differences in flapwise blade fatigue are caused by the differences

in the azimuthal distributions of the local relative velocity on blade sections, resulting from

the combine effects of vertical wind shear and blade rotation. Furthermore, the difference

in the blade force between the positively and negatively yawed front-row turbine induces

different wake velocity and turbulence distributions, which causes different fatigue loads on

the downwind turbine exposed to the wake.

Finally, in the fourth study, we use LES to investigate the wake-meandering of a wind turbine

array under dynamic yaw control (DYC) and the effects on turbine power and fatigue. The

wind turbine array consists of eight NREL 5 MW reference turbines. The first turbine in the

array is subjected to sinusoidal yaw control with different yaw frequencies. Based on spectral

and dynamic mode decomposition (DMD) analyses of the flow fields, we find that the wake

meandering of the turbine array is significantly amplified when the turbine yaw frequency

coincides with the natural wake meandering frequency of the turbine array in the static zero-

yaw condition. The resonance of wake meandering accelerates wake recovery and helps the

turbine array achieve optimal power production. We also find that the fatigue of the turbine

array increases overall with the yaw frequency of the first turbine, highlighting the necessity of

jointly considering power production and fatigue when applying DYC.

Key words: Large-eddy simulation; Active yaw control; Wind turbine wakes; Power production;

Fatigue loads; Dynamic yaw control.
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Résumé

Les éoliennes dans les parcs éoliens souffrent souvent des interférences des éoliennes amont,

entraînant des pertes de puissance et de la fatigue significatives. Pour remédier à ce problème,

les chercheurs en énergie éolienne ont proposé un contrôle actif de l’angle de lacet (CAL)

pour dévier les sillages des éoliennes amont loin des éoliennes aval. Cependant, étant donné

que la physique du sillage d’une éolienne en lacet est significativement différente de une

éolienne sans lacet, les modèles de simulation qui produisent des résultats satisfaisants pour

les éoliennes sans lacet échouent parfois à capturer les caractéristiques uniques des sillages

d’éoliennes en lacet. Dans cette thèse, nous explorons systématiquement les meilleures pra-

tiques de simulation des sillages d’éoliennes soumises au CAL utilisant une simulation des

grandes échelles (SGE) et évaluons les effets du CAL sur la production d’énergie et la fatigue

des éoliennes.

Dans la première étude, nous validons le modèle de disque actionneur basé sur l’élément

de pale (ADM-BE) pour la SGE du sillage d’une éolienne en lacet. Les résultats SGE obtenus

avec l’ADM-BE ont été comparés aux mesures en soufflerie et aux prévisions des modèles

analytiques du sillage d’une éolienne miniature avec différents angles de lacet. Nous consta-

tons que les résultats obtenus avec l’ADM-BE en SGE sont en bon accord avec les mesures en

soufflerie et les prévisions des modèles analytiques de la vitesse moyenne et de l’intensité de

turbulence dans le sillage. Nous avons également constaté une amélioration significative de la

prédiction de puissance de l’ADM-BE par rapport à le disque actionneur standard (ADM-std).

Dans la deuxième étude, nous comparons la SGE de l’écoulement à travers des trois éo-

liennes dans les conditions de sillage complet/partiel et de lacet/non-lacet avec des mesures

en soufflerie. Les forces des éoliennes sont paramétrées par trois modèles : l’ADM-std, l’ADM-

BE et le modèle de ligne actionneur (ALM). La puissance des éoliennes et les profils des

statistiques d’écoulement dans le sillage obtenus à partir des simulations sont également

comparés aux résultats expérimentaux. Nous constatons que les résultats de simulation de

SGE utilisant l’ADM-BE et l’ALM sont en bon accord avec les mesures en soufflerie. En re-

vanche, les résultats de LES avec l’ADM-std montrent des écarts avec les mesures dans les

conditions de lacet et/ou de sillage partiel. Ces écarts sont causés par l’hypothèse de force

uniforme de l’ADM-std, qui ne parvient pas à reproduire la distribution intrinsèquement
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non-homogène des forces. Nous constatons également que la simulation utilisant l’ADM-

BE fournit de meilleures prédictions de puissance que l’ADM-std et l’ALM dans les cas étudiés.

Dans la troisième étude, nous étudions la production d’énergie et la fatigue des trois éo-

liennes soumises à des angles de lacet actif dans des configurations de sillage complet/partiel.

Un cadre de la simulation couplée de la SGE et la simulation aéroélastique est utilisé pour

simuler l’écoulement à travers les éoliennes et les réponses structurales des pales. Dans la

configuration de sillage complet, nous constatons que la stratégie CAL locale optimale pour la

puissance utilisant des angles de lacet positifs subit moins de fatigue transversale des pales et

plus de fatigue latérale des pales que la stratégie globale optimale pour la puissance avec des

angles de lacet négatifs. Dans la configuration de sillage partiel avec certaines directions de

vent entrant, l’application d’un CAL positif permet d’obtenir des gains de puissance optimaux

plus élevés que dans le scénario de sillage complet tout en réduisant la fatigue des pales

par rapport à la référence sans lacet. Utilisant la théorie de l’élément de pale (BEM), nous

montrons que les différences de fatigue de flexion de pale susmentionnées sont causées par

les différences de distributions azimutales de la vitesse relative locale sur les sections de pale,

résultant du cisaillement vertical du vent et de la rotation de la pale. De plus, la différence de

force de pale entre l’éolienne de première rangée à lacet positif et négatif induit des distribu-

tions de vitesse et de turbulence de sillage différentes, ce qui entraîne des charges de fatigue

différentes sur l’éolienne exposée au sillage.

Enfin, dans la quatrième étude, nous utilisons la SGE pour étudier le phénomène des méandres

des sillages dans un parc éolien sous un contrôle dynamique de lacet (CDL) et ses effets sur la

puissance et la fatigue des éoliennes. Le parc éolien se compose de huit éoliennes de référence

NREL de 5 MW. La première éolienne du parc est soumise à un contrôle de lacet sinusoïdal

avec différentes fréquences de lacet. En se basant sur l’analyse spectrale et de décomposition

de mode dynamique (DMD) des champs de flux, nous constatons que le méandrage de sillage

dans le parc éolien est significativement amplifié lorsque la fréquence de lacet de l’éolienne

coïncide avec la fréquence de méandrage de sillage naturelle du parc dans des conditions sans

lacet. La résonance du méandrage de sillage accélère la récupération du sillage et permet au

parc d’atteindre une production optimale de puissance. Nous constatons également que la

fatigue globale des éoliennes augmente avec la fréquence de lacet de la première éolienne,

soulignant la nécessité de prendre en compte conjointement la production d’énergie et la

fatigue lors de l’application d’un contrôle dynamique de lacet.

Mots clefs : Simulation à grandes échelles ; Contrôle de lacet actif ; Le sillage d’une éolienne;

Production d’énergie ; Charges de fatigue; Contrôle dynamique de lacet.
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1 Introduction

Only the refreshing wind on the water ...... is an exception.

It never ends and is never exhausted.

It is the infinite treasure granted to us by our Creator.

— Su Dongpo, Ode to the Red Cliff, 1082.

Su Dongpo, a Chinese poet in the 11th century, was among many people in history who

realised the abundance of wind energy in nature. For centuries, people have tried replacing

human labour with wind power in various industries (Shepherd, 1990; Zhang, 2009). In the

late 19th century, the first efforts of harnessing wind energy to generate electricity were made

almost simultaneously in Scotland, Denmark and the United States (Kaldellis & Zafirakis,

2011). During the oil crisis in the 1970s, wind energy started to receive significant amounts

of investment due to the demand for energy independence and security (Şahin, 2004). Since

then, wind energy has witnessed rapid growth in the global installed capacity. In the last two

decades, driven by the need for energy decarbonisation to tackle climate change, the global

installed capacity of wind energy grew from 24 GW in 2001 to 837 GW in 2021 (GWEC, 2022).

Nowadays, wind energy is the largest renewable energy source, accounting for 6.6% of global

electricity generation (GWEC, 2022).

Throughout the development of wind energy, various wind turbine designs have been pro-

posed by researchers. The variations of design included different axis layouts (vertical and

horizontal) and blade numbers (two-blade, three-blade and more) (Gipe & Möllerström, 2022).

With the increasing size and capacity of wind turbines, turbine design has gradually standard-

ised to the so-called “Danish concept”: a three-blade, variable-speed, horizontal-axis wind

turbine with a yaw mechanism (Dykes, 2013). The Danish-concept turbine is found to be the

one with the best performance-to-cost balance among other designs. Nowadays, most wind

turbines are based on the Danish concept, particularly for large multi-MW turbines (Burton

et al., 2011).

Besides wind turbine designs, the form of wind energy projects has also transformed. In
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the early days of wind energy, most projects were developed in the form of distributed wind

power, i.e., installing a stand-alone wind turbine to meet local electricity demands (Gipe

& Möllerström, 2022). With the increasing size and capacity of wind turbines, wind power

developers gradually found that it is more cost-efficient to install multiple wind turbines within

a designated area and form a wind farm. The electricity generated by wind farms is transmitted

to consumption centres through high-voltage or ultra-high-voltage long-distance power grids

(Yuan, 2016). By doing so, wind farm developers can maximise the wind energy potentials

of favourable sites, and it is also convenient to maintain the turbines within a designated

area. For example, one of the largest wind farms in the world, Hornsea 2, currently reaches a

total capacity of 1.4 GW with 165 turbines, occupying an area of 462 km2 and providing clean

electricity for 1.4 million households (Glasson et al., 2022).

While developing wind energy projects in wind farms can bring many advantages, there is

an important caveat. When the incoming wind passes through a turbine, the kinetic energy

is extracted from the wind and creates a low-speed wake behind the turbine. As the wake

develops further downwind, the low-speed wake mixes with the unaffected outer flow and

recovers the velocity. However, in a wind farm, since the turbines are installed within a limited

area, the distance between turbines may not be sufficient for wakes to recover fully. Therefore,

in certain wind directions, downwind turbines are exposed to the wake of upwind turbines,

causing significant power losses and increases in fatigue. This phenomenon is known as wake

interference (Archer et al., 2018; Barthelmie & Jensen, 2010; Porté-Agel et al., 2020).

To mitigate the adverse effect of wake interference in wind farms, wind energy researchers

have conducted numerous studies seeking solutions to this problem. For example, many

studies focused on searching for optimal wind farm layouts in the design phase of a wind farm

(Chowdhury et al., 2012; Kirchner-Bossi & Porté-Agel, 2018; Kusiak & Song, 2010; Samorani,

2013). At the operational level, researchers have also proposed several active control strategies

to optimise the total power output of a wind farm (Bartl & Sætran, 2016; Gebraad et al., 2017;

Goit & Meyers, 2015; Meyers et al., 2022; Munters & Meyers, 2018a). Among those proposed

strategies, active yaw control (AYC), or active wake steering, is proven to be a promising

solution that can effectively mitigate the power loss caused by wake interference (B. Li et al.,

2022). Modern wind turbines are equipped with a yaw mechanism to change the rotor’s

orientation. Several experimental and numerical studies have shown that the wake behind a

yawed turbine is deflected from the incoming wind direction (Atkinson & Wilson, 1986; Grant

et al., 1997; Jiménez et al., 2010). This phenomenon inspired researchers to propose AYC as

a viable control strategy for power optimisation (Grant & Parkin, 2000; Medici & Alfredsson,

2006; Parkin et al., 2001). For a wind farm subjected to AYC, while the yawed turbines are

operated at sub-optimal conditions, the wind farm could achieve significant power gains

thanks to the mitigation of wake interference.

However, previous studies have also shown that the flow physics of the wake behind a yawed

turbine is significantly different from its non-yawed counterpart (Bastankhah & Porté-Agel,

2016; Grant & Parkin, 2000; Grant et al., 1997; Howland et al., 2016; Medici & Alfredsson, 2006).
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Therefore, the wake models and turbine parametrisations previously developed and validated

for non-yawed turbines are not always suitable for yawed turbines (Bastankhah & Porté-Agel,

2016; Qian & Ishihara, 2021; Qian & Ishihara, 2018). Furthermore, compared to non-yawed

turbines, yawed turbines endure different structural loads (Damiani et al., 2018; Fleming et al.,

2015; Kragh & Hansen, 2014; Zalkind & Pao, 2016). When AYC is applied to wind farms, it is

necessary to jointly consider the power production and fatigue loads of the turbines. These

issues have not been comprehensively addressed by previous studies. This thesis aims to fill

the aforementioned gaps and extend our understanding of the best practices for modelling

wind farms subjected to AYC.

The rest of this thesis is structured as follows. In Chapter 2, we validate a wind-turbine

parametrisation for large-eddy simulation (LES) of a yawed stand-alone wind turbine with

wind tunnel measurements. In Chapter 3, we extend the validation of LES for predicting the

flow through a miniature wind turbine array subjected to AYC with wind tunnel measurements.

In Chapter 4, we investigate the power production and blade fatigue of a utility-scale wind-

turbine array using a two-way coupled framework of LES and aeroelastic simulation. In

Chapter 5, we study the wake meandering of a wind-turbine array under dynamic yaw control

(DYC) and the effects on the power and fatigue of the turbines. In Chapter 6, we give an overall

summary of this thesis and provide an outlook on possible future studies.
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2 LES of a yawed stand-alone wind tur-
bine

Abstract

In this study, we validate a wind-turbine parametrisation for large-eddy simulation (LES)

of yawed wind-turbine wakes. The presented parametrisation is modified from the blade-

element actuator disk model (ADM-BE), which takes account of both thrust and tangential

forces induced by a wind turbine based on the blade-element theory. LES results using the

ADM-BE are validated with wind-tunnel measurements of the wakes behind a stand-alone

miniature wind turbine model with different yaw angles. Comparisons are also made with

the predictions of analytical wake models. In general, LES results using the ADM-BE are in

good agreement with both wind-tunnel measurements and analytical wake models regarding

wake deflections and spanwise profiles of the mean velocity deficit and turbulence intensity.

Moreover, the power output of the yawed wind turbine is directly computed from the tangential

forces resolved by the ADM-BE, in contrast with the indirect power estimation used in the

standard actuator disk model. We find significant improvement in the power prediction from

LES using the ADM-BE over the simulations using the standard actuator disk, suggesting a

good potential for the ADM-BE to be applied in LES studies of active yaw control in wind

farms.

The contents of this chapter were published in: Lin, M., & Porté-Agel, F. (2019). Large-eddy simulation of
yawed wind-turbine wakes: comparisons with wind tunnel measurements and analytical wake models. Energies,
12(23), 4574.
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Chapter 2. LES of a yawed stand-alone wind turbine

2.1 Introduction

The potential of applying unconventional control strategies seeking globally optimal power

production for an wind farm has recently drawn increasing interest among researchers. Active

yaw control (AYC) is one of those strategies in which certain wind turbines in a wind farm

are subjected to yaw control to redirect their wakes from downwind wind turbines. While

the yawed wind turbines no longer operate at their locally optimal conditions, their power

losses could be compensated by the gains in the total wind farm power production due to

weaker wake losses in the wind farm. One of the main challenges for applying the AYC is that

yawed wind turbine wakes are markedly different in their structure, dynamics and interactions

compared to their more-studied non-yawed counterparts. Therefore, to further exploit the

potential of the AYC in wind farm optimisation, it is crucial to establish and validate modelling

approaches that are capable of capturing the wakes behind yawed wind turbines with high

fidelity.

Among a broad spectrum of methods used to study wind turbine wakes (Porté-Agel et al., 2019;

Stevens & Meneveau, 2017), large-eddy simulation (LES) is a widely-used approach among

researchers as it delivers higher fidelity than the Reynolds-averaged Navier–Stokes (RANS)

approach. Due to the significant difference in scale between the largest turbulent eddies

(∼ 103 m) in the atmospheric boundary layer (ABL) and the chord length of wind turbine

blades (∼ 1 m), it is still computationally too expensive to perform blade-resolved LES of

ABL flows through wind turbines (Lavely et al., 2014). Therefore, most of the LES studies on

wind turbine wakes represent the forces induced by wind turbines in ABL flows with various

parametrisations.

The standard actuator disk model (ADM-std) is the simplest wind turbine parametrisation,

in which a wind turbine is modelled as a permeable disk with uniformly-distributed normal

thrust forces applied on it (Jiménez et al., 2007). A thrust coefficient CT is required by the

ADM-std a priori to determine the magnitude of the thrust force. Wu and Porté-Agel (2011)

later proposed the blade-element ADM parametrisation (ADM-BE), also referred to as the

rotational actuator disk model (ADM-R), in which the wind turbine thrust and tangential

forces are modelled by the blade-element theory. Using aerodynamic and geometric data

of the blade as inputs, the ADM-BE accounts for the wake rotation and non-uniform force

distribution on the wind turbine disk. Compared to the LES results using the ADM-std, Wu

and Porté-Agel (2011) found that using the ADM-BE improves the prediction of the main wake

flow statistics, such as the mean streamwise velocity and turbulence intensity.

The actuator line model (ALM) parametrisation, developed by Sørensen and Shen (2002), was

also applied in previous LES studies of wind turbine wakes (Martínez-Tossas et al., 2015; Porté-

Agel et al., 2011a; Sørensen et al., 2015; Stevens et al., 2018). The ALM represents each blade of

a wind turbine as a rotating line source of body forces and computes the corresponding blade-

induced forces along the actuator line dynamically in the simulation. As the ALM computes

the forces induced by each wind turbine blade, it can resolve more flow structures in the wake,
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2.1 Introduction

such as tip vortices, than the ADM-std and the ADM-BE parametrisations. Using the ALM in

LES also requires finer mesh resolutions and timesteps to capture the moving blades. Such

requirements often lead to greater computational costs than using the ADM-BE to produce

similar predictions of wake profiles and wind turbine power (Martínez-Tossas et al., 2015;

Porté-Agel et al., 2011a).

The first effort to study yawed wind turbine wakes in LES was made by Jiménez et al. (2010).

Using the velocity component normal to the rotor disk, they parameterised the thrust force

of a yawed wind turbine in a similar fashion to the ADM-std. This parametrisation was

further applied by Munters and Meyers (2018a) and Boersma et al. (2018) to investigate control

strategies for yaw and axial induction in wind farms for power optimisation. In their studies,

the wind turbine power was obtained indirectly from the turbine-induced thrust and the

local velocity. Fleming et al. (2018) applied the ADM-BE to study the large-scale trailing

vortices in the wake behind of yawed wind turbine. The ALM parametrisation has also been

adopted by Fleming et al. (2014) and Wang et al. (2017) to model the wake redirection behind

yawed wind turbines in LES. As the ALM resolves the local aerodynamic forces acting on the

turbine blade sections, the power and thrust of a yawed wind turbine are extracted directly

from the parametrisation. Wang et al. (2017) also indicated that the AYC is a more effective

control method to mitigate wake-induced power losses in wind farms than other proposed

approaches, such as down-rating through pitch control.

Besides high-fidelity LES, researchers in the wind energy community have also developed

several reduced-order models for yawed wind turbine wakes for engineering applications

requiring fast predictions, e.g., wind farm layout optimisation and real-time control. An

analytical model of yawed wind turbine wakes was first derived by Jiménez et al. (2010),

in a similar fashion to the classical Jensen wake model (Jensen, 1983), assuming top-hat

distributions of the velocity deficit and the wake skew angle in the wake. Later, Bastankhah

and Porté-Agel (2016) developed a Gaussian analytical model for predicting the wake behind a

yawed wind turbine based on the self-similarities of the velocity deficits and the wake skew

angles. Similar to its non-yawed counterpart (Bastankhah & Porté-Agel, 2014), the Gaussian

model is derived from the conservation of mass and momentum in the wake. Shapiro et al.

(2018) developed a lifting line approach to predict the skew angle of the wake in the near-wake

region behind a yawed wind turbine and adopted the same Gaussian profile for the wake

velocity deficit in the far wake as in Bastankhah and Porté-Agel (2016). Qian and Ishihara

(2018) derived a different Gaussian model for the velocity deficit with the assumption of a

top-hat distribution for the skew angle, in contrast with the Gaussian distribution for the same

quantity in Bastankhah and Porté-Agel (2016). In the same work, Qian and Ishihara (2018)

formulated a bimodal Gaussian parametric model for the added turbulence intensity in yawed

wind turbine wakes. Recent efforts were also made by Martínez-Tossas et al. (2019) and Bay

et al. (2019) to develop a reduced-order model that captures the presence of a counter-rotating

vortex pair (CVP) in the vertical y-z cross-section plane of yawed wind turbine wakes, which

has been observed in previous wind tunnel studies (Bastankhah & Porté-Agel, 2016; Howland

et al., 2016).
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Through reviewing the existing literature, we conclude that the ADM-BE could potentially be

a good option for AYC-oriented LES, as it combines the favourable properties of the ADM-std,

which is computationally cheap, and the ALM, which explicitly calculates the turbine–rotor

torque. Such an advantage of using the ADM-BE in LES has been previously shown in the

studies of non-yawed turbines (Martínez-Tossas et al., 2015; Porté-Agel et al., 2011a), but has

not been validated in the context of yawed wind turbines. In the following sections, we present

the implementation of the yawed ADM-BE in LES and validate it through comparisons of

contours and profiles of the main wake flow statistics (the mean velocity deficit and the turbu-

lence intensity) obtained from LES results, wind-tunnel measurements and analytical models

(Bastankhah & Porté-Agel, 2016; Jiménez et al., 2010; Qian & Ishihara, 2018). Furthermore, we

evaluate the ability of the ADM-BE to predict the power output of yawed wind turbines.

The rest of the chapter is organised as follows. In Section 2.2, we first discuss the LES framework

for simulating yawed wind turbine wakes, including the governing equations, numerical

setup and wind turbine parametrisation. In Section 2.3, we present the simulation results of

yawed wind turbine wakes from LES and compare them with wind-tunnel measurements and

predictions obtained from analytical wake models. Finally, we summarise the conclusions

drawn from this investigation and possible future work in Section 2.4.

2.2 Large-eddy simulation framework

2.2.1 Governing equations

The simulations in this study are carried out using the in-house LES code developed at the

Wind Engineering and Renewable Energy Laboratory (WiRE) of the École Polytechnique

Fédérale de Lausanne (EPFL). It solves the spatially-filtered incompressible Navier–Stokes

equations:

∂ũi

∂xi
= 0,

∂ũi

∂t
+ ũ j

(
∂ũi

∂x j
− ∂ũ j

∂xi

)
= −∂p̃∗

∂xi
− ∂τi j

∂x j
− fi

ρ
+ Fp

ρ
δi 1,

(2.1)

where ũi is the filtered velocity component in the i direction (with i = 1,2,3 representing the

streamwise, spanwise and vertical directions, respectively), p̃∗ = p̃/ρ+ 1
2 ũi ũi is the modified

kinematic pressure, in which p̃ is the filtered pressure and ρ is the constant air density, fi are

the body forces exerted by the wind turbine to the flow, Fp is a pressure gradient imposed

to drive the flow, and τi j = �ui u j − ũi ũ j is the kinematic sub-grid scale (SGS) stress, which is

parameterised using the scale-dependent dynamic model with Lagrangian averaging (Porté-

Agel et al., 2000; Stoll & Porté-Agel, 2006).
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2.2.2 Wind turbine parametrisation

To parametrise the body forces induced by a yawed wind turbine, we implement the ADM-

BE for yawed wind turbines, which is a modified version of the non-yawed parametrisation

proposed by Wu and Porté-Agel (2011). As in its non-yawed counterpart, the wind turbine

rotor disk in the ADM-BE is subdivided into axisymmetrically-arranged blade elements. The

local flow velocity U at a given blade element with respect to a mesh-aligned reference frame

x-y-z is interpolated in 3D from the velocity of the adjacent computational cells. The wind

turbine-induced force is then computed on each blade element with the infinite blade number

assumption.

In the next step, the local velocity U is transformed from the mesh-aligned reference frame

x-y-z to the rotor-normal reference frame x ′-y ′-z ′ (Figure 2.1). With the transformed local

velocity, the rotor-normal force F ′
x and tangential force F ′

θ
induced by a yawed wind turbine

can be computed in a similar manner as in the non-yawed ADM-BE discussed by Wu and

Porté-Agel (2011):

F ′
x =

1

2
ρ|U′

ref|2
Bc

2πr
Φ(CL cos(φ)+CD sin(φ)), (2.2)

F ′
θ =

1

2
ρ|U′

ref|2
Bc

2πr
Φ(CD cos(φ)−CL sin(φ)), (2.3)

where B is the number of blades, c is the blade chord length at the location of the blade

element centre, and r is the distance of the blade element centre to the rotor hub. U′
ref is the

resultant velocity that the blade element experiences with respect to a non-inertial reference

frame fixed to a blade rotating at angular velocity Ω in the flow:

U′
ref = u′

x ei + (Ωr −u′
θ)ej, (2.4)

where u′
x and u′

θ
are the axial and tangential components of the transformed flow velocity

at the blade element. φ is the angle between the axial and the relative tangential velocity

components at the blade element:

φ = arctan(
u′

x

Ωr −u′
θ

). (2.5)

Φ is Prandtl’s tip loss factor introduced to correct the assumption of an infinite number of

blades in the ADM:

Φ =
2

π
arccos(exp(−B

2

R − r

r sinφ
)). (2.6)

The angle of attack α of the blade element is calculated from φ and the local pitch angle β:

α =φ−β. (2.7)

Given |U′
ref| and α, the lift coefficient CL and drag coefficient CD at the blade element are
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interpolated from the tabular aerodynamic data of the WiRE-01 blade profile (Revaz et al.,

2020).

Finally, the turbine-induced forces F′ computed in the rotor-normal reference frame are

projected back to the original mesh-aligned reference frame x-y-z. Then, the projected

forces F are distributed to the neighbouring Cartesian computational nodes using a 3D radial

Gaussian smoothing kernel (shown in Figure 2.2), as proposed by Sørensen et al. (1998) and

Mikkelsen (2003):

g (r ) =
1

ϵ3π3/2
exp(−r 2

ϵ2 ), (2.8)

where r is the distance from the Cartesian nodes to the blade element centre and ϵ is the

smearing parameter. Therefore, the actual forcing applied on the computational nodes is:

f =
F∗ g (r )

Mcel l
, (2.9)

where ∗ denotes the convolution operation, and Mcel l is the volume of the cell.

The forces induced by the wind turbine tower and nacelle are parametrised as drag forces with

the same formulation of the thrust in the ADM-std:

ftower =
1

2
ρAtower u2

i nCD,tower , fnac =
1

2
ρAnac u2

hCD,nac . (2.10)

ui n is the mean incoming streamwise velocity at different heights, and uh is the mean incom-

ing streamwise velocity at the hub. Atower is the frontal area of the turbine tower section at

different heights and Anac is the total frontal area of the nacelle and the accessories on the

nacelle. The drag coefficient of the tower is chosen as CD,tower = 1.2, modelled as a cylinder

perpendicular to the inflow. The nacelle is modelled as a front-facing yawed cylinder, and

its drag coefficient CD,nac is chosen as 0.81, 0.87 and 0.92 for yaw angles of 10◦,20◦ and 30◦

respectively. Such choice of CD,nac values is obtained by interpolating the results of previous

experimental studies of the aerodynamic performance of a yawed cylinder (Smith et al., 1972;

Willmarth & Wei, 2021).

2.2.3 Numerical setup

The filtered governing equations (Eq. 2.1) are solved numerically by the pseudospectral

method in the horizontal directions and by a second-order finite difference scheme in the

vertical direction. The grid points are staggered in the vertical direction, i.e., the horizontal

velocity components ũ, ṽ and the modified pressure p̃∗ are located at the cell centre, while the

vertical velocity component w̃ is located at the centre of the bottom of the cell. Such choice

of numerical schemes is similar to the one used in classical studies of turbulent boundary

layer flows (Moeng, 1984; Moin & Kim, 1982) and has also been applied in previous studies of

wind turbine and wind farm flows using the same LES code (Porté-Agel et al., 2011a; Wu &

10



2.2 Large-eddy simulation framework

Figure 2.1: Reference-frame transformation from mesh-aligned x-y-z to rotor-normal x ′-y ′-z ′

for a wind turbine of a yaw angle γ. The positive yaw angle is defined as the clockwise direction
viewing from the top.

Figure 2.2: Force smearing from blade elements to neighbouring computational cells.

Porté-Agel, 2011, 2012; Wu & Porté-Agel, 2013).

The simulation configuration consists of a fully-developed neutral boundary-layer flow through

a stand-alone miniature wind turbine on a flat surface, which matches the experimental con-

ditions in the wind-tunnel study performed by Bastankhah and Porté-Agel (2016). The main

characteristic quantities of the incoming boundary-layer flow measured in the wind tunnel

are summarised in Table 2.1.

The geometric parameters of the miniature wind turbine, WiRE-01 (Bastankhah & Porté-Agel,

2017), used in the wind-tunnel experiments (Bastankhah & Porté-Agel, 2016) are shown in

Figure 2.3b. The number of the computational cells in the streamwise (x), spanwise (y) and

vertical (z) directions for four cases with different mesh resolutions are summarised in Table

2.2. For all cases, the cells are equidistantly arranged in each direction, which results in 9 to

24 nodes along the diameter of the wind turbine rotor disk d . In the following sections, if not

specified, the presented simulation results are obtained from Case 3 with an intermediate

resolution.
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Figure 2.3: Schematic plots of (a) the simulation domain; (b) the WiRE-01 miniature wind
turbine.

Periodic boundary conditions are imposed on the lateral boundaries in the x and y directions.

On the upper surface of the domain, a frictionless slip-wall boundary condition is applied.

On the lower surface, the wall shear stress is specified using the log law of the wall with local

filtered variables, as commonly done in LES studies of ABL flows (Allaerts & Meyers, 2015;

Chow et al., 2005; Moeng, 1984; Porté-Agel et al., 2000). Specifically, the wall shear stress is

computed using the instantaneous filtered velocity at the first u node above the surface as

follows:

τi 3|w = −u2
∗
(

ũi

Uav g

)
= −

(
Uav gκ

ln(z/zo)

)2 (
ũi

Uav g

)
, i = 1,2, (2.11)

where τi 3|w is the instantaneous spatially-filtered wall stress, u∗ is the local friction velocity,

Uav g is the plane-averaged spatially-filtered horizontal velocity, κ = 0.4 is the von Kármán

constant, z0 is the aerodynamic surface roughness length, and z =∆z/2 is the vertical distance

of the first level of u nodes from the lower surface.

A turbulent inflow condition is generated by a precursor simulation of a fully-developed

pressure-driven neutral boundary-layer flow without any wind turbine. The velocity fields of

Table 2.1: Main characteristics of the incoming boundary-layer flow.

Inflow characteristic Value

Boundary-layer height (H) 0.4 m
Hub-height incoming velocity (uh) 4.88 m/s

Hub-height turbulence intensity (Iu) 7%
Surface roughness length (zo) 0.022 mm

Friction velocity (u∗) 0.22 m/s
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the precursor simulation are enforced as the inflow condition of another simulation, referred to

as the “main simulation”. The main simulation has the same numerical setup as the precursor

one but with the wind turbine. A smooth transition function is applied in a buffer zone in

front of the enforced inlet in the main simulation to prevent the numerical artefacts induced

by abrupt changes in the flow. By doing so, the periodic boundary conditions in the horizontal

directions can still be used in the main simulation while avoiding the re-entries of the wind

turbine wake. This method for inflow turbulence generation has been successfully applied in

previous LES studies of turbine wakes (Churchfield et al., 2012; Wu & Porté-Agel, 2011; Wu &

Porté-Agel, 2013).

2.3 Results

2.3.1 Inflow conditions

In Figure 2.4, the vertical profiles of the normalised mean streamwise wind speed and stream-

wise turbulence intensity obtained from the precursor LES are compared with the wind-tunnel

measurements of Bastankhah and Porté-Agel (2016). A good agreement is found between

the simulation results and the measurements, proving that inflow conditions similar to the

wind-tunnel experiments in Bastankhah and Porté-Agel (2016) are created by the precursor

simulation.

2.3.2 Velocity deficit and turbulence intensity contours

Contours of the normalized mean streamwise velocity deficit ∆u/uhub in the spanwise x-y

cross-section plane at the hub height are shown in Figure 2.5 for yaw angles of 10◦, 20◦ and 30◦,

respectively. In agreement with the wind-tunnel measurements (Figure 2.5a), the simulated

wakes behind a yawed wind turbine parametrised by the ADM-BE (Figure 2.5b) are deflected

towards the downwind-inclined side of the rotor disk, and the wake deflection increases

with the wind turbine yaw angle. Good agreement is also found between the wake-centre

trajectories (defined as the locations of the maximum velocity deficit) obtained from wind-

tunnel measurements and those computed from LES results for all yaw angles considered

Table 2.2: Mesh resolutions of different simulation cases. Nd ,y and Nd ,z represent the number
of cells covering the turbine rotor in the y and z directions, respectively, in the non-yawed
case.

Case No. Nx Ny Nz Nd,y Nd,z

1 256 128 64 24 24
2 128 64 64 12 24
3 128 64 32 12 12
4 96 48 24 9 9
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(a) (b) (c)

Figure 2.4: (a) Vertical profiles of the normalised mean streamwise velocity component u/uh ;
(b) Vertical profiles of the streamwise turbulence intensity Iu ; (c) Log-law velocity profiles
plotted against the vertical profiles of the mean streamwise velocity component normalised
by the friction velocity u∗.

here.

Figure 2.6 offers another view of the wakes behind the yawed wind turbine in the vertical

y-z cross-section plane at the downwind location x/d = 6, for the three yaw angles under

consideration. The contours of the normalised streamwise mean velocity deficit ∆u/uh

obtained from wind-tunnel measurements and LES using the ADM-BE and the ADM-std

are shown in Figure 2.6. A kidney-shaped velocity deficit region is found in the wind tunnel

measurements (Figure 2.6a), particularly in the cases of large yaw angles. For the small yaw

angle case (γ = 10◦), the experimental data show that the wake rotation dominates the flow.

This pattern is well captured by the ADM-BE but not by the ADM-std, which produces a CVP

largely symmetrical to the turbine hub. Such a discrepancy occurs because the ADM-std does

not exert disk-tangential forces on the flow, thus inducing no wake rotation. For the cases

of larger yaw angles (γ = 20◦ or 30◦), the asymmetrical CVP becomes more identifiable in

the experimental data. The ADM-BE also reproduces these features of the CVP. In contrast,

the ADM-std produces an overly symmetrical CVP about the hub height. Such results are in

agreement with the recent study of yawed turbine wakes performed by Zong and Porté-Agel

(2020b), which highlights the role of wake rotation in the onset and the deformation of the

CVP.

Figure 2.7 shows the added streamwise turbulence intensity Iu,add in the vertical y-z cross-

section plane at the downwind location x/d = 6, for the three yaw angles under consideration.

We observe that, in contrast with the symmetrical horseshoe-shaped distribution of the added

streamwise turbulence intensity Iu,add in non-yawed wind turbine wakes (Wu & Porté-Agel,

2011), the distribution of Iu,add in the yawed wind turbine wake is asymmetric, bending

towards the side where the wake is deflected to. Compared with the ADM-std, the ADM-BE
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(a) (b)

Figure 2.5: Contours of the normalised streamwise mean velocity deficit ∆u/uh in the x-y
cross-section plane at the hub height obtained from (a) the wind-tunnel experiments and
(b) the LES using the ADM-BE. White circles represent the wake-centre trajectories for the
experiment results and white solid lines for the simulation results.

in LES improves the prediction of the magnitude of the turbulence intensity in the wake,

particularly in the upper part. However, the ADM-BE still underestimates the turbulence

intensity in the lower part of the wake. A possible explanation for this discrepancy is that,

compared to the upper part of the yawed rotor disk, the blade sections in the lower part

encounter larger angles of attack. As a result, the actual aerodynamic lift and drag coefficients

(CL and CD ) of the blade sections in the lower part of the rotor are likely to deviate more from

the 2D tabular aerodynamic data used in the parametrisation, compared to those of the blade

sections in the upper part.

2.3.3 Spanwise Velocity Deficit and Turbulence Intensity Profiles

The horizontal profiles of the normalised streamwise velocity deficit for different yaw angles

are shown in Figure 2.8. LES results from the ADM-BE are compared with wind-tunnel

measurements, predictions from the Gaussian-based analytical wake models (Bastankhah

& Porté-Agel, 2016; Qian & Ishihara, 2018), as well as the LES results using the ADM-std.

As shown in Figure 2.8, the LES results using the ADM-BE are in good agreement with the

experimental data, despite a small bias towards larger wake deflection. From 6d downwind,

good consistency is found in the velocity deficit profiles between the measurements, the

predictions of the Bastankhah–Porté-Agel model and the LES results using the two turbine

parametrisations considered here. The Qian–Ishihara model underestimates the velocity

deficits in the wakes for the cases of 10◦ and 20◦ yaw angles.

To further illustrate the differences between the LES results, analytical wake model predic-

tions and wind-tunnel measurements, we compare the maximum velocity deficits and the

wake-centre locations in Figure 2.9. We observe in Figure 2.9a that, for all yaw angles, the

ADM-BE gives slightly better predictions of the maximum velocity deficit than the ADM-std,
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(a)

(b)

(c)

Figure 2.6: Contours of the normalised streamwise velocity deficit ∆u/uh for different yaw
angles γ, overlapped with vector fields of the inplane velocity in the y-z cross-section plane at
x/d = 6: (a) wind-tunnel measurements; (b) LES using the ADM-BE; (c) LES using the ADM-std.
White circles outline the edges of the non-yawed turbine rotor.

which under-predicts the velocity deficit more before x/d = 5. As the wakes develop further

downwind, the LES results gradually converge to the wind-tunnel measurements. They are

also in good agreement with the Bastankhah–Porté-Agel model, which is formulated to be

applied in the far wake region. As we indicated previously, the Qian–Ishihara model under-

predicts the maximum velocity deficit for the cases of 10◦ and 20◦ yaw angles. The Jiménez

model (Jiménez et al., 2010) shows the largest deviation from the experiment results because

it assumes a top-hat velocity deficit profile. Figure 2.9b indicates that the Jiménez model also

significantly overestimates the wake deflection for all yaw angles considered here. The results

from the LES and the other two Gaussian analytical models, in terms of predicting the wake

deflection, are in much better agreement with the wind-tunnel measurements. LES using the

ADM-BE exhibits small biases towards overestimating the wake deflections with respect to the

measurements, while the ADM-std slightly underestimates the wake deflection in the case

of the small yaw angle (γ = 10◦). A bias similar to the ADM-BE towards over-predicting the
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(a)

(b)

(c)

Figure 2.7: Contours of the added streamwise turbulence intensity Iu,add for different yaw
angles γ, overlapped with vector fields of the inplane velocity in the vertical y-z cross-section
plane at x/d = 6: (a) wind-tunnel measurements; (b) LES using the ADM-BE; (c) LES using the
ADM-std. White circles outline the edges of the non-yawed turbine rotor.

wake deflections is found in the Bastankhah-Porté-Agel model. In contrast, the Qian-Ishihara

model yields slightly better wake deflection prediction in the cases of γ = 20◦ and γ = 30◦.

The spanwise profiles of the normalised streamwise turbulence intensity are shown in Figure

2.10 for the three yaw angles under consideration. LES results using the ADM-BE and the

ADM-std are compared with wind-tunnel measurements and the predictions from the Qian-

Ishihara model. The Bastankhah-Porté-Agel model and the Jiménez model are not shown

in this plot because they do not predict the turbulence intensity distribution in the wake.

As shown in Figure 2.10, the ADM-BE outperforms the ADM-std in terms of the predictions

of turbulence intensity in the wakes up to x/d = 6, particularly on the side opposite to the

wake deflection. The Qian-Ishihara model provides acceptable predictions of the maximum

turbulence intensity in the wake for cases with small yaw angles, but it overestimates the

horizontal variance of the turbulence intensity distribution. Moreover, the Qian-Ishihara

model for the wake turbulence is based on a bimodal Gaussian profile of equal amplitude,
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Figure 2.8: Spanwise profiles of the normalised mean streamwise velocity deficit ∆u/uh : (a)
γ = 10◦; (b) γ = 20◦; (c) γ = 30◦.

which cannot capture the asymmetric nature of the turbulence in the wakes behind yawed

wind turbines revealed by both LES results and wind-tunnel measurements.

Finally, to examine the mesh convergence of the LES results using the ADM-BE parametrisa-

tion, spanwise profiles of the mean streamwise velocity deficit at the hub-height from Cases 1

to 4 listed in Table 2.2 are shown in Figure 2.11. Good mesh convergence is observed for the

resolution range considered in this study. This observation aligns with the conclusion of previ-

ous LES studies of non-yawed wind turbine wakes, which indicate that a resolution with more

than seven grid points along the rotor diameter is sufficient for the ADM-BE parametrisation

(Wu & Porté-Agel, 2011, 2012) to resolve the wind turbine forces. We also notice that the bias

towards larger wake deflection is not eliminated by refining the mesh. We speculate that such

a bias could be attributed to some missing phenomena in the near-wake region induced by

the ADM-BE, e.g., tip vortices, that might affect the initial wake skew angle prediction.
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Figure 2.9: Comparisons of LES results and analytical wake model predictions with respect to
wind-tunnel measurements: (a) maximum velocity deficit; (b) wake-centre location.

2.3.4 Mechanical power predictions

To evaluate the ability of the ADM-BE to predict the power of a yawed wind turbine, we

compare the power outputs obtained from LES results using the ADM-BE and the ADM-std

with the power measured in the wind-tunnel experiments. In the case of LES using the ADM-

BE, the mechanical power of the wind turbine is directly obtained from the tangential forces

Fθ resolved by the ADM-BE parametrisation on the rotor disk:

P ADM−BE =ω
N∑

i =1
ri Fθ i , (2.12)

in which ω = 247 rad/s is the rotor angular velocity. ri and Fθ i are the distance to the hub-

centre and the resolved tangential force of the i th blade element, respectively. In contrast, in

the case of LES using the ADM-std, the power extracted by the wind turbine from the incoming

flow is estimated indirectly from the rotor-averaged thrust force Fx and the rotor-normal flow

velocity ud at the wind turbine (Hansen, 2015; Munters & Meyers, 2018a; Munters & Meyers,

2017):

P ADM = Fx ud . (2.13)

It is worth noting that the mechanical power PMech extracted by the miniature wind turbine

from the flow is not measured directly in the wind tunnel experiments carried out by Bas-

tankhah and Porté-Agel (2016). Therefore, a conversion is needed to compare with the power
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Figure 2.10: Spanwise profiles of the streamwise turbulence intensity Iu : (a) γ = 10◦; (b) γ = 20◦;
(c) γ = 30◦.

Figure 2.11: Spanwise profiles of the normalised mean streamwise velocity deficit ∆u/uh of
the wake behind a wind turbine with a yaw angle γ = 20◦, obtained from the LES using the
ADM-BE using different mesh resolutions.
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output obtained from LES. In the miniature wind turbine under consideration, the mechanical

power PMech is converted into the electrical power output Pe through a shaft and a generator

as follows:

PMech = Pe +P j︸ ︷︷ ︸
Pconv =K I

+P f , (2.14)

in which P j is the electrical loss in the DC generator due to the electrical resistance and P f

is the shaft friction loss. The sum of Pe and P j is the converted power Pconv and can be

computed by the product of the electrical current output I and the torque constant of the

generator K (Bastankhah & Porté-Agel, 2016). Bastankhah and Porté-Agel (2017) later found

that, at the optimal tip speed ratio specified in this study (λ = 3.8), the ratio between Pconv and

PMech equals 0.92 for this specific miniature wind turbine model, WiRE-01.

The mechanical power extracted by the rotor using both the yawed ADM-BE parametrisation

and the ADM-std is compared with the mechanical power obtained from the wind-tunnel

experiments (Bastankhah & Porté-Agel, 2016) in Figure 2.12. The ADM-BE shows significant

improvement in the power prediction with respect to the ADM-std for all yaw angles. The

improvement can be explained by the fact that the ADM-BE explicitly computes the tangential

force component that contributes directly to the torque and, thus, to the mechanical power

extracted from the wind by the wind turbine rotor.

2.4 Summary

In this study, we present and validate a blade-element· actuator disk model to parameterise

the forces induced by a yawed wind turbine on the flow. By comparing the wind-tunnel

measurements, the analytical model predictions and the LES results, we find that the LES

using the ADM-BE, in comparison with the ADM-std, can provide improved predictions of the

mean streamwise velocity deficit and the streamwise turbulence intensity in the yawed turbine

wakes. However, a small bias towards overestimating the wake deflection is also observed in

the results using the ADM-BE. The origin of this bias should be the subject of future studies.

LES using the ADM-BE can reproduce the interaction between the wake rotation and the

CVP in the vertical y-z cross-section plane of yawed wind turbine wakes, which has been

observed in wind-tunnel experiments. The ADM-std, on the other hand, fails to capture such

interaction, as it does not induce wake rotation.

We also find that using the ADM-BE in LES markedly improves the turbine power predic-

tion compared to using the ADM-std, which significantly overestimates the turbine power

compared to the wind tunnel measurements. Such validation of the ADM-BE on the power

prediction is particularly valuable for LES applications in the optimisation-oriented AYC in

wind farms. In practice, those applications often require accurate predictions of wind tur-

bine power and wake characteristics, as well as affordable computational costs, allowing

the iterative searching of the optimal AYC strategy to be performed. The ADM-BE validated

21



Chapter 2. LES of a yawed stand-alone wind turbine

Figure 2.12: (a) Conversion of power in the miniature wind turbine model: Mechanical power
PMech , Shaft friction loss P f , Electrical loss P j and Electrical power Pe . (b) Mechanical power
coefficient Cp for yaw angles 0◦-30◦ obtained from the LES results and the wind-tunnel
experiments.

in this study provides a good option for those applications. Besides its ability to reproduce

the main characteristics of yawed turbine wakes, the ADM-BE also computes more realistic

wind turbine power than the ADM-std while avoiding incurring higher computational costs

required by the ALM. To the best of our knowledge, this is the first time that such a validation

of the ADM-BE for yawed wind turbines has been performed.

The wind turbine parametrisation validated in this study can be used to investigate optimal

wind farm operation strategies based on the AYC. In the next step, we plan to further apply

the LES framework established in this study in multi-wind turbine cases with the AYC. Fur-

thermore, as the forces exerted by the flow on the wind turbine are explicitly computed, the

validated turbine parametrisation can also be applied to the joint optimisation of the power

and the structural loads in wind farms using the AYC.
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3 LES of a wind-turbine array subjected
to active yaw control

Abstract

This study validates the large-eddy simulation (LES) for predicting the flow through a wind

turbine array subjected to active yaw control. The wind turbine array consists of three minia-

ture wind turbines operated in the non-yawed and yawed configurations under full-wake

and partial-wake conditions, for which wind tunnel flow measurements are available. The

turbine-induced forces are parametrised by three different models: the standard actuator disk

model (ADM-std), the blade element actuator disk model (ADM-BE), also referred to as the ro-

tational actuator disk model (ADM-R), and the actuator line model (ALM). The time-averaged

turbine power outputs and the profiles of the wake flow statistics (normalised streamwise

mean velocity and streamwise turbulence intensity) obtained from the simulations using the

ADM-std, the ADM-BE and the ALM are compared with experimental results. We find that

simulations using the ADM-BE and ALM yield flow statistics that are in good agreement with

the wind-tunnel measurements for all the studied configurations. In contrast, the results

from LES with the ADM-std show discrepancies with the measurements under yawed and

partial-wake conditions. These errors are due to the fact that the ADM-std assumes a uni-

form thrust force, thus failing to capture the inherently inhomogeneous distribution of the

turbine-induced forces under partial wake conditions. In terms of power prediction, we find

that LES using the ADM-BE yields better power predictions than the ADM-std and the ALM

in the cases considered in this study. As a result, we conclude that LES using the ADM-BE

provides a good balance of accuracy and computational cost for the simulations of the flow

through wind farms subjected to AYC.

The contents of this chapter were published in: Lin, M., & Porté-Agel, F. (2022). Large-eddy simulation of a
wind-turbine array subjected to active yaw control. Wind Energ. Sci., 7, 2215–2230.
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3.1 Introduction

As an indispensable part of the global transition to carbon neutrality, wind power has ex-

perienced a rapid growth worldwide in the past decades (GWEC, 2022). Most wind power

projects are developed in the form of wind farms, i.e., a cluster of wind turbines installed

within a designated area, outputting the generated electricity to centralised substations before

transmitting it to the grid. Compared with distributed wind power, which consists of installing

stand-alone turbines in different locations, developing wind energy in wind farms has many

advantages, such as reducing the construction and maintenance overhead per turbine. On

the other hand, wind turbines in wind farms often encounter wake interference, i.e., wind

turbines are exposed to the wakes of upwind turbines. This phenomenon can cause significant

power losses and increase fatigue loads, and it has become the subject of many studies of wind

farm flows (Archer et al., 2018; Barthelmie & Jensen, 2010; Porté-Agel et al., 2020). Active yaw

control (AYC), or active wake steering, is a wake-interference mitigation strategy that draws

increasing interest in the research community. In this strategy, the upwind wind turbines are

intentionally yawed to deflect their wakes away from downwind turbines. With a proper yawed

configuration, the reduced power outputs in the yawed upwind turbines can be compensated

by the increased power outputs in the downwind turbines. Therefore, a net power gain in the

entire wind farm can be achieved.

Various early studies (Grant & Parkin, 2000; Grant et al., 1997) have revealed that the character-

istics of the wake of a yawed turbine are significantly different from its non-yawed counterpart.

Most notably, the yawed wake is deflected to the downwind-inclined side of the rotor. Medici

and Alfredsson (2006) indicated the potential of exploiting this phenomenon to optimise

wind farm power using active yaw control, and he validated this concept with wind tunnel

experiments. Since then, there has been a push in the wind energy community towards un-

derstanding the wake characteristics of yawed turbines. Jiménez et al. (2010) first derived an

analytical wake model based on the top-hat velocity profile as an extension to the well-known

Jensen wake model (Jensen, 1983) for non-yawed turbines. Bastankhah and Porté-Agel (2016)

performed a wind tunnel study of a yawed miniature wind turbine in a turbulent boundary

layer flow. They found that the time-averaged velocity deficit and wake skew angle profiles are

Gaussian and self-similar in the far wake region. Exploiting this phenomenon, they developed

a closed-form analytical model for the velocity deficit profiles of yawed turbines. Comparing

with the top-hat Jimenez model, they found that the Gaussian model results are in better

agreement with the measurements. Zong and Porté-Agel (2020a) developed a momentum-

conserving method to superpose the wake velocity deficits behind multiple yawed turbines.

Qian and Ishihara (2018) developed a bi-Gaussian parametric model for the turbulence in-

tensity distribution in the wake of a yawed turbine. In a follow-up study, Qian and Ishihara

(2021) also proposed a superposition model for predicting turbulence intensity in the wakes of

multiple yawed turbines. The Qian and Ishihara model is based on the principle of the linear

sum of squares of the added turbulence intensity, and it introduces a parametric correction

for partial-wake scenarios.
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Another distinctive feature of the wake of a yawed turbine is the formation of a counter-

rotating vortex pair (CVP), which is induced by the lateral forces applied by the yawed turbine.

Howland et al. (2016) conducted wind tunnel experiments on a yawed permeable disk in

laminar inflows. They found that the permeable disk’s wake is significantly asymmetrical,

or "curled", in the spanwise direction. The presence of the CVP deforms the curled wake.

Bastankhah and Porté-Agel (2016) also observed the CVP in the wind tunnel study of a yawed

miniature wind turbine immersed in a turbulent boundary-layer flow. The curled wake pattern

can sustain itself beyond the near-wake region and can still be observed at the location where a

downwind turbine can be installed. Motivated by these experimental results, researchers made

several efforts to incorporate the physics of the CVP in yawed wake modelling. Shapiro et al.

(2018) treated the yawed turbine as a surface with an elliptic vorticity distribution and used

lifting line theory to model the CVP formation. Based on the vorticity distribution proposed by

Shapiro et al. (2018), Martínez-Tossas et al. (2019) developed a curled-wake model by solving

the linearised Euler equations. King et al. (2021) derived an analytical approximation of the

model of Martínez-Tossas et al. (2019) and formulated a reduced-order curled wake model

that is computationally efficient. Zong and Porté-Agel (2020b) investigated the physics of

the CVP in wind tunnel experiments and developed a point-vortex transportation model

that reproduces the formation mechanism of the top-down asymmetric kidney-shaped wake

behind a yawed turbine.

Besides experimental and theoretical approaches, numerical modelling is also popular among

researchers studying AYC. Large-eddy simulation (LES), due to its relatively high fidelity, is

widely used to investigate wind turbine wakes. In LES, the turbine-induced forces can be

represented by three main models. Jiménez et al. (2010) first used a standard actuator disk

model (ADM-std), which assumes a uniform distribution of the thrust force on the rotor disk,

to parametrise the yawed turbine-induced forces in LES. The ADM-std was also adopted by

other researchers studying the wakes of multiple turbines (Boersma et al., 2019; Munters &

Meyers, 2018a; Stevens et al., 2018). As an improvement to the ADM-std, the blade element

actuator disk model (ADM-BE), also referred to as the rotational actuator disk model (ADM-R),

is proposed by Wu and Porté-Agel (2011) and Porté-Agel et al. (2011b), which uses the blade

element theory to parametrise the non-uniform thrust and tangential forces on the turbine

rotor in LES. The ADM-BE was later applied by Fleming et al. (2018) to study the large-scale

trailing vortices in yawed wind turbine wakes. The actuator line model (ALM), proposed by

Sørensen and Shen (2002), is also a widely used in LES studies of yawed turbines (Archer

& Vasel-Be-Hagh, 2019; Fleming et al., 2016; Stevens et al., 2018; Wang et al., 2017). The

ALM parametrises the rotor-induced forces on the line elements distributed along each blade.

Unlike LES using the ADM, LES using the ALM can produce the tip vortices in the near wake

region. However, LES using the ALM also requires higher temporal and spatial resolution

than the ADM counterpart (Martınez-Tossas et al., 2017), thus consuming substantially more

computational resources.

Lin and Porté-Agel (2019) have previously validated an LES framework using the ADM-BE to

simulate the wake of a stand-alone wind turbine subjected to AYC. Since the ultimate goal of
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AYC is to be applied to wind farms, it is natural to extend the validation to multiple turbines.

This study compares LES results using different turbine parametrisations (ADM-std, ADM-BE

and ALM) with wind tunnel measurements of a three-turbine array (Zong & Porté-Agel, 2021)

in different turbine layouts and yawed configurations.

The rest of the chapter is structured as follows. Section 3.2 discusses the numerical configura-

tions used in the simulations and the methodology for evaluating the power output. Section

3.3 presents the simulation results obtained from LES using different turbine parametrisations

and compares them with wind tunnel measurements. Section 3.4 shows the conclusions

drawn from the results and discusses the possible extension of this work.

3.2 Methodology

3.2.1 Governing equations

A GPU-accelerated version of the WiRE-LES code is used in this study. The code has been

developed at the Wind Engineering and Renewable Energy Laboratory (WiRE) of the École

Polytechnique Fédérale de Lausanne (EPFL). It has been used and validated in previous studies

of wind turbine wakes, e.g., in Wu and Porté-Agel (2011), Porté-Agel et al. (2011a), Abkar and

Porté-Agel (2015) and Lin and Porté-Agel (2019).

The WiRE-LES solves the spatially filtered incompressible Navier-Stokes (N-S) equations:

∂ũi

∂xi
= 0,

∂ũi

∂t
+ ũ j

(
∂ũi

∂x j
− ∂ũ j

∂xi

)
= −∂p̃∗

∂xi
− ∂τi j

∂x j
− fi

ρ
+ Fp

ρ
δi 1,

(3.1)

in which ũi is the spatially filtered velocity (i = 1,2,3 representing the streamwise, spanwise

and vertical directions, respectively); p̃∗ is the modified kinematic pressure; fi are the body

forces exerted by the wind turbine on the flow; Fp is the pressure gradient imposed to drive the

flow; τi j = �ui u j − ũi ũ j is the kinematic sub-grid scale (SGS) stress, which is is parametrised

using the modulated gradient model (MGM) proposed by Lu and Porté-Agel (2010):

τi j = 2ksg s
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)
, (3.2)

in which G̃i j is defined as follow:
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ksg s is the zero-clipped SGS kinetic energy:

ksg s = 1G̃i j S̃i j<0(G̃i j S̃i j )
4∆̃

2

C 2
ϵ

(
− G̃i j

G̃kk
S̃i j

)2

, (3.4)

in which 1G̃i j S̃i j<0(G̃i j S̃i j ) is an indicator function taking the value of 1 if G̃i j S̃i j < 0 and 0 if

G̃i j S̃i j ≥ 0; S̃i j is the filtered strain rate; ∆̃ is defined as 3
√
∆̃x∆̃y∆̃z , in which ∆̃x , ∆̃y and ∆̃z

are the filter widths in the streamwise, spanwise and vertical directions. Cϵ = 1.6 is the model

coefficient obtained from the simulations of the ABL flow using dynamic procedures (Lu &

Porté-Agel, 2014).

3.2.2 Wind turbine parametrisation

In the WiRE-LES, three types of wind turbine parametrisation are implemented (Figure 3.1):

the ADM-std, the ADM-BE and the ALM. In the ADM-std, a wind turbine is modelled as

a permeable disk with thrust forces uniformly distributed within the rotor diameter. The

magnitude of the thrust force is computed as follows:

Fx =
1

2
ρACT U 2

i n , (3.5)

in which ρ is the air density; A is the sweeping area of the rotor disk; CT is the thrust coefficient

of the wind turbine, and Ui n is the incoming wind speed. Since the turbines in wind farms

often operate in the wakes of upwind turbines, their incoming velocities are retrieved as

follows:

Ui n = Uloc /(1−a), (3.6)

in which Uloc is the local disk-averaged velocity at the rotor, and a is the induction factor

estimated from the thrust coefficient:

a =
1

2
(1−

√
1−CT ). (3.7)

Using the reconstructed inflow velocity, we update the thrust coefficient and the power coeffi-

cient of the turbine by interpolating the thrust and power curves of the WiRE-01 miniature

wind turbine (Bastankhah & Porté-Agel, 2016).

In the ADM-BE, the turbine-induced forces are parametrised using the blade element theory.

In contrast with the ADM-std, the forces in the ADM-BE are computed from the local velocity

information and the aerodynamic properties of each blade element. As a result, the forces

are non-uniform across the rotor. Furthermore, the ADM-BE considers the thrust forces and

models the tangential forces on the rotor. As a result, the ADM-BE introduces wake rotation

in the wake of a turbine. After subdividing the rotor into an axisymmetric grid, the ADM-BE

27



Chapter 3. LES of a wind-turbine array subjected to active yaw control

Figure 3.1: Schematic representation of the three wind turbine parametrisations used in
WiRE-LES: (a) the ADM-std; (b) the ADM-BE; (c) the ALM. To illustrate the differences in the
distribution of the forces computed using the three models, the normalised contours of the
instantaneous force distribution (normalised by the respective maximum value) induced by
each model are plotted.

computes the local thrust force Fx and the local tangential force Ft as follows:

Fx =
1

2
ρU 2

r e f σΦ(CL cos(φ)+CD sin(φ)),

Ft =
1

2
ρU 2

r e f σΦ(CD cos(φ)−CL sin(φ)),
(3.8)

in which Ur e f is the resultant inflow velocity at a given blade section; c is the chord length, and

σ is the solidity of the blade section; Φ is the Prantl tip-loss correction factor; φ is the angle

between the relative axial and the tangential velocity components at the blade element; CL

and CD are the lift and drag coefficients interpolated from a 2D tabular dataset (Revaz et al.,

2020) using the angle of attack (AoA) at a given blade element. A more detailed description of

the ADM-BE and its application in yawed turbines can be found in Wu and Porté-Agel (2011)

and Lin and Porté-Agel (2019).

The ALM computes the turbine-induced forces on line elements distributed on the moving

turbine blades. The normal and the tangential forces on each source point are also computed

from the blade element theory:

Fx =
1

2
ρU 2

r e f cΦ(CL cos(φ)+CD sin(φ)),

Ft =
1

2
ρU 2

r e f cΦ(CD cos(φ)−CL sin(φ)).
(3.9)
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3.2.3 Case configuration

In this study, four simulation cases are set up to reproduce the boundary-layer wind tunnel

experiments of a wind turbine array subjected to active yaw control described by Zong and

Porté-Agel (2021). The wind turbine array consists of three WiRE-01 miniature wind turbines.

The diameter of the turbine d = 0.15 m, and the hub height Zhub = 0.125 m. Each turbine

is separated from the closest neighbouring turbines by a constant distance Sx = 5d in the

streamwise direction.

The configurations of the cases are summarised in Table 3.1. In Cases 1 and 2, the turbine rotor

locations are aligned in the streamwise direction (i.e., lateral offset Sy = 0), while a lateral offset

Sy = d/3 is applied in Cases 3 and 4. In Cases 1 and 3, no active yaw control is applied (i.e., zero

yaw angle for all turbines), while yawing configurations of (−25◦,−15◦,0◦) and (−20◦,−20◦,0◦)

are applied in Cases 2 and 4, respectively. These were found to be the optimal yawing strategies

that maximised the overall power output from the experiments (Zong & Porté-Agel, 2021)I.

The wind turbine rotational speeds ω are also chosen to match those of the experiments.

Table 3.1: Case configurations of the wind tunnel experiments, with the specifications of the
lateral offset Sy , the yaw angles γ = (γ1,γ2,γ3) and the rotational speeds ω = (ω1,ω2,ω3).

No. Sy γ ω (RPM)
Case 1 0 (0◦,0◦,0◦) (2183, 1405, 1560)
Case 2 0 (−25◦,−15◦,0◦) (2113, 1666, 1744)
Case 3 d/3 (0◦,0◦,0◦) (2156, 1639, 1755)
Case 4 d/3 (−20◦,−20◦,0◦) (2094, 1824, 2072)

Schematics of the simulation domain are shown in Figure 3.2. The size of the domain in the

streamwise direction is 21.3d . To minimise the blockage effect, the size of the simulation

domain is 10.7d in the spanwise direction and 5.3d in the vertical direction. The pressure

gradient is imposed up to the height Zbl = 0.3 m to create a boundary layer with the same

height as in the experiments. The friction velocity u∗ = 0.265 m s−1 and the roughness length

z0 = 9×10−5 m in the LES cases are chosen so that the streamwise mean inflow velocity and

the streamwise turbulence intensity at the hub-height match the wind tunnel measurements

(Figure 3.3).

3.2.4 Numerical configuration

In the WiRE-LES, the spatially filtered N-S equations are solved by the pseudospectral method

in the horizontal directions and the second-order finite-difference method in the vertical

direction. Explicit time integration is carried out using the Adams–Bashforth method. Such a

choice of numerical schemes has also been applied and validated in previous wind turbine

IFor the sake of consistency with other chapters, the definition of positive yaw direction in this chapter is
opposite to the one in Zong and Porté-Agel (2021): for a counter-clockwise rotating turbine (when viewed from the
front), the yaw angle is positive when the turbine is yawed clockwise (when viewed from the top).
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Figure 3.2: Schematic plots of the simulation domain (not to scale): (a) top view; (b) side view.

wake flow studies (Lin & Porté-Agel, 2019; Wu & Porté-Agel, 2011).

The simulation domain is discretised into a uniform grid with the cell numbers of 256×128×
128 in the streamwise, spanwise and vertical directions, respectively. Since the 3/2 rule is

applied in the spectral filter in the horizontal directions for the de-aliasing, the ratio between

the filter size ∆̃ and the grid size (∆) in the horizontal directions is ∆̃x /∆x = ∆̃y /∆y = 1.5.

In the vertical direction, the ratio is ∆̃z /∆z = 1. Therefore, the aspect ratio of the grid is

∆x :∆y :∆z = 2 : 2 : 1 and the aspect ratio of the filter is ∆̃x : ∆̃y : ∆̃z = 3 : 3 : 1. In the spanwise

direction, the ratio of the rotor diameter to the filter size is d/∆̃y = 8, and the ratio to the grid

size is d/∆y = 12. In the vertical direction, the ratios of the rotor diameter to the filter size

and the grid size are d/∆z = d/∆̃z = 24. The time step is chosen to keep the Courant number

around 0.1. The total simulated physical time is 15 minutes, and the last 10 minutes of the

simulation are used to obtain flow statistics and power outputs.

Periodic boundary conditions are used on the lateral boundaries in the horizontal directions

(x and y). In the vertical direction (z), a slip-wall condition is imposed on the top boundary,

and a non-penetration wall is applied on the bottom boundary with specified stress based on

the logarithmic law of the wall. A precursor method is used to generate the turbulent inflow
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Figure 3.3: Vertical profiles of the inflow streamwise mean velocity ui n (m/s) (a) and the
streamwise turbulence intensity Iu (b). Blue solid lines represent the LES results, and red dots
represent the corresponding measurement data at the hub height.

for the simulation (Abkar & Porté-Agel, 2015; Porté-Agel et al., 2013; Wu & Porté-Agel, 2011),

and a shifting boundary method is applied (Munters et al., 2016) at the inflow to mitigate the

formation of spurious locked-in streak-like structure (Fang & Porté-Agel, 2015).

3.3 Results

3.3.1 Mean velocity

For the cases with zero lateral offset (Cases 1 and 2), contours of the normalised streamwise

mean velocity in the x-y plane at hub height are shown in Figures 3.4 and 3.5, respectively.

In Case 1 (Figure 3.4), the turbines are not yawed, and the turbine array is aligned with the

inflow direction. The second and the third turbines are fully exposed to the wakes of their

upwind turbines. In Case 2 (Figure 3.5), with the yaw angles γ = (−25◦,−15◦,0◦), the wakes of

the yawed turbines are redirected to the side where the turbine rotor plane is inclined into

the downwind direction. As a result, the second and the third turbines in Case 2 are partially

exposed to the wake of their respective upwind turbines.

Spanwise profiles of the normalised streamwise mean velocity at hub height in Cases 1 and

2 are shown in Figures 3.6 and 3.7, respectively. Behind the first turbine, we find that the

maximum velocity deficits are slightly underestimated by LES using the ADM-std in the near

wake for both non-yawed (Figure 3.6a) and yawed configurations (Figure 3.7a). As the wake

develops further downstream, the results of the three models converge to the measurements.
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Figure 3.4: Contours of the normalised streamwise mean velocity u/uhub in the x-y plane at
hub height obtained from the wind-tunnel experiments and LES in Cases 1. (a) Experiment;
(b) ADM-std; (c) ADM-BE; (d) ALM.
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Figure 3.5: Contours of the normalised streamwise mean velocity u/uhub in the x-y plane at
hub height obtained from the wind-tunnel experiments and LES in Cases 2. (a) Experiment;
(b) ADM-std; (c) ADM-BE; (d) ALM.
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Behind the second turbine, the wakes of the turbine parametrised by the ADM-std have slightly

larger velocity deficits and wake widths compared to the measurements in the non-yawed

configuration (Figure 3.6b). In the yawed configuration (Figure 3.7b), the velocity deficits

obtained from LES using the ADM-std are overestimated on the side where the turbine rotor

is inclined downwind and are underestimated on the upwind-inclined side. As a result, the

velocity profiles are further shifted to the negative spanwise (y) direction than the measure-

ments. Behind the third turbine, the three models yield reasonable predictions of the mean

velocity in the non-yawed configuration (Figure 3.6c), while the ADM-std again produces an

unrealistic shift in the velocity profiles in the yawed configuration (Figure 3.7c).

Figures 3.8 - 3.11 show measured and simulated contours and spanwise profiles of the mean

velocity, respectively, for the partial-wake cases under consideration (Cases 3 and 4). Due to

the lateral offset of the turbines, the second and the third turbines are partially exposed to

the incoming wakes in the non-yawed and yawed configurations. In Cases 3 and 4, where

the partial-wake condition occurs, shifted velocity profiles with respect to the measurements

are observed in the wakes of the second and the third turbines parametrised by the ADM-std.

Furthermore, an underestimation of the velocity deficits is also observed in the wake of the

third turbine parametrised by the ADM-std in Case 4.

Figure 3.12 shows the trajectories of the location of the maximum velocity deficit in the wake

in different configurations. The trajectories obtained from LES using the ADM-BE and the

ALM are in good agreement with the measurements. On the other hand, the trajectories

obtained from LES using the ADM-std are shifted from the measurements behind the turbines

in partial wake conditions. This is consistent with the shifted pattern observed in the velocity

profiles. This observation can be explained by a key model assumption of the ADM-std: the

turbine-induced forces are modelled as thrust forces uniformly distributed on the rotor disk.

To illustrate this point, we plot the time-averaged thrust forces per unit area on the rotor disk

of WT 3 in Case 2, which is a turbine partially exposed to the wake of its upstream turbine

(Figure 3.13). We can see that the normal thrust force parametrised by the ADM-std (Figure

3.13a) is uniform on the rotor. By contrast, the forces parametrised by the ADM-BE (Figure

3.13b) and the ALM (Figure 3.13c) have non-uniform distributions on the rotor: specifically,

larger thrust forces are found on the right side of the contours. The differences in the thrust

force distribution lead to a shift from the measurements in the maximum velocity deficit

trajectories in the cases using the ADM-std.

3.3.2 Turbulence statistics

Contours and profiles of the streamwise turbulence intensity in the x-y plane at hub height

are shown from Figures 3.14 to 3.17. The experiment results of the non-yawed and yawed

configurations are compared with the corresponding LES results using the ADM-std, ADM-BE

and ALM. Since the wind tunnel measurements of the turbulence intensity are not available

for Case 3 and Case 4, we only analyse Case 1 and Case 2 without offset.
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Figure 3.6: Spanwise profiles of the normalised streamwise mean velocity u/uhub in the x-y
plane at hub height obtained from the wind-tunnel experiments and LES in Case 1. (a) WT 1;
(b) WT 2; (c) WT 3.
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Figure 3.7: Spanwise profiles of the normalised streamwise mean velocity u/uhub in the x-y
plane at hub height obtained from the wind-tunnel experiments and LES in Case 2. (a) WT 1;
(b) WT 2; (c) WT 3.
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Figure 3.8: Contours of the normalised streamwise mean velocity u/uhub in the x-y plane at
hub height obtained from the wind-tunnel experiments and LES in Cases 3: (a) Experiment;
(b) ADM-std; (c) ADM-BE; (d) ALM.

.
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Figure 3.9: Contours of the normalised streamwise mean velocity u/uhub in the x-y plane at
hub height obtained from the wind-tunnel experiments and LES in Cases 4: (a) Experiment;
(b) ADM-std; (c) ADM-BE; (d) ALM.

.
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Figure 3.10: Spanwise profiles of the normalised streamwise mean velocity u/uhub in the x-y
plane at hub height obtained from the wind-tunnel experiments and LES in Case 3. (a) WT 1;
(b) WT 2; (c) WT 3.
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Figure 3.11: Spanwise profiles of the normalised streamwise mean velocity u/uhub in the x-y
plane at hub height obtained from the wind-tunnel experiments and LES in Case 4. (a) WT 1;
(b) WT 2; (c) WT 3.

40



3.3 Results

ADM-std ADM-BE ALM Exp.

ADM-std ADM-BE ALM Exp.

ADM-std ADM-BE ALM Exp.

ADM-std ADM-BE ALM Exp.

2             4              6             8             10           12            14           16

2             4              6             8             10           12            14           16

2             4              6             8             10           12            14           16

2             4              6             8             10           12            14           16

2

1

0

-1

2

1

0

-1

2

1

0

-1

2

1

0

-1

(a)

(b)

(c)

(d)

y/
d

y/
d

y/
d

x/d

x/d

x/d

x/d

y/
d

Figure 3.12: Trajectories of maximum velocity deficit location obtained from the wind-tunnel
experiments, LES using the ADM-std, ADM-BE and ALM. (a) Case 1: γ = (0◦,0◦,0◦), zero offset;
(b) Case 2: γ = (−25◦,−15◦,0◦), zero offset; (c) Case 3: γ = (0◦,0◦,0◦), d/3 offset; (d) Case 4:
γ = (−20◦,−20◦,0◦), d/3 offset.

In the measurement contours shown in Figures 3.14 and 3.15, a large magnitude of turbulence

intensity is observed at the edges of the wake due to the strong shear in these regions. In the

non-yawed case (Figure 3.14a), the turbulence intensity in the wakes is largely symmetric with

respect to the wake centre-line. In the yawed case (Figure 3.15a), the turbulence intensity on

the positive y side of the wake is larger than the turbulence intensity on the negative y side.

By comparing the LES results with the measurements in the turbulence intensity contours, we

find that the results of LES using the ADM-std show discrepancies with the measurements in

the yawed case with the partial-wake condition. In the wakes behind the second and the third

turbine, LES using the ADM-std overestimates the turbulence intensity with respect to the

measurements on the negative y side of the wake. This is consistent with the overestimation of

the mean velocity gradient in LES using the ADM-std on the positive y side of the skewed wake
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Figure 3.13: Back-view contours of the time-averaged normal force per unit area on the rotor
disk of WT 3 in Case 2. The turbine forces are parametrised by (a) the ADM-std; (b) the ADM-
BE; (c) the ALM.

(Figure 3.7). Furthermore, in comparison with LES using the ADM-BE and the ALM, we find

that LES using the ADM-std underestimates the magnitude of the turbulence flux u′v ′ on the

positive y side of the wake (Figure 3.18) in the yawed case. Since the turbulence production

term is defined by taking a product of the velocity gradient and the turbulence flux, such

differences in LES using the ADM-std lead to an incorrect turbulence intensity distribution in

the partial-wake scenario. Comparisons of the turbulence intensity profiles in Figures 3.16

and 3.17 also show that LES using the ADM-std, the ADM-BE and the ALM slightly overspread

the turbulence in the wakes: the turbulence intensity profiles of the LES results are wider

than the measurements in both non-yawed and yawed cases. This phenomenon is caused by

the fact that the turbine forces in the LES are smeared by smoothing kernels in the turbine

parametrisations. As a result, the shear layer produced at the wake’s edges is wider than the

measurements, causing the wider turbulence intensity profiles in the LES results.

3.3.3 Power prediction

Finally, we compare the power prediction obtained from LES using the ADM-std, the ADM-BE

and the ALM with the power measured in the wind tunnel experiments performed by Zong

and Porté-Agel (2021). Figure 3.19 shows the simulated power coefficients of a zero-yawed

stand-alone turbine and their relative errors to the measurements. The power coefficients are

obtained from the simulations using a baseline grid and a refined grid (×2 refinement in x, y

and z directions from the baseline grid). We find that the ADM-BE yields the best predictions

in the baseline and refined grid cases. Moreover, the errors in the predictions of the ADM-BE

are within the measurement uncertainty (±4.5%) in both cases. By contrast, in the baseline

grid case, the power coefficients predicted by the ADM-std and the ALM have errors that are

larger than the uncertainty upper bound. When the grid is refined, the error in the power
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Figure 3.14: Contours of the turbulence intensity Iu in the x-y plane at hub height obtained
from the wind-tunnel experiments and LES in Case 1: (a) Experiment; (b) ADM-std; (c) ADM-
BE; (d) ALM.
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Figure 3.15: Contours of the turbulence intensity Iu in the x-y plane at hub height obtained
from the wind-tunnel experiments and LES in Case 2: (a) Experiment; (b) ADM-std; (c) ADM-
BE; (d) ALM.
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Figure 3.16: Spanwise profiles of the turbulence intensity Iu in the x-y plane at hub height
obtained from the wind-tunnel experiments and LES in Case 1. (a) WT 1; (b) WT 2; (c) WT 3.
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Figure 3.17: Spanwise profiles of the turbulence intensity Iu in the x-y plane at hub height
obtained from the wind-tunnel experiments and LES in Case 2. (a) WT 1; (b) WT 2; (c) WT 3.
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Figure 3.18: Contours of the normalised turbulence flux u′v ′/uhub in the x-y plane at hub
height obtained from LES using the (a) ADM-std, (b) ADM-BE and (c) ALM in the yawed Case
2 (γ = (−25◦,−15◦,0◦)).

coefficients predicted by the ALM is halved to a level below the uncertainty bound. On the

other hand, the prediction of the ADM-std only changes marginally with the grid refinement

and still overestimates the power coefficient to a level beyond the measurement uncertainty.

Figure 3.20 shows the simulated and measured power of the three-turbine array in Cases 1 to

4 specified in Table 3.1. Figure 3.21 shows the corresponding errors of the simulated power

with respect to the measured power for each turbine. The power outputs and the errors are

normalised by the measured power of the first turbine of the array in zero yaw. Using the

data shown in Figure 3.20 and 3.21, we further compute the normalised total power error

of the three-turbine array in Cases 1 to 4 (Figure 3.22) and use it as the metric to evaluate

the predictions of different parametrisations. This metric is defined as the L1 norm (the

summation of absolute values) of the power error of each turbine in the array, normalised by
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Figure 3.19: (a) Power coefficients of the first turbine in the turbine array in zero yaw. The black
solid line marks the measured power coefficient. (b) Relative errors of the power coefficient
compared to the power measurement. The black dashed line marks the uncertainty bound of
the power measurement.

the total measured power in each case:

ϵ̃tot =

∑3
i =1 |ϵi |∑3

i =1 Pi ,exp
, |ϵi | = |Pi ,si m −Pi ,exp |. (3.10)

We find that the ADM-BE, which explicitly resolves the torque, and therefore the power, yields

more accurate power predictions than the ADM-std. The errors in the ADM-std results can

be attributed to the basic formulation of the model. Firstly, the model assumes a uniform

thrust force distribution on the rotor. As we have shown in Figures 3.12 and 3.13, due to the

inaccuracy of the uniform force assumption, the ADM-std yields shifted maximum velocity

deficit trajectories compared to the measurements. Such errors in the wake velocity distri-

bution affect the power prediction. Secondly, the ADM-std computes the power indirectly

using an estimated inflow velocity reconstructed from the local disk-averaged velocity based

on 1D momentum theory (Eqs. 3.6 and 3.7) and a pre-determined power curve. Since the

power curve is obtained from the measurements of a turbine facing an undisturbed inflow,

it is expected to be less accurate for turbines in yawed and waked conditions. Moreover, the

difference between the inflow velocity reconstructed from the local disk-averaged velocity and

the hub-height velocity used to normalise the power curve also introduces some errors to the

power prediction. In certain scenarios, the errors originating from the aforementioned factors

can cancel with each other, but overall we observe larger total errors in the power predictions

of the ADM-std than the ADM-BE.

We also find that, in general, the ADM-BE outperforms the ALM, even if both of them are

torque-resolving parametrisations. This is consistent with previous studies (Martinez et al.,

2012; Martínez-Tossas et al., 2015) showing that the power prediction from the ALM is more

sensitive to the mesh resolution than the ADM-BE. As a result, the ALM usually fails to yield

satisfactory power prediction in the simulation employing a grid resolution with less than

30 grid points along the rotor diameter (Draper & Usera, 2015; Martínez-Tossas et al., 2015;
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Figure 3.20: Normalised power outputs in (a) Case 1: γ = (0◦,0◦,0◦), zero offset; (b) Case 2: γ =
(−25◦,−15◦,0◦), zero offset; (c) Case 3: γ = (0◦,0◦,0◦), d/3 offset; (d) Case 4: γ = (−20◦,−20◦,0◦),
d/3 offset. The power outputs are normalised by the measured power of the zero-yawed first
turbine of the turbine array.

Figure 3.21: Normalised power errors in (a) Case 1: γ = (0◦,0◦,0◦), zero offset; (b) Case 2: γ =
(−25◦,−15◦,0◦), zero offset; (c) Case 3: γ = (0◦,0◦,0◦), d/3 offset; (d) Case 4: γ = (−20◦,−20◦,0◦),
d/3 offset. The power outputs are normalised by the measured power of the zero-yawed first
turbine of the turbine array.
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Figure 3.22: Normalised total power errors of the three-turbine array. The errors are normalised
by the total measured power of the wind turbine array in each case. Case 1: γ = (0◦,0◦,0◦),
zero offset; Case 2: γ = (−25◦,−15◦,0◦), zero offset; Case 3: γ = (0◦,0◦,0◦), d/3 offset; Case 4:
γ = (−20◦,−20◦,0◦), d/3 offset.

Stevens et al., 2018).

3.4 Summary

In this study, we validate an LES framework with different wind turbine force parametrisations

(the ADM-std, ADM-BE and ALM) to predict the flow through a three-turbine array. The

simulations are set to match existing wind tunnel experiments for which flow and power

measurements are available for different turbine lateral offsets (with respect to the wind

direction) and different active yaw control strategies.

Comparisons with wind tunnel measurements show that LES with wind turbine models

that capture the local distribution of the turbine-induced forces (the ADM-BE and ALM)

provide reasonably accurate predictions of the streamwise mean velocity and the streamwise

turbulence intensity in the wakes of the three wind turbines for all the considered conditions

of lateral offset and yaw control. In contrast, the wake flows simulated with the standard

actuator disk model (the ADM-std) show a lateral shift with respect to the measurements

when the turbines are exposed to partial wake conditions produced by either lateral offset of

the turbines or/and active yaw control. This is due to the fact that the assumption of uniform

thrust force made by the ADM-std hinders the model from capturing the non-uniform force

distribution experienced by the rotor and, consequently, the correct wake velocity distribution

under partial wake conditions. Moreover, we find that LES using the ADM-BE yields overall

better power predictions than the ADM-std and the ALM in the cases considered in this study.

The ADM-BE is found to be better suited for the conditions of turbine yawing and partial wake

overlapping than the ADM-std because the ADM-BE computes the power from the torque

that is explicitly resolved on the rotor. The ADM-BE is also found to be more computationally

efficient than the ALM, as the ALM requires finer grid resolution to produce satisfactory power
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predictions.

From the results mentioned above, we conclude that the ADM-BE provides a good balance

between accuracy and computational cost for the simulation of wind farm flows. In our

future research, we plan to apply the validated LES framework to investigate optimal AYC

strategies under different atmospheric conditions, e.g., turbulence intensity and atmospheric

stability. Furthermore, since the ADM-BE and ALM explicitly resolve the turbine forces, the

LES framework could also be applied to study structural loads in wind farms subjected to AYC.

3.5 Appendix

Here we present results from a grid sensitivity analysis to investigate the influence of grid

resolution on the results obtained with LES. Figure 3.23 shows the hub-height profiles of

the mean velocity and turbulence intensity in the wake behind a yawed turbine (γ = −25◦)

obtained from the measurements and the simulations using the ADM-std, the ADM-BE and

the ALM. The simulations are carried out on the baseline grid specified in Sec. 4.2 and a

refined grid (×2 refinement in x, y and z directions from the baseline grid). Overall, we find

that simulation results converge and agree reasonably well with the measurements when the

grid is refined.
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Figure 3.23: Profiles of the normalised streamwise mean velocity (left column) and turbulence
intensity (right column) in the x − y plane at the hub height, obtained from the wind-tunnel
experiments and the LES at different grid resolutions. (a) and (b): the ADM-std; (c) and (d):
the ADM-BE; (e) and (f): the ALM. The yaw angle of the wind turbine is −25◦.
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4 Power and fatigue of a wind-turbine
array under active yaw control

Abstract

This study investigates the power production and blade fatigue of a three-turbine array sub-

jected to active yaw control (AYC) in the full-wake and partial-wake configurations. A frame-

work of two-way coupled large-eddy simulation (LES) and aeroelastic blade simulation is

applied to simulate the atmospheric boundary-layer (ABL) flow through the turbines and

the structural responses of the blades. The mean power outputs and blade fatigue loads

are extracted from the simulation results. By exploring the feasible AYC decision space, we

find that, in the full-wake configuration, the local power-optimal AYC strategy with positive

yaw angles endures less flapwise blade fatigue and more edgewise blade fatigue than the

global power-optimal strategy. In the partial-wake configuration, applying positive AYC in

certain inflow wind directions achieves higher optimal power gains than that in the full-wake

scenario and reduces blade fatigue from the non-yawed benchmark. Using the blade-element

momentum (BEM) theory, we reveal that the aforementioned differences in flapwise blade

fatigue are due to the differences in the azimuthal distributions of the local relative velocity on

blade sections, resulting from the vertical wind shear and blade rotation. Furthermore, the

difference in the blade force between the positively and negatively yawed front-row turbine

induces different wake velocity and turbulence distributions, causing different fatigue loads

on the downwind turbine exposed to the wake.

The contents of this chapter were published in: Lin, M., & Porté-Agel, F. (2023). Power Production and Blade
Fatigue of a Wind Turbine Array Subjected to Active Yaw Control. Energies, 16(6), 2542.
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4.1 Introduction

Active yaw control (AYC) is a wind farm control strategy which has recently attracted wide

interest in the wind energy community. When wind farm operators apply AYC, they intention-

ally yaw upwind turbines to steer their wakes away from downwind turbines. While the yawed

turbines reduce their power outputs, with a proper AYC strategy, the wind farm can yield more

power and endure less structural fatigue because wake interference between wind turbines is

mitigated.

Several experimental (Bastankhah & Porté-Agel, 2019; Campagnolo et al., 2022; Grant et

al., 1997; Howland et al., 2016; Medici & Alfredsson, 2006; Zong & Porté-Agel, 2021) and

computational (Archer & Vasel-Be-Hagh, 2019; Fleming et al., 2018; Fleming et al., 2014;

Jiménez et al., 2010; Lin & Porté-Agel, 2019; Munters & Meyers, 2018a) studies have been

conducted to investigate the effectiveness of AYC for wind-farm power optimisation. Recently,

there has been growing interest among wind energy researchers in jointly considering fatigue

reduction and power optimisation when applying AYC. Kragh and Hansen (2014) first pointed

out the potential of AYC for reducing load variations on wind turbine blades caused by vertical

wind shear. Zalkind and Pao (2016) later investigated the fatigue loads of a stand-alone

wind turbine at different yaw angles. They found that for a clockwise-rotating (when viewed

from the front) wind turbine in the vertically sheared wind, positive yaw strategies (counter-

clockwise yaw when viewed from the top) decrease the damage equivalent load (DEL) of the

out-of-plane (OOP) blade bending moment, while negative yaw strategies increase it. Using

large-eddy simulation (LES), Fleming et al. (2015) studied a two-turbine case subjected to

AYC in the full-wake condition, and they reported that applying proper positive yaw strategies

can increase power outputs and reduce turbine fatigue. Damiani et al. (2018) measured the

component loads acting on a utility-scale turbine under yaw conditions and also confirmed

the dichotomy of positive yaw and negative yaw in wind turbine loads.

With the studies mentioned above confirming the potential of AYC for achieving power gain

and fatigue reduction, wind energy researchers have conducted several optimisation studies

that applied AYC to wind farms. Gebraad et al. (2017) optimised the annual power production

of a hypothetical wind farm with AYC using a parametric wake model. Van Dijk et al. (2017)

further incorporated a simplified load model into the wake model used in Gebraad et al. (2017)

and performed a multi-objective optimisation of the power production and fatigue loads of a

hypothetical wind farm subjected to AYC. Using a reduced-order flow solver, Kanev et al. (2018)

applied AYC to real-world wind farms to optimise the lifetime power production and fatigue

loading. Reyes et al. (2019) developed a computationally cheap look-up table approach to

optimise fatigue loads in wind farms and validated it with wind tunnel and full-scale field tests.

Ma et al. (2021) investigated the cooperative yaw strategies for a single column of turbines, and

they found that significant power gains can be achieved using simplified strategies with only

two yaw angles: the yaw angle of the first turbine and the one for the downstream turbines

(excluding the last turbine). B. Li et al. (2022) further compared the cooperative yaw control

and axis induction control, and they found that the yaw control is more effective than the
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induction control in achieving meaningful power gains. Lin and Porté-Agel (2020) used LES

to investigate Pareto-optimal AYC strategies for an array of three miniature wind turbines

to maximise power production and minimise fatigue loads. They found Pareto-optimal yaw

strategies with gradually decreasing yaw angles from upwind to downwind turbines.

As shown in the literature, AYC can potentially increase the power outputs and mitigate the

fatigue loads of a wind farm with proper yaw strategies. However, a poorly chosen yaw strategy

can also significantly increase wind turbine fatigue loads while only achieving marginal power

gains. Therefore, the main objective of this study is to understand how the application of

different AYC strategies affects power production and fatigue loading for a wind farm under

various inflow configurations.

The rest of the chapter is structured as follows. In Section 4.2, we discuss the two-way coupled

aeroelastic LES frameworks used in this study and the methodology for evaluating power

production and fatigue loads. In Section 4.3, we present the results of the simulations using

different configurations. In Section 4.4, we present a theoretical analysis of the differences in

flapwise blade fatigue in the turbines under positive and negative yaw strategies. In Section

4.5, we present the conclusions drawn from these findings and discuss possible extensions of

this study.

4.2 Methodology

4.2.1 Governing equations

This study uses the GPU-accelerated version of the in-house WiRE-LES code (Abkar & Porté-

Agel, 2015; Lin & Porté-Agel, 2019; Porté-Agel et al., 2011a; Wu & Porté-Agel, 2011), which

solves the spatially filtered, incompressible Navier-Stokes equations:

∂ũi

∂xi
= 0, (4.1)

∂ũi

∂t
+ ũ j

(
∂ũi

∂x j
− ∂ũ j

∂xi

)
= −∂p̃∗

∂xi
− ∂τi j

∂x j
+ Fp

ρ
δi 1 − f̃i

ρ
, (4.2)

where the subscript i represents the streamwise (i = 1), spanwise (i = 2) and vertical (i = 3)

directions of the ground-fixed coordinate system x - y - z (Figure 4.1), respectively, ũi is

the spatially filtered flow velocity, p̃∗ is the modified kinematic pressure, Fp is the pressure

gradient imposed on the flow, τi j = �ui u j − ũi ũ j is the kinematic sub-grid scale stress, and f̃i

are the forces exerted by the wind turbine blades, the nacelle, and the tower on the flow.

To incorporate aeroelasticity in the simulation, we treat the rotating wind turbine blades as 1d

Euler-Bernoulli beams governed by the dynamic Euler-Bernoulli equations (Meng et al., 2018):
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∂2qk

∂t 2 + 1

µ

∂2Mk

∂r 2 =
1

µ

∂

∂r
(
∫ R

r
µω2r dr

∂qk

∂r
)+ gk +

f̂k

µ
, (4.3)

Mk = Kkl
∂2ql

∂r 2 , (4.4)

where the subscript k specifies the flapwise (k = 1) and edgewise (k = 2) directions of the

blade-following coordinate system x ′
n - y ′

n - z ′
n for the nth blade (Figure 4.1), r is the distance

between the blade element and the hub centre, qk is the blade deformation, Mk is the blade

bending moment, gk is the component of gravitational acceleration in the kth direction, µ is

the blade mass per unit length, f̂k is the aerodynamic load exerted by the flow on the blade,

Kkl is the stiffness matrix of the blade section, and ω is the rotational speed of the rotor.

4.2.2 Simulation setup

In the WiRE-LES code, the filtered Navier-Stokes equations are solved numerically using the

pseudo-spectral method in the horizontal directions (x and y) and the second-order finite-

difference scheme in the vertical direction z. Time integration is done using the second-order

Adam-Bashforth method. The sub-grid scale stress term is parametrised by the modulated

gradient model (Lu & Porté-Agel, 2010). The body forces induced by the wind turbine blades

are parametrised with the elastic actuator line model (EALM) proposed by Meng et al. (2018).

The EALM simultaneously resolves the aerodynamic forces on turbine blade elements as

the classical ALM (Sørensen & Shen, 2002) and solves the discretised Euler-Bernoulli beam

equations using the finite-difference time-domain method to obtain blade deformations. The

deformations are then used to update the ALM calculation in the next time step. The two-way

coupling procedure in the EALM is summarised in Figure 4.2.

In this study, the simulation domain (Lx ×Ly ×Lz = 4096 m × 2048 m × 1024 m), shown in

Figure 4.3, is discretised into a 512×256×512 grid uniformly in each direction. A wind-turbine

array consisting of three NREL 5 MW reference wind turbines (Jonkman et al., 2009), with a

7d distance between each turbine, is placed in the simulation domain. The wind turbines

are not tilted. The turbine rotational speed in the simulation is determined by the dynamic

torque-balance procedure proposed by Wu and Porté-Agel (2015). The first two wind turbines

are subjected to yaw control, while the last turbine is not yawed. In the vertical direction (z)

of the domain, a slip-wall boundary condition is applied to the top, and a non-penetration

wall boundary condition with specified stresses according to the logarithmic law of the wall is

applied to the bottom. Periodic boundary conditions are applied to the lateral boundaries in

the horizontal directions. The inflow is generated by a precursor simulation without the wind

turbine array and is then imposed at the inlet section of the simulation domain with wind

turbines. A buffer section is added in front of the inflow section to transform the flow from the
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Figure 4.1: The ground-fixed coordinate system x - y - z for solving the filtered Navier-
Stokes equations and the blade-following coordinate system x ′

n - y ′
n - z ′

n for solving the
Euler-Bernoulli beam equations for the nth blade: (a) top view; (b) front view. ψ is the phase
angle of the blade. γ is the yaw angle of the turbine. The positive directions of ψ and γ follow
the right-hand rule.

outlet to the inlet of the simulation domain through a smooth weighting function. The mean

streamwise hub-height inflow velocity uhub = 10 m/s, and the streamwise hub-height inflow

turbulence Iu = 7.5%.

4.2.3 Fatigue evaluation

In this study, wind turbine fatigue damage is quantified according to the damage equivalent

loads (DELs) of blade-root bending moments (flapwise and edgewise). The procedures for

computing DELs are as follows (Freebury & Musial, 2000):

• Extract time series of blade-root bending moments from the LES coupled with the

EALM.

• Apply the rainflow cycle-counting algorithm and extract the histograms of load-cycle

means Mmean and load-cycle ranges Mr ang e .

• Use Goodman’s rule to correct the effect of mean loads on fatigue damages and obtain
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Actuator line

Structural solver

Flow solver

Blade-induced forces

Aerodynamic loadsBlade deformations

Local velocities

Figure 4.2: The coupling procedure between the flow solver and the structural solver in the
EALM. The arrows in the flowchart represent the variable passing between different modules
of the solver.
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the corrected cycle range M ′
r ang e,k for the kth bin of the histogram:

M ′
r ang e,k =

Mr ang e,k

1− Mmean,k

σMmax

, (4.5)

where Mmax is the maximum bending moment of the time series, σ is a safety factor,

and its value is chosen as 1.5.

• Use the Palmgren-Miner rule, which assumes linear accumulation of fatigue damages,

to compute DELs:

MDEL =

(∑nb

k=1 nk M ′
r ang e,k

m

Nr e f

)1/m

, (4.6)

where nb is the total bin number of the histogram extracted from the rainflow cycle-

counting, nk is the cycle count of the kth bin of the histogram, Nr e f is the reference

cycle number, and m is a material parameter which takes the value of 10 for composite

materials.

4.3 Results

In this section, we present the simulation results of different AYC strategies in the full-wake

and partial-wake configurations. The AYC decision space is defined by the yaw angles of

the first two turbines in the array (WT 1 and WT 2): Γ = {γ1 : −30◦,−25◦, ...,25◦,30◦}× {γ2 :

−30◦,−25◦, ...,25◦,30◦}I, and the yaw angle of the last turbine is fixed to 0◦. A time window

of 800 s is chosen to extract the mean velocity fields, mean power outputs and fatigue loads

based on the recommendations of IEC standards (IEC, 2019).

4.3.1 Velocity deficits

Figure 4.4 shows the contours of the normalised mean streamwise velocity deficits ∆u/uhub

of six representative cases (Table 4.1) in the horizontal x - y plane at the hub height. The

wind turbine array is in the full-wake configuration α = 0◦ in Cases (a-c) and partial-wake

configuration α = 3◦ in Cases (d-f).

When the turbine array is in the full-wake configuration α = 0◦ (Figures 4.4a - 4.4c), we observe

that applying positive and negative yaw strategies deflects the wakes of upwind turbines away

from downwind turbines. When the array is in partial-wake configuration α = 3◦ (Figures 4.4d

- 4.4f), the positive yaw strategy is clearly more favourable due to the spanwise offset of the

turbines. In Figure 4.4e, wake interference is largely avoided by applying positive yaw, whereas

IWhen viewed from the front, the NREL 5 MW reference turbine rotates clockwise, while WiRE-01 rotates
counter-clockwise. Therefore, for the NREL 5MW turbine, the yaw angle is defined as positive when the turbine is
yawed counter-clockwise (when viewed from the top).
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Figure 4.4: Top-view x - y cross-section contours of normalised streamwise mean velocity
deficits ∆u/uhub at the hub height. Full-wake configuration (α = 0◦): (a) γ = (0◦,0◦,0◦); (b)
γ = (25◦,20◦,0◦); (c) γ = (−25◦,−20◦,0◦). Partial-wake configuration (α = 3◦): (d) γ = (0◦,0◦,0◦);
(e) γ = (25◦,20◦,0◦); (f) γ = (−25◦,−20◦,0◦).

in Figure 4.4f, the application of negative yaw aggravates the interference of the wakes. We

also observe the phenomenon of secondary wake deflection in the results, i.e., the additional

deflection in the wake of a non-yawed turbine exposed to the wake of the yawed upwind

turbine. For example, as shown in Figures 4.4b and 4.4c, although WT 3 itself is not yawed, the

wake of WT 3 is still deflected when the turbine is exposed to the wake of the yawed upwind

turbine. The secondary wake deflection is caused by the non-zero cross-flow in the wake of

the yawed upwind turbine (Bastankhah & Porté-Agel, 2016; Zong & Porté-Agel, 2020b).

To further compare the wake structure of non-yawed and yawed turbines, in Figure 4.5 we

show the contours of normalised mean streamwise velocity deficits ∆u/uhub in the vertical y -

z cross-section plane 6d downwind of WT 1. The velocity deficit contours are overlapped with

the vector fields of in-plane velocity components (v and w). In the non-yawed case (Figure

4.5a), the velocity deficit region is largely circular; in the yawed cases (Figures 4.5b and 4.5c), a

distinctive asymmetric kidney-shaped (curled) velocity deficit region is found in the wakes
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Table 4.1: Configurations of the six representative cases in the full-wake and partial-wake
configurations.

Case Yaw angle (γ) Inflow angle (α)
(a) (0◦,0◦,0◦) 0◦

(b) (25◦,20◦,0◦) 0◦

(c) (−25◦,−20◦,0◦) 0◦

(d) (0◦,0◦,0◦) 3◦

(e) (25◦,20◦,0◦) 3◦

(f) (−25◦,−20◦,0◦) 3◦

behind yawed turbines, which is associated with the formation of a counter-rotating vortex

pair (CVP) (Bastankhah & Porté-Agel, 2016; Shapiro et al., 2018; Zong & Porté-Agel, 2020b).

The CVP is induced by the cross-flow in the wake, which creates a skewed inflow for downwind

turbines and leads to additional wake deflection behind those turbines.

Figure 4.5: Front-view y - z cross-section contours of normalised streamwise velocity deficits
∆u/uhub at the location 6d downwind of WT 1, overlapped with vector fields of in-plane
velocity components: (a) γ1 = 0◦; (b) γ1 = 25◦; (c) γ1 = −25◦.

Furthermore, as shown in Figure 4.5, the wake structure of the positively yawed turbine (Figure

4.5b) differs from its negatively yawed counterpart (Figure 4.5c). On the vertical y - z cross-

section plane, the upper half of the velocity deficit region behind the negatively yawed turbine

is deflected further away from the domain centre-line (y/D = 0) than its counterpart behind

the positively yawed turbine. The lower half of the wake deficit region, on the other hand,

is closer to the centre line (y/D = 0) behind the negatively yawed turbine than that of the

positively yawed one. The cross-flow in the wake of the positively yawed turbine is largely

horizontal, whereas the direction of the cross-flow behind the negatively yawed turbine is

around 45◦ upwards. Zong and Porté-Agel (2020b) observed a similar dichotomy of the wake

structure of a positively and negatively yawed turbine in the wind tunnel experiments carried
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out in their study, and they explained it by the different vorticity evolution behind a positively

yawed and negatively yawed turbine, which affects the deformation of the velocity deficit

region.

4.3.2 Power production

The power production of wind farms subjected to AYC is an important metric for evaluating

different AYC strategies. Figure 4.6 shows the normalised power outputs of the six represen-

tative cases specified in Table 4.1. In the full-wake configuration (Figure 4.6a), the positive

and negative yaw strategies yield very similar power outputs for WTs 1 and 2; for WT 3, the

negative yaw strategy yields 5.7% more power than the positive one because negative yaw

induces larger wake deflection than positive yaw (Zong & Porté-Agel, 2020b). In partial-wake

configuration α = 3◦(Figure 4.6b), applying positive yaw can help to achieve power gains in the

downwind turbines. In contrast, applying negative yaw redirects the wakes back to downwind

turbines, as shown in Figure 4.5f, and leads to power losses for all three turbines.

Figure 4.7 shows the contours of the normalised total power gains in the AYC decision space

Γ with different inflow angles α. Normalisation is carried out using the total power of the

non-yawed baseline case P0. The most noticeable difference between full-wake (α = 0◦) and

partial-wake (α ̸= 0◦) configurations is that there are two local optima in the decision space of

the full-wake configuration, while there is only one optimum for partial-wake configurations.

Consistent with the experimental results of Zong and Porté-Agel (2021), the local power

optimum corresponding to negative yaw (+5.14%) is larger than the one corresponding to

positive yaw (+4.23%). Furthermore, in the partial-wake configurations under consideration

(α = ±3◦, ±5◦), smaller yaw angles are needed to alleviate the wake interference in the turbine

array due to the spanwise offset of the wind turbines, and the power gains achieved by applying

the optimal AYC are larger than the one in the full-wake configuration. The optimal power

gains in the configurations with α = ±5◦ are also smaller than their counterparts with α = ±3◦.

This observation can be explained by the fact that the turbines in the non-yawed baseline

cases become less exposed to the wake flows with the increasing magnitude of the inflow

angle; hence, the room for power improvement with AYC is reduced.

4.3.3 Blade fatigue loading

Besides power production, fatigue loading is another critical metric to consider when applying

AYC to a wind farm. Figure 4.8 shows the time-series segments of the flapwise bending moment

(FBM) (Figure 4.8a) and the edgewise bending moment (EBM) (Figure 4.8b) at the blade root

of WT 1. We find that, when the turbine is yawed, whether positively or negatively, the means

of the FBM are decreased. However, a negatively yawed turbine has a larger FBM variation

than the non-yawed baseline, while a positively yawed turbine has a smaller variation. As for

the EBM, the differences between yawed and non-yawed turbines are less significant than

the FBM because the variation in the EBM is dominated by the cyclic gravity load acting on
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Figure 4.6: Normalised power outputs of different AYC configurations, normalised by the power
of WT 1 in zero yaw (a) in the full-wake configuration α = 0◦ (b) in partial-wake configuration
α = 3◦.

rotating blades; thus, it is less sensitive to changes in the aerodynamic loads caused by AYC.

Using the transient blade loads extracted from the simulations, we further evaluate blade

fatigue with the methodology discussed in Section 4.2.3. Figure 4.9 shows the flapwise and

edgewise DELs for the wind turbine array at different AYC configurations. In the full-wake

configuration α = 0◦, we observe that:

• In the flapwise direction (Figure 4.9a), the positive yaw case has lower DELs in WTs 1

and 2 and a higher DEL in WT 3 compared to the non-yawed baseline. On the other

hand, the negative yaw case has larger DELs than the baseline for all three turbines.

• In the edgewise direction (Figure 4.9c), applying positive yaw decreases the DEL in WT 1

while increasing it in WTs 2 and 3. The negative yaw strategy decreases the DELs for all

three turbines.

In partial-wake configuration α = 3◦, we observe that:

• In the flapwise direction (Figure 4.9b), the DELs of WTs 2 and 3 are larger than those of

WT 1 in the non-yawed baseline. This is caused by the downwind turbines being partially

exposed to the wakes of upwind turbines in this configuration, creating significant load

variations on the blades. When the positive yaw strategy is adopted, as noted in the

wake contour (Figure 4.4e), the wake interference is largely avoided, and the turbine

fatigue loads are alleviated. Applying negative yaw in this configuration redirects the

wakes back to the downwind turbines (Figure 4.4f), which also alleviates the partial

wake overlapping. As a result, we observe decreases in the DELs of WT 2 and WT 3 in

the negative yaw case.
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Figure 4.7: Normalised power gain contours in the AYC decision space Γ for different inflow
angles. Black dots show the AYC configurations with the largest power gains.

• In the edgewise direction (Figure 4.9d), applying positive yaw decreases the DEL in WTs

1 and 2 while increasing it for WT 3. The negative yaw strategy reduces the DELs for

all three turbines. Similar to the full-wake configuration, the edgewise DELs are less

sensitive to changes in yaw angles than the FBM.

To further reveal the relation between blade fatigue in the turbine array and AYC, we define the

summation of the DEL of each turbine as the total DEL of the turbine array and compute the

normalised total DEL variation ∆DEL/DEL0. Normalisation is carried out using the total DEL

of the non-yawed baseline case DEL0. Figure 4.10 shows the contours of ∆DEL/DEL0 in the

flapwise (Figures 4.10a to 4.10e) and edgewise directions (Figures 4.10f to 4.10j) in the decision

space Γ for different inflow angles. Consistent with our observations in Figures 4.8 and 4.9,

we find that the changes in the flapwise DELs are more significant than in the edgewise DELs.

Furthermore, in contrast to the power gain contours (Figure 4.7), we observe an asymmetry in

the DEL variation contour: the AYC strategies with opposite signs for yaw and inflow angles

produce similar power outputs but very different DELs. For example (Table 4.2), the two AYC

strategies γ = (−20◦,−20◦,0◦), α = −3◦ and γ = (20◦,20◦,0◦), α = 3◦ in the decision space Γ yield

similar power gains (12.9% vs 11.12%). However, the negative strategy increases the flapwise

DEL (+7.09%) and edgewise DEL (+0.54%) from the non-yaw benchmark, while the positive

strategy γ+ decrease the flapwise DEL (−3.18%) but increases the edgewise DEL (+0.99%).

Table 4.2: Power gains and DEL variations for the configurations with opposite yaw angles.

γ α ∆P/P0 ∆DELF /DELF,0 ∆DELE /DELE ,0

(−20◦,−20◦,0◦) −3◦ 12.9 % 7.09% 0.54%
(20◦,20◦,0◦) 3◦ 11.12% -3.18% 0.99%
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Figure 4.8: Time series segments of blade-root bending moments of WT 1: (a) flapwise bending
moment; (b) edgewise bending moment. Empty cycles show the load reversal points extracted
by the rainflow counting algorithm.

4.4 Theoretical analysis on flapwise blade fatigue

Figures 4.9 and 4.10 have shown that applying positive or negative yaw strategies leads to

significantly different flapwise fatigue loading not only in the yawed turbines but also in the

non-yawed turbines exposed to the wakes of yawed upwind turbines. In this section, we

present a theoretical analysis of the causes of these differences.

Flapwise blade fatigue is induced by the variations of the force normal to the rotor disk Fn

(Figure 4.11) acting on wind turbine blades. The force variation can be attributed to inflow

turbulence and blade rotation. For a front-row turbine, it experiences the same level of inflow

turbulence when it is positively or negatively yawed with the same yaw magnitude. Therefore,

the difference in flapwise fatigue is mainly caused by the different blade-force variations per

rotation, which can be analysed according to the blade element momentum (BEM) theory.

Computing the aerodynamic forces acting on the rotating wind turbine blades based on

the BEM theory requires an iterative process. However, we can simplify this process into

closed-form expressions with reasonable approximations and directly analyse the variation of

aerodynamic loads.

According to the velocity and force triangles in the BEM theory shown in Figure 4.11, the

normal force Fn acting on a blade element per unit length can be expressed as follows:
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Figure 4.9: Normalised DELs of blade-root blending moments in different AYC configurations
and inflow angles, normalised by the DELs of WT 1 in the zero-yaw condition: (a)-(b) flapwise
bending moment; (c)-(d) edgewise bending moment.

Fn =
1

2
cρ(

Vt

cosϕ
)2(CL cosϕ+Cd sinϕ), ϕ = arctan(

Vn

Vt
). (4.7)

where c is the chord length, ρ is the air density, Vr el is the magnitude of the resultant local

relative velocity of the rotating blade with respect to the flow, Vt and Vn are the tangential and

normal components of Vr el , respectively, and ϕ is the angle between resultant relative velocity

and the rotation plane.

We approximate Fn by applying small-angle approximations to the trigonometric functions of

ϕ:

Fn ≈ 1

2
cρV 2

t (CL +Cdϕ). (4.8)
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dots show the power-optimal AYC configurations and their corresponding DEL variations.

The approximations of the trigonometric functions can be justified by the fact that the FBM at

the blade root is dominated by the flapwise loads acting on the sections near the blade tip. In

those sections, the flow angle ϕ, angle of attack (AoA) α, and blade twist angle β are small.

According to classical thin-airfoil theory (Anderson, 2011) and the fact that the twist angle β is

small, the lift coefficient CL of an airfoil in small AoAs can be approximated by:

CL ≈ 2πα, α =ϕ−β≈ϕ. (4.9)

Substituting Eq. 4.9 into Eq. 4.8, we obtain:

Fn ≈ 1

2
cρV 2

t (2π+Cd )ϕ. (4.10)

Since Cd ≪ 2π at small AoAs, we neglect the contribution of Cd and further simplify Eq. 4.10

to:

Fn ≈πcρVt Vn . (4.11)

We find that Fn is approximately proportional to the product of Vt and Vn :

Fn ∝Vt Vn . (4.12)
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Figure 4.11: Schematic plot of the velocity and force triangles on a rotating wind turbine blade
based on the BEM theory (replotted from Burton et al. (2011)).

Therefore, to study the variation of the normal force Fn , we can focus on the variation of Vt Vn .

Since the tangential induction is very weak in the blade sections close to the tip, we do not

take into account the contribution of tangential induction and derive Vt and Vn of a yawed

turbine according to the BEM theory (Burton et al., 2011):

Vn = V0(cosγ−a), Vt =Ωr +V0 cosψ(a tan
χ

2
− sinγ). (4.13)

where V0 is the freestream inflow velocity to the turbine, γ is the turbine yaw angle, Ω is the

turbine rotation speed, r is the distance of the blade element to the hub, ψ is the phase angle

of the rotating blade, χ is the wake skewing angle, and a is the axial induction factor of the

turbine. Glauert (1927) proposed that the axial induction factor a can be approximated as

follows:

a = a0(1+ f (
r

R
)K (χ)sinψ), (4.14)

where a0 is the induction factor of the turbine in non-yawed condition, R is the radius of the

turbine, and f is the wake expansion function. Øys (1992) proposed the following polynomial

fit for f :

f (
r

R
) =

1

2
(

r

R
+0.4(

r

R
)3 +0.4(

r

R
)5). (4.15)

Coleman et al. (1945) proposed that K (χ) can be approximated by:

K (χ) = 2tan(
χ

2
), χ = (0.6a0 +1)γ. (4.16)

As an example, we consider the VnVt variations in a front-row turbine with γ1 = ±25◦ at the
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blade location r = 0.7R in a uniform inflow and a vertically sheared inflow. The non-yawed

induction factor is assumed to be azimuthally unchanged, and we take the theoretical optimal

value predicted by the BEM theory:

a0 = 1/3. (4.17)

Figure 4.12 shows the freestream inflow velocity V0 to the blade section r = 0.7R at different

heights z and blade phase angles ψ. We can see that V0 varies with ψ in the vertically sheared

flow while staying constant in the uniform inflow. When the turbine rotates in the vertically

sheared inflow, the azimuthal distributions of the local relative velocity on blade sections in

the positively and negatively yawed turbine are different. Figure 4.13 shows the variation of

Vt Vn computed from Eq. 4.13 with respect to ψ in the two different inflows shown in Figure

4.12. We find that the magnitudes of the variation for the positive and negative yaw angles are

the same in the uniform inflow. However, in the vertically sheared inflow, the negative yaw

angle leads to a larger variation of Vt Vn than the positive yaw angle. As a result, according to

Eq. 4.16, the negatively yawed turbine experiences a larger variation in the normal thrust force

per rotation and, consequently, greater flapwise blade fatigue than the positively yawed one.

Furthermore, applying positive or negative yaw to the upwind turbine also affects the flapwise

blade fatigue in its downwind turbine, even if the downwind turbine is not yawed, due to the

different wake structures between the positively and negatively yawed turbine. For example,

for a non-yawed turbine installed 7d downstream of WT 1 without spanwise offset, the front-

view contours of its inflow statistics (normalised mean velocity and turbulence intensity) 1d

in front of the downwind turbine are shown in Figure 4.14. The spanwise deflection of the

wake of the negatively yawed WT 1 is larger than that of the positively yawed WT 1. As a result,

the azimuthal variation of the streamwise inflow velocity for the downwind turbine in the

wake of the negatively yawed WT 1 is larger than that in the wake of the negatively yawed WT

1. The turbine in the wake of the negatively yawed WT 1 is also exposed to a higher level of

streamwise turbulence than that in the wake of the positively yawed WT 1. Therefore, in this

configuration, the downwind turbine would endure higher flapwise blade fatigue in the wake

of a negatively yawed turbine than in the wake of a positively yawed turbine. The simulation

results confirm that the flapwise DEL of the non-yawed WT 2 in the AYC case γ = (−25◦,0◦,0◦),

α = 0◦ is 7.7% higher than its counterpart in the AYC case γ = (25◦,0◦,0◦), α = 0◦.

4.5 Summary

This study uses a two-way coupled aeroelastic-LES framework to investigate the power pro-

duction and blade fatigue of a three-turbine array in the full-wake and partial-wake configura-

tions. The simulations are carried out at discrete decision points of the AYC decision space

Γ spanned by the yaw angles of the first two turbines: Γ = {γ1 : −30◦,−25◦, ...,25◦,30◦}× {γ2 :

−30◦,−25◦, ...,25◦,30◦}. We extract the time series of the power and the blade bending mo-

ments from the simulations and compute the mean power outputs and the blade fatigue loads
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Figure 4.12: Freestream inflow velocity to the turbine blade section r = 0.7R: (a) at different
vertical heights; (b) at different blade phase angles.
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Figure 4.13: Azimuthal variations of VnVt at r = 0.7R with respect to the blade phase angle ψ
predicted by the BEM theory in (a) a uniform inflow u(z) = 11 m/s; (b) a vertically sheared
inflow u(z) = u∗

κ log(z/z0), in which u∗ = 0.45 m/s, κ = 0.4, and z0 = 0.005 m.
.

of the turbine array.

In the full-wake configuration α = 0◦, we observe two local power optima in the explored AYC

decision space Γ: one in the positive quadrant (γ1 > 0◦,γ2 > 0◦) and the other in the negative

quadrant (γ1 < 0◦,γ2 < 0◦). The optimal yaw strategy with positive yaw angles yields less

power than that with negative yaw angles. We also find that the locally power-optimal positive

yaw strategy endures less flapwise blade fatigue and more edgewise blade fatigue than its

counterpart with negative yaw angles.

In partial-wake configurations |α| = 3◦ and 5◦, only one power optimum exists in the explored

decision space. Due to the spanwise offset of the turbines, applying optimal AYC achieves

larger optimal power gains than that in the full-wake configuration. When the magnitude of

α increases from |α| = 3◦ to 5◦, the optimal power gains start to decrease, as the non-yawed

baseline in this configuration is less affected by wake interference. As for the blade fatigue,
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Figure 4.14: Front-view y - z cross-section contours of normalised streamwise mean velocity
and turbulence intensity Iu at the location 6d downwind of WT 1: (a) u/uhub , γ1 = −25◦;
(b) u/uhub , γ1 = 25◦; (c) Iu , γ1 = −25◦; (d) Iu , γ1 = 25◦. Black and red circles represent the
trajectories of the blade sections r = 1.0R and r = 0.7R of the rotating blade, respectively.

when the inflow angle α is positive, applying the power-optimal yaw strategy in the positive

quadrant of the AYC decision space achieves power gains while reducing the flapwise blade

fatigue. In contrast, when the inflow angle is negative, the power-optimal strategies with

negative yaw angles lead to higher flapwise blade fatigue than the baseline case. Compared

with the flapwise fatigue, the variations of the edgewise fatigue to different AYC strategies are

less significant in the partial-wake configurations under consideration.

Furthermore, by performing a BEM-based analysis, we reveal that, for the front-row turbine,

the aforementioned differences in the flapwise blade fatigue between the positively and

negatively yawed turbine are caused by the different azimuthal variations of the local relative

velocity on blade sections, which result from the combined effects of vertical wind shear

and blade rotation. For the downwind turbine exposed to the wake of the yawed turbine,

differences in the flapwise blade fatigue are caused by the different wake deficit and turbulence

distributions in the wake of the positively and negatively yawed turbine. These findings

highlight that, in the wake modelling of wind turbines subjected to AYC, it is necessary to

consider the inflow inhomogeneity and blade rotation, as well as the differences between

the wake structures of positively and negatively yawed turbines, particularly when fatigue

evaluation is needed from the model.

In future studies, we plan to improve the analytical wake modelling by considering the asym-

metry mentioned above of the wake of the positively and negatively yawed turbines. We

also plan to develop a computationally cheap optimisation procedure for turbines subjected
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to AYC in the full and partial wake conditions based on the improved analytic wake model.

Furthermore, we plan to extend the aeroelastic analysis from the blades to other components

of wind turbines with finite-element modelling.
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5 Wake meandering of a wind-turbine
array under dynamic yaw control

Abstract

In this study, we use large-eddy simulation (LES) to investigate the wake-meandering of a

wind turbine array under dynamic yaw control (DYC) and the effects on power and fatigue.

The wind turbine array consists of eight NREL 5 MW reference turbines. The first turbine

in the array is subjected to sinusoidal yaw control with different yaw frequencies. Based on

spectral and dynamic-mode-decomposition (DMD) analyses of the flow fields, we find that

the wake meandering of the turbine array is significantly amplified when the turbine yaw

frequency coincides with the natural wake meandering frequency of the turbine array in the

static zero-yaw condition. The resonance of wake meandering accelerates wake recovery and

helps the turbine array achieve optimal power production. We also find that the fatigue of the

turbine array overall increases with the yaw frequency of the first turbine, highlighting the

necessity of jointly considering power production and fatigue when applying DYC.
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5.1 Introduction

Amid the global challenges of the energy crisis and climate change, wind energy stands out as

one of the fastest-growing renewable energy sectors (GWEC, 2022). The main reason for the

rapid growth of wind energy is its increasing efficiency, which reduces the cost-per-kilowatt of

wind power to a level comparable to traditional fossil-based energy sources (Shen et al., 2020).

Among the various challenges of improving wind energy efficiency, wake interference is a

critical issue that has drawn great interest from wind energy developers and researchers. The

problem of wake interference arises from the fact that modern wind energy projects are mostly

developed in the form of wind farms, with wind turbines installed within designated areas. In

certain wind directions, the wakes of the upstream turbines can interfere with the downstream

turbines, causing significant losses in power and increases in fatigue (Archer et al., 2018;

Barthelmie & Jensen, 2010; Porté-Agel et al., 2020).

To address the issue of wake interference, researchers have explored various solutions, e.g.

active yaw control (AYC) (Archer & Vasel-Be-Hagh, 2019; Bastankhah & Porté-Agel, 2016;

Bastankhah & Porté-Agel, 2019; Fleming et al., 2014; Howland et al., 2019; Jiménez et al., 2010;

Lin & Porté-Agel, 2019; Zong & Porté-Agel, 2021). So far, most of the AYC studies have focused

on static strategies, i.e., adopting constant yaw angles to redirect wakes from downwind

turbines when the mean incoming wind direction and speed are unchanged. Recently, there

has been a new push in the research community regarding the potential of applying dynamic

strategies to achieve power maximisation in wind farms. Munters and Meyers (2017) explored

the potential of applying dynamic induction control (DIC) to optimise the power output of a

wind farm with adjoint numerical simulations. Later, Munters and Meyers (2018b) analysed

the wake behaviour of wind turbines under sinusoidal induction control. They found that the

application of dynamic control accelerated the breakup of coherent flow structures behind

turbines and enhanced wake recovery. This observation was further confirmed in the wind-

tunnel studies carried out by Houck and Cowen (2019) and Frederik et al. Frederik, Weber,

et al. (2020). In a follow-up study, Frederik, Doekemeijer, et al. (2020) proposed a dynamic

pitch control strategy that enhances wake mixing while avoiding large variations in thrust and

power as in DIC. Frederik and van Wingerden (2022) also evaluated the impact of applying

periodic induction control on the fatigue loads endured by turbine structures.

In addition to DIC, Munters and Meyers (2018c) explored the application of dynamic yaw

control (DYC) in wind farms using numerical simulations and showed the potential to achieve

power gains through the DYC strategy. Kimura et al. (2019) studied forced wake meandering

behind a stand-alone wind turbine under sinusoidal DYC and observed an early breakdown

of coherent structures and an accelerated wake recovery. In a context different from DYC for

power maximisation, Z. Li et al. (2022) also observed the forced meandering and accelerated

recovery of the wake behind a stand-alone floating wind turbine under wave-induced side-

to-side motion. Based on the results of large eddy simulation (LES), they showed that when

the turbine motion frequency coincides with the natural wake meandering frequency of a
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static turbine, far wake meandering can be triggered by a small turbine motion amplitude.

Duan and Porté-Agel (2023) conducted a wind tunnel study of an array of miniature wind

turbines under DYC. They found that significant power gains can be achieved for the entire

array by just applying sinusoidal yaw at the optimal frequency to the first turbine. This finding

is consistent with the critical frequency behaviour of forced wake meandering observed in

(Z. Li et al., 2022).

To further understand the flow physics of forced wake meandering and its implications for

power production and fatigue loading in wind farms under DYC, in this paper we use a two-way

coupled LES and aeroelastic solver to study an array of eight NREL 5MW reference turbines

under sinusoidal DYC. The rest of this chapter is organised as follows. In Section 5.2, we discuss

the numerical simulation framework and configurations applied in this study. In Section 5.3,

we present spectral and dynamic-mode-decomposition (DMD) analyses of the flow fields,

and evaluate the effects of different yaw frequencies on wind-turbine power production and

fatigue. In Section 5.4, we summarise the conclusions drawn from the results of this study and

discuss the implications of these results for the application of DYC in wind farms.

5.2 Methodology

5.2.1 Governing equations and simulation framework

The simulations in this study are carried out using the GPU-accelerated version of the WiRE-

LES code (Lin & Porté-Agel, 2022; Lin & Porté-Agel, 2019; Wu & Porté-Agel, 2011), which solves

the spatially-filtered, incompressible Navier-Stokes (NS) equations in a ground-fixed reference

frame:

∂ũi

∂xi
= 0, (5.1)

∂ũi

∂t
+ ũ j

(
∂ũi

∂x j
− ∂ũ j

∂xi

)
= −∂p̃∗

∂xi
− ∂τi j

∂x j
+ Fp

ρ
δi 1 − f̃i

ρ
. (5.2)

The subscript i takes the value i = 1, 2, 3 and represents the streamwise, spanwise and

vertical directions, respectively; ũi represents the spatial-filtered velocity of the flow; p̃∗

represents the modified kinematic pressure, Fp is the pressure gradient imposed to drive

the flow; τi j = �ui u j − ũi ũ j represents the kinematic sub-grid scale stress modelled by the

modulated gradient model (Lu & Porté-Agel, 2010); f̃i are the forces applied by the turbine

blades, the nacelle, and the tower on the flow.

The structural deformations of the wind turbine blades are obtained by solving the dynamic
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Euler-Bernoulli equations (Meng et al., 2018) in a blade-following rotating reference frame:

∂2qk

∂t 2 + 1

µ

∂2Mk

∂r 2 =
1

µ

∂

∂r
(
∫ R

r
µω2r dr

∂qk

∂r
)+ gk +

f̂k

µ
, (5.3)

Mk = Kkl
∂2qn

∂r 2 . (5.4)

The subscript k takes the value of k = 1, 2 and represents the flapwise and edgewise directions

of the blade, respectively; r represents the distance between the blade element and the

hub centre; qk and Mk represent the deformation and the bending moment of the blade,

respectively; gk represents the component of gravitational acceleration projected onto the kth

direction of the blade; µ represents the blade mass density; ω is the turbine rotational speed;

Kkl represents the stiffness matrix of the blade section; f̂k is the aerodynamic load exerted by

the flow on the blade.

During the simulations, the flow solver for Eqs. 5.1 and 5.2 is two-way coupled with the

structural solver for Eqs. 5.3 and 5.4 using the framework of the elastic actuator line model

(EALM) proposed by Meng et al. (2018). A more detailed description of the coupling procedure

and numerical methods used to solve the governing equations can be found in Lin and Porté-

Agel (2023).

5.2.2 Simulation case setup

The simulation domain (Lx ×Ly ×Lz = 8192 m × 1024 m × 1024 m) used in this study is shown

in Figure 5.1. It is discretised into a uniform grid with 1024×128×512 nodes in x, y and z

directions, respectively.

An array of eight NREL 5 MW wind turbines is placed along the centre-line of the simulation

domain, with a distance of 7d between each turbine. The turbine diameter d = 126 m, and the

hub height zhub = 90 m. A more detailed description of the design parameters of the NREL 5

Figure 5.1: Top-view of the simulation domain and the wind turbine array (not to scale).
.
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MW reference wind turbine can be found in Jonkman et al. (2009). In the simulations with

DYC, the first wind turbine in the array is subjected to sinusoidal yaw control:

γ1 = γmax sin(Ωt ), Ω = 2π fy aw , (5.5)

where γmax is the magnitude of the yaw angle, and fy aw is the frequency of the periodic yaw

control. Duan and Porté-Agel (2023) have found that increasing γmax have positive effects on

the power output of the turbine array. However, it can be difficult for the yaw mechanism of a

utility-scale turbine to reach the intended yaw frequency fy aw with a large γmax . Therefore, in

this study, we choose γmax = 10◦ for all cases under consideration and focus our investigation

on the influence of the yaw frequency fy aw . The yaw frequency fy aw varies from 0 Hz to 0.016

Hz in the simulations.

The top boundary of the simulation domain is set to be a frictionless wall. At the bottom

boundary, a rough wall condition is set with specified wall shear stresses based on the logarith-

mic law of the wall. The friction velocity u∗ = 0.38 m s-1 and the roughness length z0 = 0.005 m.

Periodic boundary conditions are applied to the lateral boundaries of the domain. A precursor

simulation without the wind turbine array is performed to generate the inflow, which is then

imposed at the inflow section of the domain of the main simulation with wind turbines. A

buffer section is added in front of the inflow section to enforce the periodic condition and

smoothly transform the recycled flow to the inflow generated by the precursor simulation

(Figure 5.1). At 90 m above the ground (turbine hub height), the mean stream inflow velocity

uhub is 9.6 m s-1, and the streamwise inflow turbulence intensity Iu is 8%. The simulation time

step is 0.02 s and the total simulation time is 2000 s. The results presented in the following

sections are extracted from 200 s to 2000 s of the simulation.

5.3 Simulation results

5.3.1 Wake meandering in the turbine array

Wake meandering refers to the large-scale lateral and vertical movements of the wake behind

a wind turbine (Baker & Walker, 1984; Taylor et al., 1985). Wind energy researchers have

mainly proposed two explanations for the onset of wake meandering: the disturbance of

inflow turbulence (Braunbehrens & Segalini, 2019; Brugger et al., 2022; Espana et al., 2012;

Larsen et al., 2008; Muller et al., 2015) and the intrinsic shear instability of the wake (Gupta &

Wan, 2019; Iungo et al., 2013; Kang et al., 2014; Medici & Alfredsson, 2006; Yang & Sotiropoulos,

2019) (Figure 5.2). In the configuration of a row of eight turbines considered in this study,

most turbines are exposed to the highly turbulent wakes of their upstream counterparts, and

the wake meandering is strongly affected by the inflow is strongly affected by disturbance of

inflow turbulence. Since DYC mainly affects the lateral movement of the wake, in this study

we focus on the lateral wake meandering on the horizontal x-y plane at the hub height.

Figure 5.3 shows the time-averaged and instantaneous contours of the streamwise velocity at
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Inflow turbulence Shear instability

Δwake

Figure 5.2: Schematic plot of the mechanisms of wake meandering behind a wind turbine.
The blue line represents the trajectory of the maximum velocity deficit in the wake.

the hub height (z = 90 m) in the static zero-yaw baseline case. The trajectories of the maximum

velocity deficit are marked in black dotted lines, and the centre-line of the turbine array is

marked in black dashed lines. While the maximum deficit trajectory in the mean velocity field

is largely aligned with the domain centre-line, its counterpart in the instantaneous velocity

field is oscillatory, demonstrating the meandering behaviour of the wake.

5.3.2 Space-time dynamics of the maximum wake deficit trajectory

To visualise the oscillation of the maximum wake deficit trajectory over time, in Figure 5.4 we

show the space-time plots of the lateral displacements of the maximum wake deficit trajectory

from the domain centre-line in (a) the static baseline case; (b) the case where the first turbine

is periodically yawed (γmax = 10◦, fy aw = 0.01 Hz). The space-time plots demonstrate the

dynamics of the maximum wake deficit trajectory. Firstly, in Figure 5.4, we observe a pattern of

inclined streaks, which reflects the advection of wake deficits from upstream to downstream.

The slope of the streaks reflects the wake advection velocity and is largely unchanged.

Furthermore, the quasi-cyclic pattern of the negative displacement (blue) and positive dis-

placement (red) patterns in Figure 5.4 reveals the behaviour of wake meandering. We observe

that the wake meandering is amplified as it propagates in the turbine array. By comparing

Figure 5.4a and Figure 5.4b, we can also see that the application of DYC to the first turbine

significantly enhances the wake meandering in the wind turbine array, particularly for the

turbines near the rear of the array (WTs 5-8). The long-range influence of DYC shown in Figure

5.4 can be explained by the fact that the meandering motion of the wake behind a turbine will

affect the wake meandering of the next turbine, consecutively affecting the turbines further

downstream, triggering a cascading effect in the wind turbine array.

5.3.3 Power spectrum analysis of the velocity signals

After qualitatively illustrating the characteristics of wake meandering, here we investigate this

phenomenon in a more quantitative manner. Table 5.1 summarises the configurations of four

representative cases selected to study.
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Figure 5.3: Instantaneous (a) and time-averaged (b) contours of the streamwise velocity at
the hub height z = 90 m in the static zero-yaw baseline case. The black dotted lines represent
trajectories of the maximum u deficit in the wakes. The black dashed line represents the
centre-line of the turbine array.

Figure 5.4: Space-time plots of the lateral displacement of maximum velocity deficit locations
normalised by the turbine diameter ∆w ake /d : (a) Zero-yaw baseline case γmax = 0◦, fy aw = 0
Hz; (b) DYC case γmax = 10◦, fy aw = 0.01 Hz.
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Table 5.1: Configurations of the four simulation cases.

Case Condition γmax (◦) fy aw (Hz)
(a) Static zero-yaw baseline 0 0
(b) Slow yaw 10 0.004
(c) Moderate yaw 10 0.01
(d) Fast yaw 10 0.016

In each case, we sample the hub-height lateral velocity component v at the points located

6D downstream of each turbine along the centre-line of the array. We then perform the

Fast Fourier Transform (FFT) to the sampled time series and compute their power spectrum

densities (PSDs). The results are shown in Figure 5.5. In the static baseline case (a), there is no

significant peak in the PSD of the sampled velocity behind WT 1. From WT 3 a peak begins

to emerge around the frequency 0.01 Hz. In the three yawed cases (b), (c) and (d), there are

significant peaks at their respective yaw frequencies in the PSD of the sampled velocity behind

WT 1, indicating the dominant forced wake meandering induced by the periodic yaw of WT 1.

However, for the downstream turbines, only the moderate yaw case (b), with its yaw frequency

of 0.01 Hz coinciding with the wake meandering frequency observed in the baseline case (a),

maintains the dominance of the wake meandering motion at the yaw frequency of WT 1.

5.3.4 Dynamic mode decomposition (DMD) analysis

The results in Figure 5.4 and Figure 5.5 suggest that the wake meandering in the wind turbine

array under DYC exhibits a resonance behaviour. To further reveal the spatial-temporal

characteristics of such a system, we adopt a tool that is widely used in the data-driven analysis

of dynamical systems: dynamic mode decomposition (DMD) (Schmid, 2010).

DMD decomposes the flow field u(x, t ) as in Eq. 5.6:

u(x, t ) ≈
n∑

k=1
φk (x)︸ ︷︷ ︸

spatial modes

time dynamics︷ ︸︸ ︷
exp(ωk t )bk =

n∑
k=1
φk (x)λ

(
t/∆t

)
k bk , (5.6)

whereφk (x) is the kth spatial mode of the flow fields, λk and bk are the kth eigenvalue and

amplitude coefficient associated with the kth spatial mode, respectively, and ∆t is the time

step between two snapshots of the flow field. The detailed DMD algorithm for calculating each

term in Eq. 5.6 from the data can be found in Appendix A. As an example, Figure 5.6 shows

the first 15 spatial modes and associated time dynamics extracted from the DMD analysis on

the dataset containing 900 snapshots of the hub-height lateral velocity field v in the static

zero-yaw baseline case. The time step between two snapshots is 2 s.

In the time dynamics extracted from the DMD, the frequencies are determined by the phase

angle of the complex eigenvalues λk , and the amplitudes are determined by the amplitude

coefficient bk . The one-to-one mapping of the frequency and the amplitude gives us another
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Figure 5.5: Normalised power spectrum density (PSD) plots of lateral velocity component v
sampled at 6D downstream of each turbine. The red dashed lines mark the yaw frequency
in different cases: (a1) - (a8) Static zero-yaw baseline fy aw = 0 Hz; (b1) - (b8) Slow yaw
fy aw = 0.004 Hz; (c1) - (c8) moderate yaw fy aw = 0.01 Hz; (d1) - (d8) fast yaw fy aw = 0.016 Hz.
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Figure 5.6: First 15 DMD components (redundant conjugated components removed) of the
lateral velocity v in the static zero-yaw baseline case: (a) spatial modes; (b) associated time
dynamics.
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way to reveal the resonance behaviour of the wake meandering in the wind turbine array

under DYC in the spectral space. Figure 5.7 shows the plots of mode amplitude coefficient

vs mode frequency extracted from the DMD of the hub-height lateral velocity v in different

DYC configurations. In the static baseline case (a), we observe a peak at the frequency 0.01

Hz as in the PSD plots in Figure 5.5, indicating a natural wake meandering frequency in the

wind turbine array. In the DYC cases (b) - (d), there is another peak associated with the yaw

frequency of WT 1. The highest peak of the amplitude coefficient is found in case (c), where

the yaw frequency coincides with the natural meandering frequency.

Another important one-to-one mapping of the DMD components is the one between the

spatial mode and the mode frequency. In the study of a wind turbine array under periodic

yaw, the selection of mode frequency is obvious: in the static baseline, we focus on the spatial

mode associated with the natural wake meandering frequency (0.01 Hz in this case); in the

yawed case, we focus on the spatial mode associated with the frequency of the periodic yaw.

Figure 5.8 shows the contours of the selected DMD spatial modes of the hub-height lateral

velocity v in different cases. The alternating pattern of positive (red) and negative (blue)

magnitude in the contours evidently reveals that the underlying dynamics of the natural and

forced wake meandering within the wind turbine array is similar to a travelling wave. At the

natural meandering frequency, the wavelength of the wake meandering is approximately

equal to the distance between two turbines (Figure 5.8a). When the first turbine is under

periodic DYC, the wavelength of the forced wake meandering decreases with the increases in

the yaw frequency. In the slow yaw case (Figure 5.8b), the wake magnitude of the associated

spatial mode is small; in the fast yaw case (Figure 5.8d), the forced wake meandering is

attenuated within a short range; In the case where the yaw frequency coincides with the

natural meandering frequency (Figure 5.8c), the wake meandering is largely maintained

within the wind turbine array.

5.3.5 Streamwise profiles of the wake flow statistics

The results presented in the previous sections reveal that applying a suitable yaw frequency

to the first turbine can trigger wake-meandering resonance in the wind turbine array. It is

natural to further explore its impact on the wake flow statistics. Figure 5.9 shows the profiles

of normalised streamwise mean velocity u/uhub and turbulence intensity Iu averaged within

the projections of turbine rotors on the y-z plane at different streamwise locations. We can

see that the fast yaw case initially has a faster wake recovery than the other two cases behind

WTs 1 and 2. From WT 3, the wake recovery of the fast yaw case is surpassed by that of the

moderate yaw case. A similar trend is found in the streamwise turbulence intensity profiles:

behind WTs 1 and 2, the locations of the highest Iu peaks are found in the fast yaw case, and

from WTs 3 to 8, they are found in the moderate yaw case.

The aforementioned results of flow statistics show that the forced wake meandering enhances

the turbulent mixing behind the turbine and accelerates the recovery of the wake. Applying a
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Figure 5.7: Mode amplitude coefficients vs mode frequencies extracted from the DMD of the
hub-height lateral velocity v : (a) static zero-yaw baseline; (b) fy aw = 0.004 Hz; (c) fy aw = 0.01
Hz; (d) fy aw = 0.016 Hz. Red dashed lines represent the yaw frequency.

Figure 5.8: Contours of the selected DMD spatial modes of the hub-height lateral velocity v
in difference cases: (a) static zero-yaw baseline fy aw = 0 Hz (b) slow yaw fy aw = 0.004 Hz (c)
moderate yaw fy aw = 0.01 Hz (d) fast yaw fy aw = 0.016 Hz. The associated mode frequency in
(a) is 0.01 Hz. In (b) - (d), the associated frequencies are the same as the yaw frequencies.
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Figure 5.9: Profiles of the flow statistics averaged within the projections of turbine rotors
at different streamwise locations: (a) normalised streamwise mean velocity; (b) streamwise
turbulence intensity.
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high-frequency DYC (0.016 Hz) can only enforce strong wake meandering within a short range

to the yawed turbine. On the other hand, the DYC case with a resonating yaw frequency (0.01

Hz) successfully accelerates the wake recovery of the turbines further downstream.

5.3.6 Impacts on wind turbine power and fatigue

In this section, we evaluate the impacts of applying different DYC strategies on the power

output and fatigue loading of the wind turbine array. Figure 5.10 shows the mean normalised

power outputs of each turbine in the wind turbine array. In Figure 5.10a, the power output

is normalised by the power of the first turbine in the baseline case P1,basel i ne . Due to wake

interference, the power outputs of downstream turbines (WTs 2-8) are significantly lower

than that of WT 1. To further evaluate the influence of applying different DYC strategies,

we normalise the power output of each turbine by their counterpart in the baseline case

Pi ,basel i ne , as shown Figure 5.10b. In comparison with the baseline case, the application of

DYC slightly decreases the power of the yawed turbine while increases the power outputs

of downstream non-yawed turbines due to the accelerated wake recovery triggered by DYC.

Similar to the trend of wake recovery shown in Figure 5.9, the fast yaw case ( fy aw = 0.016 Hz)

yields the largest power gains in the turbines in the vicinity of the yawed turbine, i.e., WTs

2 and 3. However, it is surpassed by the moderate yaw case ( fy aw = 0.01 Hz) from WT 5 and

the turbines further downstream. The optimal total power gain is achieved when the yaw

frequency of WT 1 is 0.01 Hz, which triggers the resonance of the wake meandering within the

wind turbine array (Figure 5.11).

In addition to power outputs, fatigue loading is another important factor to consider when

applying DYC. In this study, we focus on two types of turbine fatigue damage: the blade-root

flapwise fatigue and yaw bearing fatigue at the nacelle, as they are particularly susceptible to

the sinusoidal yaw movement of the rotor and nacelle. Fatigue loading is quantified by the

damage equivalent load (DEL). Figure 5.12 presents an example of the evaluation of the DEL

using the time series of the flapwise blade-root bending moment of WT 1 in the baseline case.

The main procedures can be summarised as follows:

• Identify the load reversal points from the load spectrum (Figure 5.12a).

• Apply the rainflow counting algorithm to extract the load cycles from the identified

reversal points. The extracted load cycles can be visualised in the form of a rainflow

matrix (Figure 5.12b), where the column of the matrix is the starting point of the cycle,

and the row is the destination point.

• Obtain the cumulative distribution of the load ranges and calculate the DEL based on

the Miner’s rule of linear damage accumulation.

Figure 5.13 shows the normalised DELs of the blade-root flapwise bending moment for each

turbine in the array. In the static baseline case, we observe a trend of increasing DELs from the
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5.3 Simulation results

Figure 5.10: Normalised power outputs of each turbine in the array: (a) normalised by the
power of the first turbine in the baseline case P1,basel i ne ; (b) normalised by the power of each
turbine in the baseline case Pi ,basel i ne , respectively.
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Figure 5.11: Total power outputs of the wind turbine array vs WT 1 yaw frequency fy aw . The
power outputs are normalised by the total power of the static zero-yaw baseline case.
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Figure 5.12: Fatigue evaluation using the time series of the flapwise blade-root bending
moment of WT 1 in the baseline case: (a) identify the load reversal points; (b) use the rainflow
counting algorithm to extract the load cycles and assemble the rainflow matrix; (c) obtain the
cumulative distribution of the ranges of load cycles and calculate the DEL using the Miner’s
rule.
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upstream to the downstream turbines, highlighting the wake-induced fatigue in the turbine

array. When WT 1 is under DYC, we find that, due to the enhanced wake meandering, the

blade fatigue is increased for all the turbines in the array, particularly in the fast yaw case

( fy aw = 0.016 Hz), where the blade DEL of the yawed WT 1 is more than 15% higher than that

in the baseline case.

Figure 5.14 shows the normalised DELs of the yaw moment at the turbine nacelle for each

turbine in the array. In the static baseline case, we find that the downstream turbines endure

significantly higher yaw fatigue than the front turbine due to their exposure to the meandering

wake. We also observe that the yaw fatigue in WT 1 is more susceptible to the application of

DYC than the flapwise blade fatigue. In the fast yaw case, the yaw fatigue in WT 1 is around

35% higher than that in the static baseline case and reaches a fatigue level similar to that of a

downstream turbine exposed to the meandering wake.

5.4 Summary and conclusions

This study uses a two-way coupled LES and aeroelastic solver to numerically explore the wake

meandering within a wind turbine array under DYC. The wind turbine array comprises eight

NREL 5 MW reference wind turbines, and only the first turbine is subjected to sinusoidal yaw

control with different frequencies ranging from 0 Hz to 0.016 Hz.

Based on the spectral analysis and the data-driven dynamic mode decomposition of the

hub-height flow fields, we observe a dominant natural wake meandering frequency emerging

in the static non-yawed baseline, particularly in the wakes of the turbines near the rear of the

array. When the front turbine is yawed at the same frequency as the natural wake meandering

frequency, the forced wake meandering is significantly amplified in the turbine array. The

resonance of wake meandering enhances the mixing of the wake and the outer flow and

accelerates the wake recovery in the turbine array. As a result, the case with the resonance yaw

frequency for WT 1 yields the optimal total power output. We also find that the flapwise blade

fatigue and nacelle yaw fatigue of the turbines overall increase with the yaw frequency of the

first turbine, particularly for the nacelle yaw fatigue.

Furthermore, the findings of this study indicate that DYC is more suitable for long wind

turbine arrays than short ones, as DYC at a suitable frequency can improve the power outputs

of turbines that are far away from the yawed turbine. If the wind turbine array is too short,

the wake meandering is not fully developed for DYC to exploit its advantage of long-range

influence, and applying DYC may lead to a net power loss in this case.

In future studies, we plan to further explore the theoretical mechanisms of the wake meander-

ing resonance in the wind turbine array under DYC from the aspect of flow stability theory.

We also plan to quantify the increased fatigue with a proper cost function so that the power

output and fatigue damage can be jointly optimised in wind farms under DYC.
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Figure 5.13: Normalised DELs of the blade-root flapwise bending moment for each turbine in
the array: (a) normalised by the DEL of the first turbine in the baseline case; (b) normalised by
the DEL of each turbine in the baseline case.
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Figure 5.14: Normalised DELs of the nacelle yaw moment for each turbine in the array: (a)
normalised by the DEL of the first turbine in the baseline case; (b) normalised by the DEL of
each turbine in the baseline case.
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5.5 Appendix

The algorithm (Schmid, 2010) of applying DMD to a high-dimensional dataset u(x, t ) is sum-

marised as follows:

• Reshape the original dataset into an m ×n matrix X, where m is the total degree of

freedom (DOF) of the data in space and n is the number of snapshots of the system in

time (usually m ≫ n).

• Extract two smaller matrices X′ and X′′ from X, where X′ takes the first n −1 columns of

X, and X′′ takes the last n −1 columns of X. X′ and X′′ represent two space-time states of

the underlying dynamical system with a shift of a single time step.

• Approximate the evolution of the underlying dynamical system from the state X′ to X′′

with a best-fit linear operator A:

X′′ ≈ AX′. (5.7)

• Due to the large size of X′, it is very expensive to directly compute the pseudo-inverse of

X′. To circumnavigate this issue, perform the singular value decomposition of X′:

X′ = UΣV∗, (5.8)

in which U and V are both unitary matrices, Σ is a diagonal matrix, and the asterisk

symbol ∗ represents the conjugate transpose. This step is also known as the proper

orthogonal decomposition (POD), and U is the POD mode of X′.

• Construct a new matrix Ã, which is the projection of A onto the POD modes U:

Ã = U∗AU = U∗X′′VΣ−1. (5.9)

The motivation for computing the projection of A is that if we truncated the POD modes

U, the dimension of Ã would also be reduced, and A and Ã share the same non-zero

eigenvalues. Therefore, it is more efficient to study Ã than study the original matrix A.

• Perform the eigenvalue decomposition to the projected matrix Ã:

ÃW = WΛ. (5.10)

The diagonal elements of the diagonal matrix Λ are the DMD eigenvalues. The DMD

modes Φ is then reconstructed by

Φ = X′′VΣ−1W. (5.11)
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6 Overall summary and future research
perspectives

6.1 Overall summary

This thesis presents numerical and theoretical studies on the wakes of wind turbines subjected

to AYC and the effects of AYC on turbine power production and fatigue. The key elements and

findings of these studies are summarised below:

• Study 1: we validate the ADM-BE in LES for a yawed wind turbine by comparing LES

results with wind-tunnel measurements. We find that LES using the ADM-BE provides

better predictions of the mean streamwise velocity deficit and the streamwise turbulence

intensity than using the standard ADM. The ADM-BE also reproduces the interaction

between the wake rotation and the CVP in yawed wind turbine wakes. The standard ADM

fails to capture such an interaction due to the uniform force distribution and the lack of

wake rotation. We also found that the ADM-BE improves the turbine power prediction

compared to the standard ADM, which suffers from significant power overestimation

compared to wind-tunnel measurements.

• Study 2: we validate an LES framework using three different wind turbine parametrisa-

tions (the ADM-std, ADM-BE and ALM) for simulating the flow through a three-turbine

array in full-wake and partial-wake conditions. By comparing LES results to wind tunnel

measurements, we find that the parametrisations capturing the local force distribution

of the turbine (the ADM-BE and ALM) yield better predictions of wake flow statistics

than the ADM-std, particularly in partial wake conditions. This is caused by the fact

that the ADM-std fails to capture the non-uniform force distribution experienced by the

rotor. We also found that the ADM-BE yields overall better power predictions than the

ADM-std and the ALM in the cases considered in this study.

• Study 3: using a two-way coupled aeroelastic-LES framework, we investigate the power

and blade fatigue of a turbine array. We find that, when the turbine array is in full-wake

condition, the locally optimal AYC strategy for power with positive yaw angles endures

less flapwise blade fatigue and more edgewise blade fatigue than the global optimal
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strategy with negative yaw angles. In partial-wake conditions, when the inflow angle α

is positive, applying the power-optimal yaw strategy with positive yaw angles achieves

power gains while reducing the flapwise blade fatigue. In contrast, when the inflow

angle is negative, the power-optimal strategies with negative yaw angles lead to higher

flapwise blade fatigue than the baseline case. Furthermore, for the front-row turbine,

we reveal that the different flapwise blade fatigue between the positively and negatively

yawed turbine is due to the difference in the azimuthal variations of the local relative

velocity on blade sections, which is caused by vertical wind shear and blade rotation.

For downwind turbines in the wake of the yawed turbine, differences in the flapwise

blade fatigue are due to the different wake deficit and turbulence distributions in the

wake of the positively and negatively yawed turbine.

• Study 4: we use a two-way coupled LES and aeroelastic solver to study the wake mean-

dering within an array of eight NREL 5 MW turbines subjected to DYC and evaluate the

effects on power and fatigue of the turbine array. Based on spectral and DMD analyses

of flow fields, we find that, in the static non-yawed case, a dominant meandering fre-

quency emerges in the wakes of the turbines, particularly near the rear of the array. In

the DYC cases, the wake meandering is amplified when the yaw frequency of the first

turbine is the same as the natural wake-meandering frequency of the zero-yaw case.

The resonated wake meandering accelerates the wake recovery in the turbine array and

helps the turbine array achieve the optimal total power output. On the other hand, the

flapwise blade fatigue and nacelle yaw fatigue of the yawed turbine overall increase with

the yaw frequency, which highlights the necessity of jointly considering the power gain

and the increase of fatigue when DYC is applied.

6.2 Future perspectives

There are several potential extensions to the studies presented in this thesis:

• In this thesis, we have shown that the ADM-BE in LES can produce satisfactory force

distribution and power production. A potential direction for future studies is to explore

the application of the ADM-BE in the two-way coupled LES/aeroelastic simulation,

potentially as a substitution of the ALM, which requires finer spatial and temporal

resolution than the ADM.

• The findings in this thesis also shed light on further improvements in reduced-order

wake models for yawed turbines. We have found that, with the presence of vertical wind

shear in the inflow, the wake statistics of a positively and negatively yawed turbine are

not symmetrical to each other, even if the magnitude of the yaw angle is the same. An

interesting direction for future studies can be the incorporation of asymmetricity of

positive and negative yaw in reduced-order wake models, particularly for turbulence

intensity, which demonstrates strong asymmetricity.
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• The LES-aeroelastic analysis of blades in this thesis uses a simplified 1D elastic actu-

ator line model (EALM). In future investigations of AYC, we can carry out a coupled

simulation of LES and complete finite-element analysis for the turbine. By doing so,

we can further identify the stress hot spots in different turbine components and obtain

a more comprehensive understanding of the potential impact of applying AYC on tur-

bine fatigue loads. Such an analysis can help us develop a cost model quantifying the

influences of AYC on the service lives of different turbine components.

• In Study 4, we have identified the resonance behaviour of the wake meandering in a

long wind turbine array. An interesting extension to this data-driven study can be a

theoretical analysis of the stability of the wake meandering and the optimal control

using DYC. Compared to previous theoretical studies of the wake of a single turbine

(Iungo et al., 2013; Z. Li et al., 2022) using linear stability theory, the main challenge for

extending those analyses is the non-linearity of the wake meandering in the turbine

array, as the wake deficits do not recover to the level such that the linearisation of

the governing equation can be reasonably adopted. Therefore, the theoretical models

proposed by previous studies, e.g., the complex Ginzburg–Landau (CGL) equations

(Z. Li et al., 2022) or the linearised Navier-Stokes equations (Iungo et al., 2013), may

not be suitable to study this phenomenon, and we need to explore new tools. One

potential candidate is the SINDy (Sparse Identification of Nonlinear Dynamics) analysis,

a data-driven technique to discover the underlying equations that govern a dynamic

system (Brunton et al., 2016a). Such an analysis can be further extended with control

(Brunton et al., 2016b), which is suitable for theoretically modelling the optimal DYC in

a wind farm.
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