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Abstract

This thesis deals with the analysis and the improvement of the wake engineering models for
the yaw-based wake steering applications in wind farm control.

Since the land/sea area of a wind farm is limited, it is desired to cluster as many turbines
as possible in a given area without sacrificing the power output of individual turbines. One
of the main problems to this is that each turbine reduces the wind by a factor based on
the environmental and turbine specific conditions, which is also known as wake effect. A
method to reduce the wake effect of a turbine located in the upstream of another is yaw-
based wake steering. The method propounds that in order to increase the power output of
the wind farm, individual turbines can be misaligned with the wind direction intentionally
to deflect the wake, so the downstream turbines can face higher wind speeds. Even though
the intention is to increase the power production in the downstream turbines, it may also
influence the power output production of the turbines located in the neighbouring rows.
Currently, the proclaimed cross-coupling effects are lacking from engineering models, e.g.
FLORIS, which may reduce or limit the efficiency of model-based wind farm control. This
work focuses on the analysis of these effects based on the data from parametric CFD studies.
Furthermore, it proposes an extension to the Gaussian wake engineering model for the
implementation of the skewed inflow due to an upstream turbine’s deflected wake.
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Chapter 1

Introduction

The need for the transformation of our electricity production methods advanced renewable
energy systems. Wind energy, as one of these systems, is one of the most promising ways
of generating the future electricity [13, 10, 44]. The wind turbines extract the kinetic
energy of the passing air by converting it into the mechanical energy. Due to this energy
transformation, the air behind the rotor expands, decelerates and becomes turbulent [41].
This described phenomenon is known as the wake e�ect and is a problem in the wind farms
as it causes power losses within the farm, especially below rated wind speeds [32].
Even though the wind turbines are developed and optimised to operate at their best per-
formance, clustering them in wind farms may result in loss of performance as a result of the
wake e�ect. To mitigate this e�ect, various data-driven wind farm control approaches has
been proposed. These methods try �nd the optimal wind farm control settings con�guration
by using the available data from the turbines in an iterative manner.
In one of these approaches, the model-free approach, the farm controller tries to �nd the
optimal farm control settings con�guration by using the available data from the turbines
by using optimisation techniques. The other one, the model-based approach tries to �nd
the optimal control settings con�guration by model-based optimisation [18].
In the recent studies, researchers proposed [26, 8, 20], evaluated [17, 4] and tested [16, 15]
the use of yaw-based wake steering in the model-based wind farm control: a method to
de�ect the wake by intentionally misaligning the turbine's rotational axis with the �ow
direction. It was shown that the yaw-based wake steering can potentially increase the total
power output of a wind farm when implemented [22].
To use in the model-based wind farm control systems, various wake engineering models
have been proposed [25, 22, 7]. Although the current engineering models for wake steering
are fast and reveal promising results [20, 16, 15, 14], some of its physical e�ects, such as
non-transferred e�ect of the wake de�ection of the upstream turbine to the downstream
turbine as it was pointed out by Fleming et al. [14], have not been implemented into the
existing engineering models.
This thesis contributes to the further development of wind farm control by supplementing
the control-oriented models for wakes with relevant e�ects in a computationally-e�cient
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manner.

1.1 Background and State-of-Art

In order to understand and improve the wake engineering models, it is crucial to understand
the physics behind the wind turbines and the wind farms. In this section, we present the
theoretical background of the wind turbine aerodynamics (Section 1.1.1) to understand the
wake �ow (Section 1.1.2). By using the insight we will acquire from these topics, with the
combination of the knowledge on the control of the wind turbines (Section 1.1.3), we will
cover the basis needed for wind farm control (Section 1.1.4) and the usage of wind farm
engineering models (Section 1.1.5).

1.1.1 Wind turbine aerodynamics

In this section, the wind turbine aerodynamics will be presented using 1 dimensional mo-
mentum theory.
As the wind turbines are designed to extract energy from the free wind �ow, they decelerate
the �ow in order to generate electrical energy. This process can be explained by one dimen-
sional momentum theory in the most elementary level. Considering a control cylinder with
a steady, inviscid and incompressible �uid as in Figure 1.1, conservation of energy must be
satis�ed for an ideal wind turbine, along with the conservation of mass and momentum.
The ideal rotor is de�ned as frictionless, and causes no rotation in the �ow [24].

Figure 1.1: Control cylinder used for 1-D momentum theory.

Since the �ow is steady, inviscid and incompressible, Bernoulli's equation of conservation
of energy is valid from the upstream position to the rotor and from the rotor to the wake
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and can be expressed as Equation 1.1.

pin +
1
2

�u 2
in = prot +

1
2

�u 2
rot ;

prot + � p +
1
2

�u 2
rot = pout +

1
2

�u 2
out ;

(1.1)

where p is the pressure,� is the atmospheric density,u is the axial velocity and A is the
area. in ,rot and out denote positions at far upstream, over the rotor and in the wake.pout

is assumed to converge into the free �ow pressure,pin , in the far-wake. Combining both
equations, the pressure gradient,� p, over the rotor can be written as

� p =
1
2

� (u2
in � u2

out ): (1.2)

Recalling the equation of mass conservation,

_m = �u in A in = �u rot A rot = �u out Aout (1.3)

where _m is the mass �ow rate and is the same along the axial positions. Axial momentum
balance for the control cylinder,

_muin = _muout + T; (1.4)

whereT is aerodynamic thrust. Equation 1.4 can be rewritten as,

T = �u rot A rot (uin � uout ); (1.5)

which can also be represented as,

T = � pA: (1.6)

The axial wind velocity at the rotor, urot can be written using Equation 1.5 and 1.6,

urot =
uin + uout

2
: (1.7)

Axial induction factor, a is de�ned as the normalised de�cit in the axial wind velocity and
shown as,

a =
uin � urot

uin
: (1.8)

Using the axial induction factor, urot , uout and T can be rede�ned:

urot = (1 � a)uin ;

uout = (1 � 2a)uin ;

T = 2�Au 2
in a(1 � a):

(1.9)
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Equation 1.8 and 1.9 are important as one represent the velocity de�cit caused by the
energy extraction and the other is the momentum as a result of the energy extraction.
Using aerodynamic thrust, mechanical power equation can be drawn,

P = urot T = 2�Au 3
in a(1 � a)2; (1.10)

whereP is aerodynamic power. Now, power and thrust coe�cients can be introduced,

CP = 4a(1 � a)2;

CT = 4a(1 � a):
(1.11)

Although CP can provide valuable information about the e�ciency of the turbine rotor, it
is not as helpful asCT for the wind turbine �ow �eld studies. For instance, Bastankhah
and Porté-Agel [7] showed thatCT is the driving turbine property to determine the wake
characteristics of a wind turbine. Later, Troldborg and Meyer Forsting [43], showed thatCT

is also the main driving parameter needed to characterise the �ow in front of the turbine.
Therefore, understandingCT and its variation with other factors is crucial for wind turbine
wake studies.

1.1.2 Wind turbine wakes

The extraction of the power from the wind causes the �ow behind the turbine slow down
while expanding in a turbulent environment. This e�ect of the turbine on the wind �eld is
referred as wake e�ect and in�uenced by the factors varying from the rotor aerodynamics
to the atmospheric conditions as explained in greater details by Vermeer et al. [48].
When the turbines are clustered in a wind farm, the in�uence of the wake becomes signi�cant
due to its in�uence on the total power production of the farm. As the wind speed is reduced
by an upstream turbine, the other turbines facing its wake produces less power due to the
velocity de�cit in the in�ow. Also, these turbines experience higher unsteady loads because
of the turbulent characteristics of the wake structure.
The intensity of a downstream turbine's reaction to the wake �ow depends on numerous
parameters including, but not limited to, the axial and lateral distance between the tur-
bines [18], the in�ow speed, direction [2], turbulence intensity [11, 31] and shear [8], as well
as turbine characteristics such as theCT and spanwise load distribution [43].
As the wake recovers with both the axial and lateral distance, the longer the distance
between the turbines the more the wake will recover. Therefore, the a�ected turbines will
face higher wind speeds. The wake is commonly split into two regions based on their axial
distance from the turbine in the literature: near-wake and far-wake [7, 22]. In the near-wake
region, the �ow is considered complex and turbulent due to the immediate in�uence of the
turbine (e.g. rotor rotation, structural vibrations) on the �ow, while in the far-wake region,
the �ow becomes less turbulent and self-similar [8].
The ambient conditions also in�uence the wake recovery. For example, the wake recovers
faster under turbulent conditions due to better mixing [1, 31]. The wind speed in�uences
the operational settings and may yield to changes in theCT . Similarly, when the in�ow is
directional and not normal to the rotor, it both reduces theCT and also redirects the wake
of the rotor.
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In the case of the turbine not being aligned with the in�ow direction, the wake de�ects [26]
due to the changes on the direction of the forces applied to the �ow. Because of the
misalignment, the turbine's power output becomes non-optimal. On wind farm level, this
physical behaviour can be exploited by misaligning the turbine with the in�ow direction to
increase the total power output of the wind farm by steering the wake �ow away from the
downstream turbines.

1.1.3 Control of wind turbines

The control system of a wind turbine aims to operate the machine under the settings to
maximise the power output while keeping the structural loads within the design limits. It
also ensures that the safety protocols always engage, when something is wrong. Without
the presence of the controller, issues that could easily be resolved by a simple intervention to
the system can easily escalate into catastrophic failures of wind turbines. Therefore, having
a robust controller is equally important for both the safety and the power production.
Modern wind turbines regulate the power output through the pitch and/or the generator
torque control [18]. By pitching in and out, the angle of attack of the blades changes,
which a�ects the forces over the blade, thus the rotational speed,
 . As the rotor is directly
connected to the generator or the gear-box through the main shaft, changes in the rotational
speed are transferred straight to the power output. Similarly, torque control also a�ects
the rotational speed by a system based on permanent magnets in the direct-drive machines
or stepping up and down the gears in the geared machines. This strong coupling between
the rotational speed and the power output makes both pitch and torque control suitable
interfaces for turbine power control.
As another important factor a�ecting the operation of the turbine, wind direction, similar
to its speed, has direct in�uence on the rotor thrust. In order to eliminate the undesired
consequences of misalignment of the turbine rotor with the mean wind direction, a series of
motors placed in the nacelle rotates the rotor into the wind direction. The system is also
known as yaw system.
Figure 1.2 shows the positive rotation axes of the explained control degrees-of-freedom(DOFs)
of DTU 10 MW Reference Wind Turbine. It is important to mention that the turbine con-
trol DOFs are not limited to the pitch, the torque and the yaw systems. However, they are
not within the scope of this project, therefore will not be discussed.
In the concept of this work, the aforementioned control DOFs are important not only
because of their in�uence on the individual turbine's power production, but also the e�ect
on the wind �eld. Below the rated wind speeds, an ideal rotor tries to operate at its optimal
tip speed ratio, � opt, by adjusting the rotational speed proportional to the wind speed, so
the CT is kept at its maximum. Therefore, as long as� opt is preserved,CT of the turbine
does not change. This means below rated wind speeds, the turbine decelerates the wind
the most, causing the greatest velocity de�cit behind the turbine.
A reduction in the CT results in loss of the power production for an individual turbine.
However, when placed in a wind farm, it also means less velocity de�cit behind the turbine;
leaving higher wind speeds for the downstream turbines. Although the turbine control sys-
tems were developed to maximise the individual turbine's power production, these systems
can be used by the supervisory control system of the wind farms to increase the power
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Figure 1.2: Main control degrees-of-freedom of a horizontal-axis wind turbine(HAWT). ! : rota-
tional speed.  : yaw. � p: blade pitch.

output of the entire farm.

1.1.4 Wind farm control

The wind turbines do not have a holistic perspective to operate in coordination with each
other in wind farms. As a result, one turbine's action may cause an adverse reaction on
another turbine. Therefore, a supervisory system is needed to harmonise the individual
turbines in the farm for various purposes ranging from the load optimisation of the turbines
to increase their lifetime to the maximisation of the power output of the wind farms [33].
The wind farm controller(WFC), makes decisions based on several reference frames, such
as current and predicted wind characteristics, the power curve of the turbines, loads of the
turbines and many other. Traditionally, the reference power sent by the WFC is used by
the turbine to adjust its power production. This is usually achieved by the mechanisms
explained earlier, which are also referred as axial-induction-based wind farm control [18].
Because changes in both the pitch and the torque a�ect the axial induction of the rotor, thus
the thrust. Yet another method to wind farm control, wake steering, redirecting the �ow
behind the turbine in order to increase the in�ow wind speed of the downstream turbines [27]
has been an attractive topic in the last decade. When the rotor normal is not aligned with
the in�ow wind direction, the force applied to the rotor by the �ow and rotor's reaction
force to the �ow becomes directional. As a result, the �ow behind the rotor deviates from
its original course. Due to this displacement in the wake, the overlap area between the wake
�ow and a downstream turbine might decrease, resulting faster wind speeds at the rotor.
The redirection of the wake �ow shown in Figure 1.3, occurs due to the misalignment of
the rotor rotational axis with the in�ow wind direction. The misalignment of the rotor
rotational axis with the �ow direction reduces the power produced by the turbine and to
avoid this, the turbines yaw. Yaw-based wake steering functions by exploiting the original
purpose of yaw control in order to boost the power production of the farm. The impact
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Figure 1.3: Demonstration of the �ow behaviour when the turbine is not aligned with the wind
direction. ~F represents the normal force applied to the �ow by the turbine. Due to the yaw
misalignment angle of , ~F splits into two components which are denoted asx and y. Due to the
in�uence of the force components, the in�ow wind velocity ~Uin becomes directional with the angle
of � and axial and lateral components ofuw and vw , respectively. Altogether, they form ~Uw , the
wake velocity.

of the rotor tilt has also been investigated and found e�ective for the wake de�ection [18].
However, as the rotor tilt is static, it cannot be used in wind farm control applications at
the moment.
As one of the wind farm control strategies, the model-based approach which requires the
WFC to run a model and make the decision, has been adopted by the recent studies [17,
20, 14]. The models used for this method are fast and can show the main characteristics of
the �ow behind the turbine, e.g. wind speed, direction, turbulence intensity. The output
of these models is later used for the iterative optimisation process to �nd the best turbine
settings for the assessed condition of the farm.

1.1.5 Wind farm modelling

In the model-based wind farm control approach, WTC is required to run a number of
simulations for the wind �eld and act on the output. Considering this decision making
cycle is constrained by time, the simulations should run rapidly. Even though there are
number of �ow solvers that can accurately simulate the �ow �eld of any size of wind farms,
due to the �ow complexity within the farms, computational �uid dynamic (CFD) models
demand computational resources not only beyond the capacity of WTCs, but also too time
consuming for a system that should react to the changes in the shortest time frame. Even
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with the aid of supercomputers, this power hungry models can take days to complete the
simulation based on their complexity [47]. When the iterative optimisation process is taken
into account, it is not possible to run large wind farms for di�erent settings in a reasonable
time frame using a CFD model.
Alternatively, engineering models that are limited in complexity, yet still accurate enough
for the cause can be used. Even though the engineering models lack the ability of modelling
the complex �ow, they can run in a blink of eye for the largest wind farms for wake char-
acterisation. The main di�erence between the engineering and CFD models is that while
engineering models use parameters de�ning the steady state �ow properties, CFD models
solve Navier-Stokes equations in order to simulate the dynamic �ow physics for a given
mesh. Even though CFD models are not suitable for real time wind farm control, they
provide tools for the validation of engineering models.
As pointed out, wind turbines have multiple control DOFs; individual and collective pitch,
generator torque and yaw. By using these DOFs as the interfaces to in�uence the air �ow in
the WTC, we can improve the power production of the wind farm. One of these methods,
individual pitch control (IPC) is usually used to balance the loads over the rotor. However,
it can also be used to de�ect the wake by intentionally pitching the individual blades.
When the blades are pitched individually, a load imbalance over the rotor occurs and as a
result, the wake de�ects. Although IPC can de�ect the �ow and increase the total power
production, it causes substantial increase in the loads over the rotor [17].
The recent control-oriented engineering models for wake steering, such as FLORIS Multi-
zone [22] and Gaussian wake model [7], focus on the yaw control DOF. These models can be
used for both the planning and development of the wind farms and in the farm controllers.
Their ability to represent the �ow in an abstract way in a short time frame makes them
convenient to use in open-loop control [4].
However, as the wake steering is a relatively new area of focus, all the engineering models
for this purpose are under continuous transformation for better �ow modelling as they still
miss some e�ects of the �ow-turbine interaction.

1.2 Objectives and Contributions of The Work

In the course of this work, a series of CFD simulations will be run for a wind farm of six
turbines laid out in two rows. Based on the outcomes of these simulations, control-oriented
wake engineering models for yaw-based wake steering will be reviewed.
By this work, the following questions are aimed to be answered:

1. How does the in�ow wind speed in�uence the wake de�ection and the de�cit when
the turbine operates near the cut-in wind speeds?

2. Given that the wind farm layouts are planned within the 4 D to 7 D spacing in the
lateral direction, how does the neighbouring rows in�uence each other under yaw
misalignment conditions? At what distance does the interaction of the cross-stream
neighbouring rows become insigni�cant for wind farm control?

3. How does the yaw misaligned turbine's wake in�uence the wake de�cit and the de-
�ection of the downstream turbines?
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To answer these questions, �rst, the used CFD model, its con�guration and the used wind
turbine will be introduced in Section 2.1. Then, in Section 2.2, the used engineering models
will be introduced following by a case study to chose one of them for the rest of the work.
The developed wind farm engineering model will be introduced in Section 2.2.4. Finally,
an extension to the Gaussian wake engineering model will be proposed in Section 2.2.5.
Using the analysis of the two di�erent incoming velocity cases, Research Question 1 (RQ-1)
will be answered in Section 3.2.2.
To answer RQ-2, �rst the �ow �elds of the two wind farm layout cases will be analysed for
the in�uence of the lateral spacing between the rows. Then, both layouts will be evaluated
for the in�uence of the yaw-based wake steering on the cross-stream neighbouring row in
Section 3.2.3.
In depth analysis of the proposed extension to the Gaussian model in Section 2.2.5, will be
done in Section 3.2.4 to conclude RQ-3.
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Chapter 2

Methodology

The CFD simulation, its con�guration and the used wind turbine model are presented in
Section 2.1 to form the baseline. Then, the wake engineering models are introduced in
Section 2.2 for two commonly used models: the FLORIS Multizone and the Gaussian wake
model; along with a case study to chose one of them for the rest of the project. Later, the
selected model will be expanded for the in�uence of the skewed in�ow on the turbines' wake
to answer RQ-3.

2.1 Reynolds-Averaged Navier-Stokes Simulations

In order to simulate the �ow characteristics of the wind farm presented in Section 2.1.1, a
series of CFD simulations are run. In this thesis work, EllipSys3D [42], a DTU in-house
�ow solver, is used to solve Reynolds-Averaged Navier-Stokes equations. With the aid
of the multidimensional data from the RANS simulations, it is aimed to benchmark the
performance of the wake engineering models and assess what they can and cannot present.
Since the �ow around a wind turbine can be described as viscous and assumed incompress-
ible in subsonic speeds, Navier-Stokes(NS) equations which form the basis for several CFD
methods can be written as

Mass :
�u
�x

+
�v
�y

= 0;

Momentum :
�u
�t

+ v
�u
�y

= �
1
�

�p
�x

+
�
�y

(�
�

�u
�y

+
�v
�x

�
);

(2.1)

whereu and v are the axial and lateral velocity components,x and y are the coordinates and
� is the kinematic viscosity. It is imperative to mention that Equation 2.1 is a simpli�ed,
2-dimensional version of Navier-Stokes equations. Although there are number of methods
to simulate the wind �eld in wind farms using NS equations, RANS method was selected
for this study. The main reason behind the decision is that RANS was found almost three
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orders of magnitude [47] more cost e�ective compared to large-eddy simulations (LES) by
the means of computational resources. This is mainly due to two reasons. One is that
RANS is a steady-state method and does not require long simulation times in order to
achieve time independent statistics. The other is that RANS uses models to simulate the
turbulence instead of solving the NS equations fully unlike LES [45].
LES solves NS equations for each x,y,z and t, which requires dense grids for accurate turbu-
lence modelling, while RANS solves the �ow by using time-weighted averaged NS equations.
In this approach, main variables such as pressure and velocity components are de�ned with
their mean and �uctuating terms as in Equation 2.2.

u = u + u0; (2.2)

whereu is the mean wind speed andu0 is the �uctuation term. Applying Reynolds decom-
position (Equation 2.2) into the continuity equation results in

�u
�x

=
� (u + u0)

�x
= 0: (2.3)

Employment of Equation 2.3 into time averaged Equation 2.1 yields,

Mass :
�u
�x

+
�v
�y

= 0;

Momentum :
Du

Dt
= �

1
�

�p
�x

+
�
�y

�
�

�
�u
�y

+
�v
�x

�
� u0v0

�
:

(2.4)

Equation 2.4 shows the governing equations of RANS for constant density in two-dimensional
space. As the wake of a turbine is turbulent and characterised by high Reynolds number [45],
Reynolds-stresses,u0v0, in Equation 2.4 dominate the viscous term. Addition of these terms
introduces 6 new unknown variables that needs to be modelled in order to close the equa-
tion, which is also known as turbulence closure problem. In order to solve this problem,
several models were proposed [34, 36, 5, 47]. In this work,k � " � f p eddy viscosity model
(EVM), proposed by van der Laan et al. [47], is used.

2.1.1 Simulation con�guration

The RANS simulations are con�gured based on the requirements of the research questions
presented. First, to create a baseline, the simulations of a single wind turbine are run.
Then, to answer the research questions, a wind farm of 6 turbines is simulated.
General input parameters used in the �nal RANS simulations are given in Table 2.1. The
simulation resolution is selected based on the conducted grid dependency analysis. Details
regarding the analysis are presented in Appendix A.
To answer RQ-1, simulations of the wind farm with6 and 8 m=s in�ow wind speeds are
run.
Wind farm simulations are run for two wind farm layouts to determine the in�uence of the
lateral spacing between the rows to answer RQ-2. In the rest of the analyses, Layout 1 (L1)
is used. The wind farm layout of the simulations is shown in Figure 2.1.
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Table 2.1: List of parameters used in the RANS simulation setup. Only the case speci�c param-
eters are shown. Parameters used in the single turbine and the wind farm simulations are denoted
with S and WF, respectively.

Parameter Value
Turbulence model k � " � f p [47]
Wind direction 270:0�

Wind speed (S) 8:0m=s
Wind speed (WF) 6:0m=s;8:0m=s
Yaw angle range (S) � 30� : 5� : 30�

Yaw angle range (WF) � 25� ; � 15� ; � 5� ; 0� ; 15�

Turbulence intensity 0:05
Cells/diameter 16
Calculation height (S) 102:0m
Calculation height (WF) [20m : 20m : 100m; 102m; 120m : 20m : 200m]

2.1.2 Wind turbine model

In the RANS simulations, a downscaled version of DTU 10 MW reference wind turbine [6]
is used. The downscaling was done to mimic SWT-6.0-154 o�shore wind turbine's [40] rotor
size and thrust curve. Although the downscaling was based on the thrust curve of SWT-
6.0-154, the downscaled turbine (DTU 6MW) operates under di�erent optimal conditions
compared to SWT-6.0-154.

In this study, there is no torque or pitch control available to the turbine. Therefore, prior
to the actual simulations, RANS executes a series of calibration simulations of a single
turbine for each in�ow wind speed to create a relationship between the torque and the
rotational speed [46]. As a result, RANS tabulates the loads and operational conditions
of the actuator disk(AD) as a function of in�ow wind speeds. As an additional measure,
a steady blade element momentum(BEM) [24] code was also run. This code is used to
examine the results of the AD model [35] used in RANS. Figure 2.2 shows the comparison
of RANS and steady-BEM simulations for the below rated wind speeds.

In the power curves, RANS estimates higher values compared to the steady-BEM. Réthoré
et al. [35], associated this to the overestimation of the local blade forces, which is due to
the scaling of the local blade forces with the local velocity. Another important factor to
consider is the methods used for the tip correction factor. In the steady-BEM, Prandtl's tip
correction factor [9] is used, while in RANS AD model, Shen et al.'s method [39, 38] with
modi�ed c2 is used. In steady-BEM, turbine operates under optimal tip speed ratio below
rated wind speeds, which results in constantCT and � after 6m=S. However, in RANS, the
tip speed ratio is variable; causingCT to be variable. Additionally, the turbine's rotational
speed at the cut-in wind speed is 0.521 RPM. This is higher than the rotational speed to
keep the rotor rotation at the optimal tip speed ratio. Therefore, we see higherCT and �
values until 6m=S.

Although there are some di�erences between the models, they do show similar characteristic
properties for the rotor.
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Figure 2.1: Wind farm layout. Straight black lines correspond to the spacing between turbines
in Layout Case 1 (L1). Gray dashed lines show the distances in Layout Case 2 (L2) where the
turbines in Row B are moved towards Row A. Turbine coloured red is yawed in the simulations.
RNA: Rotor nacelle assembly

Figure 2.2: Left to right: mechanical power, thrust, thrust coe�cient and tip speed ratio. Black
line corresponds to the data calculated by RANS and red dashed lines are the steady-BEM results.
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Figure 2.3: Normalised spanwise normal loads over the blade span.

2.1.2.1 Weighted averaging based on the spanwise load distribution

A weighted averaging method is performed in Section 2.2.3, 3.2.2 and 3.2.4 to calculate
the e�ective wind speed at imaginary rotors. The method uses the normalised local thrust
force over the blade span to weigh the incoming �ow over the rotor. It is assumed that
the normalised local thrust force over the blade span does not change below the rated
wind speeds and has the distribution shown in Figure 2.3. The local load distribution is
calculated by the steady-BEM.
As shown in the �gure, the normalised local normal forces has the same distribution at both
6m/s and 8m/s. Although the load distribution varies with the tip speed ratio, considering
our operational conditions, the assumption of a constant normalised load distribution is
found su�cient. Equation 2.5 is used for the averaging.

urot =

P 0:5y=D
� 0:5y=D u(y)FN (y)
P 0:5y=D

� 0:5y=D FN (y)
; (2.5)

where FN is the function of normal load distribution from y = � 0:5D to y = 0:5D, u is
the incoming wind speed at the lateral position ofy and urot is the �nal, weighted averaged
wind speed.

2.2 Wake Engineering Models

Wake engineering models can portray the characteristics of a wind farm wake �ow in an
abstracted manner by using tunable parameters. Although they are simpli�ed compared
to CFD models, they can still provide valuable information and shown su�cient enough to
used in the model-based wind farm control approaches.
In this work, the wake engineering models are evaluated based on the number of tunable
model parameters and accuracy. Having a small number of parameters is bene�cial as
it reduces the execution time of the tuning process. The accuracy of the models will be
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Figure 2.4: FLORIS Multizone model. The inner triangular area enclosed with black lines shows
the boundary of the near-wake zone. The near-wake region is nested in the far-wake zone and
outside of the triangular area is considered as a part of the far-wake zone. The most outer region
is the mixing-zone and provides the transition between the wake and freestream �ow. The dashed
black line represents the wake centreline for no yaw misalignment case

evaluated by comparing their wake centrelines with the RANS simulations because the wake
trajectory is crucial for wake steering studies.
In this section, the two most used control-oriented wake engineering models, the FLORIS
Multizone(Section 2.2.1) and the Gaussian wake model(Section 2.2.2), will be reviewed.
Then, one of these models will be selected based on a comparative case study in Section 2.2.3.
The developed wind farm model will be introduced in Section 2.2.4. Finally, an expansion
will be proposed to the Gaussian wake engineering model to introduce the e�ect of the
skewed in�ow on the turbines' wake to tackle RQ-3 in Section 2.2.5.

2.2.1 FLORIS Multizone model

As an expansion to the Jensen model [25], the FLORIS Multizone model [22] de�nes the
wake by splitting it into 3 zones; each having di�erent expansion and recovery rates. These
zones represent the near-wake, far-wake and the mixing zones. As the wake has di�erent
properties in di�erent zones [48], the modi�cation to the Jensen model yields to a better
representation of the �ow [4]. Similar to the Jensen model, it assumes a steady, uniform
in�ow.
In order to characterise the �ow, the FLORIS Multizone model requires twelve tunable
parameters. This relatively high number of parameters can be considered as a downside
of the model, because the solution space grows exponentially with each parameter's added
dimension and the tuning process becomes computationally exhausting.

2.2.1.1 Wake de�ection

The de�ection model used in the model is adopted from the work of Jiménez et al. [26].
Jiménez et al. de�ne the initial skew angle as Equation 2.6.

� init (ai ;  i ) = � 0:5cos2 i sin i CT (ai ); (2.6)
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