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Resumo

Para enfrentar a questdo das alteragdes climaticas, € crucial descobrir solugdes sustentdveis que
utilizem recursos naturais para gerar energia renovdvel, em vez de depender de combustiveis fos-
seis.

Atualmente, 80 por cento da producdo mundial de energia ainda provém do uso de com-
bustiveis fosseis. Para combater este problema, cientistas e investigadores estdao a explorar varias
formas de reduzir a pegada de carbono e promover a utilizagdo de fontes de energia renovaveis.
Uma dessas solucdes é a utilizacdo de recursos naturais, como o vento, que é uma fonte de en-
ergia abundante, econdmica e sustentdvel. O uso da energia edlica apresenta diversas vantagens
em relacdo as fontes de energia convencionais, como redugdo de emissdes de gases de efeito est-
ufa, baixo custo operacional e minimo impacto ambiental. A energia edlica € um recurso natural
valioso que pode ser obtido por meio de turbinas e Airborne Wind Energy Systems ( AWES).

Existem vdrios projetos e grupos de investigacao dedicados ao estudo desta inovadora tecnolo-
gia nos quais podemos destacar o projeto UPWIND.

O projeto UPWIND tem como foco a pesquisa e desenvolvimento de AWES ( Airborne Wind
Energy Systems) que utilizam uma asa ou kite, um cabo e um gerador para produzir energia por
meio de tracdo em grandes altitudes. O objetivo € servir como um complemento as turbinas edlicas
tradicionais, que sdo atualmente a fonte de producdo de energia edlica mais utilizada no mundo.
No entanto, como esta tecnologia ainda se encontra numa fase inicial, existem muitos desafios a
serem enfrentados em termos de aspetos econdmicos, eficiéncia e seguranca.

Uma das tarefas mais importantes e também um das mais desafiante é o desenvolvimento de
um controlador automadtico de descolagem que consiga operar em quaisquer condi¢des e de forma
confidvel.

O objetivo principal desta tese foca-se em desenvolver um controlador automatico de desco-
lagem baseado no movimento pendular que seja capaz de operar de forma auténoma sem inter-
venc¢do humana, resultando em maior eficiéncia. No entanto, o desenvolvimento de um sistema de
descolagem automdtico apresenta vérios desafios de controlo, como o controlo de pardmetros de
forma a garantir a estabilidade do kite desde o seu lancamento até todas as fases do ciclo de voo.

Este documento apresentard estudos e vdrias simulagdes de vérios problemas de diferentes
complexidades. Simulacdes que servirdo como meio de estudo e andlise da viabilidade deste tipo
de descolagem.



Abstract

To tackle the issue of climate change, it is crucial to discover sustainable solutions that utilize nat-
ural resources to generate renewable energy instead of relying on fossil fuels. Currently, around
80 percent of the energy of the world is still sourced from fossil fuels.To combat this issue, scien-
tists and experts are exploring various ways to reduce the carbon footprint and promote the use of
renewable energy sources. One such solution is the use of natural resources, such as wind, which
is an abundant, economical, and sustainable source of energy. The use of wind energy has several
advantages over conventional energy sources, such as reduced greenhouse gas emissions, low op-
erational cost, and minimal environmental impact. Wind energy is a valuable natural resource that
can be obtained using turbines and Airborne Wind Energy Systems (AWES).

There are numerous projects and research groups dedicated to exploring this groundbreaking
technology, such as the UPWIND project.

The UPWIND project focuses on researching and developing AWES (airborne wind energy
systems) that use a wing or kite, a cable, and a generator to produce energy through traction at
high altitudes. The aim is to complement traditional wind turbines, currently the most commonly
used source of wind energy production worldwide. However, as this technology is still in its early
stages, there are many challenges to be addressed in terms of economic aspects, efficiency, and
safety.

One of the most important and challenging tasks is to develop a reliable automatic take-off
controller that can operate in all conditions.

The main objective of this thesis is to develop an automated take-off controller that uses pen-
dulum movement to launch a kite. The mechanism should be capable of starting and completing
the take-off process without human intervention, resulting in improved efficiency. However, the
development of an automatic take-off mechanism presents several control challenges to ensure the
stability of the kite from the beginning of the launch to the end of the flight cycle.

This document will feature several studies and simulations of various issues of different com-
plexities. These simulations will serve as a means of studying and analyzing the feasibility of this
type of take-off.
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Sustainable Development Goals (SDG)
of the United Nations

In 2015, all member states of the United Nations committed to the 2030 Agenda for Sustainable
Development. This plan aims to achieve peace and address threats to people and the planet and
was adopted by both developed and developing countries. The 2030 Agenda provides a universal
framework for achieving sustainable development in the future [1].

There are 17 Sustainable Development Goals (SDGs)( 1) that are urgent calls for action by all
countries, poor, rich, and middle-income, in order to guarantee the prosperity and protection of
people and the plane [1].
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Figure 1: The 17 Sustainable Development Goals (SDGs) (Source: [1])

Since the creation of these 17 goals, 3,906 events, 1,348 publications, and 7,842 actions have
been carried out for 169 targets. All countries belonging to the Member States of the United
Nations confirm that the fight against poverty, hunger, climate change, and other deprivations must
go hand in hand with strategies to improve health and education, reduce inequalities, maintain
economic growth, combat climate change, and protect oceans and forests [1].

Engineering plays a crucial role in achieving the 17 SDGs, promoting equality, and ensuring a
balanced and inclusive profession for all genders.

This thesis aims to create an automated control system for the take-off process of the UPWIND
project. The UPWIND project aims to harness sustainable wind energy as a green alternative to
the conventional turbine-based approach, which is currently the dominant mode of wind energy
production. While the thesis does not explicitly address any of the 17 United Nations Sustainable
Development Goals (SDGs), it is closely linked to them. By analyzing the project context, it is
possible to identify several SDGs to which the project contributes. The table below highlights
the SDGs achieved by the project, along with specific objectives and performance indicators to
measure the degree of success in achieving these goals.
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Airborne Wind Energy involves using natural resources, like wind, to generate electricity in a
clean and sustainable way. Airborne Wind Energy is a method of harnessing energy from the wind
by employing a wing or kite, a cable, and a generator. This process occurs at high altitudes, where
control and technology are utilized to maximize sustainability and green energy production. The
production of green energy is becoming increasingly important for reducing the use of fossil fuels
and reducing the carbon footprint.

Table 1 illustrates several Sustainable Development Goals (SDGs) established by the United
Nations, which provide a framework for integrating Airborne Wind Energy into the existing energy
infrastructure. As such, the objective of this thesis can be integrated into the same goals.

Table 1: Contribution to SDGs and Performance Indicators

SDG | Target | Contribution Performance Indicators and Metrics

7 7.1 Increase the proportion of | Indicator 7.1.1: Proportion of renew-
renewable energy within the | able energy in the overall final energy
global energy composition consumption.

7.2 Improve energy efficiency by | Indicator 7.2.1: Energy intensity, mea-
harnessing high-altitude winds | sured by the ratio of primary energy
with AWES. consumption to gross domestic prod-

uct (GDP) (an indicator of energy ef-
ficiency and economic output).

9 9.1 Embrace clean and sustainable | Indicator 9.1.1: CO2 emission per unit
technologies like AWES to re- | of value added.
duce carbon emissions.

9.2 Enhance technological and re- | Indicator 9.2.1: Research and devel-
search capacity through the de- | opment expenditure as a proportion of
velopment of AWES. GDP.

11 11.1 Minimize the environmental ef- | Indicator 11.1.1: Annual average levels
fects of urban areas by integrat- | of fine particulate matter (PM2.5 and
ing AWES. PM10) in urban areas.

11.2 Promote the development of | Indicator 11.2.1: Average proportion
green and public spaces indi- | of public open space in urban built-up
rectly by reducing reliance on | areas.
traditional energy infrastructure.

13 13.1 Enhance resilience to natural | Indicator 13.1.1: Number of countries
disasters. with national and local disaster risk re-

duction strategies.

13.2 Enhance education and build | Indicator 13.2.1: Number of countries
institutional capacity for ad- | that have integrated mitigation, adapta-
dressing climate change through | tion, impact reduction, and early warn-
AWES-related training and re- | ing into primary, secondary, and ter-
search.. tiary curricula
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“Success is not final, failure is not fatal: it is the courage to continue that counts.”

Winston Churchilll
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Chapter 1

Introduction

In the introduction chapter, this dissertation provides an initial contextualization of the problem
that will be addressed and the scientific area in which it is situated. It discusses the challenges
and motivations behind the problem and highlights the possible applications and implications of

solving it. Finally, the chapter briefly mentions the structure of the dissertation.

1.1 Context and Motivation

Even though there have been advancements in renewable energy sources, approximately 80 per-
cent of global energy production still relies on fossil fuels. This highlights the need to explore
alternative energy sources more than ever before. Scientists and experts are currently looking into
various ways to reduce the carbon footprint and increase the use of renewable energy.

An effective solution is to utilize natural resources, such as wind power. Wind energy is
an abundant, economical, and sustainable source of energy. It has several advantages over con-
ventional energy sources, such as lower greenhouse gas emissions, lower operational costs, and
minimal environmental impact. Wind energy is a valuable natural resource that can be obtained
using turbines and Airborne Wind Energy Systems (AWES).

The UPWIND project focuses on researching and developing AWES that use a wing or kite, a
cable, and a generator to produce energy through traction at high altitudes. The primary objective
of this project is to provide a complementary solution to traditional wind turbines, which are
currently the most commonly used source of wind energy production worldwide.

These systems are still in the development and research phase. However, their unique charac-
teristics allow them to compete with traditional turbines commercially.

These systems differ from traditional turbines due to their unique ability to operate at high
altitudes where winds are strong.

To ensure the highest level of efficiency, it is imperative to have an automatic take-off control
system. This system eliminates the need for human involvement during the take-off and the entire
flight process. Developing an automatic take-off system is crucial for the advancement of these

devices, even though it is a challenging task.
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1.2 Challenges, Goals and Starting Point

Developing a system that can autonomously perform take-off presents several challenges. It can be
challenging to maintain control of a kite during take-off, particularly in adverse weather conditions
or system failure. Making the wrong decision can cause damage to the kite, which can be costly
and time-consuming to repair. Therefore, it is crucial to create an automatic take-off system that
enables autonomy, efficiency, and protection against adversity. Various take-off methods can be
used, each with its unique set of challenges in terms of controlling parameters. The UPWIND
project is exploring alternative and innovative methods that have great potential to bring about
significant advancements, such as take-off based on a pendulum movement. However, there are
also major control problems that need to be addressed. One of the first challenges in kite energy
production is to ensure that the kite follows a pendulum trajectory with a push force only in the
positive velocity direction until it reaches a safe speed for take-off. This will allow the kite to move
into the energy production phase smoothly and securely. This control challenge represents one of
the starting points for the beginning of this dissertation. In addition to controlling the trajectory,
controlling certain kite parameters and the forces present on the kite also poses a challenge that
requires further investigation. Despite these challenges, the potential of these wind energy systems
to generate more energy than traditional wind turbines has inspired researchers to further develop

and optimize this embryonic technology to harness the vast power of the wind.

1.3 Contributions

This thesis introduces a new concept for take-off using pendulum movement, where the aircraft
is suspended on a structure until it gains enough speed to begin flying and generating energy.
This groundbreaking technology has the potential to transform disused structures, such as turbine
towers, into sources of energy production, offering an environmentally friendly and cost-effective
solution. The research presented in this thesis provides a foundation for further investigation of this
approach in the future, covering both 2D and 3D aspects as well as theoretical and mathematical

considerations.

1.4 Dissertation Structure

In addition to the introduction, this dissertation contains 5 more chapters. Chapter 2 provides
an overview of the state of the art in Airborne Wind Energy Systems, including historical and
economic aspects. It explains the fundamental concepts of this emerging technology, the classifi-
cation of these systems, and the kite model that will be the focus of the research. The chapter also
discusses the different options for take-off and landing, their respective advantages and disadvan-
tages, and the approach chosen by the UPWIND group. In Chapter 3, we will provide an overview

of a simpler problem - the pendulum motion of a simple pendulum. This will help us understand
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the mathematical, dynamic, and physical foundations, and then progress to a more complex prob-
lem. Chapter 4 will present two problems with different complexities. The first problem will be a
2D problem involving the influence and non-influence of wind, along with its implementation and
results. Following that, the more complex 3D problem will be presented providing its mathemati-
cal and theoretical analyses. Chapter 5 will offer a brief overview of one of the many applications
of take-off and its significance in controlling multiple kites in Wind Farms. In Chapter 6, the

conclusion and a plan for future steps will be presented.



Chapter 2
Airborne Wind Energy Systems

To provide a comprehensive understanding of the problem presented in this report, this chapter
shall offer a detailed account of the theoretical and historical perspectives, as well as the fun-
damental mathematical and physical concepts that are central to the specific field in which this

dissertation is situated.

2.1 Historical Evolution

Before delving into theoretical and physical aspects, it is important to understand the origin of
using kites to generate energy. During the energy crisis of the 1970s, there was a growing interest
in using natural resources to produce energy. In 1975, Payne and McCutchen patented the “Self-
Erecting Windmill” which laid the concepts for the principles of airborne wind energy [14].
Although the idea was introduced earlier, the first person to conduct serious research on this topic
was the American engineer Miles L. Loyd. His research led to an article titled "Crosswind Kite
Power," which was published in "The Journal of Energy" in 1980 [20]. Therefore, it is safe to say
that Miles Loyd was the pioneer of the foundation for quantitative analysis of AWE systems. In the
book "Airborne Wind Energy: An Overview of the Technological Approaches", it is also pointed
out that this field is based on George Pocock’s book, which describes 19th-century kite-drawn
carriages. For over four decades now, the Danish three-blade wind turbine has remained a highly
sought-after method for generating wind energy. However, in recent times, commercial entities
such as MakaniPower and WindLift have started exploring Airborne Wind Energy Systems for
commercial purposes. Additionally, academic institutions globally have been at the forefront of
researching this exciting technology, with the aim of contributing to a cleaner and more sustainable

future (Figure 2.1).



2.2 Economic Aspects
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Figure 2.1: Examples of institutions
(Source: [2])

2.2 Economic Aspects

and companies that are working with AWE technology.

Airborne Wind Energy is a relatively new technology. Therefore, when comparing the market

price for low production, the costs may seem high. However, this technology has the potential

to not only reduce costs but also increase production significantly [3]. One of its advantages is

the ability to fly at high altitudes where the winds are stronger. Figure 2.2 shows a graph that

demonstrates the potential of AWES to reduce costs and increase profits. It is estimated that by

2040, AWES will become competitive in the energy market [3].

160
140

120
Learning by

= 100 doing - niche
3
markets ]
=3 Multi MW
S 80
o arrays
8 e Commercially
Competitive
40
20
0
2020 2025 2030 2035 2040 2045 2050
Year

Figure 2.2: Potential cost reduction of AWES. (Source: [3])
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Increasing Power and Reduction Cost

When we discuss wind energy, we usually think of turbines as the means of energy production.
The amount of energy produced by turbines is directly proportional to the size of their blade area.
Therefore, by doubling the blade area, we can quadruple the energy production [3]. However,
there is a limit to which the blade can increase, or the tower can grow to reach higher altitudes.
This is where Airborne Wind Energy Systems come into play. They can reach greater heights and
cover much larger areas, thereby increasing energy production [3]. In figure 2.3, you can see a

graph comparing the production potential of AWES to traditional turbines.

Power Output (MW)

0 1.5 3 45 6 7.5 9 10.5 12 13.5 15 16.5 18 19.5 21 22.5 24
Wind Speed (m/s)

’ ------ Conventional Power Airborne Power ‘

Figure 2.3: Comparing the production potential of AWES with turbines. (Source: [3])

When we use kites or wings, we can enjoy a range of benefits. Firstly, we can increase en-
ergy production while making the landscape more aesthetically pleasing. Additionally, there is a
reduction in material and maintenance costs. As the costs of materials like steel continue to rise,
building a turbine involves many associated costs, both in terms of maintenance and installation
or construction [3]. A kite or wing requires less mass than a turbine, making it lighter and easier
to install. An Airborne Wind Energy System generator is much smaller than a turbine generator.
When it comes to maintenance, AWES technology replaces turbines, and maintenance costs would
be mainly associated with the system itself and periodic replacements of the cable and the kite or
wing [3]. Overall, we can say that with the growth and entry into the energy market, Airborne
Wind Energy Systems have the potential to become one of the most reliable and economically

developed forms of energy production.

2.3 Basic Concepts

Airborne Wind Energy Systems (AWES) differ from traditional three-bladed turbines in their ap-
proach to generating power. Unlike turbines which have height limitations and are fixed on the

ground, AWES can "either fly freely in the air or be connected to the ground by a tether, such as
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kites or tethered balloons" [5], and can fly at high altitudes. Mechanically connected AWES can
generate more power than those that are not, exploring the "relative velocity between the airmass
and the ground" [5]. This approach allows us to fully harness the power of the wind. These
systems are connected to a stationary ground station or any type of moving object that is non-
flying and can generate power in the form of a traction force to a moving vehicle or in the form
of electricity (Figure 2.4). The UPWIND project uses a ground-connected kite approach with a

stationary ground station.

‘/ » (/
.g-.)\‘. Aireraft P, Aircraft
>~ -~ ;

Generator/s
’ anhanical P - 2
Mechanical Power Aulnc Power
s N

v( jenerator/s V
(a) (b)

Figure 2.4: Examples of AWES (Airborne Wind Energy Systems) which use two different types
of generators - a ground generator (a) and a flying generator (b). (Source: [4])

2.4 Crosswind Kite Power

As we previously stated the concept of Airborne Wind Energy Systems (AWES) involves using a
kite or a wing, a cable, and a generator to produce energy from the wind. The research conducted
by Miles Loyd proposed a unique method of generating power using airfoils tethered to a cable
and flying perpendicular to the wind direction (crosswind) [5]. Flying crosswind and at higher
altitudes allows to maximize the energy production of the kite. Miles Loyd stated that the blades
of the turbine were the most aerodynamic part [14], which led him to design and patent a system
consisting of a kite-like wing connected to a cable anchored to a ground station. This system

allows for simulating turbine movement at higher altitudes, without the structure (Figure 2.5).

Figure 2.5: Traditional turbine (left) and a flying kite or wing in drag mode (right). (Source: [5])
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In his study, he suggested two power conversion modes, the lift mode and the drag mode,
which nowadays are the most used and studied ones. The lift mode uses "the tension in the line
to pull a load on the ground, the drag mode uses the high apparent airspeed to drive a small wind
turbine on the wing" [5]. In the book "Airborne Wind Energy" authored by Ahrens, the estimation
of power generation P by a tethered airfoil in both drag and lift modes is discussed. The estimation

was made under idealized assumptions and can be approximately given by:

2
P:2-p-A~v3V-CL-<CL> 2.1

For AWE systems, the (%)2 wing property is a crucial factor for describing aerodynamic
efficiency in specific flight conditions, where A represents the wing area, C;, and Cp represent the
lift and drag respectively, p the air density and v,, the wing speed [5].

When flying at high altitudes in crosswind conditions, we have the perfect conditions to gen-

erate maximum power. This can be demonstrated by the following equation:

2 Cr 2
< —.p-A- 3 . == . 3 .
Prax < > p-A-v,-Cp <CD> (cos?y) 2.2)

This formula demonstrates the maximum power that a kite can produce using the same vari-
ables as the equation 2.1. It also includes an additional parameter, (cos¥)?, which represents the
"angle between the wind velocity vector and the vector pointing along a straight tether from the
attachment point on the ground to the aircraft”, as explained in the source [14].

This equation differs from the previously presented equation (2.1) in that the energy generated
now accounts for the angle ¥ (the angle between the wind velocity vector and the straight tether
connecting the kite or aircraft to the ground). In the earlier formulation, this angle was disregarded
under the assumption of ideal conditions, where the wind direction and the tether were perfectly
aligned. By incorporating the ¥ angle, we introduce a more realistic factor, allowing for a more
practical estimate of the power that can be generated under real-world flight conditions. The angle
y varies depending on the flight path of the kite, and as such, the term (cosy)® becomes crucial
in accurately estimating energy production. This adjustment reflects the fact that, in non-ideal
conditions, the effective wind speed available to the system is reduced when the wind direction
deviates from the tether alignment.

Back in the 1970s and 1980s, the research and ideas related to wind energy seemed impossible
due to the lack of technology available at the time. However, with advancements, comprehending
and testing wind energy ideas is easier, leading to further improvements and evolution of this
technology.
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2.5 Classification of Airborne Wind Energy Systems

We can divide AWES into two types, electricity generation (based on the position of the station)
and flying operation (crosswind, rotational, or tether-aligned). In figure 2.6, we can see the classi-

fication of these systems and the approaches used by different companies or groups.

@KiteKraft @ KiteX

Flight Companies/Research Groups
- operation
Electricity @ Kitemill @ EnerKite @Kitepower © KiteGen stem
generation @ Skypull @ Ampyx @Kitenergy @ SkySails Power
@ TwingTec  @KPS OeWind
@E-Kite @Kiteswarms  Solutions
—{ = with fixed GS — tether-aligned | O Omnidea  OLaddermill O Guangdong
HAWP
_ O Windsmept ® Vertical ake-off and
— rotational O someAWE
O Kitewinder la.nc?mg e,
@ Horizontal take-off and
X . . @ X-Wind loop track landing (HTOL)
SA\fs\té{l:lE |—~{ = TS H =] | @ KiteGen ca.l};usel @Multi-drone concepts
OLigther-than-air concepts
_ @ Makan: @ Windlift ©Flexible wing concepts
— crosswind

= on flying device

O Altaeros O Bladetips O Sky WindPower
OMagenn OBrainwhere

Figure 2.6: Various classifications of AWE (Airborne Wind Energy) technologies. (Source: [6])

Different companies or research groups use different approaches to solve problems. Even
within the same category, the solutions found can be significantly different. For example, in the
vertical take-off and landing category, we may have solutions where the kite takes off in a vertical
line similar to a drone (such as TwinTec). Whereas, in the take-off and landing horizontal solu-
tions, the kite may take-off in a circular trajectory (such as EnerKite) or in a horizontal line where
a track is required (such as Ampyx).

When discussing the generation of energy, it is important to consider certain aspects. If the
generator is located on the device itself, the energy is generated and then transmitted through a
cable. However, if the generator is located in a stationary or mobile station the energy is produced
during the reel-out phase when the cable is unwound, and it is consumed during the reel-in phase
when the cable is being wound. When we take into account what is produced and consumed, the
energy produced exceeds the energy consumed, resulting in a positive balance [18].

In figure 2.7, we can observe the different approaches taken by various companies and research
groups.

It is relevant to note that the stability of a wing or kite is also affected by the type of material
it is made of. A wing or kite constructed with a more rigid material provides greater control and
durability, but it is heavier and more expensive to fix in case of accidents. On the other hand,
a wing or kite made of lightweight material is more challenging to control and requires more
maintenance, but it is less expensive and easier to repair if damaged [14].

In figure 2.8, we can observe how the location of the generating station and the type of material

of the wing or kite affect energy conversion.
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Figure 2.7: Different approaches taken by various companies and research groups. (Source: [7] )
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Figure 2.8: Power conversion for different systems. (Source: [8])

Airborne Wind Energy Systems can be classified based on their flight operations. The most
commonly used approach is to fly in a crosswind direction, which is perpendicular to the wind.
However, this method presents great difficulty in controlling the kite or the parameters of the
wing [14]. The choice of flight operation is dependent on the location of the energy generator.
Depending on the location of the generator, we may have to use a specific type of flight operation.
For example, as shown in figure 2.6, when we have a moving generator station, we need to use the
crosswind flight operation. There are also cases where we can choose from three available flight
operations. Some companies or research groups prefer to use rotational or tether-aligned flight

operations, rather than the crosswind method.

2.6 Automatic Take-off and Landing

Controlling the transitions between take-off and landing is crucial in an Airborne wind Energy
System. This allows the system to switch between rest and energy production phases, as well
as transition from energy production to immobility phase. The parameters of the kite need to be
controlled to ensure that it makes the right decisions during normal situations, extreme weather
conditions, or system failures [14]. This is one of the many challenges faced during take-off and

landing in such a system.
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This thesis introduces a novel take-off method based on a pendulum movement. This method
integrates features of both vertical and circular take-off methods. It demonstrates vertical charac-
teristics as the motion takes place in the vertical plane, similar to vertical take-off. Once the kite
gains enough speed, it switches from a pendulum-like motion to a circular trajectory, resembling
the behavior observed in circular take-off.

The landing of the kite after the energy production phase requires careful consideration, es-
pecially in light of the innovative approach proposed in this thesis. It is a crucial aspect of the
operation of the system and will be important to consider in future studies to ensure that this
take-off method is both reliable and feasible.

Currently, three main approaches are used for take-off and landing in airborne wind energy
systems: vertical take-off and landing (VTOL), horizontal or catapult-assisted take-off and landing
(HTOL), and circular take-off and landing (CTOL).

In the upcoming subsection, we will examine the advantages and disadvantages of each type

of take-off and landing, as well as their execution methods.

2.6.1 Vertical take-off and landing

Vertical take-off and landing (VTOL) refers to a system in which support propellers are used
to help the kite or wing take-off vertically until the energy production process begins. Various
companies and research groups are studying this method. For instance, Makani, TwingTec, and
KiteMill are some of the companies that focus on VTOL. TwinTec and KiteMill follow a similar
approach that involves the kite or wing taking off vertically through the movement of propellers
present in the prototype, similar to that of a helicopter. However, the main difference between
them is the modifications and functionality that rotors can provide. KiteMill is able to offer more
functionalities related to the specification that the propellers can do depending on the phase of
flight it is in, a functionality that the TwingTec prototype cannot offer [21]. TwinTec has developed
a patented solution that allows the kite or wing to fly smoothly while curved, compensating for the
forces generated by the rotors [14]. In figures 2.9 and 2.10, we can see the prototypes of KiteMill

and TwingTec respectively.

Figure 2.9: KiteMill prototype. (Source: [9])
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Figure 2.10: TwingTec prototype. (Source: [10])

Makani uses a unique approach that sets it apart from the other models mentioned. Its rotors
are situated on the top of the wing or kite, allowing for vertical take-off and landing, similar to a
tailsitter aircraft [14]. In Figure 2.11, we can see the Makani Power prototype.

Figure 2.11: Makani prototype. (Source: [11])

This method of automatic take-off and landing provides the advantage of being able to take
off and land in relatively small areas. However, the presence of rotors to assist the kite in taking

off adds extra difficulty to control, as well as weight to the kite or wing, which is a disadvantage.

2.6.2 Linear or catapult take-off and landing

One of the methods used in horizontal take-off and landing is the linear or catapult take-off and
landing. In this method, the prototype is accelerated horizontally until the necessary speed is
reached to start flying and producing energy. An external energy source or an electromagnetic
launch system is used to aid in this acceleration. Companies such as Ampyx Power and ElektRail
have adopted this approach.

Ampyx Power is a company that has developed a unique system to generate energy. Their
system uses a catapult to inject kinetic energy into the system during the launch phase, and a

braking system that uses a rope to remove energy during landing. The design of this system is
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specially made to minimize the area required to carry out the launch [22]. Ampyx Power is one
of the few companies that have successfully developed a completely autonomous system that can
execute all the flight phases from launch to energy production and landing [14]. In Figure 2.12,

we can see the Ampyx Power prototype.

Figure 2.12: Ampyx Power prototype. (Source: [12])

ElektRail is a company that is developing a system that enables devices to take-off and land
without the use of traditional landing gear [23]. This system offers several advantages, including
reducing the weight of the device and the distance required for take-off, as the device is propelled
by the system of the Earth. However, the landing process is highly complex and requires careful
synchronization between the aircraft and the landing site. In the figure 2.13, we can see the
ElektRail device.

Figure 2.13: ElektRail prototype. (Source: [13])

For this type of take-off and landing, a significant space is needed to perform both the launch
and landing operations. In addition, extra equipment is required to assist with the initial acceler-
ation. However, this method offers several benefits, particularly in terms of ensuring the stability

of the device during the take-off and landing processes.
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2.6.3 Circular take-off and landing

The circular take-off and landing method involves the kite gradually increasing its speed while
making circular movements until it reaches the necessary height to produce energy, as mentioned
in the study conducted by Gabriel Fernandes [14]. In figure 2.14, Antonello Cherubini introduced
a model of a kite with an integrated motor that is controlled until it reaches the required speed for
take-off [14].

Circular path

Figure 2.14: Fully automatic experimental circular take-off and landing. (Source: [14])

Out of all the approaches mentioned earlier, circular take-off and landing is the least commonly
used method. Although it falls under the category of horizontal take-off and landing, it differs in
terms of its characteristics, as illustrated in figure 2.6. EnerKite is one of the companies that
has updated this type of take-off and landing. EnerKite employs a kite attached to a mechanical
rotating arm, which rotates until it attains the required speed to enter the energy production phase.
The prototype used by EnerKite is shown in the figure 2.15.

Figure 2.15: EnerKite prototype.(Source: [15])

This approach has some drawbacks in terms of the required area for take-off and landing,
as well as the increased complexity of the system. However, it does not require any additional

equipment for initial propulsion.
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2.6.4 Comparison and Viability of Take-off and Landing Methods

In this section, we will compare three take-off and landing methods for airborne wind energy
systems: vertical (VTOL), horizontal (HTOL), and circular (CTOL). Each method has its own
advantages and disadvantages, which are crucial in determining their practicality for real-world

applications.

2.6.4.1 Vertical Take-off and Landing (VTOL)

The vertical take-off and landing method offers a significant advantage in terms of space efficiency.
It allows for take-off and landing in confined areas, making it particularly suitable for deployment
in environments with limited space, such as urban or geographically restricted locations.
Nevertheless, this approach has some drawbacks, particularly due to the increased complexity
and weight caused by the use of rotors or similar systems for take-off assistance. These addi-
tional components can impact the aerodynamic performance and energy efficiency of the kite or
wing. Furthermore, the added control complexity required to manage the rotors makes the system
more challenging to operate. Despite these disadvantages, the vertical method remains a viable
solution in situations where space limitations are a primary concern, as its advantages in confined

environments outweigh the drawbacks.

2.6.4.2 Horizontal Take-off and Landing (HTOL)

The horizontal take-off and landing method requires a larger operational area for both take-off
and landing, limiting its applicability in space-constrained environments. This approach typically
involves the use of additional equipment, such as catapults or rails, to provide the necessary accel-
eration for launching the kite.

On the positive side, horizontal take-off offers greater stability during the take-off and landing
processes. However, the requirement for large open spaces and dependence on auxiliary equip-
ment makes horizontal takeoff less practical for many real-world applications, especially in cases

where installation space is limited.

2.6.4.3 Circular Take-off and Landing (CTOL)

The circular take-off and landing method has a unique advantage in that it does not require any
additional propulsion equipment to initiate the take-off process. This absence of external sys-
tems results in a lighter and simpler overall setup, potentially reducing both operational costs and
maintenance demands.

However, this method encounters the same space constraints as horizontal take-off and landing,
necessitating a large area for take-off and landing. Additionally, the circular take-off introduces
complexity to the control system when executing the circular trajectory to gain speed and height.
Nevertheless, the reduced weight of the system and equipment requirements make it a highly

feasible option in situations where ample space is available.
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2.6.4.4 Viability Assessment

Considering the advantages and drawbacks of each method, the vertical and circular take-off meth-
ods emerge as the most viable options for practical implementation.

Vertical take-off and landing provides significant flexibility in space-limited environments. Its
ability to operate in confined areas makes it well-suited for urban installations or regions with chal-
lenging topography. Despite the added weight and complexity of rotors, the benefits of operating
in small areas make them a favorable solution in these particular situations.

Circular take-off and landing is unique because it does not require additional equipment for
initial propulsion, making it a compelling choice in scenarios where larger operational areas are
available. Although its control system is more sophisticated, the absence of external propulsion
systems provides a distinct advantage.

The horizontal take-off and landing method provides greater stability but is less practical due
to its reliance on large spaces and extra equipment. This limits its adaptability for widespread
deployment. It may only be suitable for specific environments where space and resources are

abundant, making it a less flexible option compared to the vertical and circular methods.

2.7 UPWIND Project

In this section, the prototype of the kite utilized in the UPWIND Project will be presented, accom-

panied by a comprehensive description of the forces acting upon it.

2.7.1 Prototype

In figures 2.16 and 2.17, we can observe the kite prototypes utilized in the UPWIND project for
testing and simulations in a real environment.

When designing controllers for kite dynamics, it is crucial to analyze the forces acting on the
kite. Regardless of the take-off method used, there are common and universal forces at play. In
this thesis, the forces to be considered include the lift force (£7), an auxiliary force denominated
the push force (Fp) which will function as a propellant, the drag force (Fp), inertial forces (F;), the
gravitational force (F, ), and the tangential force (F;).

The lift force is generated by the pressure difference between the top and bottom surfaces of
the kite due to the wind flow. This force acts perpendicular to the wind direction and is crucial for
keeping the kite in the air, maintaining altitude, and counteracting the gravitational force. It is a
mechanical aerodynamic force produced by the motion of the airplane through the air [24, 25].

The push force in this system refers to an additional force that corresponds to the activation
or deactivation of the kite motor. When the velocity of the kite is positive (when it is moving
forward), the motor engages to provide thrust in the direction of motion. The primary purpose
of this force is to assist in the acceleration of the kite during take-off or when extra propulsion is

needed to overcome aerodynamic drag or gravity.
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Figure 2.16: Prototype of the large kite.

Figure 2.17: Prototype of the small kite.
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Drag is the force that acts in the opposite direction to the wind and is caused by the resistance
of the air as the kite moves through it. It serves to resist acceleration, so it is important to minimize
drag to achieve optimal energy generation [26, 24].

Inertial forces are a set of forces that act on the kite and are associated with the acceleration
and deceleration of the kite. These forces arise from changes in the speed or direction of the kite
as it moves. They affect the stability and control of the kite and must be taken into account when
discussing control maneuvers [27, 28].

The gravitational force is a force that acts downward due to the weight of the kite, which
is influenced by the gravity of the Earth. This force pulls the kite downwards and needs to be
counteracted in order to keep the kite in the air [29].

In conclusion, the tangential force is a force that, as the name suggests, acts alongside and
tangents to the movement of the kite. This force is linked to the tension in the rope and the circular
movement or take-offs that result from this tension. The tangential force significantly affects the
trajectory and power generation cycle of the kite. This has been supported by [30, 25].

The combined effect of all forces on the kite determines its flight dynamics, stability, and
efficiency in harnessing wind energy. Understanding these forces and their equilibrium is crucial

for designing effective AWE systems.

2.7.2 Forces Diagram

When studying the motion of a pendulum, it is advantageous to create a visual representation in the
form of a force diagram. This diagram provides a comprehensive illustration of the various forces
acting on the pendulum and how they interrelate. It serves as a fundamental tool for translating
these physical interactions into mathematical equations. These equations are pivotal for accurately
defining the dynamic behavior of the pendulum and are essential for developing effective control

strategies.

2721 2D

In Figure 2.18, the diagram illustrates the coordinate system used to address the 2D level prob-
lem, which focuses on the x and z axes. Figure 2.18 (a) displays the coordinate system without
the wind component, while (c) includes the wind direction aligned with the x-axis. The angles
shown are the theta (0) angle used to discuss pendulum motion, measured in relation to the z-axis
in a positive counterclockwise direction, and the beta () angle, used in the UPWIND project for
easier 3D-level problem calculations, representing the elevation angle (6 + 8 = 90°). In our prob-
lem, it is measured in relation to the x-axis, moving in an anticlockwise direction. For clarity in
diagramming, the kite is represented by a black circle in all diagrams and the center of mass by a
blue circle in the force diagram. Figure 2.18 (b) shows the decomposition of forces acting on the
kite and their respective directions. The local coordinate direction of the system is also illustrated,
represented by the e, and eg axes, with ey omitted since only 2D considerations are relevant at

this stage.
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Figure 2.18: (a) The system coordinates for 2D are visible; (b) The forces diagram on the 2D kite
is depicted; (c) The system coordinates and wind direction are shown for 2D purposes.

2.7.22 3D

When the problem is approached from a three-dimensional perspective, it is necessary to modify
the coordinate system that is employed. It is thus necessary to project the various forces acting on
the kite (see reference 2.7.1) onto the planes in order to facilitate the calculations and formalize
the mathematical equations. The coordinate system relative to the body of the kite now plays
an important role, as it is related to the aerodynamics of the kite and the realization of vertical,
transverse, and horizontal movements. These movements are necessary for the kite to follow the
defined trajectory. A more detailed explanation of this can be found in subsection 4.1.

Figure 2.19 illustrates the referential utilized in the three-dimensional problem, along with the
orientation of its axes and pivotal angles, B and ¢. These angles will be discussed in detail in the

subsequent subsection, 4.1.
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Figure 2.19: The system coordinates used for 3d simulation.

To simplify the mathematical formulations, a study was conducted by projecting the kite and
its forces onto different planes. In the figure 2.20, the left side shows the side view of the kite,
known as the lateral perspective. The projection onto the yz plane is oriented so that the x-axis
points "out" of the plane, following the right-hand rule. The figure also illustrates the angle «,
which represents the angle that the kite makes with the y-plane (the opening of the kite), and is
set as a constant because we are considering a constant wind velocity. The parameter r indicates
the length of the rope, while R represents the radius of the circumference. The circumference
described by the kite is observed from a frontal perspective on the xz plane. The right of figure 2.20
illustrates the effect of wind velocity, resulting in an inclination of the kite and thus creating
an opening angle. It also illustrates the circular trajectory of the kite from a front perspective,
following the initial pendulum motion. It is crucial to note that in our 3D analysis, the wind
is considered to be in the y-axis direction rather than the x-axis direction as previously discussed
in 2.7.2.1. This slight variance means that as the kite moves, the wind will strike it perpendicularly,
resulting in oscillations along the y-axis. The point where the wind hits the kite may also impact
its trajectory, depending on whether it strikes the top or bottom of the kite.

In figure 2.21, we can observe the projection of the kite on the xz plane, which represents the
front view of the trajectory of the kite. This trajectory is depicted as a circle. The orientations of
the x and z axes are visible, as well as the direction of the y axis, which points "inside" the plane
in accordance with the right-hand rule. It is important to note that the trajectory of the kite does
not immediately form a complete circle as soon as it begins to move. Initially, the kite follows
a pendulum motion that defines a half-circle. Once it reaches a sufficient velocity (denoted as
7) tangent to the trajectory, the kite then transitions to move in a circular trajectory. This shift
indicates that the kite is ready to enter the energy production phase and engage the flight envelope.
The flight envelope specifies the safe operational limits within which an aircraft can fly. These

limits cover various parameters, including speed, altitude, load factor, and angle of attack. By
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Figure 2.20: Visual representation of the kite in the yz plane. (Source: [16])

adhering to the flight envelope, the aircraft operates within safe boundaries, mitigating the risk of
structural failure or loss of control [31, 32, 33, 34]. The figure also depicts the angle ¢, which
varies with the movement of the kite as it traces its trajectory. This angle is measured between the
position of the kite and the x-axis and can range from O to 27 xn (0 to 360xn), where n denotes

the number of complete turns the kite will make before entering the production phase.

\ 4

Figure 2.21: Visual representation of the kite in the xz plane and velocity vector.

Now that we have an overview of the coordinate systems and angles to be used for determin-
ing mathematical relationships, we can examine the decomposition of forces in more detail. In

figure 2.22, we can see the decomposition and directions of the forces acting on the kite projected
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onto the yz plane, from a lateral perspective. It is important to note that the drag force, Fp, and
push force, Fp, act in the direction of the circular trajectory of the kite in the xz plane. The push
force is directed "out" of the plane and the drag force is directed "into" the plane, following the
right-hand rule. In this figure, we can also see the vector ?, representing the local coordinates,

specifically in the radial direction, which will be further explained in the next sections.

Figure 2.22: Visual representation of the forces acting on the kite in the plane yz. (Source: [16])

To better comprehend and visualize the drag, Fp, and push forces, Fp, and their orientations,
we can project the forces onto the xz plane. This allows direct observation of their directions,
where both forces are tangent to the trajectory but in opposite directions. We can also observe all
the forces acting on the kite from a frontal perspective, their respective directions, and the angle &
that the kite makes with the x-axis. Figure 2.23 illustrates the projection of the forces onto the xz
plane.

In figure 2.24, we can observe the body coordinates of the kite and their respective directions.
These body coordinates are important for defining the direction of the lift force that will help the
kite to ascend. A more detailed explanation of the body coordinates and the movements controlled
by each vector ?mll’ ?p,-mh, and ?yaw can be found in section 4.1. On the left-hand side of the
figure, the arrangement of the body coordinates and the lift force, F; can be seen in the yz plane,
along with the roll angle, ¢. The roll angle is the angle between the lift force F;, and the z-axis.
It is the angle through which an airplane must be rotated about its longitudinal axis to bring its

lateral axis into a horizontal plane. It is positive when the left wing is higher than the right [35].
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Figure 2.23: Visual representation of the forces on the plane xz.
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Figure 2.24: Kite Body coordinates (left); Body coordinates diagram representation (right).

(Source: [16])



Chapter 3

Simple Pendulum System

3.1 Preliminary Work

This section will expound on the most pertinent theoretical aspects related to the thesis topic.
Specifically, it will focus on providing an overview of the current state of the art and introductory
work. Furthermore, this section will delve into more detailed research on the topic and the creation
of introductory simulations using Matlab. The primary objective of these simulations is to evaluate
initial concepts for the project and to gain familiarity with the features of the Matlab simulation

software.

3.1.1 Problem Description

In this section, we will briefly explain the problem and provide some equations that will serve as
the basis for initial testing and simulations. This thesis aims to develop an automatic controller
that uses a pendulum approach for take-off. The pendulum approach will take into account a wide
range of forces that will be acting on the kite, including drag (Fp), push (Fp), lift (£7), inertial
(F;), gravitational (F, ), and tangential forces (F;). The pushing force will only exist in the positive
direction of the speed, which means there will be no pushing force when the speed is negative.
This is similar to a swing being pushed. The person pushing the swing corresponds to activating
the motor (the push force), which gives the swing an impulse to move forward and then backward.
There is no impulse when the swing moves backward, only when it moves forward. This is an
analogy of what will happen with the kite. The kite will swing back and forth, until it reaches
enough speed. Once the kite reaches its maximum speed and follows a circular trajectory, we will
know that it is ready to take-off.

To achieve the objective of the project, we conducted simulations and research to simulate
the pendulum movement of a body with a mass of 1 kg and later on with a mass of m kg. The
diagram in Figure 3.1 illustrates the forces acting on a simple pendulum - the tension in the rope
with length L and the gravitational force - during its trajectory.

When discussing pendulum motion, the most important variable to consider is the angle, rep-
resented by theta (0). However, in the UPWIND project, the angle of interest is not theta (6) but

24
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Figure 3.1: Simple pendulum - initial position (a) and forces acting on the body of mass during its
trajectory (b). (Source: [17])

beta (), which is equal to 90 degrees minus theta (90°-0). In this particular test, we are focusing
on the theta angle. If we were to utilize the angle 8 as in the UPWIND project, we would use
sin(90-0) which is equivalent to sin(f).

We only used 2D simulations, using the x and z axes and assuming that there are no forces
acting perpendicular to the plane. The code was developed using formulas 3.1 and 3.2 [36, 37,
38].

d’e g .

W = *Z'Sln(e), (31)
0 _ M8 Gnto): (32)
ar L ’ '

In these formulas, 6 represents the angle with the vertical, L represents the length of the cable,
m represents the mass in kilograms (kg), and g represents the gravitational acceleration, which is
considered to be 9.81 m/s%. The expression ‘579 represents angular acceleration.

To develop the code, we initially established the parameters and subsequently utilized the ODE
function to solve the equations referenced as 3.1 and 3.2. A more detailed explanation of the ODE

function will be provided in the 2D implementation of the kite 4.2.1.1.

3.1.2 Results and Discussion

The application of the formulas referenced in 3.1 and 3.2 facilitated the generation of diverse
graphs, enabling a more rigorous analysis of the trajectory and the 0 angle. Additionally, an
animated representation was utilized to observe the movement of the pendulum over time.

In the initial phase, simulations were executed utilizing the formula denoted in 3.1. In the

animation shown in 3.2, the temporal motion of the pendulum is analyzed. It exhibits a consistent
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variation in the angle 6, ranging from 7 to -7 radians, equivalent to 90° and -90°, respectively.
Notably, when the pendulum is at the origin, it reaches a 0° position, signifying vertical elongation.

In Figure 3.3, we can observe the trajectory described by the pendulum without interference
from external variables. The pendulum starts at the position of 90° (7 radians), represented by a
red circle in the figure ( 3.3), and moves for a defined time of 10 seconds. After these 10 seconds,

the pendulum ends up in a given position, represented by the green circles in Figure 3.3.

Simple Pendulum Motion

-05 1

Figure 3.2: Animation of the pendulum motion for mass 1kg.

Trajectory of Pendulum
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Figure 3.3: The trajectory of the motion of the pendulum for mass 1kg.
In the context of figure 3.4, we can observe the angle 8 changing over time. The trajectory

of the pendulum begins at approximately 89.9281° when t = 0 seconds. As the pendulum moves

from 7 to -7 radians (90° to -90°), the graph is in the upper part of the angle 6-axis, representing a
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positive direction of movement. Conversely, when the pendulum moves from -7 to 7 radians (-90°
to 90°), the O is negative, indicating movement in the opposite direction. Whenever the pendulum
reaches the 0° position, the graph crosses the origin. As we can see, the graph accurately depicts
the expected trajectory and movement through animation.

When observing the graphs of the angle 6, we see that the angle varies consistently, with a
constant amplitude and period. This is because there are no external forces, such as a push force
or drag force, to alter the movement. Since only the weight and tension are acting on the system,
the variation remains uniform.

Angle of Pendulum vs. Time
T

100 T T

50 —

Angle 6 (degrees)
o
T

50 |-

-100

Time (s)

Figure 3.4: Graphic of the variation of the angle 6 through time for mass 1kg.

When employing the formula 3.2, which accommodates a mass value other than 1 kg (in this
case, 2 kg), our observations show that the behavior of the pendulum closely resembles that of
a pendulum with a 1 kg mass. The figures 3.5 and 3.6 show the motion of the pendulum and
trajectory over a 10-second interval. Compared to the graph of the 1 kg pendulum, the trajectory,
and simulation are practically the same. Observing the effects of the introduction of the variable m

in the equation, we can conclude that there is practically no impact on the trajectory and motion.

Simple Pendulum Motion

05t 4

Figure 3.5: Animation of the pendulum motion for mass m kg.
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Trajectory of Pendulum
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Figure 3.6: The trajectory of the motion of the pendulum for mass m kg.

In the O graph (figure 3.7), we notice some differences compared to the graph with a mass
of 1kg (figure 3.4). The behavior is similar to the 1 kg mass graph when moving in the positive
direction from 7 to -7 radians (90° to -90°); € is positive and at the upper part of the angle 6-axis.
When moving in the negative direction from -7 to 7 radians (-90° to 90°), 6 is at the bottom of
the graph. The position at t = 0 seconds is different, starting at a value of approximately 89.7122°
instead of 89.9281° as seen previously ( 3.4).

This difference is related to the inclusion of the variable m in the formula (equation 3.2), which
was not considered in equation 3.1. Therefore, when adding a variable that was not previously
present and directly influences the formula, the values are expected to be slightly different despite
having similar behaviors, and we can see the impact on the values.

When comparing a kite with a mass of 2 kg to one with a mass of 1 kg, the value of the angle 0
at t = 0 seconds is gg:;;g ~ (0.9976. When we double the mass, the value of the angle 0 decreases

by 0.9976. In conclusion, by observing the difference at t = 0 seconds, we can see the impact of
adding the variable m in the equation in terms of the values of the angle 6. Additionally, we can
once again conclude that the angle variation remains constant, as previously explained, due to the

absence of external forces causing variations in the system.

Angle of Pendulum vs. Time
T I

Angle  (degrees)
o
T

Time (s)

Figure 3.7: Graphic of the variation of the angle 0 through time for mass m kg.

After using specific formulas and analyzing the results, we gained a better understanding of
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how pendulum movement functions. This understanding is a fundamental concept that will be ap-
plied in the development of the kite take-off controller. Additionally, these simulations helped us
become familiar with the Matlab simulation software and its tools. Based on the applied formulas
and subsequent analysis, we have gained a comprehensive understanding of pendulum movement,
a foundational concept essential for the development of the kite take-off controller. These simula-
tions have also facilitated our proficiency with the Matlab simulation software and its associated

tools.



Chapter 4

Kite Model

4.1 Coordinate System

Studying and analyzing the physical model of an Airborne Wind Energy System (AWES) is a
crucial step in ensuring that its autonomous actions and movements can be controlled and predicted
effectively, resulting in optimal performance [14]. The UPWIND project has chosen to use a
simulation model based on a mass point that operates using three coordinate systems: global (G),
local (L), and body (B). This model greatly simplifies the simulation process and enables accurate
prediction of the trajectory of the kite [14].

The global coordinate system (G) is a Cartesian inertial coordinate system that is characterized
by three vectors (?x, ?y, ?Z). The origin of this system represents the location where the cable
is fixed, as mentioned in [14, 39]. To simplify the model, the wind speed is assumed to be in the
same direction as the x-axis (?x).

The local coordinate system (L) is a non-inertial spherical coordinate system that is defined
by three vectors (?,, ?d,, ?ﬁ). We use spherical coordinates to make calculations easier. To get
the position of the kite in the global coordinate system (G), we need to transform the spherical
coordinates into Cartesian coordinates. In this transformation, we do not use the angle 3 shown in
figure 4.1.

Instead, we use the angle 90°-f corresponding to the 8 angle in figure 4.2. This is because it
makes more sense to consider the ascent angle. When we do the transformations from spherical
to Cartesian coordinates, this small change means that we need to swap sin(f3) for cos(f3) and
cos(f) for sin(fB) in the traditional transformation.

The body coordinate systems (B) are defined by the vectors (?1, ?2, ?3), which correspond
to the body of the kite. These vectors control specific parts of the movement of the kite, with
e 1 controlling longitudinal movement, ?2 controlling transverse movement, and ?3 controlling
vertical movement. These movements correspond respectively to the roll, pitch, and yaw move-
ments [14, 39]. The origin of the body coordinate system corresponds to the center of mass of the
kite itself [14, 39], as shown in figure 4.3.

30
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Figure 4.1: Global and Local coordinate systems.

xr

Figure 4.2: Global and Local coordinate systems used in UPWIND. (Source: [14])

Figure 4.3: Body Coordinate Systems. (Source: [18])

As mentioned earlier, the vector e; denotes the longitudinal direction of movement and is in
line with the direction of travel of the kite. The vector e; governs lateral movement and is situated
on the right wing of the kite. Finally, the vector e3 controls vertical movement from top to bottom.
These vectors play a crucial role in directing the movements of the kite, as previously explained.

Their functionality is vital for guiding the kite along its flight path, from take-off to landing.
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4.2 Kite Model

4.2.1 2D Dimensions

Before we start working on 3D analysis, which involves consideration of the y-axis, we will first
concentrate on 2D analysis. Initially, the wind force v,, was not considered, but later we included
its effect in the x-axis direction.

Initially, we decomposed the forces to analyze the various forces acting on the kite, as outlined
in Section 2.7.1 and illustrated in Figure 4.4. This force analysis enables us to determine the global

coordinates required for subsequent calculations and simulations.

Figure 4.4: Forces Diagram.

It is important to consider the chosen coordinate system and axes when decomposing forces.
For 2D analysis, it is crucial to establish the specific axes being used. In this case, we are focus-
ing on the x and z axes, assuming that the kite stays still along the y-axis. For a more detailed
explanation, you can refer to the previously discussed sub subsection 2.7.2.

To analyze the forces acting on the kite, we begin by examining the global coordinates using a
system of axes and the breakdown of forces. Initially, we utilize the angle 8, which is commonly
employed in calculations. Then, we convert it to the angle used in the UPWIND project, which is
represented as 3 and can be obtained by taking 90 degrees minus 6 (90°-0).

In section 4.1, we discuss the use of angle 8 because it is important to consider the elevation
angle of the kite. This angle represents the angle between the kite and the xy plane. Understanding
this angle is crucial for knowing how the kite is positioned relative to the ground and how it might
impact the performance and trajectory of the kite in Airborne Wind Energy Systems. It is important
to note that this angle is different from angle 6, which represents the angle between the kite and the

z-axis. Angle 6 is more commonly used in the context of Airborne Wind Energy to describe the
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orientation of the kite in the vertical plane. Analyzing the forces acting on the kite and optimizing
its performance often relies on understanding this angle.

By decomposing the forces, we can derive the formulas that describe the forces acting on the
kite in relation to the angle 6 with the z-axis. These forces are represented by the equations in
4.1), (4.2), (4.4), (4.5), and (4.6).

Fy=—m-g (4.1)
Fp=—Fp-cos(0)-& —Fp-sin(0)-¢&, (4.2)
Fy = Fy -sin(0) - & — Fy-cos(0) - & (4.3)
Fp=Fp-cos(8)-& + Fp-sin() - &, (4.4)
Fi = F;-sin(0) - &, — F;-cos(0) - € (4.5)
F, = —F,-sin(0)- &+ F,-cos(0) - &, (4.6)

When we apply the transformation 90°-6 to the previous formulas, we can obtain the formulas
for angle . Angle f3 is the desired angle used in calculations and simulations. Equations 4.7, 4.8,
4.9, 4.10, 4.11, and 4.12 are similar to the previous equations and represent the decomposition

of forces, but for the angle f3.

Fo=—m-g 4.7
Fp = —Fp-sin(B) - & — Fp-cos(B) - &, (4.8)
FL = Fy-cos(B)-& — F.-sin(B) &, (4.9)
Fp = Fp-sin(B) - &+ Fp - cos(B) - . (4.10)
Fi=F;-cos(B)-& — F;-sin(B) - & (4.11)

F, = —F,-cos(B)- & +F -sin(B) - (4.12)
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In equations 4.1 and 4.7, the gravitational force, ﬁg, remains constant regardless of the angle.
This consistency arises from the fact that the gravitational force is angle-independent. When
dealing with kite parameters in equations, we introduce several variables such as m for mass,
g for gravitational acceleration (9.81 m/ s%), and F,, Fp, Fy, Fp, F;, and F;, which represent the
magnitudes of the forces. Additionally, we denote the directions of the x and z axes using &, and
e,, respectively.

Once we have obtained the global coordinates, we can proceed to derive the local coordinates.
Using local coordinates facilitates the practicality of conducting tests and simulations. To convert

global coordinates into local coordinates, we can employ the formula specified in Equation 4.13.

[eﬁ ] _ [ sin(B)  cos(p) ] [ex ] “413)
er cos(B) —sin(B) e;

By applying the conversion matrix from the global to the local coordinate system, as shown in
Equation 4.13, the previously derived equations 4.7, 4.8, 4.9, 4.10, 4.11, and 4.12 can be trans-
formed to represent the forces in the local coordinate system. The resulting equations 4.14, 4.15,
4.16, 4.17, 4.18, and 4.19 provide a more convenient and intuitive representation of the forces

acting on the system in the local frame of reference.

Fg:m-g-sin(B)-Er—m-g-cos([})-e_l’g (4.14)
Fp=Fp-éj (4.15)
Fp=—Fp-éj (4.16)

F,=F, ¢, (4.17)

F,=F;-é, (4.18)

F,=—F-¢ (4.19)

With the forces already defined according to the local coordinate system, we are able to com-
bine these forces while taking into account their respective directions. This encompasses the radial
direction, e,, the angular direction, eg, or both, as observed in the case of the gravitational force,
F,.

In the radial direction (e,), we have:

Fi+F, —F+m-g-sin(f)=0 (4.20)

And in the angular direction (eg), we have:



4.2 Kite Model 35

Fp—Fp—m-g-cos(B)=m-p (4.21)

These equations describe the forces acting on a kite in an airborne wind energy system in both
radial and angular directions.

In the equation 4.20, we notice that the sum of forces in the radial direction e, equals 0. In order
for the kite to maintain equilibrium or experience steady-state motion in the radial direction, the
collective sum of forces in the radial direction must be zero. Therefore, for simplicity, we assume
that there is no movement in the radial direction and only consider movement in the angular
direction. The sum of forces in the angular direction is equal to m - B, following Newton’s Second
Law, where 3 represents the acceleration. Newton’s Second Law of Motion states that the total
force acting on an object is equal to the mass of the object multiplied by its acceleration. In
formulaic terms, this is expressed as Fjy; = m - a.

The control parameters are determined by the sum of forces in the angular direction eg, as
already explained. When we equate the sum of forces in the angular direction, we get an equation
involving the mass multiplied by B, as already described. Since [3 represents acceleration and
B represents velocity, we use these variables to determine when to activate the push force Fp by
observing the direction of B We can do this by using the system of equations related to 8 and w.

To create the P-type controller, we use a system of equations involving the parameters 3 and
w, as previously stated. Equation 4.22 shows the system of equations used to determine the desired

speed.

B=w

' (4.22)
w=PB=2L1.(Fp—Fp—m-g-cos(B)

With the system of equations that defines the controller, we can calculate the velocity, denoted

as [3 = w, and its corresponding direction. The magnitude of the velocity is determined by the
. . . . . ] _ 1

result obtained from the acceleration equation, given by w =8 = - - (Fp — Fp —m- g-cos(f3)). In-

tegrating the acceleration equation allows us to determine the velocity, which is further elaborated

in equation 4.23.

w=pB=vo+w-t (4.23)

When deciding whether to engage the push force, Fp, it is essential to consider the direction of
the speed - whether it is positive or negative. The push force is responsible for initiating movement
by engaging the motor. We activate the push force when the speed is positive and disable it when it
is negative. This alternating activation and deactivation creates a swinging movement reminiscent
of a pendulum. In Equation 4.24, we have a system that serves as a switch to control the push
force, Fp, based on the speed. If w > 0, then Fp is 1 (arbitrary); if w <=0, itis 0. At w =0, we
cannot apply the push force, as it may hinder movement, particularly at extreme positions, such
as -90° or 90° (§ or -7 radians), where ambiguity regarding activation of the force may lead to

blocked or interrupted movement.
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1 ifw>0
Fp= (4.24)
0 iftw<0
In contrast to the push force, Fp, which has an arbitrary magnitude of 1 Newton as assigned
earlier (see equation 4.24), the drag force, Fp, has a specific formula that depends on certain
parameters to determine its magnitude. In equation 4.25, the calculation of the drag force involves
replacing the parameters v,, p, A, and Cp with the specific values used and defined within the scope
of the UPWIND project. The parameter v, represents the apparent wind speed in m /s, A represents
the kite area in m?, Cp represents the drag coefficient, and p represents the air density in kg/m>.
1 2
FDzi-p-A-CD-va (4.25)
The lift force, Fy, is currently not a consideration in the 2D scenario, as it only appears in the
e, equation where the combined forces equal 0 to maintain equilibrium. However, it does possess
a specific magnitude and is determined by the formula outlined in equation 4.26. The parameters
used to calculate the lift force, 7, are the same as those used for the drag force, Fp, with identical
values, except for the inclusion of the lift coefficient, C;, instead of the drag coefficient, Cp.
Similar to Cp, Cy, also has specific and defined values within the scope of the UPWIND project.
1 2
Fin-p-A-CL-va (4.26)
In our implementation, we assumed that when there is no wind, the apparent wind speed (v,)
equals the kite velocity as calculated in equation 4.23. This allowed us to use the formula in
equation 4.29, with the wind speed (v,,) set to 0. Therefore, v, = w - 0, simplifying to v, = w. This

represents the kite velocity obtained using the formula explained in equation 4.27.

Va=w=B=vo+w-t (4.27)

In the equation used to calculate drag force, denoted as Fp, if we neglect the effect of the wind,
we can simply substitute the drag force (Fp) with the formula referenced in 4.28. Because there
is no wind speed, the apparent speed is equal to the velocity of the kite w.

FD:%-p~A~CD-v5:%-p-A-CD-wz (4.28)

When taking into account the wind speed, v,,, which has a predefined value of 5 m/s, some
slight modifications are needed for the previously mentioned formulas. Instead of the assumption
mentioned and observed in Equation 4.27, we now need to consider the wind speed in the calcula-
tions of apparent speed. To calculate the apparent speed, we must find the difference between the
speed obtained in the calculations (Equation 4.23) and the assigned wind speed (Equation 4.29).

This adjustment is necessary because, in this scenario, the influence of the wind affects the
calculations, where the apparent speed is the vector between the velocity of the kite and the actual

wind speed.
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Va=V—Vy,=W—1V, 4.29)

This slight adjustment in the velocity calculation will directly affect the calculation of the drag
force, Fp. Instead of setting v, equal to w, we will replace v, with the apparent difference in 4.29,
as shown in 4.30.

1 2 1 21 2
Fp= §-p~A-CD-va = E'p'A'CD'(v—vw) = E'p'A'CD'(w—vW) (4.30)

We have made a small modification to the drag force, Fp, by introducing wind as a variable in
our analysis. This has led to the development of a drag equation, which is dependent on the wind
variable aligned with the x-axis. Considering the impact of wind on the equations and systems of
equations mentioned in equation reference 4.22, along with the speed, has allowed us to conduct
a more realistic analysis considering real-time factors such as the wind.

It is important to note that by integrating the velocity, we can also find the position x of the

kite along the trajectory using the equations of motion given by the formula shown in 4.31.

1
x:xo+vo-z+§-w-z2 (4.31)

Where W represents the acceleration, x the initial position, and v the initial velocity.

4.2.1.1 Implementation

To simplify the process, MatLab was employed to conduct simulations and generate graphs based
on the obtained results.

The code implementation involves initially defining the parameters using real data provided
by the UPWIND group. The data presented in the simulations ranges from 4.32 to 4.40. Angles

are measured in radians.

p = 1.223kg/m* (4.32)
A=0.7m? (4.33)
m=0.4kg (4.34)
Cp =0.05 (4.35)
Cp=[1.7,2.4] (4.36)
L=13m (4.37)
g =9.81m/s’ (4.38)
o=—3 (4.39)

vo = 0.001m/s (4.40)
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Once the parameters had been defined, we proceeded to define the calculation of forces in
local coordinates. The magnitude value of 1 Newton was assigned to the force Fp, as seen, in 4.10
and the drag force, Fp, was defined, taking into account the equation presented previously in 4.25.
The magnitudes of F; and F; were also defined, although they were not used for calculations and
simulations. The variables 3 and the speed w are the variables of interest and vary over time. As
they are variables on which the forces are dependent in the code, when carrying out the calculation
using the formulas located above, we place @(a,b) with the set of variables a or b on which the

calculated forces are dependent, namely w and 3. The syntax used was presented in 4.41 and 4.42.

Fp = @(w, ) Equation 4.25 (4.41)
Fp = @(w) Equation 4.10 4.42)

In order to solve the system of equations outlined in 4.22 that define the kite controller and
determine its speed, we utilized an ordinary differential equation (ODE). This allowed us to input
the desired parameters and obtain corresponding outputs over a period of time (t measured in
seconds), resulting in a set of solutions with one or more columns (y).

The ODE, or "ordinary differential equation,” is a mathematical model designed to solve dif-
ferential equations, initial value problems, and various properties. These solvers can handle rigid
or non-rigid problems, mass matrix problems, differential algebraic equations (DAEs), or fully
implicit problems [40].

In order to clarify the syntax and operation of the ODE, we will use an example from the
reference [40] to illustrate the functioning of the ODE and the application of our observations to
our specific problem of solving the condition system of the controller for our kite 4.22.

We are considering a first-order system of the type presented in the reference 4.43.

y1=y2
y2=yly2—-1

(4.43)

In accordance with the system illustrated in equation 4.43, when employing the differential
equation (ODE) approach, the code to solve the system of equations will be analogous to or equiv-

alent to that demonstrated in the function 4.1.

function dy = ODE(t,vy)
dy (1) = y(2);
dy(2) = y(1)*y(2)-2;

end

Function 4.1: ODE Function on MATLAB

After applying the ODE to the system of equations that define the controller, we defined the

time interval in which the simulation would run and the initial conditions, which will be the values
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that will be used and placed in ode45. ODE45 will solve the ODE, taking into account the defined
time interval. In this case, we utilized a time interval of [0, 15] seconds and considered the initial
values for vy and B from the data presented from 4.32 to 4.40.

The ode45 function, designated "Solve nonstiff differential equations with a medium order
method," is available in MatLab and can be applied to a variety of differential equations [41]. The
format of the ode45 function can be customized to the specific variables required for the equation

in question. Examples of the ode45 formats can be found in the reference at 4.2.

[t,y] = oded5 (odefun, tspan,y0);
[t,y] = oded5 (odefun, tspan,y0,options);
[t,y,te,ye,ie] = oded5 (odefun,tspan,y0,options);

OdedS5 formats 4.2: MATLAB ode45 examples. (Source: [41])

In the case of the developed code, we used fy and vy as inputs for ode45. Once the values
have been resolved, the corresponding variables must be extracted. This is achieved by retrieving
the values from f3 and w. Extracting these values depends on the naming used in the ODE, as
explained in reference 4.1. The structure used should be similar to that shown in reference 4.44
and 4.45.

w = y(:,column) (4.44)
Bo = y(:,column) (4.45)

We will obtain the set of solutions, y, by solving ode and ode45 and considering the output of
the solutions, which will consist of two columns. We will extract the values based on whether they
are in the first or second column. Ensuring that the order used to extract the results is equivalent
to the order defined and used in ODE is important.

Once the values have been extracted, we will plot the results, in particular the graphs that will
be presented below in the sub subsection Results and Discussion 4.2.1.2, as well as the dynamic
graph where we can see the evolution of the trajectory over time, thus giving us a direct view of
what is happening in the code.

A plot was made of the angular velocity, which in this case represents the velocity w over time
tin seconds, and a graph of the angle 8 over time t. The purpose of using these graphs is to check
whether the evolution of the velocity w and the angle 3 is in line with what was expected and
whether what we observe graphically is in line with what we observe through the dynamic graph.

The plot of these graphs follows a simple structure similar to that presented in 4.3.

figure;
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subplot (2,1,1);

plot (tempo, velocidade_angular, ’'b-’,

title(’Velocidade Angular ao Longo do Tempo’);

xlabel (' Tempo (s)’);

ylabel (' Velocidade Angular (deg/s)’

grid on;

subplot (2,1,2);

)i

plot (tempo, angulo, ’'r-’, ’'LineWidth’, 1.5);

title (’Angulo ao Longo do Tempo’);
xlabel (' Tempo (s)’);
ylabel (" Angulo (rad)’);

grid on;

"LineWidth’, 1.

5);
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Code Structure 4.3: Code of the plot for the graphics.

The trajectory of the kite over time is represented by a dynamic graph with a more complex

structure compared to ordinary plots. In order to create a dynamic graph, it was necessary to define

the size of N, which will be used for the for loop that will update the position of the pendulum

over time. The value of N will determine the size of the time steps, which in this case is the size

of the vector containing the 3 values. Once the size of N has been defined, a new figure is created

and the origin, which serves as the pivot of the pendulum, is defined and plotted. Subsequently,

the iterative cycle is created, which will update the positions in x and z over time, considering

the values obtained through the calculations and updating them at the end of each iteration. This

approach allows for observing the entire trajectory of the pendulum from the commencement of

the simulation to its conclusion. The fundamental structure employed to generate the dynamic

graph is analogous to that depicted in 4.4.

N =

length (beta) ;

figure(2);

clf

plot (0, 0, ’'ro’, ’"MarkerSize’, 10, ’'MarkerFaceColor’,

for i = 1:N

x = L » cos(beta(i));

z = -L % sin(-beta(i));
hold on;

plot(x, z, 'k>’, ’"MarkerSize’, 10, ’'MarkerFaceColor’,

pause (dt) ;

drawnow;

\end

")

X7
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Code Structure 4.4: MATLAB code for pendulum simulation

It is crucial to consider the impact of wind, represented as v,,, on the code, and modify the
equations accordingly. Instead of relying on the original Fp equation, which assumes that wind
does not impact the calculations, it is now necessary to incorporate the difference described in
equation 4.29. This modification will lead to the equation previously introduced in equation 4.30.

The code has been updated to include the wind speed value, v,,, set at 5m/s, as part of the
parameters. This modification also alters the previously used Fp. Initially, the system of equations
referenced in 4.22 was solved using the ode45 solver with a wind speed of 5m/s.

However, the results exhibited unusual behavior, suggesting potential issues with the use of
ode45. In response, adjustments were made to solve the optimization problems using other ODE
solver variants, such as ode23s and odel5s, which are more robust and capable of handling both
stiff and non-stiff problems.

Stiff problems occur when a system of differential equations has components that change
rapidly alongside those that evolve slowly. This leads to some parts of the system having very
large derivatives (slopes), while others progress at a much more gradual rate. In such scenarios,
explicit ODE solvers like ode45 may require prohibitively small time steps to maintain stability,
even when the overall behavior of the system does not demand such precision. This inefficiency
can be addressed by employing solvers specifically designed to manage stiffness, such as odel5s,
ode23s, or ode23t. A practical way to illustrate this concept is through an electrical circuit that
features significant differences in time constants. For example, we can observe components that
respond quickly, like capacitors, alongside those that respond slowly, such as inductors.

In contrast, non-stiff problems can be effectively solved using explicit methods like ode45,
which can accommodate reasonable step sizes. These systems do not display extreme variations
in their components, allowing the solver to handle them efficiently without the necessity for ex-
cessively small time steps. A prime example of this concept is simple harmonic oscillators, which
are systems where the solution changes smoothly and does not involve significant differences in
time scales.

Nevertheless, the results were still not as expected. As a final attempt to apply ODE directly,
the code was divided into smaller parts, and "options" were used with tolerance adjustments. How-
ever, as the use of ODE limits the understanding of what is actually happening, these adjustments
proved to be inadequate to solve the problem. In order to incorporate the code relating to the
introduction of wind, we developed a new code from scratch. This time, we manually and in-
teractively integrated everything. This approach provided us with a deeper understanding of the
process, making debugging easier.

To begin implementing the new code, as mentioned earlier, the first step is to initially declare
all the parameters. An additional parameter for wind, represented by v,, with a magnitude of
5 m/s, has been introduced. The declaration of the parameters and their corresponding values

can be found in equation 4.46 to 4.55. It is important to highlight that we will be conducting
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different tests using wind. The first test will involve a wind speed of 5 m/s working in favor,
while the second test will involve a wind speed of -5 m/s working against. These tests will help
us understand the impact of wind direction on the motion of the kite and the resulting angular
velocity and angle graphics. These minor adjustments will only affect specific parameters, while

the rest of the code will remain unchanged.

p = 1.223kg/m* (4.46)
A=0.7m’ (4.47)
m = 0.4kg (4.48)
Cp =0.05 (4.49)
Cp=[1.7,2.4] (4.50)
L=13m (4.51)
¢ =9.81m/s’ (4.52)
Bo = _g (4.53)
vo = 0.001 m/s (4.54)
Yy = £5m/s (4.55)

We began by establishing the number of steps, denoted as 7., at 100 steps per second. The
time per step, represented as d; and calculated like ﬁem The final simulation time was defined as
trinl = 15 seconds. It is also important to define the total simulation time, f;4;4, SO that we can
set up the loop for iterations and manual updates. The structure employed is analogous to that
presented in 4.56 to 4.59.

Ryteps = 100 (4.56)
1
dy = (4.57)
nsteps
tfinal =15 (4.58)
Yotal = 0: dt : tfinal (459)

In the next step, we need to define and initialize a vector, which we will call y. This vector
will contain the angle and angular velocity values. Since we are only interested in the angle 8 and
the angular velocity w, the vector will have two columns. We will start by entering zeroes in both
columns and then in the first row, we will initialize the values based on the parameters [y, vo], as
shown in 4.60 and 4.61.
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y = zeros(lenght (tpra1,2)) (4.60)
y(1,:) = [Bosvo] (4.61)

After defining parameters and initializing, we will set up a loop for iterations. The loop will
continue as long as t is less than the size of #,,, - 1. We remove the first position because the
iterations start from it, so we avoid repeating values. The appearance of the vector y, given a

defined size of #,,,,; — 1, will be similar to what we can see in figure 4.5.

Vetory

Angular

Angle Velocity

t=1 Bo Vo

1= lenght{tigig)-1

Figure 4.5: Vector y.

Within the loop, we will retrieve the current values of 8 and velocity, and then calculate the
drag force, Fp, using the formula presented in 4.30. We also determine the force Fp, which depends
on the angular velocity w as mentioned in 4.24.

After defining the forces, we will calculate the acceleration using the formula 4.22. Then, we
integrate this acceleration to obtain the next speed and angle. This process enables us to update
the current velocity and angle values by adding the newly calculated values to the previous ones
and saving them in the next position of the vector, at position t+1.

This process of removing, calculating, updating, and saving values will continue until the total
loop time is reached. The structure explaining how the loop works can be found in the algorithm 1.

Finally, to verify the results, we created graphs of angular velocity, angle, and dynamics. The

structure and code are almost identical to the previously presented code in 4.3 and 4.4.



Kite Model 44

Algorithm 1 : Kite Pendulum Simulation in 2D

1: for ¢ < 1 to length(t;prq) — 1 do

2: B« y(t,1) > Current angle
3: w < y(t,2) > Current angular velocity
4: Fp+1 > Push Force Magnitude
55 Fp+05xpxAxCpx(w—ww)? > Drag Force
6: Fp <+ (w>0)x Fp > Push Force
7: a<— FP*FD*m;gXCOS(ﬁ) > Acceleration
8: Whext < W+dt Xa > Update angular velocity
9: Brext < B +dt xw > Update angle

10 Store results: y( + 1,1) < Brext

11: Store results: y(f +1,2) < Wpext

12: end for

4.2.1.2 Results and Discussion

This section contains the results obtained from the previously described implementation and pro-
vides a discussion of these results.

The analysis initially focuses on the movement of the kite without considering the influence
of the wind. The first graph illustrates the dynamic movement of the kite over time, represented
by a triangle pointing in the positive direction of the trajectory. Starting at position -7 rad with
an initial positive velocity of vy = 0.001 m/s, the kite experiences a push force, Fp, of magnitude
1, activating the motor and causing it to move slightly in the positive direction. Subsequently, it
reverses in a rocking motion to the negative direction, no longer influenced by Fp. This oscillating
motion occurs repeatedly, resembling a pendulum being pushed, and results in a continual increase
in speed. The movement graph eventually indicates that the kite has reached a sufficient speed and
is following a systematic circular trajectory. This behavior aligns with expectations: the kite
initially performs a pendulum movement and then progressively increases its speed to move along
a circular path. The kite is ready to enter the energy production phase and the flight envelope at
this stage.

In figure 4.6, we can see the motion graph illustrating the various trajectories taken by the kite
within the defined time period of 15 seconds.

After analyzing the movement graph, we will conduct a more thorough examination of the
variations in angle and speed to ensure that the graphs accurately depict our observations.

The graph in figure 4.7 displays the angular velocity w of the kite without the influence of wind.
Initially, we observe a slight positive variation due to the push force, Fp, and the initial positive
velocity followed by a change in direction as seen in the dynamic graph 4.6. The kite transitions
between positive and negative speeds due to its rocking movement, consistently increasing its
speed and variation. Around t = 5.98 seconds, the kite experiences an exponential increase in
speed, which can be attributed to reaching the necessary speed to begin describing a circular
trajectory. After 4.02 seconds, the kite stabilizes its movement. From t = 10 seconds, the speed

variation remains nearly constant, reaching peaks of 400 rad/s with waves having an amplitude of
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Figure 4.6: Graph showing the kite dynamic over time.

approximately 100 rad/s and a period of about 1.44 seconds. These results align with expectations

from observing the movement graph.
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Figure 4.7: Graph showing the angular velocity of the kite over time.

After analyzing the graph showing the angular velocity, we created a graph that illustrates the

variation of the angle f in degrees. This graph is represented in figure 4.8, and it shows how the

angle B changes over a 15-second interval. As explained in section 2.7.2.1, the angle f3 is the

angle between the position of the kite and the x-axis. Initially, the angle variation between positive

and negative is an almost imperceptible change, likely due to the low speed of the kite.
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As the speed increases, the angle also increases proportionally, as indicated by the relationship
between angular velocity and angle. This relationship is more noticeable when both graphs are
considered together. It is apparent that from the moment the speed undergoes a rapid increase at
t = 5.98 seconds, the angle also rises rapidly. This trend continues even after the kite reaches a
constant speed.

The rapid increase in the angle even after the kite reaches a steady state in the angular velocity
graph (see Figure 4.7) can be explained by the fact that the kite is completing successive full turns.
If we consider that with each full turn the kite describes a cycle from 0° to 360° (0 to 2 x 7 rad) and
that it has completed n full turns, the angle variation and its maximum value will always increase
with each cycle. We can then define the maximum value that the angle B reaches within an interval
of 0° to 360° xn (0 to 2 x w x n rad). This interval represents the maximum value of the angle,
which depends on the number of complete turns the kite has made n. We estimate that the kite has
completed 5 full turns. Therefore, the maximum value observed in the 15-second interval is 1800
degrees, which is approximately what we see in the graph (360° x 5 = 1800°).

Kite Angle vs. Time

P
(=)
(=]
=]
T
b
1

1000 _ |

Angle (deg)

Time (s)

Figure 4.8: Graph displaying the results of changing the angle f in degrees.

Now that an initial analysis has been completed without considering the influence of the wind,
we will carry out an analysis considering the wind in two different situations. First, we will analyze
the impact of the wind blowing in the direction of the x-axis, and then we will consider the wind
blowing in the opposite direction (the negative direction of the x-axis).

The first situation we will analyze is when the wind is in our favor. As mentioned earlier in
the implementation, we considered a wind speed of 5 m/s (v,, = 5m/s), and we will analyze its
impact on the angular velocity and angle graphs, as well as the dynamic graph.

The first graph we are analyzing is the kite dynamics graph. This dynamic graph gives us
an idea of the trajectory that the kite takes over a 15-second period. By observing the graph
labelled 4.9, we can see that when the wind is favorable, the kite moves in a pendulum motion
and gradually increases its speed until it reaches enough speed to describe a circular trajectory.
The strong wind and the initial push force (because of the initial positive velocity) propel the kite

forward with minimal resistance from drag force, enabling the kite to almost immediately begin
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moving in a circular trajectory. In this situation, the pendulum motion is not observed. The vertex

on the edge of the triangle indicates the positive direction of the trajectory, as mentioned before.

X (m)

Figure 4.9: Graph showing the kite dynamic over time in response to the wind in favor.

The next graph to be analyzed is the angular velocity graph, where we can observe the perfor-
mance of velocity and determine if its behavior matches what we observed in the dynamic graph.
Looking at figure 4.10, we can see that the speed increases rapidly and then continuously oscillates
in a positive direction. One reason for this sudden increase could be the presence of a positive ini-
tial velocity, vo. The repeated peaks in oscillations can be attributed to the kite quickly initiating a
circular trajectory and gradually increasing its velocity with each full turn until it reaches a stable
state, at which point it maintains a constant velocity. The kite promptly adopts a circular trajectory
due to the strong wind, the influence of the push force, Fp, and the minimal resistance caused by
the drag force, Fp. From approximately t = 8 seconds, the velocity enters a steady state, oscillating
with a constant amplitude. This behavior may be attributed to the kite beginning to make consis-
tent full turns at a steady speed, signaling its readiness to enter the energy production phase. The
graph shows promising results, indicating that wind has a positive impact on the angular velocity
of the kite. It also highlights that when the wind speed is favorable, the kite accelerates more
quickly, reaching equilibrium faster compared to when unaffected by the wind.

In the final graph of the upwind speed test, we will examine the angle 8. The graph 4.11
shows a significant increase in the angle almost immediately. Similar to the velocity, the kite does
not undergo the swinging movement and instead begins a circular trajectory. As a result, the angle
continues to increase with each complete turn. Upon observing the graph at 15-minute intervals, it
is evident that the maximum angle 3 reaches approximately 9000 degrees, which is equivalent to
about 25 full turns. The range of the angle follows the pattern of 0° to 360° xn (or0to 2 X T X n

radians), where n is the number of turns, as mentioned earlier. This increase indicates that the
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Kite Angular Velocity vs. Time
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Figure 4.10: Graph showing the angular velocity of the kite over time in response to the wind in
favor in deg/s.

kite consistently gains angular velocity with each complete turn. When the wind is favorable, the
angle reached is significantly higher compared to when there is no strong wind. Without the wind,
the angle reaches approximately 1800, whereas, with the wind in its favor, the angle reaches 9000
degrees—marking a fivefold increase % = 5. The wind greatly assists the kite in increasing its
velocity and rapidly reaching the necessary speed to initiate the production phase.

In an ideal scenario, we only consider forces in the angular direction with a constant wind
speed and direction. However, in real-world conditions, the graphics would be different due to
varying wind directions and speeds, which can impact the kite and the graphics. Additionally, the
forces that are in equilibrium in the radial direction can also significantly influence the graphics
when there is no equilibrium in the radial direction, making this force important and impactful on

the graphics as well.

Kite Angle vs. Time
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Figure 4.11: Graph showing the impact of the favor wind on the change in angle 3 in degrees.

Now, we will test the impact of the against wind on the kite and examine the graphs again. We
will assume the wind speed to be -5 m/s.

The kite begins at the position of —7 radians and initially gains positive speed due to the
initial speed, vp, and the activating of the push force, Fp. However, it then changes its trajectory

and repeats this motion without completing a full turn, unlike the previous scenario. In this case,
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the kite is caught in a constant pendulum motion. The influence of the headwind, instead of aiding
the speed of the kite like a tailwind would, acts as a resisting force, causing the kite to engage in a
constant swinging motion whenever it tries to gain speed. The headwind and the drag force work
as resistance forces, hindering the speed increase of the kite.

We can analyze the graph in figure 4.12 to observe the variations in angular velocity. Initially,
the kite displays a small angular velocity in the positive direction, but it later oscillates due to the
sustained influence of the headwind. This behavior parallels that of a pendulum system, with the
kite functioning as the pendulum. Furthermore, the opposing wind introduces a drag force that
directly impacts the motion of the kite. The peaks in angular velocity correspond to the kite reach-
ing its maximum displacement in any direction, with the angular velocity going to zero when the

kite changes direction. The consistent amplitude suggests that the system is in a quasi-stationary
state, where the forces are balanced, allowing continuous oscillations. The resistance force from
the opposite direction of the wind is not strong enough to completely stop the oscillations and
make the system complete a full turn due to the push force that is activated in the positive velocity

direction. If the wind is against the kite and the speed is insufficient to complete the turn, the kite
becomes stuck in a pendulum motion.
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—. 200 . T
wm
™ Ia) .""\"-
S 100} . a) A [ \ [\ |
‘2-. / "-.\ ! \'\.\I [ \l‘. I. \ I|I I'|I
S ok \ \ \ [ [ /]
E \ K ||II I'l |II III I.
= R \ | \ | i I|I
S 100 | \/ \ \ \ \ \ ]
g‘l 4 W Il'\\ \ \
= - LW, Y,
< 200 . L
0 5 10 15
Time (s)

Figure 4.12: Graph showing the angular velocity of the kite over time in response to the opposing
wind in deg/s.

The graph in Figure 4.13 illustrates that the kite undergoes continuous oscillatory motion,
swinging back and forth without significantly increasing the angle.

Observing the graph of the angle 3, we notice a pattern similar to that of the angular velocity
graph. The kite appears to be in a pendulum-like motion due to opposing forces that effectively
cancel each other out. This creates a situation in which the wind acts as an additional resistive force
alongside the drag force (Fp), preventing the kite from completing a full rotation and entering the
energy production phase. This happens even though the push force (Fp) operates in the positive
direction of the velocity, aimed at propelling the movement forward. Starting from an initial
position of -7 radians (-90 degrees), the kite varies its angle but never completes a full rotation.

This behavior can be directly compared to the angular velocity graph, where the kite oscillates

between positive and negative speeds without gaining the momentum needed to complete a full
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turn. Consequently, the kite remains on a trajectory reminiscent of the movement patterns observed
in the simple pendulum tests discussed earlier in section 3.

One effective method for liberating the kite from its constant pendulum motion is to adjust
the values of the arbitrary push force Fp. By increasing this force, the kite can gain the necessary
speed to initiate a circular path and enter the production phase, even when faced with additional

resistance from opposing winds. Additionally, increasing the initial velocity vy, in conjunction

with the push force Fp, can further facilitate the transition of the movement of the kitr from a
pendulum swing to a circular trajectory.
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Figure 4.13: Graph showing the impact of the opposing wind on the change in angle 8 in degrees.

Upon reviewing the results, it is evident that wind significantly affects the outcome. A com-
parison between the influence of upwind and no wind shows that the kite can achieve higher speed
and initiate a circular trajectory more rapidly when supported by the wind. When comparing the
graphs for upwind and against, it becomes apparent that the kite struggles to reach sufficient speed
and initiate a circular trajectory when faced against the wind, resulting in an oscillatory move-
ment. Based on the results, it is favorable to have the wind supporting the kite to achieve higher
speeds, enabling the kite to descend along the circular path more efficiently and progress to the
flight stage. Furthermore, the direction in which the wind hits the kite, whether from the back or
the wings, can either facilitate take-off or act as a force slowing it down. These variables in the
real environment can influence outcomes by inducing changes in the parameters.

Incorporating realistic conditions into simulations could enhance the credibility of the results.

However, doing so would add complexity to control and predictions, as current simulations rely
on oversimplifications that overlook real-world factors.

In a real-time scenario, the dynamics would differ slightly. It would be essential to account for

the forces acting in the radial direction, along with various environmental and physical variables,

including the continual changes in velocity direction and variable speeds, which could significantly
affect the overall graphical representation.
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4.2.2 3D Dimensions

The focus of our previous simulations was on 2D scenarios. Now, we are shifting our attention
to 3D simulations. In these simulations, the wind direction will be positioned along the y-axis,
perpendicular to the xz plane. This change completely alters the previous formulas and code
implementation used in the 2D work.

Formulating the equations for 3D simulations requires a redefinition of certain angles and the
consideration of multiple perspectives and projections on the planes. This complexity arises from
introducing a completely new viewpoint, prompting an examination of the directions of the various
forces. While these forces have slight differences, they bear strong similarities to those already
defined in the 2D simulations.

As discussed in subsection 2.7.2.2, we explore the coordinate frame used and gain an overview
of the various perspectives considered.

The initial perspective in developing the mathematical formulas involves the projection of the
kite onto the yz plane, which is illustrated in figure 4.14. In the diagram, as mentioned earlier, we
can observe the side view when the wind blows perpendicular to the kite, causing it to tilt. The

angle of tilt remains constant because the wind is consistently blowing at the same angle.

s

Figure 4.14: Visual representation of the kite in the yz plane. (Source: [16])

By analyzing the previous diagram, we can derive the relationships that are directly linked to
the radius of the circle formed by the kite in the frontal view. These equations will be used for
calculations from the frontal view perspective and can be derived using the relationship described

in Equation 4.62.

R =r-sin(a), o0 = constant (4.62)

In this scenario, we are considering a constant value, denoted as o, which we will set to an
arbitrary value of § radians. We are also looking at the size of a rope, denoted as r. By using the

sine function, we can determine the radius of the circle, R.
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Once we establish this relationship, we project the forces onto the xz plane to obtain a front
view of the circular motion. The motion starts with the kite making the pendulum movement,
which, after reaching sufficient speed, starts making a complete circumference. This allows us to
easily project the forces and obtain the mathematical relationships that form the basis for imple-

menting the controller.

i

Ae;

Figure 4.15: Visual representation of the forces on the plane xz.

In Figure 4.15, we observe the projection of forces on the xz plane. From these projections,
we can establish the mathematical relationships governing the forces. The angle ¢, measured
between the position of the kite and the x-axis, varies as the kite moves along its trajectory on
the xz plane. We can also discern the direction of the forces, most of which align with previously
presented forces. These include the tangential force, F;, along the rope, the gravitational force, F,
representing the weight of the kite, the inertial forces, F;, that counteract the tangential force, and
the push, Fp, and drag forces,Fp, that oppose each other along the trajectory. The push force acts
in the positive direction of the trajectory, while the drag force acts in the negative direction. Lastly,
the lift force (F7), pointing upwards, facilitates the elevation and varies with the body coordinates

of the kite. The velocity vector v aligns with the trajectory and is defined in Equation 4.63.

V =—v-sin(0)- e +v-cos(c)- e (4.63)

In equations 4.64, 4.65, 4.66, and 4.67, we observe the kite equations derived from force

decomposition and projection onto the xz plane.
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F,=—F,-¢ (4.64)

17;) = —Fp-sin(c)- e, +Fp-cos(0)- e (4.65)
Fb = Fp-sin(6)- & — Fp-cos(c) - & (4.66)
?,- =F;-cos(o)- e_x>+Fi-sin(G) e 4.67)

These are the main equations that we can derive from the projection of the kite on the xz plane.
It is also possible to calculate the tangential force, but it requires the use of local coordinates since
the tangential force aligns with the direction of the rope but opposes the direction defined by e,,
which represents the radial direction. The tangential forces are defined using local coordinates
because they are components in the global coordinate system in the three axes. In figure 4.15, we

can see the orientation of the vector e; and the force F by projecting the forces onto the yz plane.

FL
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Figure 4.16: Visual representation of the forces acting on the kite in the plane yz. (Source: [16])

In this way, we can determine the force F; using the equation in 4.68.

F=-Fe (4.68)

It is important to convert the local coordinates into global coordinates in order to find the
tangential force F; in the x, y, and z components, as we are working with global coordinates
instead of local coordinates. This conversion can be achieved using the transformation matrix

presented in 4.69.
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ex sin (% —B) -cos(¢) cos(5—B)-cos(9) —sin(¢)] [er
ey| = |sin(5—B)-sin(¢) cos(5—pB)-sin(¢p) cos(9) | |ep (4.69)
e, cos (3 —B) —sin (5 - B) 0 €o

When we apply this transformation matrix, since we only have one component e,, which is the
magnitude of F; in the negative direction, we will have the transformation shown in 4.70, and then

after the simplifications, the result presented in 4.71.

ex|  [cos(B)-cos(9) sin(B)-cos(9) —sin(9)] [~F

ey| = |cos(PB)-sin(¢) sin(P)-sin(¢) cos(9) 0 (4.70)
e | | sin(B) —cos(f) 0 0

e, | [—F,-cos(B)-cos(¢)

ey| = | —Fi-cos(B)-sin(¢) 4.71)
e, —F, -sin(B)

In this manner, we are able to obtain the force across the three components x, y, and z, as
illustrated in 4.72.

F = —F,-cos(B)-cos(9) - & — F-cos(B) -sin(9) - &, — Fy-cos(B) - & (472)

After analyzing the obtained result, we noticed that the x, y, and z components of these equa-
tions depend on the angles B and ¢. However, in the projections made on the planes, these angles
are not directly available. The angle that we can obtain from the projections and calculations is
the o angle. Therefore, we need to determine the angles 8 and ¢ in terms of the angle ¢. This
logic is similar to the one illustrated in figure 4.17.

In this way, we can express the mathematical relationship between the angles f, ¢, and the
angle o. Equations 4.73 and 4.74 demonstrate the mathematical relationships found in the arti-
cle [42].

B(o) = Po+ AP -sin(o) 4.73)

¢(0) =A¢ -cos(o) (4.74)

In the following formulas, we have the angle By, which is chosen arbitrarily, and A, which is
also given. For simplicity, we assume that Af is equal to A¢. This allows us to replace the angles
involved in calculating the force F; and determine its value based on the angle ¢, which should

fall within the range of [0, 2x 7].
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AB

Figure 4.17: Kite circular trajectory within the tangent plane.

The final force we need to calculate is the lift force F;. This force depends on the body coordi-
nates of the Kite. The force F;, will be in the opposite direction to the force ey, which controls the
vertical movement and has a negative direction. Because the lift force works to help the kite rise,
the coordination of the body is important for controlling its vertical movement and increasing its

altitude. The figure 4.18 illustrates the system of body coordinates previously explained in 2.7.2.2.

€roll €pitch

Figure 4.18: Body coordinates System (Source: [16])

As the lift force opposes ey, by aiming to elevate the kite, we can derive the lift force equation

shown in 4.75.

_)
FL=—FL &y (4.75)

Even though we have already obtained the equation for the lift force (1), we still need to

compute ey, which constantly changes and is influenced by the other body coordinates e,,; and

€pitch-
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We will start by calculating the coordinate e,,;;. Since e,,; governs the longitudinal movement,
we can establish a relationship and determine it by normalizing the velocity vector, as shown in
equation 4.76, under the assumption that they are aligned.

?
€roll = 711 (476)
vl

In the figure 4.18, we can observe that the roll angle is measured between the lift force and
the z-axis, and it serves as an activation variable. When the roll angle is 0, we have ey, = -e, and
epirch Varies between eg and ey. If the roll angle is not 0, we can assume that it falls between e ;e
and e B> €p-

By combining the local coordinates and the roll angle, we can determine e, and eyq,.

The calculation of e, involves using the Rodrigues formula to obtain the rotation matrix as

presented in 4.77.

epitch =V-c08 0+ (kxv)-sinf+k-(k-v)-(1—cos)-|v|| (4.77)

We have v as the original vector, k as the unit vector along the axis of rotation, and 0 as the
angle of rotation. The symbol x denotes the cross product, and - denotes the product. By applying
this rotation matrix and modifying it for the variable in the context of our problem, we can obtain
OUr €pjtch-

After obtaining our epjich, and since we already have the e, we can obtain the ey, through

the cross product, as shown in equation 4.78.

€yaw = €roll X €pitch (4.78)

The lift force (F7) will now depend on the result for the ey, coordinate.

Now that we have the forces Fp, Fp, and Fy, we can determine the velocity, which is important
for graphing and verifying results. We can calculate the velocity by applying the second law of
Newton, which states that the sum of all the forces is equal to m - v. The equation shown in 4.79
will illustrate the relationship that allows us to calculate the acceleration and, subsequently, the
velocity, v. It is important to note that, similar to 2D perspective calculations, we are assuming
that other forces acting on the kite, such as tangential force, inertial force, and gravitational force,
are in equilibrium and do not significantly affect speed calculation. We only take into account
the forces directly influencing the trajectory and velocity, such as push, drag, and lift forces that
help elevate the kite. It is important to emphasize that in real-time conditions, we must consider
all forces that impact the calculations, especially those not in equilibrium, and environmental

conditions such as wind direction and intensity, which also play a crucial role.

m-v=Fp+F, —Fp 4.79)
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Note that by integrating the speed v, we can calculate the position of the kite x along the
trajectory. This information can be helpful for further investigation to observe the trajectory of the
kite.

Like in the 2D perspective, the magnitude of the push force in the 3D perspective was chosen
arbitrarily ( 4.81), while the other magnitudes depend on the formulas presented in 4.80, 4.82,
4.83, and 4.84.

F,=m-g (4.80)
1 ifv>0
Fp= (4.81)
0 ifv<0
1
FD:E-p-A-CD-vz (4.82)
1
Fp = 5-p-A-cL-v2 (4.83)
2
m-v
F=— (4.84)

The calculation of magnitudes is essentially the same as in 2D calculations. The main differ-
ence is in calculating the inertial forces, which now depend on the radius R of the circle instead
of the length of the rope. Additionally, for more realistic results, if we want to consider all the
forces acting on the kite, we need to calculate the magnitude of the tangential force (£;), which we
cannot obtain directly. To find the magnitude of the tangential force, we have to apply Newton’s
first law of motion, which states that the sum of all forces acting on an object is equal to zero. By

applying this rule, we can determine the magnitude of the tangential force to achieve equilibrium.



Chapter 5

Wind Farms

When dealing with kites for energy production, it is crucial to consider the take-off and landing
procedures. This is especially important for avoiding collisions and coordinating the take-off of
multiple kites simultaneously to maximize energy output. This concept is fundamental in the
development of wind farms.

Traditional wind farms are specific areas where wind turbines are grouped together to convert
wind energy into electricity. These turbines need to be located in areas with consistent wind flow,
away from large structures, to efficiently harness wind power [43].

There are two types of wind farms: offshore and onshore. Offshore wind farms are located far
from the coast, in the ocean. These farms can accommodate large structures, and the turbines in
this system have high capacity. Additionally, the wind in these regions is stronger and faster due
to the absence of vertical barriers, whether natural or artificial [43]. Onshore wind farms, on the
other hand, are located on the mainland. Most of the time, these farms are installed in rural areas
at high altitudes, similar to the case in Portugal. They utilize wind turbines to convert energy [43].

In addition to traditional wind farms with turbines, there are ongoing studies to implement
airborne wind energy and create wind farms using kites. These studies aim to determine the opti-
mal number of kites needed to maximize energy production without compromising safety. Safety
measures are crucial from the take-off of the kite to its entry into the flight envelope. Various take-
off methods have been detailed in this document, each with specific conditions for coordinating
multiple kites.

We will carry out a brief analysis of the impact that the various take-offs have when we are
talking about Wind Farms. The first take-off to be analyzed is the horizontal one. In the horizontal
take-off, the prototype is accelerated horizontally until the necessary speed is reached to start flying
and producing energy. Analyzing the way this type of take-off is carried out, we can consider that
there is no danger of collisions for the coordination of several kites. The most challenging aspect
we need to consider is positioning the kites at the appropriate distance from one another. This
ensures that when a kite enters the flight envelope, it does not collide with another kite that is also
entering the same space. However, this type of approach for Wind Farms would probably not be

the best option, since this type of take-off requires a lot of space and auxiliary equipment to allow
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it to accelerate, which would take up a lot of space. As we want to maximize production with as
many Kites as possible in as little space as possible, this approach would take up a lot of space and
the number of kites would be reduced.

The next take-off method to be examined is vertical take-off. Vertical take-off and landing
(VTOL) involves using support propellers to help the kite or wing take-off vertically until the
power generation process begins. Vertical take-off presents a minimal risk when coordinating
multiple kites, as the kites slowly ascend in a vertical direction until they enter the flight envelope.
Similar to horizontal take-off, multiple kites can ascend simultaneously with no risk of collision.
The key consideration here is ensuring that when the kites enter the energy production phase and
flight envelope, they are at a safe distance from one another. This type of take-off presents an
interesting approach to maximizing production and minimizing kite space to accommodate as
many units as possible.

Upon closer examination the take-off method under analysis in this thesis, which involves
pendulum-based movement, it is essential to consider several key factors. Firstly, the implemen-
tation of this approach necessitates a physical structure, such as the existing turbine towers, to
facilitate its operation. It is worth noting that this concept could potentially repurpose disused
towers from decommissioned turbines, effectively breathing new life into otherwise overlooked
structures. In contrast to horizontal and non-pendulum-based vertical take-off methods that re-
quire a designated space for the kite to move safely within the envelope and during energy pro-
duction, using turbine towers as anchoring points eliminates these spatial concerns. Additionally,
given that wind turbines within a farm must adhere to predefined minimum distances from one
another, utilizing these towers to suspend multiple kite units provides sufficient space, ensuring
the safe operation and non-interference of the kite units. However, this type of take-off is not only
dependent on the existing turbine structures. It can also be used, for example, on a platform that
can be designed and created for this purpose. This type of take-off is not exclusively for giving
new life to turbines, but also serves as an important advantage.

In the diagram depicted in Figure 5.1, we observe the arrangement and spacing of turbines in
a wind park, along with the prevailing wind direction. It is crucial to consider this wind direction
when determining the optimal positioning of the kite to harness the speed of the wind effectively.
In a wind farm with turbines, the typical distances between turbines are 5 to 9 times the rotor
diameter in the prevailing wind direction, and 3 to 5 times the rotor diameter in the orthogonal
direction.

One interesting possibility is to install kite units that use a pendulum movement for take-off,
as proposed in this thesis, to generate energy alongside traditional turbines. This approach would
involve harnessing two different methods of energy production to maximize output. However,
it would be challenging to install these units on working turbines due to the size of the turbine
blades and their movement. Factors such as minimum rope size for the kite, wind direction, kite
layout, and weather conditions would all need to be carefully considered. Despite these challenges,
implementing this approach could be a significant step forward, as it would allow for the utilization

of space above ground level for energy production in addition to the ground-based turbines and
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wind direction
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a

Figure 5.1: Turbines disposition. (Source: [19]

kite units.

The circular take-off and landing method involves the kite gradually increasing its speed while
making circular movements until it reaches the necessary height to produce energy. This type of
take-off requires the most attention when coordinating multiple kites to avoid collisions. Since
the kite is increasing its speed by moving in circles, it is crucial to coordinate the kites to prevent
collisions and minimize the space they occupy. Establishing minimum distances between kites is
essential. Ideally, the kites should share a common area, as depicted in figures (5.3) and (5.4),
rather than if they did not share as shown in figure (5.2). This usage of shared space allows for

more efficient utilization and maximized production.

Figure 5.2: (i) Disjoint ground ar- Figure 5.3: (ii)  Disjoint
eas workspace cones

Figure 5.4: (iii)) Intersecting
workspace cones

Figure 5.5: AWES sharing a common space. (Source: [19])

It is important to consider various strategies, such as defining distances and controlling the
inclination of the kite.

One of the strategies to be considered is determining the minimum distances required for this
type of take-off on Wind Farms. The UPWIND group is also researching the use of kites on

wind farms. In the study conducted to calculate the minimum distances required, a rectangular
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layout was used with the configuration shown in figure 5.6, where multiple kite units operate in

the upwind direction synchronously. The decision variable is the number of kites (denoted as n)

to be placed in order to obtain the average power per cycle matrix n x P..

e o o o
d1 ™ ™ S o

e @ 9 @9
41 N En s o,

Figure 5.6: Kite disposition in a Wind Farm using a rectangular layout. (Source: [19]

With regard to the distances visible in figure 5.6, three minimum distances are established to
ensure the safety of kites using circular take-off. These distances can be examined more closely

in figures 5.7 and 5.8, and can be calculated using mathematical and physical considerations.

LIk
Wind
l—
d2

Figure 5.8: Distance 2.

Figure 5.7: Distance 1 and 3.

Figure 5.9: Distances. (Source: [19])

The distance d; represents the distance between two points aligned with the wind velocity. It
can be calculated using the formula 5.1 shown, which is based on the observation of the figure 5.7.

Limax
dy = — (5.1
sin(B —AB) [tan([)'lfAﬁ + tan(ﬁlJFAB]

The next distance that must be accounted for is d», which represents the minimum distance

between units when sketched from a top view to avoid interference. This can be calculated using

the formula shown in 5.2.
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dy =2+ Linax - sin(@) (5.2)

The final distance to calculate is denoted as d3. This distance represents the space between
the last unit and the edge of the terrain in each column, aligned with the wind direction. It can be

determined using the formula referenced in equation 5.3.

d3 = Lypgy - cos(B —AB) (5.3)

However, it does not include the maximum distance d, which is simply the larger of the dis-
tances d; and d;, denoted as max(d;, d»). The distance d3 does not appear in the calculation of
the maximum distance d. When calculating these minimum distances, it is important to consider
certain restrictions, such as the maximum altitude, the maximum and minimum elevation angles,
as well as the length and width of the area where the wind farm is to be installed.

Distance calculations were conducted using real data collected as part of the UPWIND project.

In figure 5.10, there is a table displaying the collected data, and in figure 5.11, the results of the

distance calculations are presented.

1 00506  0,0014| 05778 0,0430 15,7778| 152,15074|  248694.77136 1950,0
2 09458|  0,0085| 10,8843 0,0138 18,8434| 150,69067| 576932,85379 1950,0
3 09346|  0,0084| 05126 0,0074 15,1263 150,37145| 111344483648 1950,0
4 00221| 00038 07030 0,0066 17,0303 150,33089) 190380310035 1950,0
5 09476|  0,0013| 0,5795 0,0352 15,7950| 151,75963| 2753574,06736 1950,0
6 09358)  0,0020| 08549 0,0251 18,5486| 151,25564| 3210622,28126 1950,0)
7 00089|  0,0036| 04363 0,0843 14,3625 154,21305| 3284746 87551 1950,0)
3 00980|  0,0266| 09108 0,0364 19,1079| 151,81927| 322953787022 1950,0
9 09949|  0,0349| 04562 0,0205 14,5622| 151,02581| 3166221,18634 1950,0

10 09858|  0,0297| 0,6949 0,0216 16,9489 151,07819| 3106574,71908 1950,0

11 00097|  0,0222| 07482 0,0492 17,4824| 152,46086) 306432311234 1950,0

12 09895  0,0216] 0,2942 0,0370 12,9417| 151,84731| 3002559,57937 1950,0

13 09908  0,0221| 08270 0,0297 18,2703 151,48338| 294722771455 1950,0

14 00042|  0,0311] 09467 0,0196 19,4672| 150,98164| 289253666520 1950,0)

15 09986|  0,0309| 0,6445 0,0275 16,4449| 151,37349) 2844988,34367 1950,0

16 009861]  0,0085] 05484 0,0544 15,4840 152,72033| 279826804760 1950,0)

Figure 5.10: Table with data from the studies of the UPWIND project.

The UPWIND group has established specific conditions to ensure safe distancing, as outlined
in the equation provided in 5.4.
b d
CcroL + > < 3 (5.4)
Where b represents the size of the wing in meters and its value is already defined as b = 1.39.
This allows us to calculate Ceror, which represents the maximum distance for the circular take-
off. We also established another condition in which the distance d had to be greater than 4b, which
states the maximum necessary distance.
Upon analyzing the results, it is evident that the distance d always equals d;, which is the
maximum distance and consistently the greatest distance. Evaluating the relative conditions 4b,

which represents the maximum necessary distance, and given that b =1.39, it is confirmed that we
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1 117.0724]  52,0150| 133,3951|117.0724 1,1414 0,5486 0,4810 0,1739 0,8767 152,1507
2| 1161066 52.7779| 132,3561|116.1066 1,1395 0,5443 0,4781 0,1751 0,8783 150,6907
3| 1156210  52,6571| 1324216 1156210 1,1283 0,5380 04738 0,1751 0,8806 150,3715
4] 1152486 52,4054| 132,7186) 1152486 1,141 0,5320 0,4697 0,1743 0,8828 150,3309
5| 116,8415| 52,7759 133.1433| 116,8415 1,1384 0,5470 0,4799 0,1739 0,8773 151,7596
6 116.2081| 52,6339| 133,0823| 116,2081 1,1269 0,5401 0,4753 0,1740 0,8799 151,2556
7|  119,9935| 53,7494| 133,6380| 119,9935 1,1921 0,5759 0,4990 0,1743 0,8666 154,2131
8 1185051| 54,1114| 131,8945 1185051 1,2009 0,5701 0,4952 0,1782 0,8688 151,8193
9 117,9506| 54,2606| 131,4166] 117,9506 1,2011 0,5663 0,4928 0,1796 0,8702 151,0258)
10|  117,6812] 54,0074 131,6903| 117,6812 1,1892 0,5623 0,4901 0,1787 0,8717 151,0782
11|  118,9703|  54,0504| 132,3376| 118,9703 1,2009 0,5720 0,4965 0,1773 0,8680 152,4609
12| 118,2312]  53,8633| 132,1345) 118,2312 1,1898 0,5662 0,4927 0,1774 0,8702 151,8473
13| 117,9851| 53,7584 131,7815] 117,9851 1,1913 0,5669 0,4932 0,1774 0,8699 151,4834
14|  117,8355| 54,0454| 131,3495| 117,8355 1,1988 0,5668 0,4931 0,1790 0,8700 150,9816
15|  118,2433|  54,1766| 131,5466| 118,2433 1,2033 0,5604 0,4948 0,1790 0,8690 151,3735
16| 1185004 534857| 132.8331| 118,504 1,1807 05673 0,4934 01751 0,8698 1527203

Figure 5.11: Calculating distances for the presented data.

will not encounter any issues, as the distances for d mostly exceed 100 meters. In this scenario,
we would not encounter issues with distances and collisions because the maximum distances and
the distances required for the circular take-off are larger than needed. To optimize production and
minimize the space used, we could consider installing additional kite units or larger kite units.
However, these are just assumptions since these types of wind farms do not currently exist.

In addition to considering the distances, we also need to account for the inclinations of the
kites. The angle that the kite makes with the ground, known as the 8 angle, can be more open or
more closed. This angle affects the coordination lift times of the kites, which helps prevent colli-
sions. We can coordinate several units taking into account the inclination. This can be useful when
we have kite units sharing a significant common space and we want to avoid collisions. However,
it also impacts energy production, as a larger inclination results in less energy production.

In brief, take-off is crucial not only for achieving full autonomy in a device, ensuring maximum
efficiency and safety without human intervention, but also for enabling multiple kites to operate
simultaneously in wind farms. The creation of this type of wind farms does not exist yet, but
it could be a very good alternative to traditional wind farms with turbines. It would create a
more pleasing view and take advantage of stronger winds at higher altitudes. Additionally, by

controlling the space, we can have several units sharing a common space to maximize the output.



Chapter 6

Conclusions and Future Work

6.1 Conclusions

Although renewable energy has been growing, fossil fuels still make up the majority of the energy
produced and used globally. It is essential to find sustainable solutions to reduce dependence on
these unsustainable energy sources and take advantage of unlimited and economically efficient
natural resources.

Airborne Wind Energy Systems can harness wind power to generate energy. Although still
under development, this technology could become a viable and competitive energy production
method in the future. The UPWIND project focuses on researching and developing AWES that
use a kite or wing, a cable, and a generator to produce energy through high-altitude traction.
Developing an automatic take-off and landing controller is a crucial step in making these systems
more independent, improving their efficiency and autonomy.

However, controlling these systems automatically involves managing several parameters and
understanding the kinematic and dynamic model of the kite. The chosen take-off and landing
method is also a crucial factor to consider.

The UPWIND project is exploring alternative and innovative methods that have great poten-
tial to bring about significant advancements, such as take-off based on a pendulum movement.
However, there are also major control problems that need to be addressed.

In this document, we conducted simulations on a range of problems with different levels of
complexity. These included studying the movement of a simple pendulum and the kite in a 3D
perspective, as well as studying and developing a kite controller using 2D pendulum movement.

Through observation, we can conclude that the results obtained in the 2D perspective achieve
good results considering the conditions used, and show promising advantages of this type of tech-
nology. The 3D study provides a great background of the dynamics and mathematical relationships
that can be used for further development of the controller under these conditions.

In conclusion, the main goal of this dissertation was to create an automated take-off and land-

ing controller capable of achieving high levels of autonomy and efficiency.
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6.2 Future Work

In future work, it would be interesting to use this thesis as a starting point for a more comprehen-
sive study of take-off using pendulum movement. It would be interesting to implement and obtain
the results of simulations for the 3D model. This will allow us to observe what happens when the
wind is perpendicular to the position of the kite and to compare these results with those obtained
in the 2D model. In both 3D and 2D perspectives, it would be interesting to use real-time factors to
observe the influence on the motion of the kite and the graphics. In the 2D perspective, conducting
more studies while taking into account all the forces acting on the kite, not just the ones directly
affecting the motion, such as the push force and the drag force, would also be beneficial. It is
important to study what happens after the kite achieves the necessary speed and enters a steady
state of circular movement, such as how the kite would enter the flight envelope to start producing
energy. Understanding how the kite would move for that, and where the wind should strike to
help or hinder the ascent of the kite, is crucial. It would also be important to examine the context
of the take-off, where the kite is suspended from a tower, and conduct a study on how the kite
would land safely without hitting the tower or landing unbalanced. Given that this is a completely
innovative context, there are several factors to take into account from the moment of take-off to
the moment of landing in order to make this a viable and safe option. Further development of this
type of take-off could also explore how it would interact with wind farms.

Suspended by a cable, this type of take-off could potentially repurpose turbines that are out
of service, but this type of take-off is not only dependent on the turbines. It would be interesting
to study the design or the projecting of specific structures that are designed for this type of take-
off, which could enhance its effectiveness. Another interesting aspect would be to analyze the
viability and the possibility of having a kite perform the pendulum take-off on working turbines.
This is important to analyze due to the fact that in working turbines, we have the blades working,
which could possibly lead to disasters and make it very difficult to have the two systems operating.
However, it would be interesting to consider a possibility where this could be successful.

In summary, this type of take-off has significant potential, and this thesis could serve as a
foundation for more in-depth studies and simulations on it, exploring the entire flight cycle from

take-off to landing.
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