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Abstract

Wind power can significantly contribute to transitioning from fossil fuels to renew-
able energies. Airborne Wind Energy (AWE) technology is one of the approaches
to tapping the power of high-altitude wind. Kite Power System (KPS) is a type
of AWE technology which uses tethered kites to harness the power in the wind at
higher altitudes. The main advantage of KPS over Conventional Wind Turbines
(CWT) is that the KPS eliminates the need for a structure and rotating blades,
significantly reducing the size and materials needed. Also, kites can reach much
higher altitudes than CWT, which can harness the power from much stronger
winds. The study of the dynamics of KPS is fundamental in researching and de-
veloping a commercial-scale system. Unlike CWTs, where the blades rotate in a
circular motion, the kites are controlled to follow figure-eight trajectories in the
crosswinds. The kites harness power from the wind and transfer the aerodynamic
force through the tethers to the ground. The reeling-out tether rotates the genera-
tor at the ground station to generate electric power. As the tether length is finite,
the kite is depowered and reeled in at the end of the limit by consuming a fraction
of generated power. The cycle of operation repeats and is called as pumping cycle
kite power system. KPS is one of the solutions contributing towards clean and
green energy production in the renewable energy mix, which is the sole motivation
of this research work. The KPS has challenges that must be addressed to develop
it as a commercially viable product.

The power from the kites depends on the tether force of the kite in the figure-
eight trajectory. The tether force of a kite depends on the wind velocity and the
kite’s orientation to the wind vector in the figure-eight trajectory. This research
presents an experimental measurement of the pulling force of an Airush Lithium
12 m2 kite with a constant tether length of 24 m in a coastal region. The position
and orientation data of the kite is obtained from the sensors mounted on the
kite. The flight dynamics of the kite are studied using multiple field tests under
steady and turbulent wind conditions. In this research, a physical model (PM),
Artificial Neural Network (ANN) and Long Short-Term Memory (LSTM) deep
neural network algorithms are proposed to estimate the tether force of the kite
with experimental validation. The performance of the proposed methods is studied
using Root Mean Square Error (RMSE), Mean Absolute Error (MAE), and R2

evaluation methods.

The potential of KPS can be realized by scaling the model to a commercial-
scale power generation device. Testing an actual KAWECS or a location with
suitable wind conditions is only sometimes a trusted opportunity for conducting
research. A KAWECS emulator is developed based on a Permanent Magnet Syn-
chronous Machine (PMSM) drive coupled with a generator to mimic the kite’s be-
haviour in wind conditions. The KPS is simulated using a MATLAB-SIMULINK
environment with various power ranges and wind conditions. The satellite wind
speed data at 10 m and 50 m above ground with field data of the kite’s figure-
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of-eight trajectories are used to emulate the kite’s characteristics in the dynamic
wind conditions.

Another challenge in the KPS is the steering controller, which controls and
flies a kite in figure-eight crosswind motion. The kite consists of two power lines
and two control lines, the power lines are connected together, and the kite delivers
most of the force through the power lines. The left and right control lines are
used to steer the kite by a differential movement of both lines. The kite steer
controller mimics the differential movement of the kite control lines to steer the
kite. The force exerted on the control lines by the kite is essential in designing
the kite steering actuators. A kite steering controller’s design and development
methodology is explained and validated using experimental analysis under steady
and turbulent wind conditions. The power consumed to control the kite and the
power generation aspects of the KPS is also analyzed. The results of this research
will promote the use of KAWECS as it can provide reliable and seamless energy
flow, enriching wind energy exploitation under various installation environments.
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Introduction
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The current chapter explains the background of the proposed research and
introduces airborne wind power generation systems, working of kite-based wind
power systems with state-of-the-art research. The motivation for the research
work with a problem statement and identified research gaps in the literature are
explained. The research objectives and the organization of the thesis chapters are
also listed.

1.1 Background

Renewable energy generation and utilisation are crucial for reducing the impact
of burning fossil fuels on the environment. Renewable technologies come with
challenges that restrict their adoption. Wind power is one of the solutions for
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decarbonising the energy system. Electric power from wind turbines started in
the 1880s [Olabi et al., 2021] and since then, these machines have evolved into
megawatt-scale energy generators. Horizontal axis wind turbines (HAWTs) are
now widely used in the wind power industry [Johansen, 2021]. Due to increasing
energy demands, wind turbines are being developed to reach higher altitudes using
taller towers, increasing the conversion efficiency and tapping into the stronger and
more persistent wind at higher altitudes [Caduff et al., 2012]. The cost for the
higher hub height of HAWTs increases tremendously, and the turbine installation
becomes more challenging [DeCarolis and Keith, 2006].

Airborne Wind Energy System (AWES) is a high-altitude wind energy con-
version system that uses one or more kites, gliders, or horizontal flying turbines
that are tethered to a ground station to produce energy [Kolar et al., 2013]. The
AWES was made to improve existing technologies by focusing on catching winds
at high altitudes and turning them into electricity [Peçanha et al., 2020]. Loyd
demonstrated that a tethered wing the size of a C-5A aircraft could generate 6.7
MW of electrical power with a wind speed of 10 m/s, and the generated power
is three times more than the conventional wind turbine-generated power [Loyd,
1980a]. Since then, most of the prototypes for airborne wind energy systems are
still in the early stages of development [Cherubini et al., 2015]. AWES tech-
nology’s improved availability, stability, and reduced prices make it economically
viable [Zillmann and Bechtle, 2018]. The autonomous takeoff and flying of a teth-
ered aircraft verify the technological viability of the proposed takeoff approach,
allowing for deploying this AWES technology in a small area at a low cost [Fa-
giano et al., 2017]. Economic analysis at an existing site indicated that AWES
costs less to transport and assemble and has a larger potential capacity, resulting
in more significant economic advantages [De Lellis et al., 2016]. Consequently, a
little increase in the operating altitude of the wind energy system can result in
a significant rise in produced power. AWES can access winds at heights between
0.1 km and 2 km [Cherubini et al., 2015,Salari et al., 2015].

1.2 Kite-based Wind Power Generation

The concept of producing electricity from kites dates back more than four decades
[Loyd, 1980b]. The kite-based AWES, called Kite Power System (KPS), uses a
kite connected to the ground through a rope or tether. The tether is wound on
a spool called drum, coupled with the generator. As the kite flies, it generates
lift and pulls the tether, which turns the drum to generate electricity. In KPS,
the kite is steered to achieve lying eight or figure-of-eight trajectories to generate
power [Noom, 2013,Long et al., 2022]. The figure-eight trajectories are preferred
over other trajectories as it generates more crosswind power while the tether does
not get tangled during the flight [Dief et al., 2018]. The KPS operates in two phases
[Fechner, 2016] as shown in figure 1.1. In the power phase, the crosswind figure-
of-eight loops generate maximum lift to turn the generator to produce electricity.
In the recovery phase, the kite is de-powered and reverted by consuming a fraction

2



of the generated power [Van Der Vlugt et al., 2013].

Power Cycle
Kite

Kite Tether

Drum

Generator

Ground Station

Recovery Cycle

Figure 1.1: Kite power generation technique: kite travels in a figure-eight tra-
jectory, which pulls the tether wound on the drum and rotates the generator to
produce electric power

The main advantage of KPS over conventional wind turbines is that it reduces
the construction materials by 90 % while accessing the stronger winds at a higher
altitude, where conventional wind turbines cannot operate [Lunney et al., 2017].
KPS can have greater energy output and higher efficiency than conventional wind
farms [Fechner and Schmehl, 2013,Salma and Schmehl, 2023,Hagen et al., 2023].
Additionally, AWES systems are often lighter, smaller, and more flexible than
conventional wind turbines, making them easier to deploy and more suitable for
use in remote or challenging locations [Olabi et al., 2021,Tulloch et al., 2023].

1.3 Literature Survey

Airborne Wind Energy Systems (AWES) provide a solution for reaching higher
altitudes using fewer materials and lower costs [Meghana et al., 2022]. One
of the AWES implementations uses a kite to generate power in pumping cy-
cles [Zolfaghari et al., 2020]. A rigid or soft flying device is attached to a tether
of finite length and connected to a drum on the generator [Cherubini et al., 2015].
Energy is generated when the kite pulls the tether, which is called a power gen-
eration cycle. When the tether is fully unwound, the kite’s inclination angle is
reduced and pulled back by consuming a fraction of the power generated in the
power generation cycle [Luchsinger, 2013,Duckworth, 1985].
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1.3.1 Estimation of Tether Force

Unlike a wind turbine where blades are rotated by the wind to generate power,
the kite is flown in crosswind figure-eight manoeuvres, which pull the tether and
generate power on the ground. The power generation capabilities of a specific kite
at a certain wind velocity can be calculated by estimating the tether force of the
kite [Luchsinger, 2013,Burgin and Wilson, 1985]. An analytical model of a kite
was first presented by Loyd [Loyd, 1980b] in 1980, providing the fundamentals of
kite kinematics. The model assumed the kite and tether to be massless objects
to derive a wing’s estimated power-generation capabilities. The analytical theory
was then refined by Argatov [Argatov et al., 2011] and Terink [Terink et al., 2011]
for tethered kites operating at higher altitudes for power generation. The point
mass models presented in [Ahmed, 2014,Ruppert, 2012,Akberali et al., 2021] took
the kite’s mass, velocity, and tether drag into account to estimate the pulling force
of a kite. An experimental approach to data collection from kites by towing them
was proposed by Rushdi [Rushdi et al., 2020a]. The paper lacked a mathemat-
ical or analytical approach to predict the tether force using the collected data.
The aerodynamic properties of kites using experimental analysis have been inves-
tigated in the literature [Borobia-Moreno et al., 2021] but the data have not been
used to estimate the force of kites.

1.3.2 Application of Machine Learning

The nonlinearity in the kite power system makes tether force estimation complex
using mathematical models. Deep Neural Networks (DNNs) offer a great solution
to nonlinear problems in many applications [LeCun et al., 2015]. Researchers have
explored methods for estimating the tether force using regression models [Rushdi
et al., 2020b]. The Reinforcement Learning (RL) method has been used [Orzan
et al., 2022] to control a tethered kite but there was no explanation for the kite’s
force. The machine learning-based control of the tethered wings has been discussed
in many papers [Fechner, 2016,Dief et al., 2020a] as well as the analytical method
for estimating the tether force [Rushdi et al., 2018, van der Vlugt et al., 2019].
However, very few studies contain experimental validation of the methods [Oehler
and Schmehl, 2019]. The experimental data-based approach [Baheri and Vermil-
lion, 2017] and system identification approaches [Licitra et al., 2019,Licitra et al.,
2017,Dief et al., 2018] have been discussed in the literature, but a comprehensive
explanation of the data collection and analysis was not provided. The literature
has discussed control techniques for kites but is lacking in predictions of the tether
force of kites using machine learning techniques.

1.3.3 Simulation of Kite Power System

An appropriate wind condition or field location for researching an actual KPS is
very challenging [Erhard and Strauch, 2015]. Therefore, simulation of airborne
wind energy system dynamics and airborne wind energy turbine emulation is con-
venient. In the literature, most of the KPS use a permanent-magnet synchronous
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machine (PMSM) as an electric power generator [Ahmed et al., 2014]. As the
KPS operates in pumping cycles, the speed of the generator and the power output
is variable and highly dependent on the wind speed. Although there are a lot of
Conventional Wind Turbine (CWT) emulations based on PMSM drives [Martinez
et al., 2014, Singla et al., 2020,Battaiotto et al., 1996], there is limited literature
on the implementation of kite-based emulators. The simulation of power gener-
ation using PMSM is explained in the literature but they lack in the discussion
related to drum-side mechanical power production [Bagaber et al., 2020,Ahmed
et al., 2013,Saberi and Rezaie, 2022] which is crucial in KPS. And also, the study
of scaling the power levels using PMSM-based approach is missing in the litera-
ture [von den Hoff et al., 2019,Bauer et al., 2016]. The emulated power’s accuracy
depends on the kite’s modelling and the data used for the emulation [Ahmed et al.,
2013]. Another aspect of the system is scalability which is not discussed in the
literature [Ahmed et al., 2013,Bagaber and Mertens, 2021,Bagaber et al., 2022].

1.3.4 Kite Steer Controller

One of the main challenge in the KPS is the autonomous Kite Steer Control (KSC)
which is responsible for the steering of the kite [van der Vlugt et al., 2019]. There
are two types of KSCs, on-air controller and ground-based controller. The on-air
KSC has the motor-actuators and the battery situated near the kite to control
the kite. From the on-air controller, a single line connects to the ground station
which reduces the number of tethers [Erhard and Strauch, 2012]. On the other
hand, the ground-based KSC consists of actuators and batteries which are situated
at the ground. In a ground-based KSC, most of the weight is contained at the
ground level which makes the system flexible with small kites for the experimental
studies [Ahrens et al., 2013]. The ground-based approach can be developed using
the available components reducing the cost of the setup, and also it reduces the
risk of damage of the controller during kite crashes which increases the reliability.
The KSC is an integral part of KPS which is responsible for steering the kite in
a predefined path for maximum power extraction [Fechner et al., 2015, Fisscher,
2020]. There are theoretical studies on the design of the KSC [Williams et al.,
2008b,Fagiano, 2009] and also the experimental studies [Breukels, 2011,Costello
et al., 2017,Castelino et al., 2022] which do not discuss about the force analysis of
the control lines. The force on the control lines directly impact the performance
of the kite control motors [Erhard and Strauch, 2013,Fechner and Schmehl, 2012].
The power consumed by the control motors should also be taken into account
while calculating the net power generated by KPS in a figure-eight cycle.

As the KPS eliminates structure and uses less materials to construct as com-
pared to the conventional wind turbines, it is well suited for offshore floating power
generation systems [Fritz, 2013,Fagiano et al., 2010,Coleman et al., 2014]. For the
offshore applications, the KSC should be designed to steer the kite in the turbulent
winds. There are numerous research paper on control of the tethered kite [Baayen
and Ockels, 2012,De Lellis et al., 2013,Zanon et al., 2013,Castro-Fernández et al.,
2023] but the research does not explain the controller performance in turbulent
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wind conditions. In the turbulent winds, the response of the KSC changes and
faster actuation are necessary [Fechner and Schmehl, 2016]. The rapid actua-
tion of the control lines demand more motor power, which has to be taken into
consideration in the design of the KSC.

In the literature, a significant amount of research is conducted on the KSC
design and theoretical optimization [Williams et al., 2008a, Ilzhöfer et al., 2007,
Baayen and Ockels, 2012,Furey and Harvey, 2007,Eijkelhof et al., 2023], yet very
few experimental approaches [Lansdorp et al., 2007,Canale et al., 2009,Thedens
and Schmehl, 2023,Cayon et al., 2023] have been developed and validated. The
experimental approaches fails to justify the power aspect of the KSC and power
variations in the figure-eight trajectory [Rushdi et al., 2020a].

1.4 Motivation for the Work

The KPS has significant advantages over conventional Wind Turbines such as
accessibility of stronger winds at higher elevation, less material usage, and the KPS
can be designed as a mobile power generation system. The mobility of the system
facilitates it to be installed in the places where the grid connectivity is unavailable
and it can be installed in the remote locations where conventional wind turbine
cannot be installed. The main challenges involved in the commercialization of
the KPS include - optimization of the KSC, launching and landing method of
the kite, and autonomous operation of the system [Khan and Rehan, 2016,Salma
et al., 2020,Dief et al., 2020b]. The minimalist structural design and the higher
capacity factor of KPS as compared to conventional wind turbines [De Lellis et al.,
2016] is the main motivation to the researchers around the world. The commercial
viability of KPS depends on the reliable operation of the system and also on the
scalability of the system. The direction of this research is towards contribution
in the control aspects of the kite and also on the study on the scalability of the
system.

1.5 Problem Statement

To design and develop an experimental method to estimate the tether force from
the kite and optimization of methods for the estimation of the potential of the
kite power system. The scalability of the system needs to be studied using the
experimental data by an emulation technique. A kite steering controller has to
be developed which can perform in the turbulent wind conditions of the coastal
region. Also, simulation of the kite power system for varying wind conditions has
to be analysed and the an experimental analysis of power consumed to control the
kite has to be developed.
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1.6 Identified Research Gaps

From an extensive survey on the state-of-the-art technology in the kite-based
wind power generation system, some of the problems are identified which needs
to be addressed to make the system viable. The estimation of tether force is
vital in designing a KPS. The tether force estimation methods described in the
literature is lack experimental validation. Moreover, the mathematical models
described in the literature considers approximation of lift and drag coefficients
which are not justified. The non-linear behaviour of the system in the steady and
turbulent wind conditions can be predicted using machine learning methods. The
simulation of system dynamics under dynamic wind conditions are not available
in the literature and there is limited literature on the performance of the KPS
under electrical loading. The variation of tether force during the figure-eight
trajectory is very important to estimate the power production from the system
and the power consumed in the trajectory has to be taken into account for the
estimation of net power generation capacity of the system. In the literature, there
is limited research on the experimental validation of the kite steer controller under
varying wind conditions. Moreover, the estimation of forces from the control lines
is necessary to design a kite steering actuator mechanism.

1.7 Research Objectives

From the research gaps observed in literature as mentioned in the previous chapter
the following are the main objectives of the proposed work:

� Estimation and experimental validation of aerodynamic force of the kite
using analytical and machine learning methods.

� Design and simulation of a kite-based electric power generation system us-
ing FOC-based PMSM for scaling of the system using MATLAB-Simulink
environment.

� Design and development of a ground-based kite steering unit with rapid
actuation to study the performance of KPS in varying wind conditions.

� Experimental validation of kite steering system with an analysis on the vari-
ation of power in the figure-eight trajectory and the power consumption of
the KSC in steady and turbulent wind conditions.

1.8 Outline of the Thesis

The whole thesis is organized into five chapters as follows,

Chapter 1: A brief introduction to Kite-based wind power generation system
with extensive literature survey of the force design and simulation models of force
estimation, kite control and power generation aspects. The identified research

7



gaps and research objectives are also discussed in this chapter.

Chapter 2: A methodology to estimate the tether force from the kite with
experimental validation is rigorously explained with the design aspects of the
system. A physical method (PM) is proposed for the estimation of tether force
with a study of application of machine learning algorithms to predict the force
from the kite is discussed in this chapter.

Chapter 3: The study of potential of kite-based power generation system
using simulation is discussed in this chapter with the experimental verification of
the results. The scalability of the system is explained and a comparative analysis
of the kite-based systems with the conventional wind turbine is also discussed in
this chapter.

Chapter 4: The Design and development aspects of a ground-based kite steer
controller with a novel control approach is explained in this chapter. The power
consumption of kite steer controller is discussed with the power generation of the
system. The testing and validation of the controller in steady and turbulent wind
conditions is discussed in this chapter.

Chapter 5: This chapter concludes the contributions of the proposed research
work and also discusses the scope for possible future works which can enhance the
reliability of kite-based power generators for it to be a commercially viable product.
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Chapter 2

Kite Tether Force Estimation
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2.1 Introduction

This chapter presents a design and methodology to estimate the tether force of a
KPS using an experimental setup. The estimation of aerodynamic force of the kite
is essential for the design and development of a KPS. The proposed approach is
based on field data collection, processing, and analysis to obtain the tension of the
tether under steady and turbulent wind conditions. Tether force estimation using
the Physical Model (PM) of a kite is proposed and is simulated using MATLAB-
Simulink. Two machine learning models- ANN and LSTM are trained with the
known data from the field tests and the models are tested with unknown data to
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predict the tether force. The proposed methods are experimentally validated and
the performance of each method is evaluated. Section 2.2 describes the problem
description and explains the challenges involved in the experiments. Section 2.3
describes the tether force estimation methods, the attributes of the experimental
setup and its operation in detail. Section 2.3 also explains the simulation of tether
force using a MATLAB-Simulink environment and the tether force estimation
using machine learning techniques. The results are presented in Section 2.4, which
includes the results from the flight tests, simulation results, and experimental
validation of the simulated tether force. The conclusions and discussion of this
research work are presented in the last Section 2.5.

2.2 Problem Description

Estimating the tether force is essential for designing and developing a kite power
system. The tether force depends on the kite’s lift coefficient (CL) and drag co-
efficient (CD). The values of CL and CD depend on the angle of attack (AoA),
which varies with the kite’s flight (orientation) [Ahmed et al., 2011]. The kite’s
flight and control are highly nonlinear; hence, modelling the system becomes com-
plicated. In the modelling, assumptions often have to be made to approximate
the power output of the system [Bauer et al., 2018]. In many cases, the AoA
is assumed to be constant, which makes CL and CD constant [Hummel et al.,
2019]. In some of the previous studies, the values of CL and CD are assumed
to be monotonically increasing with the kite’s trajectory but lack experimental
validation [Houska and Diehl, 2007]. Hence, a simple and accurate approach must
be developed to estimate the tether force in the figure-eight trajectory.

2.2.1 Kite Constraints

Figure 2.1 shows the kite’s position and orientation, as well as the AoA of the
kite’s trajectory. Figure 2.1a shows the orientation of the kite in terms of the yaw,
roll, and pitch. In the figure, Vx and Vy show the direction of the kite’s travel
path and FT is the tether force measured on the ground. The kite makes an angle
with the ground reference called the elevation angle, which is denoted by γ. In the
figure-of-eight trajectory, the kite makes an angle with the reference x-axis called
a sweep angle, which is denoted by ϕ. FL denotes the lift force experienced by
the kite and the drag force is denoted by FD. Figure 2.1b shows the AoA of the
kite, which is the angle between the kite’s chord line and the relative wind flow.
The tether force is measured on the ground, as shown in Figure 2.1b.
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Figure 2.1: Kite’s position and orientation represented in the spherical coordinate
system and the forces experienced by the kite [Oehler and Schmehl, 2019]. (a)
Kite’s orientation and position. (b) Angle of attack of the kite.

The lift and drag forces can be estimated by finding the relationship between
the kite’s orientation and the net aerodynamic force. The orientation of the kite
in the Euler form is specified in terms of the yaw, roll, and pitch (YRP) angles,
which are related to the measured tether force value from the field tests, to develop
the physical model, is proposed. There is a negligible sag in the tether for a short
tether line, which is a fixed length of 24 m. Therefore, the elevation angle can be
calculated using the kite’s altitude.

Hypothesis 1: The aerodynamic force of a kite can be estimated by knowing the
orientation (YRP) of the kite at a particular altitude and wind speed.

The above hypothesis can be validated using analytical techniques for which
the following assumptions are made:

Assumption 1: The wind speed at the kite is assumed to be the same as the wind
speed on the ground for a short tether length.

Assumption 2: The kite is manoeuvred at constant speed in the figure-eight
pattern.

Assumption 3: The effect of tether drag, sag, and gravity on the net aerodynamic
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force is negligible.

Assumption 4: The tether is assumed to be rigid and straight and the force at
the ground station is equal to that at the kite.

2.2.2 Kite Dynamics

Acquiring accurate orientation data from the kite is challenging. The orientation
(YRP) is transmitted to the ground station via wireless communication channels.
The measured data should be in quaternions to avoid gimbal lock [Alaimo et al.,
2013] and the quaternions are converted to the Euler form for calculating the
orientation angles. The yaw angle varies from −180 to +180 degrees, the pitch
angle varies from −90 to +90 degrees, and the roll angle varies from −180 to +180
degrees. Inertial measurement sensors are required to determine the absolute ori-
entation using an acceleration sensor, gyroscope, and magnetometer [Castelino
and Kashyap, 2021]. The fusion of the acceleration, gyroscope, and magnetome-
ter values provides the orientation. The quaternions are four signed numbers,
including a real number Qw followed by three imaginary values, Qx, Qy, and Qz,
representing an object’s rotation. The force calculation of the kite model is in a
spherical coordinate system that describes the kite’s orientation in terms of Euler
angles. The orientation of the kite in quaternion form is converted into Euler form
using the following formula [Perumal, 2011]:ϕ′

θ′

ψ′

 =

atan2(2(QwQx +QyQz), 1− 2(Q2
x +Q2

y))
asin(2(QwQy +QzQx))

atan2(2(QwQz +QxQy), 1− 2(Q2
y +Q2

z))

 (2.1)

where ϕ′ is the roll of the kite, θ′ is the pitch of the kite, and ψ′ is the yaw angle of
the kite, which are applied in this order [Karduna et al., 2000]. The notation of the
YRP angles depends on the sensor (IMU) placement on the kite. In this experi-
ment, the pitch and roll values are interchanged by 90 degrees clockwise according
to the sensor placement. Therefore, the pitch values vary from −180 degrees to
+180 degrees and the roll values vary from −90 degrees to +90 degrees.

2.2.3 Kite Field Test Conditions

The field tests were conducted on the shores of the National Institute of Technology
Karnataka, Surathkal Beach. Initially, the test was conducted at low wind speeds
(3 m/s to 4 m/s) to study the characteristics and learn about flying. Finding the
perfect wind conditions to conduct the test was a challenge. Sometimes, there
were strong winds and at other times, there was no wind. We experienced a
tremendous kite-pulling force that inspired us the most. At first, a rock-mounted
anchored safety line was used to hold the kite, but manoeuvring the kite became
challenging as the wind direction changed. Later, wood-mounted sandbags were
used as a secure platform. The weight of the sandbags was estimated by measuring
the tether force from the previous tests.
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2.3 Tether Force Estimation Methods

2.3.1 Wind Window and Crosswind Power

The wind profile plays an essential role in calculating the kite tether force. The
’wind window’ is an area where a kite can fly in the direction of the wind [Argatov
et al., 2011]. When the kite flies in the direction of the wind, it is called a
downwind. As shown in Figure 2.2, if the kite is flown in the maximum power
zone, it is called the crosswind zone. When the kite is at the edges of the wind
window, the aerodynamic force reduces. The kite is flown in a crosswind zone in
the power generation phase to generate maximum power. When the kite reaches
the maximum height/length, it returns from the wind window zone and reverts to
the initial state, which consumes a fraction of the energy.

WIND

Low Power Zone

Medium Power Zone

Kite Figure-Eight Trajectory

High Power Zone

Figure 2.2: Wind window: an imaginary boundary in which the kite can be flown
to produce power; the red area indicates the maximum power zone, the yellow area
shows the moderate power zone, and the green area indicates the low power zone.

2.3.2 Kite Kinematics and Aerodynamic Force

The kite’s position is represented using a spherical coordinate system, as shown
in Figure 2.3. The proposed method uses a kite reference frame in a spherical
coordinate system to represent the kite in the three-dimensional space. Figure 2.3
shows the kite reference framework in which ‘K’ is the kite’s position, ‘r’ is the
tether length, and θ is the angle between the point K and zenith (Z-axis). The ϕ is
the angle between the reference axis (x-axis) and the kite’s orthogonal projection.
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Figure 2.3: Kite reference frame [van der Vlugt et al., 2019]: The left figure shows
the position of the kite at point K in a three-dimensional plane with the forces
acting on the kite. The right figure shows the orientation of the kite in terms of
the Euler form.

The magnitude of the lift and drag forces depends on the AoA, which varies
throughout the figure-eight trajectory [Dadd et al., 2011]. The AoA can be esti-
mated by the orientation of the kite under specific wind conditions. The lift and
drag forces are estimated by

FL =
1

2
ρCLSv

2
w (2.2)

FD =
1

2
ρCDSv

2
w (2.3)

where ρ is the air density, CL and CD are the lift and drag coefficients, S is the
projected area of the kite, and vw is the wind speed. The resultant aerodynamic
force is given by

F =
√
FL

2 + FD
2 (2.4)

2.3.3 Experimental Setup

The following section describes the data collection methodology from the field
tests using the experimental setup. Section 2.3.3.1 through Section 2.3.3.3 explain
the hardware used to acquire the kite’s positional data and the wind data collec-
tion on the ground. Section 2.3.3.4 explains the tether force measurement setup
and Section 2.3.3.5 explains the data logged in the field tests with a plot.

Figure 2.4 shows the experimental setup used for the measurement of the
tether force. Figure 2.4a shows a pictorial representation and Figure 2.4b shows
the testing of the actual system in the field. The kite used in the experiment was
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a commercially available Airush Lithium 12 m2 supported leading-edge inflatable
(SLEI) kite, as shown in Figure 2.5. Table 2.1 shows the specifications of the kite.

Kite Sensors

Load Cell

Micro-controller
Unit (MCU)

Wind Speed 
Sensor

Data Logger

Wind Direction 
Sensor

RF Receiver

RF Transmitter

Battery

≈

Control Lines

Tether Bridle

Power Lines

Kite

Control Bar

(a) (b)

Figure 2.4: Experimental setup: (a) pictorial representation of the system used
for estimating the tether force with a block diagram of the system, (b) Actual
experimental setup used in the experimental tests.

Table 2.1: Kite Specifications.

Kite Parameters

No. of Lines 4 lines

Surface Area 12 m2

No. of Struts 3

Canopy Material Ripstop Nylon

Weight (Deflated) 3.5 kg
Type of kite Supported leading-edge kite (SLE)

The kite’s measurement system was divided into on-air and on-ground systems.
The on-air system consisted of a kite (Figure 2.5) and its sensor system (Figure
2.6). The on-ground system consisted of sensors and a data logger system (Figure
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Figure 2.5: Airush Lithium 12 m2 Kite.

2.7). On the kite, sensors were mounted to measure its orientation, altitude,
and location. The measured parameters of the kite were transmitted to the ground
using a radio frequency (RF) transmitter module. On the ground, the data were
logged after being received from the kite using the RF receiver module. The ground
setup consisted of a load cell that measured the force of the kite, a wind speed
sensor, and a wind vane to measure the wind direction.

2.3.3.1 Kite Telemetry System

The proposed tether force estimation approach requires the orientation data of
the kite. Since the kite is at a higher elevation, the kite’s orientation data must
be transmitted to the ground unit. The kite telemetry system is divided into
on-air and on-ground units. Table 2.2 shows the specifications of the on-air and
on-ground units. Figure 2.6 shows the system setup of the on-air unit.
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IMU
Module

(BNO055)

Micro-
controller Unit

GPS Module
(Neo-M8N)

RF Module
(NRF24)

Altitude Sensor
(BME280)

Battery
(Li-ion,18650)

(a) Block diagram of kite transmitter

Antenna Voltage regulator

Altimeter

MCU

RF Module 

GPS Module

Li-ion

IMU

Battery

Li-ion
Battery
Li-ion

Battery

(b) Kite transmitter circuit

(c) Kite transmitter circuit inside a box (d) Kite transmitter mounted on the kite

Figure 2.6: Sensor system on the kite: (a) block diagram of the system, (b)
PCB implementation of the sensor system, (c) PCB enclosed within the box for
protection, (d) Sensor system installed on the kite using velcro.

Table 2.2: Kite telemetry system: on-air kite unit specifications and on-ground
kite unit specifications.

Sl No Part Name On-Air Kite Unit On-Ground Kite Unit

1 Wireless Module NRF24L01 2.4 GHz NRF24L01 2.4 GHz

2
Micro-Controller Unit

(MCU)

ATMEGA328p, 8 bit,
16 MHz, 32 KB flash,

2 KB SRAM, 14 I/O pins

ATMEGA328p, 8 bit,
16 MHz, 32 KB flash,

2 KB SRAM, 14 I/O pins

3
Sensors

(20 Hz Sampling)

IMU-BNO055
Altimeter-BME280
GPS—Neo M8N

Loadcell with HX711 ADC
Anemometer (Cup type)
Wind direction (Encoder)

4 Data Logging NA SD card module

5 Power Source
18650 Li-ion battery
(Two in series—8 V)

12 V, 7.5 Ah
Lead Acid Battery

As shown in Table 2.2, the micro-controller unit used in this experiment was
an ATMEGA328p, which reads the sensor values and sends the values to the
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(a) Block diagram of kite receiver unit
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Wind sensor 
connector

Load cell connector

DC-DC regulator
(12V-5V)

RF module Antenna

(b) PCB of the receiver circuit
LCD Module
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(c) Back side of PCB with LCD
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Wind Speed 
Sensor

Wind Direction 
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(d) Wind speed and direction sensors

Figure 2.7: Sensor system on the ground: (a) Block diagram of the kite data
receiver system on the ground, (b) Implementation of the sensor data receiver
circuit in the PCB, (c) Back side of the PCB with LCD, (d) Wind speed and
direction sensors at the testing site.

ground station via an RF communication link. The Inertial Measurement Unit
(IMU) used in this experiment was a BNO055 module with a built-in sensor fusion
algorithm. The module can produce rotations in terms of quaternions at a rate
of 100 Hz. The kite’s altitude was measured using a barometric pressure sensor
module, BME280, which has a sampling rate of 100 Hz and has an accuracy of
±1 m. The Global Positioning System (GPS) recorded the kite’s location data,
which output the kite’s latitude and longitude at 20 Hz which is accurate upto
±1 m. The sensor data were transmitted to the ground using the NRF24L01+
module, which operates at a 2.4 GHz frequency and has a transmission distance of
over 1000 m. The kite’s sensor system was powered by two lithium-ion batteries
installed on the PCB.

2.3.3.2 On-Air Kite Unit

Figure 2.6a shows a block diagram of the sensor system mounted on the kite.
Figure 2.6b shows the circuit diagram of the transmitter unit. The transmitter
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unit measured the kite’s orientation, altitude, and location and sent it to the
ground station through the RF module. The transmitter PCB was secured inside
a plastic container, as shown in Figure 2.6c, to avoid beach sand and impacts
during testing. A box with a sensor unit was attached using velcro, as shown in
Figure 2.6d to measure the flight data.

2.3.3.3 On-Ground Kite Unit

In addition to the kite data receiver circuit, the on-ground unit consisted of wind
speed, wind direction, load cell, and data logger modules. Figure 2.7 shows the
system setup of the ground sensor system. A block diagram of the ground unit
is shown in Figure 2.7a. The board was implemented on a PCB, as shown in
Figure 2.7b.

During the field tests, an LCD was installed for visualising the data, and an
LCD was installed on which the status of the kite’s data transmission and ground
sensor data was displayed, as shown in Figure 2.7c. The sensors were mounted
on the pole to measure the wind speed and direction. The data received from
the kite was logged on the ground, which is used to estimate the force using the
analytical method.

2.3.3.4 Force Measurement Unit

The force of the fixed- and short-length tethers was equal to the net aerodynamic
force of the kite as per the assumptions made in Section 2.2.1. The force of the
tether was measured using a load cell arrangement, as shown in Figure 2.8. One
end of the load cell was anchored to the wooden platform and sandbags and the
other was connected to the kite. The output voltage of the load cell changed
when the tether exerted a force on the load cell. The subtle changes in voltage
were converted to digital form by a 24-bit analogue-to-digital converter (HX711).
The digital values obtained from the sensor were then converted to force (Newton).

2.3.3.5 Field Data Collection

The force was estimated using the recorded data from the field tests. Multiple tests
were conducted to record the tether force with the kite’s figure-eight trajectory
data.Table 3.3 shows a sample of raw data obtained from one of the field tests,
which include the kite orientation data (Qw, Qx, Qy, Qz), altitude of the kite in
meters, location of the kite (latitude and longitude), force measurement from
the load cell (analogue value), wind velocity (in m/s), and wind direction. The
changes in the data observed in the table is due to variaation of kite orientation
and position in a figure-eight trajectory.
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Figure 2.8: Measurement of tether force using lad-cell, (a) shows the pictorial
representation of the setup, (b) shows the actual setup mounted on the wooden
board in which the tether is passed through the pulleys.

Table 2.3: Data logged in the field tests consisting of orientation in quaternion
form, altitude, GPS data, load-cell values, wind speed, and wind direction.

Data
Point

Qw Qx Qy Qz
Altitude

(m)
Latitude Longitude

Load-Cell
Analog Value

Wind
Speed
(m/s)

Wind
Direction
(Degrees)

1 0.04 −0.36 0.82 0.44 0.43 130091287 747885344 354,420 3.58 15
2 0.06 −0.37 0.82 0.44 0.17 130091287 747885344 611,959 3.63 6
3 0.13 −0.4 0.78 0.47 0.96 130091263 747885311 778,686 3.58 3
4 0.22 −0.44 0.73 0.48 1.95 130091232 747885259 1,012,329 3.58 7
5 0.26 −0.45 0.72 0.46 2.41 130091214 747885219 1,020,015 3.53 13
6 0.3 −0.45 0.73 0.42 4.98 130091167 747885097 955,023 3.55 17
7 0.31 −0.44 0.75 0.4 5.93 130091147 747885017 976,031 3.6 14
8 0.27 −0.41 0.79 0.36 7.14 130091131 747884937 984,059 3.6 9
9 0.2 −0.37 0.85 0.32 8.16 130091119 747884748 947,582 3.63 8
10 0.17 −0.34 0.89 0.27 10.05 130091119 747884655 788,606 3.63 11
11 0.15 −0.32 0.9 0.25 10.66 130091148 747884473 607,128 3.68 13
12 0.16 −0.32 0.9 0.22 12.23 130091164 747884386 550,783 3.7 6
13 0.19 −0.33 0.91 0.18 13.89 130091212 747884234 461,953 3.65 6
14 0.2 −0.34 0.9 0.17 15.53 130091240 747884159 399,323 3.65 15
15 0.2 −0.34 0.91 0.15 16.33 130091300 747884055 405,638 3.65 12

2.3.4 Kite Tether Force Estimation

According to the hypothesis discussed in Section 2.2.1, the force from the kite is
related to its orientation. The effect of the orientation of the kite on the tether
force with varying altitudes and wind speeds was studied. The orientation data
of the kite in quaternion form were converted to Euler form, which resulted in the
YRP angles, as discussed in Section 2.2.2. The YRP values changed their signs
rapidly, which needed to be filtered to simulate the tether force. The raw values of
the yaw (ψRAW ), pitch (θRAW ), and roll (ϕRAW ) were filtered and converted into
positive values. The YRP values were converted by ψ = |ψRAW |, θ = 180−|θRAW |,
and ϕ = |ϕRAW |, respectively.

20



Figure 2.9 shows the projecton of area swept by the kite in the wind window in
the figure-eight trajectory. The kite line is projected in the two-dimensional plane
and the movement of the kite is shown in the plot. Although the lift depends on
the pitch angle (θ) of the kite, the magnitude of the lift decreased as the kite made
an angle β with the wind direction vector. The β angle, calculated as |χ − ψ|,
was zero when the kite tether vector was aligned with the wind direction vector.
The β angle increased as the kite approached the edges of the wind window, which
affected the lift produced by the kite.

E

N S

Wde

K

ψ  

χ 
β 

FT
FL

FD

WS= 3 – 4m/s

ɸ

Sweep Area

Figure 2.9: Wind window with shaded area indicating area swept by the kite in
the figure-eight trajectory (ϕ degrees); Wde represents the wind direction vector; K
represents kite tether vector; N, E, and S are the north, east, and south reference
vectors; χ is the angle between east and Wde; ψ is the angle between east and the
kite tether vector; β is the angle between Wde and the kite tether vector.

Figure 2.10 shows the kite’s flight path in the experimental field. As the
kite moved in a figure-eight trajectory, the force varied according to the position.
The GPS and altitude data collected from the field test were used to plot the kite’s
trajectory. Figure 2.10a shows the top view of the kite’s trajectory, Figure 2.10b
shows the front view, and Figure 2.10c shows the side view of the kite’s trajectory.
The figures show that the kite took off from the ground and followed the figure-
eight trajectory. Figure 2.10d–f show the corresponding YRP angles during the
trajectory of the kite.

2.3.4.1 Kite Inclination Effects

The force acting on the kite for a particular wind speed can be split into lift and
drag components. The lift components act perpendicular and the drag components
act parallel to the wind direction. For an airfoil, the lift and drag components
depend on the wind velocity and orientation of the kite in terms of the wind. CL
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Figure 2.10: The figure-eight trajectory followed by the kite during the test.
The GPS and altitude data were used to plot the trajectory of the kite in 3
dimensions. (a) Top view: lat vs. lon. (b) 3D view: lat-lon vs. altitude. (c) Side
view: lat vs. altitude. (d) Yaw vs. Force. (e) Roll vs. Force. (f) Pitch vs. Force.

and CD change the kite force as per the fundamental aerodynamic Equations (2.2)
and (2.3) as a function of α (AoA) [Center, 2005] since the actual measurement of
the AoA is difficult and depends on the orientation. CL and CD for a thin surface
and low-aspect-ratio airfoil [Paiva and Fontes, 2017,Hobbs, 1986] as a function of
α can be written as

CL ≈ 2πα (2.5)

CD ≈ 1.28× sinα (2.6)

The observation made from the field tests was that the CL is a function of the
pitch angle (θ) and sweep angle (β) and CD is a function of the pitch angle, sweep
angle, and roll angle (ϕ). As discussed in Section 2.3.4, the wind window’s sweep
angle and roll angle induce an additional drag as a cosine function. Therefore, by
reforming Equations (2.5) and (2.6), the equations for CL and CD can be written
as

CL ≈ 2π(θ − β) (2.7)

CD ≈ 1.28× (sin(θ) + cos(β) + cos(ϕ)) (2.8)
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2.3.4.2 Kite Tether Force Estimation using Physical Model (PM)

Field tests were performed in favourable wind conditions (3 m/s to 6 m/s) to
obtain the kite’s orientation data. Hence, the lift and drag forces were estimated
by using Equations (2.7) and (2.8) in Equations (2.2) and (2.3), which yields

FL ≈ 1

2
ρ.CL.Sv

2
k =

1

2
ρ.2π(θ − β).Sv2k (2.9)

FD ≈ 1

2
ρ.CD.Sv

2
k =

1

2
ρ× 1.28× (sin(θ) + cos(β) + cos(ϕ)).Sv2k (2.10)

As discussed in Section 2.3.2, the tether force was assumed to be equal to the
kite’s force for a tether length of less than 24 m. Hence, the resultant aerodynamic
force from Equation (2.4) yields

FT =

√
(
1

2
ρ2π(θ − β)Sv2k)

2 + (
1

2
ρ1.28(sin(θ) + cos(β) + cos(ϕ))Sv2k)

2 (2.11)

Figure 2.11a shows the simulation of the tether force using the MATLAB
SIMULINK environment. The parameters used for the kite were the same as
those discussed in Section 2.3.3. The inputs were imported into SIMULINK in
the left blocks, as discussed in Section 2.3.3.5. The following two lift and drag force
blocks were used to compute the lift and drag forces based on Equations (2.9) and
(2.10). Figure 2.11b shows the plot of the lift force vs. drag force, which shows a
comparison of the lift and drag components of the tether force in the figure-eight
trajectory. The resultant aerodynamic force based on Equation (2.11), which
is equal to the tether force, was computed and displayed in the last block, as
discussed in Section 2.4.2.1.
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Figure 2.11: Simulation of tether force in MATLAB SIMULINK: (a) From left,
the data from the field test are given as a numeric matrix and the kite’s data
block filters the data to calculate the lift and drag forces; the force–simulated
block calculates the tether force. (b) Shows a plot of the lift force vs. drag force
from the simulated tether force.
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2.3.4.3 Kite Force Estimation Using Deep Neural Networks

The kite’s power system modelling involves nonlinear dynamics, which depend on
the wind and kite parameters. The Deep Neural Network (DNN) technique offers
a good solution with noisy data compared to the physical models [LeCun et al.,
2015]. The tether force was estimated using Artificial Neural Network (ANN)
and Long Short-Term Memory(LSTM) algorithms. The ANN and LSTM model
parameters are given in Table 2.4. Figure 2.12 shows the process of estimating the
tether force using the DNN methods. The DNN was fed with 30,000 data points
as the input to train the model with Adam as the training method and 1000 data
points to test the model with loss evaluation by MSE method. The values needed
to be normalised before being used in the DNN. The orientation data of the kite
received in quaternion form were taken as the input, along with the altitude and
wind speed.

Import the 

Input Data

Normalize 

the Data

DNN 

Method

Inverse the
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Data

Validation 

and Error 
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Figure 2.12: The flow of the estimation of the tether force using the DNN methods:
The field test data were imported to the models and then normalised so that they
could be used in the ANN and LSTM models; the predicted data in the normalised
form were then inverted to the actual values; the performance was evaluated using
the RMSE, MAE, and R2 methods.

Table 2.4: Details of the parameters used in the Deep Learning Models—ANN
and LSTM:

S No. Items Detail of ANN Detail of LSTM
1 Target Tether force Tether force

2 Input Variable
Qw, Qx, Qy, Qz,

Altitude, Wind Speed
Qw, Qx, Qy, Qz,

Altitude, Wind Speed

3 Training Parameters
Learning rate: 0.0001,
Number of epochs: 1000

Learning rate: 0.0001,
Dropout: 0.2,

Mini-Batch Size: 8,
Number of epochs: 1000

4 Training dataset
Steady Wind Case (30,000)
Dynamic Case (30,000)

Steady Wind Case (30,000)
Dynamic Case (30,000)

5 Test dataset
Steady Wind Case (1000)
Dynamic Case (1000)

Steady Wind Case (1000)
Dynamic Case (1000)

6 Network layer 4 (hidden layers) 6

 Fully Connected 1: Bi-directional LSTM 1:
Fully Connected 2: Dropout 1: Bi-directional LSTM 2:

Fully Connected 3: Dropout 2: Fully Connected 4


7 Number of neurons in each layer 100:50:25:5 100:50:50:25:25:5

8 Training Method Adam Adam

9 Loss function mse mse

10 Training Type Regression Regression

2.3.4.4 Artificial Neural Network (ANN)

An Artificial Neural Network (ANN) is an interconnection of neurons influenced
by the human nervous system [Wang, 2003]. It is a computational approach in
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which an enormous amount of neurons are inter-connected for parallel processing
of the information. ANNs can find a relation between the input and output ir-
respective of the system’s complexity. Applications of ANNs are growing day by
day. In electrical engineering, they are widely used for energy prediction, opti-
misation, and energy forecasting [Ahmad et al., 2014] applications. Figure 2.13
shows the basic architecture of the ANN in which three layers—input, hidden,
and output—are shown. The output is processed by applying weight matrices
to the input layers through hidden layers with an activation function. For both
the Steady Wind Condition (SWC) and Turbulent Wind Condition (TWC) flight
cases, 30,000 data points were given as the training data and 1000 data points
were given as the testing data. The neural network had four hidden layers and was
trained using the Adam method. ANN computations were performed in the MAT-
LAB coding environment. Table 2.4 shows the parameters of the proposed ANN
approach in which the kite’s orientation in quaternion form, altitude, and wind
speed are given as the input matrix and the tether force is obtained as the output,
as discussed in Section 2.4.2.2.

Qw

Qx

Qy

Qz

h

ws

Input Layer Hidden Layers Output Layer

Output

FT

weights

weights

Figure 2.13: The basic architecture of the ANN: the input layer is fed with the
kite’s orientation data on altitude and wind speed; there are four hidden layers
between the input and output and the output of the ANN was the tether force
(Ft).

2.3.4.5 Long Short-Term Memory (LSTM)

The Long Short-Term Memory (LSTM) method is an advancement of the Recur-
rent Neural Network (RNN), which was developed by Hochreiter and Schmidhu-
ber [Schmidhuber et al., 1997]. The LSTM model consists of sequential blocks
called memory cells in which the short-term correlation between the cells is found
by comparing each cell state with the adjacent cell states. The LSTM network de-
cides to sustain, define, or update the memory state to evaluate the long-term de-
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pendencies [Greff et al., 2016]. The basic structure of the LSTM network is shown
in Figure 2.14. The parameters involved in the LSTM network are shown in Ta-
ble 2.4. The model was fed with the kite’s orientation data, altitude, and wind
speed under steady and turbulent wind conditions, with three tests in each case.
The LSTM network was trained by a regression-type model with the Adam method
and has six network layers. The tether force FT was the output from the network,
as discussed in Section 2.4.2.3.

Ct-1

ht-1

Xt

σ tanhσ σ

+ + + +

X + Ct

ht

tanh
X

X

bbbb

Cell State

Hidden Sate

Input

Next Hidden 

Sate

NextCell 

State

ht Output

Figure 2.14: The basic structure of a Long Short-Term Memory (LSTM) unit: Xt

is the current input; ht−1 is the last output; Ct−1 is the memory from the last
LSTM unit; ht is the current output; Ct is the next cell state; ’b’ is the bias; ’σ’
block is a sigmoid layer; ’tanh’ block is a tanh layer; ’×’ and ’+’ are the scaling
and addition operators, respectively.

2.4 Results

This section discusses the results of the tether force estimation and validation
of the PM, ANN, and LSTM methods using the field test data. The combined
analysis of the proposed models was performed by comparing the errors in each
test case with the experimental data. Multiple flights were conducted and fed to
the models, as discussed for the test data in Section 2.3.3.5. The models were
tested in different test scenarios: steady wind conditions (SWC) and turbulent
wind conditions (TWC). In the SWC scenario, the flight parameters (YRP and
wind speed) changed gradually, whereas the parameters changed drastically in the
TWC scenario. Three flight tests were conducted each for the SWC and TWC.

2.4.1 PM Simulation Results

The estimation of the tether force through simulations was performed using a
MATLAB SIMULINK environment. The kite’s orientation data were loaded as
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an input matrix in MATLAB and consisted of the yaw, pitch, and roll and wind
velocity. The tether force was calculated using Equation (2.11), as described in
Section 2.3.4.2. The simulation inputs for the two different wind profiles (SWC
and TWC) and three separate field test data for each condition were taken as the
inputs.

Figure 2.15 shows the simulation of the tether force under SWC. Figure 2.15a–
c show the polar plots of the YRP angles vs. the tether force for tests 1, 2,
and 3, respectively. The plots show the force variation versus the change in the
orientation angles (YRP). In Figure 2.15a–c, it can be seen that the yaw angle
varied from 0◦ to 270◦ and the roll angle varied from 0◦ to 70◦, with abrupt changes
in the force, which shows a nonlinear relationship between the force and the yaw
and roll. We can also observe that the pitch angle varied, following the force
in a linear relationship. Figure 2.15d–f show the time-series plots of the tether
force for the corresponding YRP angles for tests 1, 2, and 3, respectively. In the
figure, the left y-axis represents the YRP angles in degrees and the right y-axis
represents the tether force in Newtons. In Figure 2.15d–f, it can be seen that the
force varied directly with a change in the pitch angle, whereas the yaw and roll
angles contributed indirectly to the estimation of the tether force.
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Figure 2.15: Tether force simulation for three test cases: (a–c) polar plots of the
YRP vs. force; the sweep represents the angles (0◦ to 360◦) and the magnitude
represents the tether force, (d–f) time-series plots of the YRP and the tether force
under the steady wind conditions.
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The tether force was also simulated under TWC to investigate the effect of
abruptly changing the orientation angles and wind velocity in the estimation ap-
proach. Three test data sets of the kite’s orientation were used to simulate the
tether force under TWC. Figure 2.16 shows the simulation results of the tether
force under TWC where there were abrupt fluctuations in the YRP angles. Figure
2.16a–c show the polar plots of the YRP angles vs. tether force for test 1, test 2,
and test 3, respectively. The figures show that the yaw and roll angles had high
variations, whereas the pitch angle variation was acceptable for the force simula-
tion. Figure 2.16d–f show the time-series plots of the simulated tether force for the
corresponding YRP angles for test 1, test 2, and test 3, respectively. The plots
show that the orientation angles varied abruptly for the TWC tests. The simulated
tether force followed the pitch angle.
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Figure 2.16: Tether force simulation for three test cases: (a–c) polar plots of the
YRP vs. force; the sweep represents the angles (0◦ to 360◦) and the magnitude
represents the tether force, (d–f) time-series plots of the YRP and the tether force
under turbulent wind conditions.

2.4.2 Tether Force Validation

The flight tests were conducted on the shores of NITK, Surathkal Beach. The tether
length of the kite was 24 m and was kept constant. The kite was flown in figure-
eight trajectories and the data were recorded for different wind speeds. The
recorded kite orientation data with altitude and wind speed were taken as an
input matrix in the MATLAB SIMULINK environment to estimate the tether
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force using the PM, ANN, and LSTM models. The tether force estimated using
the above models was validated using experimental tether force data.

2.4.2.1 Physical Model (PM) Validation

Figure 2.17 compares the simulated tether force with the experimental tether
force. In the figure, F-PM represents the simulated tether force from the proposed
physical model and F-Exp represents the tether force measured in the field tests.
Figure 2.17a–c show a comparison of the tether force from the physical model
and the experimental data for tests 1, 2, and 3, respectively, under SWC. In the
figures, we can observe that the experimental data varied steadily under SWC
and the physical model can estimate the tether force based on the orientation data
of the kite. Figure 2.17d–f show a comparison of the simulated tether force and the
experimental force under TWC for tests 1, 2, and 3, respectively. In Figure 2.17d,
we can observe that the tether force in the experimental data changed abruptly
due to the TWC and there was a significant error in the simulated tether force.
Figure 2.17e,f also show a significant gap between the simulated force and the
actual data from the field tests under TWC. From Figure 2.17, we can infer that
the physical model can perform better for SWC.
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Figure 2.17: Validation of the physical model with the experimental data: (a–c)
steady wind conditions, (d–f) turbulent wind conditions.

2.4.2.2 Artificial Neural Network (ANN) Model Validation

The ANN model was trained with the field test data of the SWC and TWC tests.
The test results in each case were validated using the experimental data shown in
Figure 2.18.
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Figure 2.18a–c show a comparison of the ANN test results and the experimen-
tally observed data for SWC in tests 1, 2, and 3, respectively. From Figure 2.18a,
we can observe that the model estimated the tether force better than the exper-
imentally observed data. Figure 2.18d–f show the test results of the ANN model
compared with the experimental data for TWC in tests 1, 2, and 3, respectively.
The prediction of the tether force under SWC using the ANN was similar to that
of the PM. For TWC, comparing the results of the PM in Figure 2.17e with those
in Figure 2.18e, we can observe that the ANN was able to predict better than the
PM for TWC. From the results of the ANN model, we can infer that the model
similarly estimated the tether force irrespective of steady or turbulent wind con-
ditions.
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Figure 2.18: Experimental validation of predicted tether force from ANN: (a–c)
test results for steady wind conditions, (d–f) test results for turbulent wind con-
ditions.

2.4.2.3 Long Short-Term Memory (LSTM) Model Validation

The LSTM model was trained and tested using the same data points as the phys-
ical and ANN models. Figure 2.19 show the test results of the LSTM model
compared with the experimental data. Figure 2.19 (a-c) show the test results of
the LSTM compared with the experimental results for SWC in tests 1, 2, and
3, respectively. From Figure 2.19a, we can observe that the model performed
better and predicted the tether force compared with the experimental data. In
Figure 2.19b, we can observe a deviation in the actual results for test case 2.
Figure 2.19 (d-f) show a comparison of the test results of the LSTM with the
experimental data for TWC in tests 1 to 3, respectively. In Figure 2.19d, we can
see that the model was able to estimate the tether force under TWC, except for
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the spike in the force value. In Figure 2.19e,f, the estimated values were divergent
compared to the experimental values for TWC.
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Figure 2.19: LSTM model test results comparison with the experimental data: (a–
c) steady wind condition data for the three tests, (d–f) turbulent wind condition
data for the three tests.

2.4.2.4 Comparison and Validations of Models

The PM, ANN, and LSTM model results were compared with the actual values
measured in the field tests for the combined analysis of the models. Figure 2.20
shows a comparison of the proposed methods with the experimental values for
steady and turbulent wind conditions in three test cases. From Figure 2.20 (a-c),
we can infer that the physical model performed better in estimating the tether
force under SWC in all three test cases. In Figure 2.20 (d-f), we can infer that
the performance of the PM decreased for TWC as it was susceptible to the noise
in the input data, whereas the machine learning methods performed better for
TWC.

Figure 2.21 shows the performance of the PM, ANN, and LSTM models with
a linear regression line with a confidence interval (C.I) of 95%. The regression
line represents the best fit of the observed values. Figure 2.21a–c show the scatter
plots for 363 data points under SWC and Figure 2.21d–f show the plots for TWC.
In Figure 2.21a, the performance of the PM under SWC is shown and it can be
seen that the observed points are closer to the regression line, which represents
the estimated values being closer to the actual values. Figure 2.21b shows the
performance of the ANN model under SWC where the observed values are away
from the regression line, indicating that the prediction value was less accurate.
Figure 2.21c shows the performance of the LSTM model under SWC, where we
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can see that the observed values were better than the ANN model. Figure 2.21d
shows the performance of the PM under TWC. The figure shows that the values
are away from the regression line, indicating a reduction in accuracy for TWC.
However, the ANN and LSTM model performances, as shown in Figure 2.21e,f,
performed better compared to the PM for TWC.
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Figure 2.20: Combined analysis of tether force estimation methods–physical,
ANN, and LSTM methods: (a–c) the three tests under steady wind conditions,
(d–f) the three tests under turbulent wind conditions.

The error parameters for the three methods were compared with three differ-
ent error parametrics—the root mean square error (RMSE), mean absolute error
(MAE), and R-squared (R2) method.

2.4.2.4.1 RMSE Method: This method evaluates the standard deviations
in the estimated tether force which are calculated using the equation

RMSEFT
=

√∑N
i=1(Factual − Festimated)2

N
(2.12)

where RMSEFT
denotes the RMSE of the tether force, Factual is the tether force

from the field test, Foredict is the estimated tether force from the machine learning
algorithm, and N is the number of non-missing data points.

2.4.2.4.2 MAE Method: This method calculates the mean absolute error
involved in the tether force measurement. The absolute error is the difference
between the actual and estimated tether force. The formula to calculate the MAE
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(a) Physical Model (b) ANN Model (c) LSTM Model

(d) Physical Model (e) ANN Model (f) LSTM Model

Figure 2.21: Scatter plots of the physical, ANN, and LSTM models: (a–c) the
performance of the models under steady wind conditions, (d–f) the performance
of the models under turbulent wind conditions.

for the tether force is given below:

MAEFT
=

∑N
i=1 |Factual − Festimated|

N
(2.13)

where MAEFT
is the mean absolute error in the tether force and n is the number

of errors.

2.4.2.4.3 R2 Method: The R-squared method is used to evaluate the best fit
or goodness of fit of the expected tether force with the experimental values using
the ratio of the sum of squares regression (SSR) and the sum of squares total
(SST). The value of R-squared varies from zero to one and has to be closer to one
for a better result. The formula to evaluate the error using the R2 method is as
follows:

R2
FT

= 1− SSR

SST
= 1−

∑N
i=1 (Factual − Festimated)

2∑N
i=1 (Factual −

∑
Factual

N
)
2 (2.14)

Figures 2.22 and 2.23 show the performance analysis of the PM, ANN, and LSTM
models for the three tests under SWC and TWC, respectively. In the figures,
a lighter cell colour for the RMSE and MAE methods indicates a better estima-
tion of the tether force, whereas for the R2 method, a darker cell colour indicates
a better estimation of the tether force.

In Figure 2.22a, it can be seen that the overall RMSE values of the PM and
LSTM models were 127 N and 126 N, respectively, compared to a value of 150 N
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(a) RMSE method (b) MAE method (c) R2 Method

Figure 2.22: Performance analysis of PM, ANN, and LSTM models under steady
wind conditions: (a) RMSE method, (b) MAE method, (c) R2 method.
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Figure 2.23: Performance analysis of PM, ANN, and LSTM models under turbu-
lent wind conditions: (a) RMSE method, (b) MAE method, (c) R2 method.

for the ANN model, which indicates that the PM and LSTM models performed
better in SWC. Using the MAE method, the PM had the overall lowest error
value of 94 N compared to 115 N and 100 N for the ANN and LSTM, respectively,
as shown in Figure 2.22b. In Figure 2.22c, it can be seen that the PM had an
overall performance score of 0.52, which shows good estimation compared to the
scores of 0.36 and 0.43 for the ANN and LSTM methods, respectively, using the
R2 method.

Under TWC, the overall RMSE value of the LSTM was 168 N, which was
the lowest compared to 187 N and 179 N using the ANN and PM, respectively,
as shown in Figure 2.23a. In Figure 2.23b, it can be seen that the PM had
the overall lowest error value of 128 N, indicating better estimation compared to
131 N and 130 N using the ANN and LSTM methods, respectively, with the MAE
method. The R2 method, as seen in Figure 2.23c, shows that the LSTM method
was more accurate, with a value of 0.43, which was the highest among the three,
with 0.28 for the ANN and 0.29 for the PM, indicating a better estimation of the
tether force in TWC than the ANN and PM.
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2.5 Summary

Airborne wind energy has the potential to solve some of the shortcomings of con-
ventional wind turbines. Estimating the tether force is essential for determining
the power generation capabilities of the system. The kite is steered in crosswind
figure-eight manoeuvres to harvest wind energy. Multiple field tests were con-
ducted in a coastal region to study the kite’s flight dynamics under steady wind
conditions (SWC) and turbulent wind conditions (TWC). The test data collected
in the field tests were used to estimate the tether force using MATLAB Simulink
and Deep Neural Network (DNN) models. The combined analysis of the tether
force estimation using the proposed methods was validated using experimental
tether force data and the performance of the methods was evaluated using the
RMSE, MAE, and R2 methods.

The proposed physical model (PM) had an overall error value of 127 N using
the RMSE method and 94 N using the MAE method in estimating the tether
force in SWC. However, in turbulent wind conditions, the overall error values
increased to 179 N and 128 N using the RMSE and MAE methods, respectively.
The PM had a performance index of 0.52 in SWC and 0.29 in TWC using the
R2 method, indicating better estimation in SWC than TWC. The proposed ANN
model had error values of 150 N and 115 N in SWC using RMSE and MAE
methods, respectively, and in TWC, the error values increased to 187 N and 131
N, respectively. The R2 method indicated the change in the error values from 0.36
in SWC to 0.28 in TWC for the ANN method. In the proposed LSTM method,
we observed error values of 126 N using the RMSE and 100 N using the MAE in
SWC. The error values increased to 168 N using the RMSE and 130 N using the
MAE in TWC. Using the R2 method, we observed that the LSTM had an error
value of 0.43 in both SWC and TWC, which indicates that the LSTM method had
similar performance in the estimation of the tether force in both SWC and TWC.

The PM model relied on the ground-level wind velocity; however, in TWC,
the wind velocity at the position of the kite changed rapidly, which made the
estimation less accurate. Based on the RMSE method, we can deduce that the
LSTM model performed better than the PM and ANN, with overall error values
of 126 N and 168 N in SWC and TWC, respectively. The performance of the PM
in TWC can be improved by measuring the wind velocity at the kite’s position.
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Chapter 3

Simulation of Kite Power System
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3.1 Introduction

Kite Power System (KPS) is a promising method for capturing the power from
winds at high altitudes. The current chapter discusses the proposed KPS emulator
based on Field Oriented Control (F OC)-based PMSM with experimental kite data
and discusses the system’s potential with 1 kW, 10 kW, and 100 kW systems. The
KPS is also compared with CWT to evaluate the energy production capabilities
of the KPS. Figure 3.1 shows the proposed block diagram of KPS, which consists
of five parts.
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Figure 3.1: Block diagram of a kite power generation system.

The first part is the kite system which gives the output in the form of torque
and reel-out speed, and it translates into mechanical power; this automated power
control in the kite emulator system is shown in the second block, which consists of a
controller, a power converter and permanent magnet synchronous motor (PMSM),
which combined known as a drum. The drum is mechanically coupled with a
PMSG (permanent magnet synchronous generator) that transforms mechanical
energy into electrical energy.

The main contribution and novelty of this proposed research work in listed:

� The study analyses the scalability of the KPS using PMSM and key results
are discussed.

� The dynamic behaviour of a kite-based wind power generation. The effect
of wind speed in terms of reel-out speed, tether force, traction power, drum
speed, and drum torque is described.

� The design, simulation, and implementation of an airborne wind energy
turbine emulator system built using PMSM.

� The KPS emulator is tested with the experimental data from the field tests
and the behaviour of the system is described.

The chapter is organised as follows - the mathematical formulations of the kite
model, PMSM model, simulation model, the emulator model, and the comparison
with the conventional wind turbine is described in section 2. The simulation
results and the discussions are presented in section 3, which describes the dynamic
behaviour of the kite; further, we have presented no load, on-load tests, and field
test data analysis with experimental ground data simulation results. Section 4
summarizes the research outcomes and explains future works.

3.2 KPS Emulator Modelling

3.2.1 Kite Dynamics

The wind reference frame serves as the initial point of reference for the analysis as
shown in Figure 3.2. Its origin, ’O’, coincides with the location where the rope exits
the ground station, and both its Z-axis and X-axes are oriented in the direction
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of the wind. We employ a spherical coordinate system (r, θ, ϕ) and the methods
described in references [van der Vlugt et al., 2019,Schmehl et al., 2013,Noom, 2013]
to define its position K and velocity ua ∈ ℜ [m/sec], the radial distance r ∈ ℜ [m],
polar angle θ ∈ ℜ [rad], and azimuth angle ϕ ∈ ℜ [rad] are used to represent the
position. The course angle χ ∈ ℜ [rad] indicates the direction of flight in the local
tangential plane. Figure 3.2a shows the geometrically similar velocity and force
diagrams where ua and Fa are decomposed in the vector plane. When assuming
a straight tether and a minimal mass effect, ua,r aligns with Fa. In figure 3.2b,
the kite velocity uk is decomposed in radial direction uk,r and tangential direction
uk,t. The apparent wind velocity ua is defined as the difference between the wind
velocity uw and the velocity of the kite uk. Course angle χ is measured in the
tangential plane defined in the wind framework for reference X, Y, and Z axes.
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Figure 3.2: Spherical coordinate and geometrically decomposition of the kite sys-
tem: Fig.(a) shows, the force and speed representations are geometrically com-
parable. Fig.(b) shows the decomposing kite velocity into radial and tangential
components.

The apparent wind speed characterises the flow rate in relation to the kite
[van der Vlugt et al., 2019].

ua = uw − uk (3.1)

we can also write apparent wind speed in spherical coordinates as shown below

ua =

 sin θ cosϕ
cos θ sinϕ
− sinϕ

uw −

 1
0
0

uk,r −
 0

cosχ
− sinχ

uk,t (3.2)

where the kite’s radial and tangential contributions to its speed are denoted by
uk,r and uk,t respectively.

The straight tether suggests that the reeling speed and radial kite speed are
the same and this assumption implies that the tether mass is neglected to simplify
the simulation approach.

uk,r = uk,t (3.3)
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The reeling factor as

p =
uk,r
uw

(3.4)

And the tangential speed factor as

q =
uk,t
uw

(3.5)

The second equation may be written as

ua =

 sin θ cosϕ− p
cos θ sinϕ− q cosχ
− sinϕ− q sinχ

uw (3.6)

The steering system controls the course angle χ, the ground station controls the
reeling factor p, and the force equilibrium determines the dependent variable, the
tangential speed factor q. The kite flies in figure-of-eight crosswind trajectories
and the aerodynamic force of the kite varies throughout the flight. The figure-
of-eight trajectory data is taken from the field tests to compute the aerodynamic
forces of the kite which is discussed in section 3.4.

The components of the airborne wind energy system’s integral aerodynamic
force can be separated into the lift and drag forces

F⃗a = F⃗L + F⃗D (3.7)

The lift force and drag force are written as

F⃗L =
1

2
ρCLu

2
aA (3.8)

And

F⃗D =
1

2
ρCDu

2
aA (3.9)

the kite projected surface area A ∈ ℜ [m2] , apparent wind speed ua ∈ ℜ [m/s],
air density ρ ∈ ℜ [kg/m3], lift and drag coefficients CL and CD are respectively
The aerodynamic force represent as

F⃗a =
1

2
ρCRu

2
aA (3.10)

Where

CR =
√
C2

D + C2
L (3.11)

Assume aerodynamic force Fa ∈ ℜ [N] is balanced by tether force Ft ∈ ℜ [N]
shown in Figure 3.2, and represent as

F⃗t = −⃗Fa (3.12)

The Reel-Out Speed ur ∈ ℜ [m/s] is calculated using the wind speed vw ∈ ℜ [m/s]
and Lift Force FL ∈ ℜ [N] describe in References [Fechner and Schmehl, 2014]

ur = vw sin θ cosϕ−
√

−h2 − g2 +
2FL

CLAρ
(3.13)
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h = uk,t sinχ+ vw sinϕ, g = uk,t cosχ− vw cosϕ cos θ
According to Loyd’s calculations, the maximum amount of mechanical power can
be generated at a specific reel-out speed ur. This is provided by

ur =
1

3
.vw (3.14)

The drum speed relating to the tether reel-out speed is given by,

ur = r.ωd (3.15)

where ut is the reel-out speed of the tether and ωd is the angular velocity of the
drum and r is the drum radius. Figure 3.3 shows the interaction between the kite
tether and the drum. The drum torque (Td) ∈ ℜ [Nm] is equal to the multiplication
of drum radius and the tether force:

Td = Ft.r = Ft.
D

2
(3.16)

Ft

r
drum

tetherVw

Td

Figure 3.3: Interaction of drum and the kite tether.

From equation 3.14, by knowing the wind speed (m/s) we can obtain the reel-
out speed of the tether (m/s). With the additional input of the diameter of the
drum, the optimum speed of the drum (RPM) can be estimated using the following
equation:

Nd =
ur
2πr

.60 =
ur
πD

.60 (3.17)

Where D is drum diameter ∈ ℜ [m], Nd is drum speed ∈ ℜ [rpm].
The drum power (Pd) ∈ ℜ [W] of the kite is calculated by multiplying the drum
torque by the drum speed in the following formula:

Pd = Td.ωd (3.18)

Where ωd is drum speed ∈ ℜ [rad/s]
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3.2.2 PMSM Modelling

The equivalent electric model of PMSM shown in Figure 3.4, which comprises
of stator phase resistance Rs ∈ ℜ [Ω], synchronous inductance Ls ∈ ℜ [H], and
EMF Es ∈ ℜ [V], can be employed to represent each machine’s phase. Here
we are considering the synchronous inductance (Ls) is equal to quadrature-axis
inductance (Lq) and direct-axis inductance (Ld). The magnetic circuit is assumed
to have linear properties (saturation neglected), constant air gap and sinusoidal
behaviour of a three-phase current.

Rs Ls

VS

Es

is

Figure 3.4: Equivalent electrical circuit of PMSM.

The variables vector presentation shows all three phases at the same time. It
is shown in park coordinates (d,q) by [Ba et al., 2022],

vsq = Rsisq + Ls
disq
dt

+ ωLsisd + wϕfsd (3.19)

vsd = Rsisd + Ls
disd
dt

− ωLsisq (3.20)

ϕsd = Lsisd + ϕfsd (3.21)

ϕsq = Lsisq (3.22)

Te = pϕfsdisq (3.23)

Where, the voltage at the stator is represented by the vector v⃗s = vsd + j.vsq, the

current at the stator is represented by the vector i⃗s = isd+ j.isq, the flux produced

by PMSM is Φ⃗fs = ϕfsd + ϕfsq, ω is the electric pulsation, and p is the number of
pole pairs.

The voltage source inverter circuit shown in Figure 3.5 has six toggle switches
and operates from a supply voltage of Vdc. Depending on the use case, the AC
voltage’s frequency may be changed or held constant. Reference voltages are
generated by the current regulators; these voltages are then inverted using the
field-oriented control technique developed by Clarkes and Parks transform. The
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sinusoidal pulse width modulation generator uses the reference voltage as input
to generate switching pulses for the three-phase inverter. This dc input voltage is
sent into the three-phase inverter, which in turn generates an ac output voltage
that drives the motor [Suman and Mathew, 2018].

Vdc

S4 S2S6

S1 S3 S5

PMSM

a

b

c

C

Figure 3.5: kite conversion system (with gear-ratio and drum) using power
converter with PMSM.

Park and clarkes transform is used to convert three-phase (abc) to two-phase
(dq) which is written as

vsq =
2

3

[
Va cos θ + Vb cos (θ −

2π

3
) + Vc cos (θ +

2π

3
)

]
(3.24)

vsd = −2

3

[
Va sin θ + Vb sin (θ −

2π

3
) + Vc sin (θ +

2π

3
)

]
(3.25)

And inverse Park and Clarkes transform is used to convert from two phases (dq)
to three phases (abc), which is written below

Va = Vq cos θ − Vd sin θ (3.26)

Vb = Vq cos(θ −
2π

3
)− Vd sin(θ −

2π

3
) (3.27)

Vc = Vq cos(θ +
2π

3
)− Vd sin(θ +

2π

3
) (3.28)

where, The three-phase electrical output power of the generator is written below

Pe =
√
3.VL.IL cosΦ (3.29)

Where VL and IL are the generator voltage and current respectively. cosϕ is
the power factor. The Kite power evaluated using Equation 3.18 and generator
output power evaluated using Equation 3.29 matches to each other can be seen in
by Figure 3.12i.
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3.2.3 Simulation Model

Figure 3.6 depicts the simulation of the reel-out speed, tether force, drum speed,
and drum torque using the MATLAB SIMULINK environment. The parameters
used for the kite were the same as those discussed in Section 2. The following two
lift and drag force blocks were used to compute the lift and drag forces based on
Equations 3.8 and 3.9 respectively. The resultant of aerodynamic force based on
Equation 3.10, which is equal to the tether force, was computed and displayed in
the third block. The reel-out speed estimator shown in block four is estimated
based on Equations 3.13 and 3.14, and the last block is a drum, which produces
drum torque and speed based on equations 3.16 and 3.17 respectively.

Lift Force

AA ρρ

CLCL

Drag Force

CD

Tether 

Force

DRUM

Drum Torque

Drum Speed

Reel-Out

Speed 

Estimator

VW

Figure 3.6: Wind speed to the kite force (torque and speed) conversion system in
Matlab Simulink.

Drum speed (ωd) ∈ ℜ [rad/s] in term of tether force shown in below:

ωd =
Pd

Ft.(
D
2
)

(3.30)

Where Pd is the drum power in watts, Ft is the tether force and D is the drum
diameter. This equation provides the relation between tether force and drum
speed.

Figure 3.7 shows the flow chart and gives an overall view of the methodology
used in this investigation. The first block shows the collection of the wind data
(A, CL, CD, ρ, and uw) depicted in table 3.1, which is the input parameter of the
kite dynamic block. The dynamic kite block generates mechanical kite power by
using Equation 3.18. In the next stage, the dram dynamic estimates torque and
speed using Equation 3.16 and 3.17, respectively.
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Figure 3.7: Flow chart of KPS emulator.

The torque and speed of the PMSM motor is controlled using field-oriented
control technique in the next phase. In the next step, a torque and speed sensor
measures the motor’s speed and torque and compares it to the reference speed and
torque; if the two do not match, the control is returned to the controller, which
fixes the error. In the next stage, PMSG converts mechanical power to electrical
power. The output of PMSG is connected to the controlled resistive load through
a load controller.

3.2.4 Emulator Model

The kite emulator consists of a combination of a kite model, a permanent magnet
synchronous motor, a three-phase inverter (DC/AC converter), and controllers.
PMSM is used to mimic the KPS characteristics. The PMSM is regulated by
following the kite airborne wind turbine’s torque command. The motor provides
high-performance torque control using the field orientation control (FOC) method.
The developed PMSM-based KPS system’s overall control mechanism is shown in
Figure 3.8. The power inverter uses sinusoidal pulse width modulation (SPWM)
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to supply the motor with three-phase power. Using the rotor angle determined
by a sensing element integrated into the PMSM, The PMSM’s phase currents
are mapped and measured relative to a rotational reference frame. Motor phase
currents are regulated by keeping the d-axis current at zero and the q-axis current
at a value high enough to issue the reference torque at all speeds below or equal
to the rotor speed.

PMSM PMSG

Kite Model

dq

abc

abc

dq

SPWM

PI

PI PI

Sensing 

Elements

Controlled

Resistive load

id

iq

Vdc

idref

Vsq

Vsd

Va Vb Vc

ρ

CR

A

VW

θ 

θ 

PI

ωAct

ωRef

PRef

PAct
S1 S2 S3 S4 S5 S6

0

Figure 3.8: Control mechanism of proposed KPS emulator.

The generator, which is also a permanent magnet synchronous machine, is
coupled to the emulator, and the load, which is a regulated resistive load, is man-
aged by the load controller. In the outer loop for speed control, the reference speed
(ωRef ) value is compared with the actual speed (ωAct) value and determines the
error in the calculated speed. In the current-feedback loop, the speed deviation
is amplified proportionally and integrally before being denoted as the quadrature-
axis current. The size and polarity of the reference current define the direction and
magnitude of the torque produced by the PMSM. The torque generated by the syn-
chronous permanent magnet motor now causes the rotational speed to approach
the nominal value. Putting the reference of the direct-axis current controller at
zero allows for independent control of torque along the q-axis current.

Speed control loop of field or depicted in Figure 3.9; error in measured speed
is calculated by comparing reference speed (ωRef ) with actual speed (ωAct). The
speed error is amplified proportionally and integrally before being sent into a
current-feedback loop, where it is known as the quadrature-axis current.

Figure 3.10 shows the output electrical power control loop, the reference kite
power (PRef ) value is compared with the actual electrical output power of PMSG
(PAct) value and determines the error in the measured electrical power. Once the
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Figure 3.9: Motor speed controller loop.

output power error has been amplified proportionally and integrally, it is sent to
the power-feedback loop, where it is known as the electrical load power.

PI
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Power Sensor
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Pout

Figure 3.10: Load controller loop.

Table 3.1 represents the system parameters for the simulation of KPS as shown
in the table below:

Table 3.1: The KPS emulator parameters of three different test cases .

Parameter 1 kW 10 kW 100 kW

Kite Area 2.5 m2 14 m2 60 m2

Aerodynamic Coefficient, CR 1.125 2.875 3.825
Wind Speed 2 - 12.25 m/s 2 - 12.25 m/s 2 - 12.25 m/s
Air Density 1.225 kg/m3 1.225 kg/m3 1.225 kg/m3

Rated Voltage of Machines 415 V 415 V 415 V
Rated Speed of Machines 1500 rpm 1500 rpm 1500 rpm
Pole Pairs of Machines 4 4 4
Rated Current of Machines 1.5 A 14 A 135 A
Maximum Torque of Machines 6 Nm 65 Nm 630 Nm

3.2.5 Comparison with Conventional Wind Turbine

Commercialization of KPS mainly depends on its scalability and also capacity
factor. The KPS and the CWTs both generate energy from the wind, but they
differ in their design and operation. A distinct feature of KPS is that it can

47



generate electricity at higher altitudes, where the wind is strong and consistent.
This can make the KPS more efficient than the CWTs, which are limited by the
height of the blades. The mechanical power (Pm) developed by a CWT is given
by [Kim et al., 2012],

Pm =
1

2
ρπR2Cp(λ, β)v

3
w (3.31)

where ρ is the air density, R is the radius of the area swept by the turbine, and
Cp is the power coefficient which is the ratio of mechanical power to the power in
the wind. Cp is a function of Tip Speed Ratio (TSR) denoted by λ and the pitch
angle of the turbine blade β. The λ is calculated as tip speed divided by the wind
speed.

The mechanical torque Tm developed by the CWT is given by [Yan et al.,
2013],

Tm =
1

2

ρπR3Cp(λ, β)v
2
w

λ
(3.32)

The value of Cp varies non-linearly with λ and β and varies with respect to the
turbine design. From the equations 3.31 and 3.32, we can infer that by knowing
the values of vw, λ, and β we can evaluate the mechanical torque developed by
the turbine. As the KPS operates in pumping mode, maximum power generated
in a cycle of operation Pcyl which includes power generated during tether reel-out
Prout and the power spent during the reel-in Prin of the kite is given by,

Pcyl = Prout − Prin (3.33)

Table 3.2 shows the data used for the comparison of KPS with CWT which is
taken from the literature [De Lellis et al., 2016]. From table 3.2 we can observe
that a KPS with a projected area of 270.9 m2 attains the rated power at 7.3 m/s
which is much lesser than the CWT making it suitable for low wind profile regions.
The maximum power from the KPS is limited to 1322 kW which is due to the
power consumed in the reeling-in of the kite. The capacity factor of the KPS is
45.59 % as compared to 31.36 % of CWT, indicating 45 % more average power
production from KPS plant as compared to CWT plant.

3.3 Simulation Results and Discussion

This section discusses the results of KPS under no-load and with an AC resistive
load conditions. The KPS emulator presented in the block diagram (Figure 3.8)
is implemented and simulated in MATLAB/Simulink, and the results are shown
considering variable wind speed from 2 m/s to 12.25 m/s. The plots of the kite
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Table 3.2: Specifications of KPS and CWT [De Lellis et al., 2016]

Parameters KPS CWT

Nominal Power (Pnom) 2MW 2MW

Specifications

Wing span = 36.8 m
Projected Area = 270.9 m2

Tether diameter = 3 cm
Reel-out length = 230 m
Max tension = 56.09 ton

Hub height = 78 m
Blade length = 43 m

Area swept = 5808.0 m2

TSR = 6.7
Cp = 0.43

Rated Wind Speed at Pnom 7.3 m/s 9.8 m/s

Max Power
Pcyl,max = 1322 kW
Prout = 2 MW
Prin = 678 kW

Pmax = 2 MW

Average Power (Pavg) 911 kW 627 kW

Capacity Factor (CF ) 45.59 % 31.36 %

dynamics, power converter output, PMSM output, and the PMSG output param-
eters are discussed in detail.

3.3.1 No-load Test

Figure 3.11 shows the simulation results of KPS emulator under no-load condition
using the data shown in Table 3.1. Figure 3.11a depicts the motor speed at no
load, which varies between 253.54 rpm to 1500 rpm, the minimum and maximum
speeds of the motor, which is the same as the motor’s reference speed. Figure
3.11b represents the generator voltage, which changes from 68 V to 133 V in 0 to
2 seconds and 334 V to 400 V in a period of 8 to 10 seconds at the corresponding
wind speed. Figure 3.11c is a zoomed section of Figure 3.11b, which shows the
three-phase voltage of the generator. From the no-load analysis, the FOC control
of the PMSM is validated, which follows the reference speed from the kite model.

3.3.2 On-load Test

Figure 3.12 shows the KPS simulation results with AC resistive load analysis at
the PMSG terminal using the parameters shown in Table 3.1. Figure 3.12a depicts
the variation in motor current, which changes according to the load torque. Motor
current varies from 2.64 A to 33.45 A, which is the minimum and maximum current
of the motor from period 0 to 10 seconds at wind speeds of 2 m/s to 12.25 m/s
respectively. Figure 3.12b shows the enlarged form of motor current, which is
depicted in figure 3.12a. Figure 3.12c represents the motor input power, which is
the motor’s electrical power. It varies from 33 W to 6950 W with a time variation
from 0 to 10 seconds at wind speeds of 2 m/s to 12.25 m/s, respectively.

Figure 3.12d shows the torque variation, with the blue waveform representing
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Figure 3.12: Simulation result: (a) Motor current, (b) Motor current(zoomed
view),

50



0 2 4 6 8 10

Time (seconds)

0

2000

4000

6000

8000

P
o
w

e
r 

(W
)

(c)

0 2 4 6 8 10

Time (seconds)

0

10

20

30

40

50

T
o

rq
u

e
 (

N
m

)

Reference torque

Motor torque

(d)

0 2 4 6 8 10

Time (seconds)

0

2000

4000

6000

8000

P
o

w
e

r 
(W

)

Kite power

Motor mechanical power

(e)

0 2 4 6 8 10

Time (seconds)

-50

0

50

T
o
rq

u
e

 (
N

m
)

Reference torque

Generator torque

(f)

(g) (h)

Figure 3.12: Simulation result: (c) Electrical power of the motor, (d) Couplings
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Figure 3.12: Simulation result: (i) Generator output power.

the kite torque and the red waveform representing the motor torque. It varies
from a minimum torque of 1.27 Nm at 2 m/s of wind speed and a maximum
torque of 45 Nm at 12.25 m/s of the period of 0 to 10 seconds, which follows
the motor reference torque. The motor and generator coupling power is depicted
in 3.12e. It changes from 33 W to 7000 W, with a corresponding wind speed
of 2 m/s to 12.25 m/s, which precisely follows the reference power of the kite.
Figure 3.12f shows the generator torque, which is the negative of motor torque.
It changes from -1.27 Nm to -45 Nm at wind speed varies from 2 m/s to 12.25
m/s. Figures 3.12g show The generator’s current, which changes from 0 A to 27
A and corresponding wind speeds from 2 m/s to 12.25 m/s, respectively. Figures
3.12h show The generator’s AC voltage, which changes from 68 V to 198 V, and
the corresponding wind speed from 2 m/s to 12.25 m/s, respectively. figure 3.12i
depicts the generator’s electrical power output. The load test analysis of the KPS
emulator system shows the performance of the proposed PMSM-based emulator
for varying load demands with the speed and torque reference values from the kite
model.

In this study, KPS with three different power ratings, 1 kW, 10 kW, and 100
kW are simulated with the resultant aerodynamic coefficient CR of 1.125, 2.875
and 3.825, respectively, at the generator terminal as shown in Figure 3.13. The
kite’s area depends on the airfoil’s design and the rated wind speed. The ratings
of the designed KPS for three power ratings are shown in 3.1. Figures 3.13a,
3.13b, 3.13c show the performance of the 1 kW, 10 kW, and 100 kW emulator
system respectively. The analysis of various power ratings shows that the KPS
emulator can be used to test the scaled-up version of the system under varying
load conditions, which is crucial in analysing the performance of KPS prior to the
development of the actual system.
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Figure 3.13: Electrical power output at the generator terminal of three different
test cases: (a) 1 kW, (b) 10 kW, and (c) 100 kW

3.3.3 Field Test Data Analysis

The kite flight data collected from the field test is used to estimate the force.
The tether force, along with the kite’s figure-eight trajectory data were recorded
through several experiments. The raw data from the field testing are shown in
table 3.3 and include the kite orientation information (Yaw, Pitch, Roll), the kite’s
altitude in meters, the force measured by the load cell (analog value), wind speed
(in m/s), and the wind direction (in degrees). The wind direction is recorded with
respect to the east-direction axis.

We may write the CL and CD equations as

CL ≈ 2π(θ̇ − β) (3.34)

CD ≈ 1.28.(sin(θ̇) + cos(β) + cos(ϕ′)) (3.35)

Where β is the angle made by the kite with respect to the wind direction
vector and is calculated as |χ − ψ| [Castelino et al., 2022]. The χ is the angle
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Table 3.3: Field test data used in the simulation: sample data of 10 data points.

Data Point
Yaw

(Degrees)
Pitch

(Degrees)
Roll

(Degrees)
Altitude

(m)
Tether Force

(N)
Wind Speed

(m/s)
Wind Direction

(Degrees)

1 50.68 -131.76 48.03 1.9 481 3.58 17

2 48.37 -135.88 52.03 2.4 485 3.53 14

3 45.94 -143.90 54.68 4.9 453 3.55 9

4 47.20 -147.42 54.78 5.9 464 3.60 8

5 48.21 -149.27 46.20 7.1 467 3.60 11

6 52.36 -151.14 35.22 8.1 450 3.63 13

7 54.88 -155.88 29.09 10.2 372 3.63 6

8 56.07 -156.77 25.46 10.6 283 3.68 6

9 54.80 -160.40 25.39 12.2 255 3.70 15

10 53.56 -166.97 27.68 13.8 211 3.65 12

made by the wind direction vector with respect to the east direction vector and ψ
is the angle made by the kite with respect to the east direction vector.

Figure 3.14 depicted the kite’s flight path in the experimental field. As the kite
moved in a figure-eight trajectory, the force changes according to the position. The
kite trajectory was plotted using GPS data received during the field test. Figure
10a depicted the Yaw vs Force, Figure 10b shows the Roll vs Force, and Figure
10c shows the pitch vs Force, which shows the corresponding YRP angles during
the kite’s trajectory.
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Figure 3.14: Polar plot of kite flight path test (a) Yaw vs. Force. (b) Roll vs. Force.
(c) Pitch vs. Force. Adopted from [Castelino et al., 2022]

3.3.4 Simulation using the satellite data

The pictorial representation of satellite-derived wind data is shown in Figure 3.15
& 3.16 for the National Institute of Technology Karnataka (NITK) beach location
at a height of 10 m and 50 m respectively. NITK is situated in the Dakshina
Kannada district of Karnataka state in India. The aforementioned satellite wind
analysis is shown for two levels of height 10 m and 50 m. Figures 3.15a and 3.16a
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show the wind speed and direction for 12 months of the year 2022 at 17:00 IST,
whereas Figure 3.15b and 3.16b represents the wind speed and direction for 24
hours of August month’s wind profile. Finally, we get most of the wind speed and
direction variation from the plot towards the south-east direction, and wind speed
varies from 2 m/s to 8 m/s.
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(a) 12 month data at 10m
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Figure 3.15: Wind data from satellite: plot (a) shows the wind profile for 12
months at 17:00 IST, at 10 m height, respectively, and plot (b) shows 24 hours of
wind profile of August month, at 10 m height.
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(b) 24hr data at 50m

Figure 3.16: Wind data from satellite: plot (a) shows the wind profile for 12
months at 17:00 IST, at 50 m height, respectively, and plot (b) shows 24 hours of
wind profile of August month, at 50 m height.

Figure 3.17 shows the power generation plot from hourly satellite wind data
at 50 m height from the ground and takes 50 wind data samples in the month
of August which is simulated in the KPS model and shown in simulation results
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below. Figure 3.17a shows the wind speed variations from 2.75 m/s to 6 m/s.
Figure 3.17b shows the motor speed in rpm, and it varies from 325 rpm to 730
rpm. Figure 3.17c shows the kite power in watts, which varies from 95 W to 830
W and Figure 3.17d shows the generator power in watts, which changes from 95
W to 820 W which is exactly matching with kite generated power. Figure 3.18
shows the power generation plot from hourly satellite wind data at 50 m height
from the ground.

From the satellite data, fifty wind data samples in the month of August are
simulated in the KPS model and shown in simulation results. Figure 3.18a shows
the wind speed in m/s, it varies from 1.9 m/s to 4.75 m/s. Figure 3.18b shows the
motor speed in rpm, and it varies from 230 rpm to 582 rpm. Figure 3.18c shows
the kite power in watts, which varies from 34 W to 392 W and Figure 3.18d shows
the generator power in watts, which changes from 34 W to 392 W which is exactly
matching with kite generated power.
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Figure 3.17: Plots using hourly satellite wind data at 50 m height from the ground:
(a) wind speed (b) motor speed, (c) estimated kite power from physical model,
and (d) generator electrical power.
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Figure 3.18: Power generation plot from hourly satellite wind data at 10 m height
from the ground: (a) wind speed (b) motor speed, (c) estimated kite power from
physical model (PM), and (d) generator electrical power.

3.3.5 Verification using experimental data

Figure 3.19 shows the ground data simulation results of motor speed, measured
kite power from a field test, estimated kite power from a physical model, cou-
pling/mechanical power, and generator electrical power. The recorded data from
the field testing was used to estimate the power. Data from the kite’s figure-eight
trajectory was recorded alongside the wind velocity and tether force in a series of
experiments. Figure 3.19a depicted the experimental wind speed, which changes
a minimum of 3.15 m/s and a maximum of 4.65 m/s.

Figure 3.19b shows the motor reference speed with a 1:5 gear ratio, which
changes minimum values of 387.255 rpm and maximum value of 570 rpm. Figure
3.19c shows the measured kite power from the field test, which varies with a min-
imum of 174 W and a maximum of 674 W at sample times 36 and 26 seconds,
respectively. Figure 3.19d shows the estimated kite power from the physical model,
which varies with a minimum of 100 W and a maximum of 675 W at sample times
13 and 24 seconds, respectively. Figure 3.19e shows the coupling or mechanical
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Figure 3.19: Simulation using experimental data (a) Wind speed, (b) Motor speed,
(c) Measured kite power from a field test, (d) Estimated kite power from the phys-
ical model, (e) Coupling/Mechanical power, and (f) Generator electrical power.
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power of permanent magnet of synchronous machines, which varies with a min-
imum of 100 W and a maximum of 690 W at sample times 13 and 24 seconds,
respectively. Figure 3.19f shows the emulator electrical power at the permanent
magnet synchronous generator terminal or resistive load terminal, which changes
with a minimum of 100 W and a maximum of 675 W at sample times 13 and 24
seconds, respectively. It is precisely the same as the estimated kite power from
the physical model.

3.3.6 Discussion and Applications

The study’s results discussed in the chapter contains crucial outcomes for emulat-
ing kite-based power generators for scaling up the system. The PMSM-based drive
provides the required response to the variables provided by the kite model. For a
power range of 100 kW, a 60 m2 kite is necessary with a resultant aerodynamic
coefficient of 3.825. As the kite-based wind power generation system has variable
speed and variable frequency output at the generator, the PMSM is preferred over
DC and induction generators [Bansal et al., 2002]. A 3-phase PMSG is used in this
analysis which can be driven with the required speed and torque characteristics
using the feedback loops the kite model requires. As a standalone application, a
PMSM is preferred over other AC generators [Spooner and Williamson, 1996] as
the field is produced by the permanent magnets, which do not need an external
source to excite the machine [Pereira and Sousa, 2022]. Three methods in this sim-
ulation generate the variations in the wind speeds - using a signal builder, satellite
data of the site, and experimental data from the field tests. The potential applica-
tion of this technology is as a standalone power generation unit in a region where
conventional wind turbines are not practical. The kite-based power generators
can be installed in remote locations where the utility grid is unavailable [Reuchlin
et al., 2023]. The kite power system, in combination with the battery storage
system [Mittal et al., 2010] can also be employed in remote locations where an
uninterrupted power supply is necessary [Ilyushin and Afanaseva, 2019,Afanaseva
and Ilyushin, 2018]. From the simulated graphs, we can understand the system’s
dynamics for a specific wind profile, and a kite-based system can be designed based
on the requirements.

3.4 Summary

The research described in this chapter contributes to the study of power emulation
in a commercial-scale Kite Power System (KPS). A KPS emulator is designed and
simulated to mimic an actual KPS drive train in a controlled testing environment.
In this research work, we have studied the KPS emulator with PMSM, driven by a
Field Oriented Control (FOC) technique. A three-phase power inverter drives the
PMSM with a PI current controller operating in a closed loop. We have validated
the emulator results with the experimental field test data of the kite. The key
outcomes of this research are listed below:
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� The KPS emulator based on FOC-controlled PMSM offers precise control
over speed and torque, which can mimic the kite characteristics accurately.

� The KPS emulator offers a wide range of kite sizes at varying wind speeds,
which can help researchers to realise the system prior to implementation to
study the dynamics of the system.

� The proposed KPS emulator was simulated with three power ranges of 1
kW, 10 kW, and 100 kW at a kite surface area of 2.5 m2, 14 m2, and 60 m2,
respectively at the generator terminal.

� The wind speed varies from 2 m/s to 12.25 m/s for both no-load and full-load
rated conditions. We have used experimental ground test data to verify the
system and the dynamic behaviour of the generator at no-load and on-load
conditions.

� The hourly satellite wind speed data at 10 m and 50 m above the ground
is considered in this study with the figure-of-eight data from the field tests
to emulate the power generation from KPS. The wind speed data at 50m
height with a maximum power of 820 W is generated with a kite area of 10
m2 at a maximum wind speed of 6 m/s. The wind speed data at the height
of 10 m with a maximum power of 392W is generated with a kite area of 10
m2 at a maximum wind speed of 4.65 m/s

� The comparative study of KPS with CWT of 2 MW power ranges shows that
the capacity factor of the KPS is 45.59 % compared to 31.36 % of CWT,
indicating 45 % more average power production in KPS which is one of the
highest factors in the wind energy industry.

The analysis shows that the kite power derived from the mathematical model
satisfies the generated power from the emulation system. The kite’s tether force
varies throughout the kite’s flight trajectory, which needs precise control of the
generator shaft speed. PMSM-based emulator system offers promising results for
emulating KPS with various sizes of kites and varying wind profiles. The cut-out
speed is a critical factor in a wind energy conversion system, and in a KPS, the
kite steering unit is used to lower the elevation angles to de-power and land the
kite. The future scope of this study will be integrating a kite steering unit with a
power emulator. The research work described in this chapter is a step forward in
exploiting KPS, making them equally efficient to wind turbines.
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Chapter 4

Design of Kite Steer Controller
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4.1 Introduction

The Kite Steer Controller (KSC) is a critical component of the KPS, responsible
for the controlled figure-eight manoeuvre of the kite. In this study, a ground-based
KSC is designed and developed with a novel Roll-Pitch-Zone (RPZ) method to
control the kite. The force from each tether is measured with the power con-
sumption while controlling the kite in a figure-eight trajectory. The KSC is ex-
perimentally validated using multiple field test data. The power from the KPS is
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simulated using MATLAB coding environment using the experimental data. The
net power output, including the power consumption in a figure-eight trajectory, is
also explained rigorously. The significant contribution is as follows:

� Design and development of a ground-based kite controller with rapid actu-
ation for the turbulent wind condition.

� A novel control RPZ control method and the experimental validation in
steady and turbulent wind conditions.

� The force analysis of the control lines compared to the kite’s power lines can
be used to estimate the KSC motor for various wind profiles.

� Evaluation of the power consumption of the kite steer controller in a figure-
eight trajectory with the variation of force with respect to the figure-eight
trajectory.

� The net power generation of the KPS by including the power consumed by
the KSC in a figure-eight trajectory.

The outline of the chapter is as follows: the kite dynamics, modelling, and
control approaches are explained in section 2, with the design aspects of the kite
steering unit. The proposed control algorithm for the autonomous control of the
kite and the field test methodology is explained in section 3. Section 4 explains
this study’s results and discusses the results. Section 5 summarizes the chapter
with the key outcomes of this study and the further study needed to improve the
proposed methods.

4.2 Modelling and Control of the Kite

4.2.1 Kite Dynamics

The aerodynamic force experienced by the kite depends on the position and orien-
tation of the kite with respect to the wind velocity vector. The position of the kite
is represented in the wind reference frame with ’r’ as the tether length, θ as the
polar angle, and ϕ as the azimuth angle as shown in figure 4.1. The orientation
of the kite is represented by the Euler angles (Yaw, Pitch, and Roll) with respect
to North-East-Down (NED) reference frame. The kite is steered in figure-of-eight
crosswind trajectories. In the figure-of-eight trajectories, the position, orienta-
tion, and altitude (h) of the kite changes. The kite is controlled by a Kite Steer
Controller (KSC) which steers the kite in a controlled trajectory to maximize the
aerodynamic force of the kite.

In figure 4.1, the position of the kite ’K’ changes throughout the trajectory
of the kite. The azimuth angle ϕ is calculated by the projection of point ’K’
on the horizontal plane. The figure-of-eight trajectories are controlled in to the
wind direction called as crosswind trajectories. The aerodynamic force of the kite
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Figure 4.1: The projected position of the kite, ’K’ on a half sphere with the radius
represented by ’r’ with the elevation angle θ and azimuth angle ϕ on a North-
East-Down (NED) reference frame. The angle made by the wind velocity vector
is denoted as ψ with respect to east. The height of the kite is represented by ’h’.

increases as the polar angle decreases and as the kite operates in smaller azimuth
angles [cite]. The yaw, Pitch, and Roll (YPR) of the kite denotes the rotational
angles of the kite at a particular position of the kite. The controlled differential
movements of control lines of the kite steers the kite in a optimum trajectory.

The total aerodynamic force of the kite depends on the lift & drag of the kite.
The lift generated by the kite (FL) and the drag force (FD) is given by,

FL =
1

2
ρCLu

2
aA (4.1)

FD =
1

2
ρCDu

2
aA (4.2)

where ’A’ represents kite’s projected surface area [m2], apparent wind velocity
ua [m/s], air density ρ [kg/m3], lift and drag coefficients CL and CD are respec-
tively. The apparent wind velocity is the difference between the wind velocity and
the kite velocity. The total aerodynamic force can be written as,

Faero =
1

2
ρCRu

2
aA (4.3)

where CR is the resultant aerodynamic coefficient and is given by,

CR =
√
C2

D + C2
L (4.4)
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By neglecting the sag in tether for a short tether, the total aerodynamic force
from the kite is equal to the tether force. The tether is wound on a spool called as
a drum which gets rotated by the unwinding tether to create torque. The drum
which is coupled to the shaft of the generator to generate electric power. The total
tether force (FT ) experienced by the drum is given by,

FT = Fcentre + Fleft + Fright (4.5)

The forces appearing on the control lines (Fleft & Fright) which is denoted as a
net control line force (Fcontrol) depends on design of the kite and it depends on
the geometry of the kite [Jehle and Schmehl, 2014]. The control line forces as a
function of total tether force is given by,

Fcontrol = δ.FT (4.6)

where δ is control line factor which defines the force on the control lines. For
the kite used in this study, the value of δ is 0.23 which is found from the field
tests. The torque of the drum with radius ’r’ and is given by,

TD = FT .r.sinθ = FT × D

2
(4.7)

where ’D’ represents the diameter of the drum and sinθ = 1 as the angle of
tether force with respect to the drum is always right angle. The optimum unwind
speed (us) is one third of the wind velocity (uw). Hence, the optimum drum speed
(RPM) based on the diameter of the drum is given by,

ND =
us
πD

× 60 =
uw

3.πD
× 60 (4.8)

We can write the mechanical power developed at the generator shaft as,

Pmech = TD.ωD = TD.2π(
ND

60
) (4.9)

The electrical power generated will depend on the efficiency of the generator
and in general, Permanent Magnet Synchronous Generators (PMSG) have an ef-
ficiency (η) of 92% to 97%, therefore the electric power generated can be written
as,

Pelec = η.Pmech (4.10)
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4.2.2 Kite control method

The kite controller is designed to steer the kite autonomously by imitating the
human control method of the kite. The kite controller is designed, developed, and
tested based on a 12 m2 Leading Edge Inflatable (LEI) kite. The kite has four
lines on each of it’s corners. The top two lines are called as the traction lines as
they deliver most of the power through them to the ground and the bottom two
lines are called as the control lines through which the kite is steered. The kite
can be controlled by a human through a control bar. The control bar consists of
arraignments which enables the steering of the kite as shown in figure 4.2. The
traction lines are connected together and passed through the control bar which is
connected to the human operator. The control lines are connected to the left and
right extremes of the control bar. The control bar can be pulled which tightens
the control lines for more power and the control bar can be pushed away which
releases the control lines to lower the power. The kite can be steered to the left by
pulling the control bar from the left side only and it can be steered to the right by
pulling the control bar from the right end only by using centre point as a pivot.

Power
Lines

Left
Control Line

Right
Control Line

Power
Level

control

L1

R1
L2

R2

Steer Left Steer RightPulling the control bar
Increases the power

Control bar

Harness 
attachment

L1 >R1

R2 >L2

Figure 4.2: Kite control method using kite control bar.

The kite is steered in figure-of-eight trajectory for the extraction of crosswind
power. The kite generates more lift when the kite is flying at high speed with lower
elevation angle ’θ’. Figure 4.3 shows the significance of figure-of-eight trajectory
of the kite. The height of the loop is ∆h and the length of the loop is ∆ϕ which
affects the net power output in a loop of operation. The kite exerts maximum
force when it travels from higher end of the loop to the lower end of the loop as
the velocity of the kite increases in the section. The velocity of the kite decreses
while turning the kite and the tether force also decreases. In Figure 4.3, a plot
of altitude vs azimuthal angle is shown on the right. The loop 1 has the higher
altitude which in turn increases the polar anngle and reduces the aerodynamic
force from the kite while loop 3 exerts more aerodynamic force on the kite as
the polar angle reduces. The aerodynamic force of the kite can be adjusted by
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adjusting the loop boundaries.
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Figure 4.3: Significance of figure-of-eight maneuvers

4.2.3 Design of Kite Steer Controller (KSC)

As discussed in above section, while controlling the kite through a control bar, the
control line exerts a tension on the control bar. This tension has to be sustained
by the operator to steer the kite which depends on the speed of the kite with
respect to wind speed called as apparent wind speed. The tension on the control
lines vary from kite-to-kites and also depends also on the geometry and design of
the kite [Luchsinger, 2013]. The kite used in this study exerts a maximum tension
of 40 kg (about 400 N) on each of the control lines while steering the kite at a
wind speed of 6 m/s which is measured in the field tests. The actuation length
required by the each of the control lines is 90 cm which is obtained by the length
and range of movement of the control bar. The actuation time depends on the
apparent wind speed of the kite and in the turbulent winds, the kite turns faster
and needs rapid actuation of the line. Therefore, the controller should be able to
actuate 90cm under 2 seconds to steer the kite instantly in case of the turbulent
winds.

The power ratings of the motors is calculated by the above requirements which
is given by,

Pmotor =
Force× distance

T ime
(4.11)

Therefore, Pmotormax = 400∗0.9
2

= 180 W of mechanical power is required from
each of the motors. In the electrical form, by accounting a total loss of about 30
% in the form of motor efficiency and converter efficiency, a power rating of 234
W from each of the motors is required to sustain the tension of the control line.
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4.2.4 Design of Position Controlled Actuators

The block diagram of the closed-loop position control is shown in figure 4.5. The
KSC has two parts, an on-air unit and a ground station. The on-air unit is a sensor
system which is mounted on the kite to transmit the kite position, orientation and
the altitude data to the ground station. The on-air unit is equipped with battery
power source which provides power to the Micro-Controller Unit (MCU), Global
Positioning System (GPS), Inertial Measurement Unit (IMU), Altimeter, and the
Radio Frequency (RF) Transmitter. The kite is connected to the ground station
through three tethers of which center line is composed of two power lines and two
control lines. The ground station has a MCU which receives the data through RF
receiver and logs the data. The MCU provides the required signals to the motor
driver based on the feedback received from the on-air system. The left and right
actuators pull & releases the left & right control lines respectively.

IMU

RF Transmitter

MCU

BatteryAltimeter

GPS

KITE

RF Receiver

MCU Data Logger

Sensors

Motor Driver

Left Actuator

Right Actuator

Battery

GROUND STATION

Figure 4.4: Block diagram of the proposed kite steer controller system

Figure 4.5 shows the control diagram of the DC motor drive. The motor drive
consists of two loops - the inner loop controls the current and the outer loop
controls the position of the DC motor. The current feedback is compared with
the reference input and the PI controller applied to get the required duty cycle
to protect the motor from excessive load conditions. The position control of the
motor is necessary as the kite tether has to be held at a certain length to maneuver
the kite. The position of the motor shaft is sensed by the 360 pulse per revolution
optical encoder which ensures the motor is at certain position given as input by
the user.

4.3 Method of the kite Steer Controller

The orientation of the kite is measured using an IMU which is mounted on the kite.
The orientation data is converted in to Euler form for easier understanding of the
orientation of the kite during figure-of-eight trajectories. The range of pitch and
roll angles are shown in figure 4.6 in which we can observe that, the angle values
have both positive and negative sign in a 360 degree rotation. And also, the YPR
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Figure 4.5: Position controlled DC motor drive

representation of orientation depends on the Euler rotation sequence which is XYZ
with respect to North-East-Down (NED) reference called as absolute orientation.
The XYZ rotation sequence means that the object will be first rotated around
X-axis and then around Y-axis and finally around Z-axis. The sign of pitch angle
changes when roll angles exceed the limit of the reference frame [Eric Tseng et al.,
2007] which is observed in the figure-eight trajctory of the kite.
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Figure 4.6: Range of YPR angles and the orientation of the kite and IMU

The orientation values tend to get inaccurate when the IMU sensor is oriented
upright (nose up) or in straight down (nose down) conditions. To solve this issue,
the sensor is oriented is changed in such a way that the sensor pitch represents
roll of the kite and the sensor roll represents pitch of the kite as shown in figure
4.6. This reduces the occurrence of ‘nose up’ and ‘nose down’ condition in the
figure-eight trajectory. The IMU is positioned in such orientating that the sensor
pitch varies from -90 degree to -180 degree when the kite position varies from the
launch position to the zenith respectively. In figure 4.6, sub-figure A shows the
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IMU placement position on the kite, sub-figure B and C shows the range of roll
and pitch angles. sub-figure D through G shows the sign changes of the angles
when the IMU orientation crosses the centre reference disc.

4.3.1 Roll Pitch Zone (RPZ) Control Method

Figure 4.7 shows the figure-of-eight loop with respect to time. Figure 4.8 shows
a plot of roll, pitch, and movement of the kite in terms of latitude with respect
to time axis for the same cycle shown in figure 4.7. From both figures, we can
observe that when the kite turns left, the sign of pitch angle changes, and also
when the kite turns right, the sign of pitch angle changes again. From the several
field tests, we observed that by using the orientation data of the kite in terms of
YPR, we can estimate the position of the kite in a figure-of-eight trajectory.

Figure 4.7: Visualization of figure-of-eight trajectory of kite using GPS data

The patterns of roll and pitch changes according to the path of the kite in
the trajectory is shown in figure 4.8. While turning the kite, we can observe the
sign changes in the roll and pitch value and depending on the logic of the sign
changes in roll and pitch values, we have divided the figure-of-eight trajectory into
six zones. The transition from one zone to another can be easily tracked using the
proposed approach.

Figure 4.9 shows the proposed RPZ method which consists of six zones in
which kite can operate. For representation, the zones are equally divided as a
two-dimensional figure, the actual area of the zones will vary depending the on
the trajectory of the kite. The proposed RPZ method uses the feedback from the
sensors on the kite and controls the kite. The RPZ method needs the roll, pitch,
altitude and GPS coordinates of the kite to steer the kite. The orientation of the
kite in the form of Euler angles (YPR) are obtained from the IMU sensor. By
the polarity logic of the roll and pitch angles of the kite, the position of the kite
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in a predefined zone is estimated. The left and right boundary conditions of the
figure-of-eight loop are set by the GPS coordinates (latitude & longitude) and the
upper and lower boundaries are set by the altitude value.
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Figure 4.9: Operational diagram of the proposed Roll-Pitch-Zone control method

Figure 4.10 shows the flowchart of the RPZ method. As shown in the flowchart,
the kite is launched and the based on the polarity of the roll and pitch the zones
are allotted. The flowchart is further divided into four parts, first part consists of
kite launching sequence and the second part shows the half cycle of control of the
kite. The third part of the flowchart shows the operation of the another half of
the figure-eight cycle. The fourth block in the flowchart shows the safety control
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of the motor driver and the motor. In the launch sequence, the sensor data is
obtained from the sensors mounted on the kite. The kite is launched manually
and while the kite achieves the required altitude, the controller algorithm actuates
the control lines to keep the kite in upright orientation. Once the kite attains the
minimum altitude, the kite is turned slightly to reach the zone 1 in which the sign
of roll in positive and pitch is negative, which concludes the launching sequence.

Start

If Roll>0 AND
PITCH<0

If Roll<0 AND
PITCH<0

If Roll<0 AND
PITCH>0

Turn right/actuate 
right motor -Zone 1

Turn left/actuate 
left motor -Zone 2

Wait in -Zone 3A/
Zone 3B

If  reached
(Lat,Lon)R?

If  reached
(ALT)MAX?

If  reached
(ALT)MIN?

Acquire data

If current > 
Max_value?

If position > 
Boundary?

Release Motors

Release Motors

Stop

YES

NO

NO

NO

YES

YES

YES

NO

YES

NO

YES

NO

NO

Acquire data

Acquire data

Kite take-off to reach (ALT)MIN

Slight Right turn to reach 
Zone-1

Sensor data acquisition
Roll, Pitch, Alt, Ft

If Roll<0 AND
PITCH<0

Turn right/actuate 
right motor -Zone 4

If  reached
(Lat,Lon)L?

NO

YES

Acquire data

If Roll>0 AND
PITCH<0

Turn right/actuate 
right motor -Zone 5

If  reached
(ALT)MAX?

NO

YES

Acquire data

If Roll>0 AND
PITCH>0

Wait in -Zone 6A/
Zone 6B

If  reached
(ALT)MIN?

NO

YES

Acquire data

B A

A

B

YES

YES

NO

YES

NO

YES

NO

YES

NO

Launch Sequence

Left half loop

Right half loop

Safety/protection

Figure 4.10: Flowchart of Roll-Pitch-Zone control method

Once the kite is in the zone 1, the kite tends to move to the right side where
the right side boundary condition (Lat, Lon)R is reached. The kite is steered to
the left to achieve both signs of roll and pitch to be negative (zone 2). The kite
turns left and the program makes sure not to exceed (ALT )MAX condition. When
the sign of the pitch changes from negative to positive, the kite transition from
zone-2 to zone 3A & zone 3B where the kite experiences maximum aerodynamic
force. The kite steering inputs are maintained until it reaches the (ALT )MIN

condition. The sign of pitch changes to negative again while the kite makes the
transition from Zone 3B to zone 4. The kite is steered to the right to reach the
(Lat, Lon)L condition, the kite transitions from zone-4 to zone-5 in which the sign
of roll becomes positive and the sign of pitch remains negative. The kite is steered
to turn right and the condition (ALT )MAX is compared with the orientation data
received from the kite. Once the polarity of both roll and pitch becomes positive,
the kite transitions from zone-5 to zone-6A & zone-6B in which the kite experiences
maximum aerodynamic force. The sequence repeats for achieving the figure-of-
eight trajectories continuously.
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4.3.2 Implementation of the KSC

Figure 4.11a shows the design of the kite steering unit which consists of two linear
actuators. The left and right control lines of the kite is controlled by each of
the linear actuators. The force of the power line, left and right control line is
measured by the load cells. The angle made by the line with respect to ground
and with respect to the polar angle is measured by a line angle sensor setup. The
line angle sensor gives additional feedback to the system for the optimum control
of the kite. In the case of RF link disconnection, the kite can be steered using the
line angle sensor feedback. Figure 4.11b shows the top view of the developed setup
of the kite steering mechanism. The control circuit, data logger, and the batteries
are enclosed inside a compartment as shown in the figure to protect against the
sand/dust during the field tests.

Figure 4.11c shows the front view of the hardware setup which shows the
arrangement of the load-cells to measure the tether tension and line angle sensor
arrangement. Figure 4.11d shows the linear actuator mechanism with a carriage
which consists of a reel which pulls one of the control lines to steer the kite. The
carriage assembly slides smoothly on a stainless steel linear shaft with the help of
linear bearings. The DC motor pulls/releases the chain and the chain is attached
to the carriage which gets pulled or pushed when the motor rotates clockwise or
counter clockwise respectively.

Figure 4.12a shows the side view of the proposed design and figure 4.12b
shows the actual implementation of the design. In figure 4.12a, a set of roller
arrangement is shown which facilitates the pull and release of the tether when the
carriage moves back and forward respectively. When the carriage reaches the end
of each side, a mechanical switch is provided for the detection and calibration of
the actuator when it is started for the first time. The movement of the carriage
is detected by the optical encoder near the motor and the closed loop position
controlled motor drive ensures the position is set to the reference position. The
tension in the control line is also measured using a load cell arrangement and the
line is fixed to a point in case of fixed line operation, and the line is connected to
the drum for operating in power generation mode. The technical specifications of
the linear actuator is shown in table 4.1.
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Table 4.1: Specifications of the proposed kite steer controller

Description Specifications

Kite Area = 12 m2 , 4 lines

Motor Controller 50V, 30A, H-bridge with position control

Brushed DC Motor 24 V, 250 W, 300 RPM

Optical encoder 5V, 360 PPR

Actuation Length 90cm

Actuation speed 45 cm/s

Battery 24 V, 15 Ah, Lead acid battery

4.3.3 Field Test and Data Analysis

Experimental tests were conducted to record the kite characteristics and the data
is analysed for the implementation of the control method. Multiple field tests were
conducted at a wind speed range of 3 m/s to 5 m/s with a fixed tether length of
24m. The data logged during the test includes on-air data which is transmitted
to the ground and the sensor data at the ground. The on-air data include kite’s
position, orientation and altitude as shown in table 4.2. The data received at
every 100ms time interval which is a rate of 10 samples/second. The orientation
data consists of three Euler angles- Yaw, Pitch, and Roll in degrees. The altitude
is measured using a altimeter which is given in meters and the position of the kite
is represented by latitude and longitude values obtained by the Global Positioning
System (GPS) module. A radio frequency (RF) module sends the on-air data
to the ground station where the data is appended with the data at the ground
station.

The ground level data includes wind speed, wind direction, tether tension of
left , center , and right lines, power consumption of left and right motors, and
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Table 4.2: Data received from the on-air device

Time
(ms)

Yaw
(degrees)

Pitch
(degrees)

Roll
(degrees)

Altitude
(m)

Latitude
(degrees)

Longitude
(degrees)

0 52.70 -130.47 35.37 0.96 13.0091263 74.7885311
100 50.69 -131.77 48.04 1.95 13.0091232 74.7885259
200 48.37 -135.88 52.04 2.41 13.0091214 74.7885219
300 45.95 -143.91 54.69 4.98 13.0091167 74.7885097
400 47.21 -147.43 54.79 5.93 13.0091147 74.7885017
500 48.22 -149.27 46.20 7.14 13.0091131 74.7884937
600 52.37 -151.15 35.23 8.16 13.0091119 74.7884748
700 54.88 -155.89 29.09 10.05 13.0091119 74.7884655
800 56.08 -156.77 25.47 10.66 13.0091148 74.7884473
900 54.80 -160.41 25.39 12.23 13.0091164 74.7884386

Table 4.3: Data measured at the ground station and appended with the on-air
data

Ws

(m/s)
Wd

(degrees)
FCentre

(N)
FLeft

(N)
FRight

(N)
PLeft

(W)
PRight

(W)
ActLeft
(cm)

ActRight

(cm)
3.58 20 367.23 45.90 40.80 29.25 26.00 14.97 75.03
3.58 20 481.83 60.23 53.54 38.37 34.11 19.65 70.35
3.53 20 485.60 60.70 53.96 38.67 34.38 19.80 70.20
3.55 20 453.72 56.72 50.41 36.13 32.12 18.50 71.50
3.6 20 464.03 58.00 51.56 36.95 32.85 18.92 71.08
3.6 20 467.97 58.50 52.00 37.27 33.13 19.08 70.92
3.63 20 450.07 56.26 50.01 35.84 31.86 18.35 71.65
3.63 20 372.10 46.51 41.34 29.63 26.34 15.17 74.83
3.68 20 283.08 35.39 31.45 22.54 20.04 11.54 78.46
3.7 20 255.44 31.93 28.38 20.34 18.08 10.42 79.58

the actuation input of the left and the right control lines as shown in table 4.3.
The wind speed is in m/s and the wind direction is represented in degrees with
respect to East direction. The tether tension of the three lines is measured using
individual load-cells. The three lines include- left control line, right control line and
the center power line composed of two power lines which are joined together. The
tether tension measured using load-cells are pre-calibrated using known tension
value using weights. The left and the right actuator mechanism consumes power
while steering the kite, and the power consumption of each actuator is measured
and recorded. The actuation inputs given to the actuators is also recorded in the
data logger.

4.4 Results and discussions

In this section, the results of field tests are discussed with manual control and
the proposed RPZ control. The detailed analysis shows the various parameters
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which affects the total aerodynamic force of the kite while controlling the kite.
The performance of the control methods under steady wind and turbulent winds
is also explained.

4.4.1 Manual Kite Control Test

The proposed ground-based controller is tested in various wind conditions for the
study of the kite control characteristics. The kite used for the field tests is a
Leading Edge Inflatable (LEI) kite with an area of 12 m2 and the KSC consists
of two linear actuators which are controlled through a wireless joystick controller
as shown in figure 4.13. The tests were conducted near the university beach with
the ground actuator assembly held by the sand bags to overcome the tether force.
The sensor unit is mounted on the kite and held in place by using Velcro material.
The test results of five field tests are tabulated in table 4.4 and the parameters in
the figure-of-eight trajectory for the same five tests are tabulated in table 4.5.

LEI Kite

(a)

Joystick
Controller

Motor Controller 
& Data Logger

RF
Receiver

(b)

Figure 4.13: (a) Kite used for the field tests (b) Kite steering controller

Table 4.4 shows five test cases of figure-of-eight trajectories, each with dif-
ferent boundary conditions and the corresponding figure-of-eight parameters are
tabulated in table 4.5. Table 4.4 lists the boundary parameters using GPS and al-
titude data, the cycle time, and the average value of wind speed, power consumed
to control the kite, power line force, and the total force from the three lines. In the
table 4.4, we can observe, the case 1 & 2 have similar performances but the force
in case 2 is increased by about 80 N due to the minimum altitude reached by the
kite in case 2 is 8.95 m which is less than the case 1. The lower the altitude value,
the greater the force from the kite as the kite achieves higher crosswind power
in lower polar angles. In the test case 3, the average tether force is maximum
even-though the average wind speed is low. The reason for the high tether force
is due to the higher average kite velocity of 7.79 m/s as shown in case 3 of table
4.5. The case 4 has slightly less average tether force as the minimum altitude of
the kite is 10.71 m as compared to 5.61 m in case 3. Also, the power consumed
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by the actuator is more in case 4 at 73.89 W with less average total force of 490
N due to the short cycle time with higher kite velocity as shown in table 4.5. In
the case 5, the average tether force is 399.36 N with an altitude change of 7.5m
in the lower side to 16.14 in the higher side. From the above analysis we can infer
that the tether force mainly depends on wind speed, kite speed, polar angle of the
figure-of-eight trajectory which depends on the altitude of operation.

Table 4.4: Field test results for the manual control of the kite.

Case
Alt
Min
(m)

Alt
Max
(m)

GPS left
(degrees)

GPS right
(degrees)

cycle
time
(s)

Average
Wind
Speed
(m/s)

Average
Power

Consumed
per cycle

(W)

Average
Power
Line

Force (N)

Average
Total

Force (N)

1 12.34 22.27
13.0090977
74.7884159

13.0093365
74.7884958

9.1 3.49 43.11 222.34 290.01

2 8.95 20.15
13.0091642
74.7884265

13.0092229
74.7883342

9.9 3.29 54.71 284.38 370.26

3 5.61 18.79
13.0091500
74.7883795

13.0094292
74.7884968

10.0 2.79 73.33 388.79 503.89

4 10.71 22.38
13.0092322
74.7883272

13.0094317
74.7885093

8.0 2.86 73.89 374.02 490.01

5 7.5 16.14
13.0090919
74.7884766

13.0092599
74.7885688

9.5 3.3 60.26 304.77 399.36

Table 4.5 shows the parameters of figure-of-eight trajectories. The cycle time
repesents the time required to finish one figure-eight cycle. The perimeter of
the loop denotes the distance travelled by the kite in a loop with the kite speed
denoting the velocity of the kite in the loop.

Table 4.5: The speed of the kite in the figure-of-eight maneuvers

Case Cycle Time
Average Wind
Speed (m/s)

Perimeter
of loop (m)

Average
Kite Speed (m/s)

Average
Total

Force (N)
1 9.1 3.49 67.46 7.41 290.01
2 9.9 3.29 70.99 7.02 370.26
3 10.0 2.79 78.72 7.79 503.89
4 8.0 2.86 69.12 8.53 490.01
5 9.5 3.30 51.13 5.38 399.36

Figure 4.14 shows the field test results of the manual control of kite using
ground-based KSC. Figure 4.14a shows the path followed by the kite using the
GPS data (Lat & Lon). Figure 4.14b shows the 3D plot which includes altitude
data with the GPS data. The GPS and altitude data provides the position of the
kite and the data is used to detect the boundaries of the figure-of-eight trajectories.
Figure 4.14c shows the tether force in a figure-of-eight trajectory with respect to
time.
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Figure 4.14: (a) The figure-of-eight trajectory followed by the kite using latitude
and longitude values (b) 3D visualization of the path followed by the kite using
the altitude data (c) Tether force, left and right line force with respect to the
trajectory of the kite (d) The speed of the kite in the given trajectory.
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The position of the kite in the figure-eight trajectory is shown using zones as
discussed in section 3.1. The control line forces are shown in dotted lines which are
less in magnitude. From figure 4.14c we can observe that the tether force increases
when the kite travels from higher side (zone 6A) of the trajectory to the lower side
(zone 6B). The tether force reduces drastically while the kite makes a turn in the
zone 1 & zone 2 of the figure-eight loop. The control line forces are less than 20%
of the power line force as shown in the figure 4.14c. Figure 4.14d shows the kite
velocity in the figure-of-eight loops for the same loops shown in figure 4.14c. The
speed of the kite is obtained with the GPS data which is plotted with respect to
roll and pitch of the kite which depicts the position of the kite. The kite velocity
decreases drastically while it turns on the corners of the figure-eight loops.

4.4.2 RPZ Control Experimental Validation

The proposed RPZ control technique is tested with several cycles of figure-of-
eight trajectories. Table 4.6 shows five cycles of operation with the corresponding
boundary values, cycle time and the average value of wind speed, power con-
sumed, power line force, and the total force from the three lines. The five different
boundary values are taken as reference and the corresponding data is shown in
the table. The case 2 and case 5 has similar performance with a slightly higher
average wind speed, case 2 has higher total power of 491.45 N of force with power
consumption of 72.31W. The case 1 has the least average total force value as the
loop is in higher altitude with lower boundary of 16 m and higher boundary of 20
m. In a low wind condition such as in case 4, the force is increased by lowering
the boundaries of altitude as shown in the table 4.6, the lower and upper limits of
altitude are 6 and 14 respectively.

Table 4.6: RPZ controller field test data

Case
Alt
Min
(m)

Alt
Max
(m)

GPS left
(degrees)

GPS right
(degrees)

cycle
time
(s)

Average
Wind
Speed
(m/s)

Average
Power

Consumed
per cycle

(W)

Average
Power
Line

Force (N)

Average
Total

Force (N)

1 16 20
13.0090945
74.7883672

13.009170
74.7884896

7.8 2.79 31.98 156.81 207.01

2 9 17
13.0090750
74.7884645

13.0092965
74.7886033

11.0 2.64 72.31 377.96 491.45

3 10 18
13.0090835
74.7884551

13.0092710
74.7885650

11.0 2.77 57.57 282.67 373.04

4 6 14
13.0091010
74.7884613

13.0092540
74.7885500

7.8 2.06 64.08 328.77 429.35

5 6 19
13.0090775
74.7884679

13.0093110
74.7885847

10.6 2.54 71.31 350.97 462.91

Table 4.7 shows the corresponding parameters of the figure-of-eight loops listed
in table 4.6. The perimeter of the a figure-eight cycle is the total distance travelled
by the kite in the trajectory. In the case 1, the cycle time is less and the path
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travelled by the kite is less and therefore the average total force is 207 N which is
lesser than the other cases. The case 2 has the highest kite travel over a period
of 11 seconds with an average kite velocity of 5.74 m/s. case 4 has almost double
the force than case 1 in the exact same time of 7.8 seconds due to the increased
average kite speed and the path travelled by the kite.

Table 4.7: The speed of the kite in the figure-of-eight maneuvers in RPZ method

Case Cycle Time

Average
Wind
Speed
(m/s)

Perimeter
of loop (m)

Average
Kite Speed (m/s)

Average
Total

Force (N)

1 7.8 2.79 34.76 5.43 207.01
2 11.0 2.64 63.71 5.74 491.45
3 11.0 2.77 48.35 5.31 373.04
4 7.8 2.06 45.51 5.76 429.35
5 10.6 2.54 57.89 5.43 462.91

Figure 4.15 shows the control performance of the proposed RPZ method in a
Steady Wind Condition (SWC). Figure 4.15a shows the figure-of-eight trajectory
using GPS data and figure 4.15b shows the 3D trajectory of the kite with the help
of altitude data of the kite. The tether force for one cycle of operation is shown
in figure 4.15c with the position of the kite represented by zones using roll and
pitch of the kite. We can observe that, in SWC, the tether force gradually reduces
while the kite turns in the corners of the figure-eight. The force exerted by the
left & right control lines is also shown using dotted lines. Figure 4.15d shows the
kite velocity in the figure-eight trajectory. The kite velocity increases while the
kite transitions from higher side (zone3A) of the loop to the bottom side of the
loop (zone 3B) and the kite velocity decreases while kite turns left/right in the
trajectory which we can observe in the plot.

Figure 4.16 shows the results of RPZ controller in a Turbulent Wind Condition
(TWC). The experimental data of the system from field tests during turbulent
winds is plotted, which is termed as TWC. From the figure 4.16a and figure 4.16b
we can observe the figure-of-eight shape has sudden changes in the kite path due
to the turbulence in the wind. However, the KSC is able to control the kite which
confines it within the boundary conditions. Figure 4.16c shows the tether force
with respect to the trajectory of the kite in a loop. The spikes in the force value
is due to the turbulence in the wind condition. The kite experiences a larger force
even in the turns (zone 4 & zone 5). We can also observe the sudden changes in
the kite velocity in figure 4.16d. The turbulent winds exerts sudden forces on the
kite which we can clearly observe in the plots.
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Figure 4.15: Kite data in SWC -(a) The figure-of-eight trajectory followed by the
kite using GPS data (b) 3D view of the path follwed by the kite using GPS &
altitude data (c) Tether force, left and right line force with respect to the trajectory
of the kite (d) The speed of the kite in the given trajectory.
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Figure 4.16: Kite data in TWC -(a) The figure-of-eight trajectory followed by the
kite using GPS data (b) 3D view of the path followed by the kite using GPS &
altitude data (c) Tether force, left and right line force with respect to the trajectory
of the kite (d) The speed of the kite in the given trajectory.
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4.4.3 Comparative Analysis

The experimental result from our tests is compared with the kite power system
developed by Kyushu University, Japan [Rushdi et al., 2020a]. The kite used for
test given in the reference [Rushdi et al., 2020a] is a leading edge inflatable 6 m2

kite and the tests were conducted by towing the kite to truck. The tether force
in the figure-of-eight trajectory is compared with our field test results of tether
force in the figure-eight trajectory. Figure 4.17 shows the comparison of tether
force from the reference [Rushdi et al., 2020a] shown in figure 4.17a with the data
from the proposed method shown in figure 4.17b. In the proposed manuscript, we
have used a 12 m2 kite in the steady wind condition. The variation in the tether
tension is due to the variation of aerodynamic force in the figure-eight trajectory
as discussed in the above section. The plot in figure 4.17b shows 20 cycles of figure
eight with average time for each cycle is about 10 seconds. The proposed method
has a steady variation in tether force which is observed in figure 4.17b.
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Figure 4. Test 1: Steady flight with towing speed 30∼40 km/h and CLL = 13.8 m [19].
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Figure 5. Test 2: Figure-of-eight maneuvers with towing speed 30∼40 km/h and CLL = 13.8 m [19].

(a) Tether Tension data taken from [Rushdi
et al., 2020a]
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Figure 4.17: Comparison of tether tension (a) Data from the methods using in the
reference [Rushdi et al., 2020a] & (b) Data from the proposed method.

4.4.4 Power simulation results

The power generation from the kite is simulated using the field test data. As
discussed in section 2.1, the kite aerodynamic model is used to simulate the power
generation using MATLAB coding environment. Figure 4.18 shows the force data
of centre line (Fcentre), total force (Ftotal) which sum of centre line and control
line forces, and control line force (Fcontrol) from the field tests. Figure 4.18a and
figure 4.18b show Steady Wind Condition (SWC) and Turbulent Wind Condition
(TWC) respectively. The force data plot of one complete figure-eight cycle is
plotted, and from the data, the average total force is 506 N, average centre line
force is 388 N, and the average force from control lines is 115 N in SWC. The
average wind speed in the loop is 3.1 m/s and an average kite velocity of 7.8 m/s.
The control line force is the sum of both left and right control lines. The control
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lines are also connected to the drum and therefore, the control lines also contribute
to the power generation. In the TWC, the average total force is 449 N , average
centre line force is 346 N, and the average force from control lines is 103 N with an
average wind speed of 2.8 m/s and kite speed of 5.4 m/s. The average force from
the both the control line is about 23 % of average total force for the particular
kite used in this experiment for both SWC & TWC.
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Figure 4.18: Comparison of centre line force with control line forces and total
aerodynamic force. (a) Steady wind & (b) Turbulent wind conditions

Figure 4.19 shows the simulation results of electric power generated in the
figure-of-eight cycle discussed in figure 4.18 by considering the generator efficiency
of 90%. Figure 4.19a shows the power plots for SWC and figure 4.19b shows
the power plots for TWC. The generator power shown in the plot is the power
measured at the terminal of the generator and the net power is the amount of
power after deducting the power spent for controlling the kite. In the SWC, the
average total power generated in the cycle is 422 W, the average power consumed
by the KSC is 85 W, and average net power generated in the cycle is 337 W.
In TWC, the average power generated on the generator terminal is 382 W, the
average power consumed by the KSC is 79 W, and the net power generated in the
cycle is 303 W. The power consumption is about 20 % of the generated power in
the cycle for both SWC and TWC.

Figure 4.20 shows the power consumed by the linear actuators to steer the
kite in the figure-eight trajectory in SWC and TWC. The power consumed by
the actuator is simulated in MATLAB method described in the section 4.3 and
compared with the actual power measured in the field test. In SWC, the KPS
consumes an average power of 85 W and the peak power is 187 W at an average
wind speed of 3.1 m/s in a cycle. In TWC, the KPS consumes 79 W with a peak
power of 185 W is consumed at an average wind speed of 2.8 m/s. The simulation
results rely on the feedback from the kite orientation and position sensors, and in
the TWC, a sudden movement introduces a spike. The power variation in SWC is
gradual and in the TWC, we can observe the spikes in the power levels and also,
the kite experiences a larges force while turning in TWC as compared to SWC.
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Figure 4.19: Comparison of power generated by centre line only with the total
power generated. (a) Steady wind & (b) Turbulent wind conditions
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Figure 4.20: Power consumed to control the kite: Simulated and experimental
value. (a) Steady wind & (b) Turbulent wind conditions

4.5 Summary

The kite steering mechanism is critical to controlling and steering the kite in
defined crosswind trajectories. The kite steering mechanism imitates the human
control method of the kite and steers the kite autonomously. The proposed RPZ
method is tested with multiple experimental tests with a 12 m2 Leading Edge
inflatable kite. The proposed actuation mechanism consists of two linear actuators
with a maximum of 90 cm displacement in each control line. From the field tests,
the controller performance is evaluated by using a Leading Edge Inflatable kite
and the following observations was made.

� There is a sudden movement to the kite for a given control input for the
turbulent wind profile. The controller should be able to actuate rapidly
under the load condition. The proposed controller design can actuate the
kite rapidly with a speed of 45 cm/s and pull 90 cm of tether length in 2
seconds.

� The RPZ controller is tested with multiple operation cycles and at different
times of the day. The controller is tested with various boundary conditions
of the figure-eight loops. From the field tests, the force exerted by the control
lines is about 23 % of the total force.
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� On average, the linear actuators consume about 20 % of the total power
generated in a cycle for controlling the kite in a figure-eight trajectory.
Therefore, the power consumed by the controller must be considered while
calculating the average power production.

� The kite’s speed in the figure-of-eight loop plays a major role in the net
aerodynamic force from the kite. As the kite speed increases, the net aero-
dynamic force and the force on the control lines increase. The increase in
kite speed introduces additional load on the KSC actuators.

� The power generation in a figure-eight trajectory is analyzed. The power
increases as the kite speed increases when the kite travels from higher to
lower elevations.

The study on the proposed ground-based KSC is presented with a novel RPZ
control approach with the power consumption analysis in the figure-eight loops.
The results provide critical aspects and significance of figure-of-eight loops on
the net power generation from the kite-based wind power generation systems.
This study considers the force analysis of the kite’s control lines to calculate the
net power production in a cycle. The effects of tether length on the controller’s
performance must be investigated to optimize the controller further.
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Chapter 5

Conclusion and Future Scope

We are witnessing a global transition towards using renewable energy sources to
reduce the effects of global warming. The demand for clean and green energy
is growing exponentially. Significantly, the transportation industry is moving to-
wards electric vehicles, increasing energy demand tremendously. There is a need
to ramp up the throughput from the renewable energy sector to move towards
sustainability. Researchers worldwide are focusing on alternative ways to produce
green energy. Collective efforts are required from various types of renewable en-
ergy sources to contribute to a sustainable future. Kite Power System (KPS) is
one of the solutions which can fill the gap in the renewable energy mixture. The
proposed work solves some of the challenges KPS poses and promotes the system’s
more straightforward implementation on a commercial scale.

5.1 Conclusion

Kite Power System (KPS) is an innovative technology which can contribute to
the renewable energy sector by overcoming the drawbacks of conventional wind
turbines. KPS is a highly mobile and efficient technology which can be deployed in
regions where conventional turbines cannot be installed. A reliable and fully au-
tonomous system must be developed for a commercial-scale KPS. Attention must
be given to the challenges involved in the system in order to make the system
reliable. The presented research work provides attention to the challenges posed
by KPS by developing a model from the kite’s aerodynamics to the kite’s power
generation aspects. The design and simulation methodologies are meticulously
explained with experimental validation. A small-scale experimental setup is de-
veloped to investigate the kite’s characteristics in various wind profiles. The data
from multiple field tests and under varying wind conditions is collected, analysed,
and presented in this research work. A MATLAB-Simulink model is developed to
simulate the power generation capability of the system with various power ratings
to investigate the characteristics and performance of the system. A ground-based
kite steer unit is also developed with novel control topology to control the kite in

87



various wind conditions. The consolidated conclusions from each of the chapters
are as follows:

Chapter 1 The background of the kite-based airborne wind power conversion
system with the working of the system is briefly introduced. A detailed literature
survey explains the prominent advantages of KPS over conventional wind turbines
and the challenges involved in the system. The KPS fills the gaps present in con-
ventional wind turbine technology. The research gaps in the literature must be
addressed for their adoption as a reliable product.

Chapter 2 The extraction of power from the kite depends on the aerodynamic
force of the kite. A methodology to estimate the tether force of the kite using a
physical model (PM) is explained. The designed experimental setup is tested in
the field, and the data collected is utilised for predicting the tether force from the
Machine Learning (ML) methods. Two machine learning algorithms - Artificial
Neural Network (ANN) and Long Short Term Memory (LSTM)- are developed
and experimentally validated. The ML methods provide promising results in both
steady and turbulent wind conditions.

Chapter 3 The potential of KPS is investigated with an emulation-based ap-
proach. A simulation model of the KPS is developed using a Field Orientation
Control (FOC) based Permanent Magnet Synchronous Machine (PMSM) to em-
ulate the power generation aspects of the system in various power ratings. The
results of the study reveal insights into the scalability of the system. The system’s
behaviour with varying wind conditions is analysed using satellite data and ex-
perimental data from the field tests.

Chapter 4 A design and development methodology of a ground-based Kite
Steer Controller is presented in the research work. The kite’s characteristics in
the figure-eight trajectory is studied with the variation of tether force with respect
to the force on the control lines. The designed actuator is tested using a novel
control method under steady and turbulent wind conditions. The power consumed
by the kite steering unit is significant and must be considered while calculating
the net power generation from the KPS. The significance of the orientation of the
kite with respect to the figure-eight trajectory is analysed, and the power curve
for a figure-of-eight loop is explained in detail for both steady and turbulent wind
conditions.

5.2 Contributions

This dissertation presents a design, simulation, and development of experimental
models to investigate the power and control aspects of the kite in various wind
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profiles. The key contributions of this research work are listed below:

� The design and development of an experimental setup to measure the tether
force of the airborne kite is presented with a systematic approach for the
prediction of tether force is presented in this research work.

� The tether force estimation methods are developed based on field test data
using a physical model of the kite and machine learning methods. The
proposed methods are experimentally validated, which indicates that the
proposed LSTM method performs better in both steady and turbulent wind
conditions.

� The potential of a kite-based airborne wind energy conversion system is
investigated with an emulation-based approach using field-oriented control of
PMSM. The simulation shows promising results for developing and deploying
KPS under varying wind profiles.

� A design and research methodology for developing a ground-based kite steer
controller is described in this research work. The rapid actuation of the
kite steer controller using the proposed design is tested in turbulent wind
conditions.

� The research unfolds the crucial design aspects of the kite steering controller,
which depends on the force of the control lines of the kite. The kite steering
performance in the figure-eight trajectory is analysed, and the data collection
and analysis are systematically described.

� The power consumption of the kite steer controller in steady and turbulent
conditions in the figure-eight trajectory is presented and experimentally val-
idated. The results of this study promote the development of kite-based
power generation systems and their adoption in the wind power industry.

5.3 Future Scope of Work

The research work presented in this thesis needs further improvements, which are
listed as follows:

� The modelling of the aerodynamic force of the kite is an essential aspect
of the KPS. The accuracy of the tether force estimation methods can be
improved by using three-dimensional ultrasonic wind measurement devices
on the kite. This research is significant in forecasting the power generation
capabilities of airborne wind energy systems.

� Development of lab-scale, hardware-in-loop, real-time simulation of the KPS
with the emulation of real-time kite controller, which can provide system
dynamics of an actual system.

� The experimental setup to evaluate the power generation using PMSM and
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optimization of power generation methods for off-grid and grid-connected
systems.

� The study of vertical take-off and landing techniques in high wind velocity
conditions such as storms for increasing the reliability of the KPS.
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