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ABSTRACT

Airborne Wind Energy Systems (AWES) harness the power of high-altitude winds
using tethered planes or kites. Continuous and reliable operation requires that AWES
become autonomous devices, but the wind intermittency forces the system to repeat-
edly take-off to start, and land to shut-off. Therefore, a common approach to facilitate
the operation is implementing Vertical take-off and landing (VTOL) functionality.
This thesis models and simulates AWES flights working towards the implementation
of flight controller hardware and autonomous operation of an AWES demonstrator
platform.

The Ardupi lot open-source autopilot platform provides a convenient tool for mod-
eling, simulation, and hardware implementation of small-scale airplanes. An AWES
lab-scale demonstrator was developed to obtain operational insight, get preliminary
flight data, and real-world experience in this technology. A quadplane was developed
by combining a structurally reinforced glider with VTOL and autopilot components.
Its performance is obtained from static and aerodynamic studies and converted into
the Ardupilot parameter format to define it in the simulation.

An AWES flight model was developed from the ground up to evaluate the perfor-
mance of a simple flight controller in trajectory tracking. The Ardupilot Software-
in-Loop (SIL) tool expands the simulation capabilities by running the flight controller
code without requiring any hardware. This allowed controller tuning and flight plan
evaluation with a more advanced fight model. AWES crosswind flight simulation was
only possible due to the incorporation of an elastic tether and an ideal winch into
the physics model. As a result, different trajectories and configurations were tested
to find the optimal parameters that were uploaded to the flight controller board.

The operational capabilities of the AWES demonstrator were expanded with a
flight testing campaign. By targeting individual objectives, each test gradually in-
creased its complexity and ensured that the flight envelope was safely expanded. The
results were validated with the simulation before moving on to the next flight test.
The testing campaign is still underway due to challenges and limitations presented
by the legal and logistical aspects of operating the quadplane. However, prelimi-
nary flight tests in VT'OL mode have been completed and were consistent with the

simulated results in terms of autonomous waypoint navigation and attitude control.
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Chapter 1

Airborne Wind Energy and a
Review of Technologies

The world has realized that it needs to take action against climate change. A group
of nations around the world came together to adopt The Paris Agreement [1], the
main purpose being to act against climate change and help the most vulnerable
to adapt to its consequences. It defines an ultimate objective of avoiding a global
temperature increase of 2 C by 2100. The main actions are being done through
implementing a robust and transparent framework for developing technologies that
will reduce total greenhouse gas emissions, and provide impetus to transitioning and
developing countries to organize their long term goals against climate change.

The Intergovernmental Panel on Climate Change (IPCC) published that the en-
ergy and heating sector accounts for 25% of the global greenhouse gas emissions of
which 28% is represented by electricity generation worldwide [2]. With the undeniable
consequences of climate change, investments, research, and policies are increasingly
favoring growing renewable industries such as wind power, solar photovoltaic (PV),
and grid-scale energy storage. More and more specialized technologies are emerging
to provide a particular solution to an energy challenge: (1) negative emission plants
that suck the carbon out of the air are being tested, (2) ocean energy devices that
harness the power from tides and waves provide clean electricity to coastal remote
communities, (3) small-scale wind turbines are placed in crowded cities to harness
the wind from every direction, and so on. Our society is on the verge of an energy
revolution. Now is the time to develop smart and innovative technology to power

our civilization and contribute to the 2 C goal and keep developing until shifting the



trend of the greenhouse gas emission.

An innovative technology that uses an old concept has grown in interest in the last
couple of decades. Airborne Wind Energy Systems (AWES) claim that theoretically
they can power the entire civilization by harnessing the power of high-altitude winds
using kites. Practically, AWES are still in an early stage of development and are not
commercially available yet. The next section presents an overview of the technology,

challenges, and leading companies.

1.1 Airborne Wind Energy Systems

In 1980 Myles Loyd described the power equations of a tethered flying wing [3]. The
idea was to either generate power from the tension produced by the aerodynamic lift
force through tension, or by the drag of onboard rotors while flying a tethered kite in
crosswind motion. However, at the time the idea was presented, flight automation was
the main hindrance to this technology. It was just in the last decade that advances in
computers, composite materials, sensors, and flight controllers allowed development
of Loyd’s idea. A particular case is the increased development of the drone industry
and the continuous growth in its applications, this allowed them to become easily
accessible to any kind of consumer. Today, we have drones that can autonomously and
seamlessly follow us around [4], equipped with coin-size computers with unimaginable
capacities a few decades ago. These solutions for automation and controls are closing
the computational gap and shifting the challenge to the seamless integration of areas
such as aerodynamics, aeroelasticity, controls, power generation and grid integration,
environmental conditions, regulations, and social acceptance. Only a combined effort
will push the industry towards commercialization and will continue to assist in the
fight against climate change.

The ultimate goal of AWES is to reduce the cost of electricity by decreasing the
capital costs and increasing the capacity factor. The first, suggest replacing the bulky,
non-generating components of conventional wind turbines with smart controls, and
lightweight strong composite structures. The latter suggests decreasing the intermit-
tency of wind power generation. Wind turbines are fixed to harness the energy that
is available only at the design height while airborne wind turbines have the flexibility
to shift their flight altitude to maintain the designed operation wind speeds, conse-
quently increasing the reliability of the energy production. A study that compares the

production costs from conventional wind turbines with AWES concludes that AWES



with the same rated power have half of the production costs [5]. This assumes that
the structural and non-generating parts of conventional wind turbines have higher
costs than all the sensors and advanced controllers required to produce AWES.

The technology is not yet mature to confidently say where it will be implemented.
However, with its capacity to operate over 80-500 m altitudes, considered as high-
altitude, it can see a significant improvement in the wind power density [6], making
the locations for deployment almost unlimited. For now, a few AWES companies are
targeting small-scale generation such as off-grid communities that rely only on high-
cost diesel fuel electricity, among them are mines, resorts, fishing and agricultural
villages. In contrast, others continue to pursue and develop grid-scale devices for
either on-shore or floating off-shore generation.

Loyd describes that the key to generating electricity from the wind with a kite
lies on crosswind flight. This approach has the potential to generate as much power
as a conventional wind turbine but with significantly less infrastructure and therefore
with reduced costs. The foundation of this idea is that the force generated by an
airfoil is proportional to the square of its apparent velocity, the airfoil is assumed to
fly completely perpendicular to the wind direction, and that the lift force is in the
same direction as the tether tension.

3
I:>L0yd - 237 AkV\:,SVCC::_IZI;

The power limit Py qyq represents the maximum power that can be harnessed from

(1.1)

the wind using a crosswind kite system: is the density of the air, Ak is the planform
area of the kite, vy, the wind speed, and C_ and Cp the aerodynamic lift and drag
coefficients respectively. To better represent the potential of AWES it is best to
make a simple comparison to a conventional wind turbine. The Enercon E-126 wind
turbine with a rated power of 7.58 MW has a rotor diameter of 127 m (blade of
63.5 m long) [7]. Using the power curve, the rated power is obtained at hub-height
wind speeds of 16 m/s. Using the Makani Wing 7 prototype specifications [8] we
can reverse-calculate the size of a AWES wing required to obtain the same power
output. A wing with C_ = 1.7, Cp = 0:06, and aspect ratio of 16, flying at steady
uniform wind speeds of 16 m/s requires a wingspan of approximately 22 m to have
a theoretical rated power of 7.58 MW. Evidently, this comparison is not accurate
because the wind turbine power curve used is based on real power while the equation

used for the AWES wing is purely theoretical and simplified. However, this gives a



ballpark view of the size and infrastructure required. The 22 m wingspan resultant
from the calculation is close to the Makani M600 prototype with 26 m wingspan [9];
the difference is that it is rated at 600 kW, less than 10% of the estimated theoretical
power for its size. The significant power losses show the impact of the highly idealized
assumptions made by Loyd in the first place, a few of them being the tether drag
and weight losses, the flight angle, the kite mass, etc. This, however, has not stopped
start-up companies from constantly developing AWES technology. The number of
institutions working on AWES is rapidly increasing from just a handful in 2000 to
over 50 in 2013 [10]. Tt is a growing industry that has a general goal of transitioning
from fossil fuels to renewable energy. Through Loyd’s power equation this technology
promise great potential. However, the highly idealized power calculations have been
put to the test through more realistic models that even though they will never achieve
such power numbers, continue to convince us that AWES is worth pursuing.
Another reason why we should invest in developing AWES it the high-altitude
wind resource. The wind power density can reach averages of over 10 KW /m? in the
jetstream at 10,000 m [6], harnessing this power would provide more electricity than
what our entire civilization demands [11]. It seems unrealistic that any generation
technology can reach these altitudes due to the structural challenge involved, therefore
a study that only considers the wind resource in the first 1000 m suggests that the
optimal operational altitude for AWES is around 150 - 500 m [12], where a single
AWES device has the flexibility to operate in a range of altitudes allowing to search

for these optimal operation conditions.

1.2 Classi cation of Airborne Wind Energy Sys-
tems

In overview, AWES harness the power of high altitude winds using aloft tethered
devices. There is a continuous discussion around which type of AWES will set the
standards and drive the industry into commercialization and grid integration, and
companies are pushing their designs and strategies to set the pace to win the high
altitude generation race. A comprehensive review of technologies summarizes the
crosswind generation approach as drag and lift mode; the latter also called pumping
mode, as well as non-crosswind technologies such as lighter-than-air aerostats and

static suspension quadrotors [13].



1.2.1 Generation approach

Crosswind drag mode generation shown in Figure 1.1.a produces electricity onboard
with specially designed rotors that can operate as both small-scale wind turbines, and
propellers to occasionally provide thrust and sustain crosswind flight. The electricity
is then sent to the ground through a conductive tether.

Lift or pumping mode crosswind generation shown in Figure 1.1.b produces the
electricity on the ground by transmitting the aerodynamic forces generated on the
plane thought high tension cables to a motor-generator-winch system; the generator
is driven by the winch reeling-out motion produced from the plane’s pull. Once the
tether reaches its limit the system requires to spend energy reeling-in the plane and
re-starting the cycle, this approach aims to maximize the power generation during

the reel-out phase while minimizing the power consumption during the reel-in phase.

-

a)
Figure 1.1: Drag mode (a) and lift mode (b)

Non-crosswind technologies as the aerostats filled with lighter-than-air gas contain
a wind turbine in the center enabling them to operate at higher altitudes. Another
concept is the use of static suspension quadrotors that placed at a specific angle
can generate power and provide enough thrust with the rotors to maintain the device
airborne. These concepts don’t take advantage of the high aerodynamic lift generated
by the apparent wind speed during crosswind flight, and therefore will not be studied
throughout this thesis.



1.2.2 Wing shape: planes vs kites

Crosswind AWES can either be rigid-wing planes, soft-kites, or a combination of both.
For simplicity’s sake, throughout this thesis, we refer to any crosswind flying device
as a plane unless otherwise explicitly mentioned. The reason research groups and
companies use soft-kites is because of the relatively low initial investment required to
develop a prototype; soft kites can be easily acquired from the kite-surfing industry
and can be quickly set-up and placed in the air. The disadvantages of soft kites are
that they are hard to model structurally, have low aerodynamic efficiency, and are
difficult to autonomously take-off and land. On the other hand, rigid wing planes are
specially designed for crosswind flight which makes them more expensive and take
more time to manufacture; they are structurally resilient and generally have a good
aerodynamic performance making them the best option for using in flight models.
However, AWES in the early developing phases are prone to crashes, and replacing
a plane is significantly more expensive than a soft-kite which can be easily switched

for a new off-the-shelf model.

1.2.3 Take-o and landing strategy

One of the main challenges of AWES is the take-off and landing strategy; same as
with the generation approach, there is a debate between what is the most efficient
way to get the plane from its parked position to the generation mode and back. The
benefits and disadvantages of the most common approaches are studied in [14], which
are currently being implemented by research groups and companies.

Vertical take-o and landing (VTOL) as in quad-copters widely available in
the market, use their onboard propellers to vertically climb and hover into position.
This process is the most demanding approach in terms of energy consumption and
additional onboard equipment for larger-scale devices. However, the benefit is that
the take-off and landing area can virtually be the size of the plane itself; it does not
require a minimum airspeed to sustain flight as the vertically-facing motors provide
enough thrust to propel the plane in the desired direction. VT OL simplifies the winch
operation during this phase allowing for a controlled reel-in and out speeds with low
tension forces. With the growing interest in the hobbyist and commercial drone indus-
try more advanced flight controllers are constantly being developed making devices
with VTOL capabilities to fly effortlessly. This approach is currently being imple-
mented by the Makani M600 prototype with a tail-sitter type configuration where



the propellers are aligned with the flight direction. The M600 uses the propellers for
VTOL and also for onboard power generation. On the other hand, Twingtec and
Kitemill rigid-wing prototypes have a configuration that resembles a combination of
a quadcopter and a plane, where the vertically-facing propellers are perpendicular to
the direction of flight and are exclusively used for taking-off and landing.

Linear take-o and landing (LTOL) is the most commonly-known approach
for airplanes, it requires a sufficiently long runway and enough forward propulsion
to reach the minimum airspeed that generates the lift required to sustain the plane
flight. For AWES, having onboard propellers is highly inefficient due to the weight
and aerodynamic losses. Therefore companies and research groups have developed
systems that change the take-off power equipment from the plane to the ground
station as a winch system assist resembling an aircraft carrier catapult, minimizing
the onboard propulsion equipment and runway length. The trade-off is that the
ground station is over-dimensioned concerning the energy generation capacity due
to the large torque required to get the plane to its minimum flight speed in a short
distance. This approach results in a less power demanding systems than the VTOL
and it is most likely to be implemented in devices with pumping mode generation to
take advantage of the already installed power equipment on the ground. The Dutch
company Ampyx Power has embraced this approach since its earliest prototypes, and
is currently in the development of a 4 MW device that will operate in an off-shore
platform.

Rotational take-o and landing (RTOL) approach uses a rotating platform
to generate enough airspeed on the plane, initially attached to the rotating arm,
and then slowly reeled-out when enough aerodynamic forces are produced, reverting
the process for landing. The benefit of this strategy is that the rotating ground
station requires a relatively low power compared to the previous VI'OL and LTOL
approaches. Also, the kite does not require any onboard propulsion and therefore no
additional mass. However, to achieve the take-off speeds, the rotating arm must have
a significantly long length mainly because the aerodynamic forces must overcome the
centrifugal force, therefore increasing the required available area to operate. Another
challenge is the difference of apparent wind speed acting on the kite during the take-
off and landing phase; it can have a variation of + the wind speed with each half
rotation of the ground station. All of the previous challenges did not stop the Dutch
company Enerkite to develop a mobile 30 KW research and development prototype,

with over 100 hours of operation time with RTOL approach using a crane mounted



on a truck.

1.2.4 Flight control strategies

AWES kites or planes are able to be stay airborne due to their advanced flight control
and seamless integration with the ground station through different tether configura-
tions. Single tether AWES control most of the flight using onboard actuators such as
motors and control surfaces (aileron, elevator, and rudder); as a conventional plane,
the ground station is then controlled separately to reel out the tether depending on
the plane’s position and demanded torque. Rigid-wing planes such as the Ampyx and
Kitemill prototypes implement this approach. Also, drag mode AWES such as the
Makani prototypes that require a conductive tether use single tether as it becomes
increasingly wider and heavier depending on the rated current that it must withstand.

Soft-kites in general require two lines to control their direction during crosswind
flight, a length difference in the lines causes the kite to roll towards the side with the
smaller length. This can be either performed at the ground station by having two
independent reeling motors, or by having one line attached to a control pod located
just below the kite, that then attaches to either side of the kite [15]. The latter
approach seen in the Kitepower prototype reduces the tether aerodynamic drag as
the total cross section area of the tether is significantly reduced from two long lines
to one long and two short lines. All lines in this approach are used for harnessing the
traction force generated by the kite.

Semi-rigid planes also implement a combination of control surface with double
line control. The Twingtec prototype controls the navigation of the plane using a two
line approach, while the pitch is controlled onboard with the implementation of an
elevator [16].

Three line kites have also been developed such as the Enerkite EK30 prototype
[17], and the research platform developed at the University of California [18]. The two
lines attached to both ends of the wings control the navigation direction, while the
center line controls the pitch angle and therefore handles the traction forces generated
by the kite.



1.3 Crosswind generation technologies

Currently, AWES companies are at the stage of testing multi-kilowatt scale prototypes
and pushing forward to develop megawatt-scale concept designs. This section presents
a general overview of the latest development of the leading companies in the AWES
industry.

The largest AWES prototype built is by the American company Makani [9], the
M600 in Figure 1.2.a has a rated power of 600KW and a wingspan of 26 m. This
device is currently being tested off the coast of Norway in partnership with Shell [19].
This recent partnership has all the AWES players paying close attention because it
might just be the push that the industry requires to be introduced into the global
energy system.

Another big company is the Dutch-based Ampyx Power [20], which intends to
finish its 300KW prototype seen in Figure 1.2.b by mid-2021, and continue scaling-
up to the AP4 4 MW prototype intended to be finished by 2030. Ampyx makes
emphasis on the rigorousness of their manufacturing process as they plan to certify
the technology under the Federal Aviation Administration (FAA) regulations instead
of under the wind turbine certifications, setting a baseline for the following companies
that want to enter the industry.

Kitemill is a growing Norwegian company [21] that is currently testing its largest
7.5 m fixed-wing prototype with 30KW rated power shown in Figure 1.2.c. The
device aims to generate electricity using the pumping mode approach while having
VTOL capabilities. Some of their developments and innovations include a ground-
fixed testing platform where the plane can be secured to a rotating arm that will
simulate the circular flight. This was intended to be used for calibrating the sensors
such as GPS, accelerometers, and pitot tubes.

On the soft-kite side of the industry, Kite Power in Figure 1.2.d developed a
mobile 100 KW nominal power system that is all contained in a container-size ground
station [22]. It uses a soft kite that is flown by a control pod mounted on the tether
bridle. The system aims for diesel dependency displacement, which means that it can
be easily transported and deployed in remote locations.

Twingtec is a Switz company that also provides a solution for remote sites [23].
Their 100 KW rigid-wing concept prototype in Figure 1.2.e is able to fit inside a
shipping container and be transported and deployed wherever is required. Same as
the Kitemill device, the TT100 has VTOL capabilities and uses the pumping mode
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for energy generation.

Enerkite is a German company that uses a combination of soft and rigid delta-
wing kite [24]. It’s the only company that is currently pursuing the rotational take-
off, and it’s been done on top of a transport vehicle seen in Figure 1.2.f. This allows
portability and facilitates the deployment and testing, considering that the rotating
arm requires a larger area to operate than VTOL systems. The EK30 is rated to 30
KW and it’s currently being tested as a pumping mode generation AWES.

Figure 1.2: Recent prototype development (a) Makani M600, (b) Ampyx AP4, (c)
Kitemill prototype, (d) Kitepower 100 KW soft-kite, (e) Twingtec TT100 concept,
and (f) Enerkite EK30.

1.4 Lab-scale initial development

All of the above companies had to start somewhere before jumping into the develop-
ment of multi-kilowatt scale devices. A few early AWES adopters started developing
soft-kites and lab-scale fixed-wing planes to validate flight models, controls, and ob-
tain first-hand practical experience in getting their devices from the computer models
into the air. Makani started with soft-kites to then move to a 5.5 m wingspan proto-
type shown in Figure 1.3.a. Ampyx also started with a smaller prototype shown in
Figure 1.3.b of 5.5 m wingspan that is still being used today for testing flight mod-
els. Kitemill and Twingtec shown in Figures 1.3.c and 1.3.d respectively, developed a

small-scale device that can perform VTOL and then transition into power generation
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mode. Before Enerkite built it’s mobile RTOL platform there was a small-scale rota-
tional take-off platform shown in Figure 1.3.e developed at KU Leuven [25]. Finally,
there are other research groups and institutes that have developed their systems and
collaborated with the companies mentioned above, one of them is the project at ABB
corporate research [26] shown in Figure 1.3.f that has a winch assisted horizontal

take-off now implemented in the Ampyx prototypes.

Figure 1.3: Initial prototype development (a) Makani, (b) Ampyx, (c¢) Kitemill, (d)
Twingtec, (¢) KU Leuven, and (f) ABB corporate research.

A recent lab-scale AWES project called AWEsome [27] implemented the open-
source autopilot platform Ardupilot 28] into their structurally enhanced model plane
to achieve autonomous tethered flight. The AWEsome project achieved autonomous
tethered flight but the take-off and landing were performed manually. Also, the tether
was reeled manually with fishing equipment. The goal of the project was to provide

an inexpensive alternative for research groups and start-up companies to develop a
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AWES testing platform and provide invaluable experience in first-time flight testing.
Although this tool provides a robust AWES flight operation, it left untapped a few
key challenges such as pumping mode flight paths, winch control, and autonomous

take-off and landing, which became the main driver of this master’s thesis.

1.5 Motivation and contribution

This thesis builds up from the development of a AWES flight model, to the imple-
mentation of an open-source autopilot for simulating AWES flights, to finally the
development and testing of a lab-scale demonstrator platform. The main motivation
of this project is to provide an AWES platform that allows preliminary flight data

acquisition, real-world insights, and flight testing experience in AWES operation.

e The quadplane, a hybrid aircraft between fixed-wing and quadcopter, is consid-
ered for the development of the testing platform . Implementing the Ardupilot
open-source flight code and the quadplane airframe, the entire AWES operation

is conveniently automated.

e The detailed plane and ground station building process is described, providing
the list of materials, wiring directions, and encountered challenges, to provide
future groups an advantage in developing their systems and promptly advance

into flight testing.

e A simple 3 degree-of-freedom (DOF) flight model is developed from scratch to
provide a general tool for controller tuning, load estimation, and evaluation of
trajectory tracking. Trajectories evaluated with this model could be further

implemented in real flights using open-source software and hardware.

e The Ardupilot open-source platform is implemented with the goal of having
an actual controller that can fly the plane. The physics model is modified
to account for tethered flight and power generation. The platform provides a
simulation tool to tune the controllers and flight paths based on the developed
hardware. The autopilot automates the entire operation as the take-off and

landing phase is simplified through the incorporation of VTOL approach.

e The process to operate the platform must follow local and national aerospace

rules and regulations. Therefore, the legal requirements, documents, and certi-
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fications are provided with the goal of establishing a plan of action for further

tests.

1.6 Thesis Outline

This work presented in this thesis is separated into the following chapters.

Chapter 2 provides an overview of the developed lab-scale AWES demonstrator.
It also presents a detailed description of the hardware building process, including
the integration of a quadcopter frame to a fixed-wing plane to allow Vertical take-
off and landing (VTOL), wing reinforcement for tethered flight, integration of the
autopilot components, and characterization of the airframe. Lastly, the development
and specifications of a portable ground station (GS) is described.

Chapter 3 presents the development of an AWES model for trajectory tracking.
The simulation provides insight on the plane’s performance and allows evaluating the
tension and power generated in pumping mode flight. Different trajectories, such as a
circle and figure-8 with constant and variable tether length, are simulated to evaluate
the performance of the navigation and reeling speed controller. Also, the model is set
to follow optimized trajectories that maximize the pumping cycle power generation,
to further assess the viability of implementing these trajectories with an actual flight
controller.

Chapter 4 implements an open-source autopilot platform for AWES simulation.
An overview of the platform architecture and control strategy is presented. The
physics model of the system is modified to account for tether drag, weight, and tension
forces. Flight trajectories, as evaluated in Chapter 3, are used for assessing the flight
controller performance. The Arduplane parameters obtained in the simulation are
then considered for the actual flight controller. Lastly, AWES simulations assess the
theoretical power production, from either pumping or drag mode generation.

Chapter 5 presents the incremental flight test campaign. Each test gradually
increases its complexity with the objectives of: safely gain flight testing experience,
tuning the flight controllers, validate and adapt the model developed in Chapter 4,
obtaining preliminary data and results, identifying the limitations of the system, and
expanding the capabilities of the platform. Ultimately, having the goal of a fully
functional platform that is able to perform autonomous crosswind flights.

Chapter 6 summarizes and provides conclusions on the work performed in each

Chapter. It presents the key aspects and challenges encountered, and provides direc-
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tion for further work that could be performed in the models and hardware implemen-

tation.
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Chapter 2

Hardware development of an
Airborne Wind Energy System
with open-source autopilot
platform

2.1 Introduction

Prototype development is essential for validating the models, gaining technical experi-
ence, and even get further funding to continue developing the technology. Companies
like Makani started building their first rigid-wing AWES prototype in 2010; upgrad-
ing from soft wing kites in 2008 for better aerodynamic efficiency and control, it was
when the device generated electricity for the first time. Since then, the company has
grown and scaled its first 10 KW device to a 26 m wing and 600 KW rated power
kite that is being tested in an off-shore platform [9]. Once a prototype is operational
it can be used for proof of concept and as a testing platform for improving the sys-
tem. Ampyx Power is a great example of the use of their prototype to push forward
the learning experience and develop scaled-up devices. The AP2 is constantly being
tested with the software and controls of the pre-commercial demonstrator AP3 [20]
so that when the next device is assembled, the flight control will already have been
tested in similar equipment.

This chapter describes the hardware development and integration to create a lab-

scale AWES platform. A fixed-wing plane model is structurally enhanced for tethered
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flight and adapted with a quadcopter frame enabling autonomous vertical take-off
and landing. Also, a compact and portable ground station was developed to control
the reeling operation of the system. Moreover, this chapter will serve as guidelines
for developing the entire hardware of the system, providing component description
and integration aiming to give future students or research groups the opportunity to

quickly build a similar system and accelerate the process into the flight testing phase.

2.1.1 Motivation

The work performed in the AWES lab-scale prototype was driven by the initial de-
velopment of the AWEsome project [27], which provided an inexpensive, open-source
platform for testing AWES. The project concluded with successful autonomous flights
of a tethered radio-controlled (RC) model plane in a fixed length figure-8 trajectory.
The take-off and landing were performed manually by a pilot, and the tether manage-
ment was also manually controlled. This project aims to fully automate the system’s

operation by defining the following objectives.

e Develop a plane suitable for tethered flight that allows the evaluation of the
Ardupilot open-source code for AWES operation. This includes the structural

reinforcement and integration of the autopilot components.

e Enable autonomous Vertical take-off and landing (VTOL) by upgrading the

fixed-wing plane model with a quadcopter frame.

e Obtain the quadplane main operating specifications for further parameter defi-

nition in the Ardupilot flight code.

e Develop a ground station for tether management and load assessment. Per-
formed in collaboration with 4th year mechanical engineering students, through

senior year courses part of the program requirements.
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2.2 Development of a Quadplane for Airborne Wind
Energy operation

2.2.1 Quadplane

Start and shut-off of AWES operation requires the aircraft to take-off and land. These
phases are studied separately due to that they present a challenge of their own. The
take-off and landing strategies presented in Chapter 1 have particular benefits at
different scales. VTOL is the most power consuming approach [14]. However, at
small scale, VTOL becomes beneficial as electric motors are more economic, efficient,
and provide a higher thrust to weight ratios. Quadcopters are widely implemented in
different industries, consequently benefiting from their advancements in flight control.
Furthermore, quadplanes reduce the required deployment area while still allowing to
cover large distances by operating as a conventional plane in forward flight. They are
increasingly implemented for various purposes, including terrain surveillance, search
and rescue, and package drops.

A fixed-wing glider and a quadrotor frame were merged into a fixed-wing plane
with VTOL capabilities, namely a quadplane. The Phoenix V2 glider from Volantex
has 2-meter wingspan and a structural weight of 1.2 kg, it comes with built-in control
surfaces such as ailerons, elevator, and rudder, and with the option to enable flaps,
convenient to increase the lift coefficient while landing and crosswind flight. The
fuselage provides enough space to incorporate the additional autopilot hardware and
power electronics. Figure 2.1 shows the model plane and the autopilot hardware. The
quadrotor frame is designed to mount four brushless motors that combined provide
over 8 kg of thrust for a total quadplane weight of 3.5kg, sufficient to vertically lift
the plane with the attached tether and sustain hover flight until the transition into
fixed-wing flight. The general specifications of the quadplane are presented in Table
2.1.

Table 2.1: General specifications of the quadplane.

Wing area (m?) Wingspan (m) Chord (m) Weight (kg)
0.36 2 0.18 3.5







