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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 Ardupilot 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.

2
27

3
3CL
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The power limit Pp,,q represents the maximum power that can be harnessed from

PLoyd = pAkU (11)

the wind using a crosswind kite system: p is the density of the air, A; is the planform
area of the kite, v, 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 Cp, = 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 Classification 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-off 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-off 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-off 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-off 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
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Figure 2.1: Volatex Phoenix V2 model RC plane and autopilot hardware

Wing reinforcement

The wings of the model plane are made out of high-density Styrofoam with a 10 mm
aluminum square beam as a wing spar. The high aerodynamic loads estimated to
be generated during crosswind flight require a more robust structure, therefore the
aluminum beam was changed for two 16 mm carbon fiber tubes as shown in Figure
2.2. The tubes pass through the fuselage and are fitted 60 cm inside of each Styrofoam
wings, providing additional structural support and allowing a mounting point for the
quadframe. The additional 40 cm from the end of the carbon tubes to the wing
tip has a built-in square tube, which is used to slide in a carbon fiber rod into the
end of one of the wing spar tubes providing additional structural support throughout
the entire wing. Moreover, two tether sections are secured to the wing spar aligned
with the center of gravity (CG), both lines go around the fuselage internal core and
meet at the bottom of the plane joined together by a swivel mechanism. The swivel

component was selected to be the weakest link in the tether with a maximum load
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of 70 Ib. When the plane experience a traction load over 331 N, the swivel ring will

break and leave the plane in free flight preventing any damage to the plane or GS

structure.

Figure 2.2: Carbon fiber wing spars

Quadcopter frame integration

The integration of the quadcopter frame with the fixed-wing plane was made through
the double wing spars. Two carbon fiber tubes parallel to the fuselage, or booms,
are mounted at the end of the carbon fiber wing spars. The quadcopter motors are
then mounted at both ends of the booms. The entire frame is set up in a way that
its center of gravity matches the plane suggested aerodynamic CG, which is located
about 1/3 of the wind chord from the leading edge. Even though the quadcopter
structure is built as an "H” shape, its geometry consists in an Ardupilot "X” type
frame, meaning that the perpendicular distance from each motor to the center of
gravity is equal. The plane wings have a fixed angle of approximately 3° between the
chord line and the fuselage horizontal plane. Therefore the quadcopter booms are

mounted to the wing spars with an inclined angle in order to make the frame parallel
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to the fuselage horizontal axis, allowing positive angles of attack while transitioning

from hovering to forward flight.

Figure 2.3: Quadcopter frame view

The motor mounts and boom mounts are 3D printed pieces designed with the
motor and tube dimensions. The motor mount is a two-piece clamp secured around
the boom with two bolts, mounting the motor with four bolts to the top part. The
boom mounts connect the booms with the two wing spars with a 90° angle. It consists
of a three-piece assembly where the middle part contains embedded nuts where the
top and bottom clamps are secured with bolts. The top clamp has a curvature similar
to the wing airfoil to reduce the aerodynamic drag. A detailed design of these parts
is presented in Appendix D and a CAD model of the frame is presented in Figure
2.3. The booms must extend far enough to allow the motor to be mounted where the
propeller wash does not interfere with the wing, resulting in a square frame geometry
of 600x600 mm.

The VTOL motors selected initially based on a thrust to weight ratio value of
2, had the rated capacity to lift and hover the quadplane. However, in practice the
hover throttle was above 50% and the motors overheated during operation. As a
result, more powerful motors were selected with the goal of reducing the hover throt-
tle under 50% and therefore have mote lifting capacity. The quadcopter frame and
motor mounts had to be iterated to withstand the additional loads and torque gen-
erated by the new motors. For future design efforts, it is recommended to follow the

aircraft design procedure for VITOL airplanes to appropriately select the propulsion
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and energy storage systems. The final build of the quadplane is presented on Figure
2.5

.. Propeller

%, VTOL ESC

Receiver

= Signal
=== [Vlechanical

—— Power Telemetry

Figure 2.4: Quadplane connections diagram

Ardupilot hardware

The autopilot hardware such as the flight controller, sensors and power components
are fitted inside the fuselage in agreement with the CG. The wires feeding the current
to the motors are passed thought a covered groove on the wing to reduce their aero-
dynamic drag. The internal arrangement places the flight controller board as close
as possible to the CG to better account for the rotational rates. The GPS module
has to be placed at least 4 in away from any power components to prevent magnetic
interference. In addition, the airspeed pitot tube is mounted at approximately 3/4
wing length facing forward and outside any of the propeller wash. The tubes that
carry the differential pressure are passed through a groove on the wing and into the
fuselage where the airspeed sensor is located.

The navigation and attitude of the plane can be either controlled manually or
autonomously, in both cases the servos and motor commands are given by the Pixhawk
4 flight controller based on the desired state. The Pixhawk records information such as

linear and rotational accelerations while collecting the position, airspeed, telemetry,
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Figure 2.5: Quadplane final build

and radio commands from their respective sensors. Through a series of controller
logic expanded in Chapter 4 and the desired reference state, the Pixhawk will send the
signal to either surface servos in fixed-wing mode or motors in quadcopter mode. The
entire vehicle is powered by a 4 cell (14.7 V) lithium-polymer battery with 5000 mAh
capacity and 45C rating. The power is distributed to the flight controller, motors, and
servos through a power management board (PMB). In addition, each motor contains
an Electronic Speed Controller (ESC) which converts the flight controller signal into
pulse width modulation (PWM) commands and outputs a rotational speed. The
autopilot component diagram is shown in Figure 2.4, and the description along with

their connections are presented in Table 2.3.

Pre-flight checks

Before each flight, the pilot and crew must ensure the correct operation of the motor
and servos. The motor ordering and rotation direction must follow the diagram in
Figure 2.6. Wrong ordering or rotation will cause the quadplane to flip at take-off
or magnify the wrong angle command. Table 2.2 provides a summary of the manual
and stabilized response of the plane to pilots command and external disturbances.
The motor rotation can be visually assessed by arming the vehicle with no pro-

peller, the rotation can be inverted by switching any two of the three wires coming
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L

Figure 2.6: Motor ordering and rotation direction diagram

from the ESC to the motor. The motor ordering can be checked by manually rotating
the armed quadplane in a stabilize mode, pitching the nose down will cause the front
motors to spin faster, and rolling the plane to the right will cause the right motors to
spin faster. A similar process must be verified for the fixed-wing servos. RC trans-
mitter commands should move the servo in the right direction. A roll command to
the right should lower the left aileron and lift the right aileron, a pitch-up command
should lift the elevator, and a yaw right should move the rudder to the right. More-
over, the autonomous control of the servos is verified by rotating the plane along the
pitch and roll axis during a stabilized mode. The autopilot aims to balance the plane,
therefore manually rolling the plane to the right should generate a left roll command;
moving the right aileron down, pitching the plane nose down should move the elevator
up countering the dive with a pitch up command. This verification process is part of

the pre-flight checks, a step-by-step checklist can be found in Appendix B.

Table 2.2: Motor and servo response to manual commands and stabilized disturbance

Manual mode Command VTOL response Fixed-wing response
Roll Stick Right Left motors spin faster Left aileron down, right aileron up
Stick Left Right motors spin faster Left aileron up, right aileron down
Pitch Stick Forward Back motors spin faster  Elevator down
Stick Back Front motors spin faster Elevator up
Yaw Stick Right M2 M4 spin slower Rudder right
Stick Left M1 M3 spin slower Rudder left
Stabilized mode Disturbance VTOL response Fixed-wing response
Roll Rotate right Right motors spin faster Left aileron up, right aileron down
Rotate left Left motors spin faster Left aileron down, right aileron up
Pitch Rotate forward Front motors spin faster Elevator up

Rotate back Back motors spin faster  Elevator down



Table 2.3: Autopilot components description and connection

Connection In

Connection Out

Component Description (receiving) (sending)
Aileron Servo Controls roll in forward flight PM.B/
Mainl
Elevator Servo ~ Controls pitch in forward PM.B/
. Main2
flight
. . PMB/
Rudder Servo Controls yaw in forward flight Maind
Plane Motor Provides forward thrust Plane motor ESC
Plane PMB/
Motor ESC Controls the forward motor Main3 Plane Motor
speed
Quadcopter Provides vertical thrust and Quadeopter Motor
Motor . ESC
controls pitch, roll, and yaw
in VTOL mode
Quadcopter . Quadcopter
Motor ESC Controls the vertical motor PMB/MAIN 5-8 Motor 1-4
speed
Telem1
I1C2
Pixhawk PPM RC
FC aw Controls the plane flight PMB/Power 1 GPS Module
1/0 PWM OUT
FMU PWM OUT
Micro SD
FMU PWM OUT/
Aileron, Elevator,
Distributes the flight con- Battery Rudder.
troller signal outputs and re- FMU PWM OUT/
PMB ; ) I/0 PWM IN
ceives the main power supply g pw IN Plane motor ESC.
from the battery I/0 PWM OUT/
Quadcopter
motor ESC 1-4
Telemetry Transmits the plane’s live Pixhawk/
Telem1
data
GPS/Compass o, . Pixhawk/
Module Me.asures position and orien- GPS Module
tation
. . . Pixhawk/
RC Receiver Receives transmitter com- PPM RC
mands
Airspeed Sensor  Measures the airspeed fg;haWk/
Battery Provides the plane power PDB
Pixhawk/

Micro SD card

Logs the flight data

SD port

24
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2.2.2 Quadplane performance

The Ardupilot provides information about the vehicle performance to the flight
controller through a list of parameters described in Chapter 4. The key parameters
for a stable flight are the plane’s operational speeds along with the trim and hover
throttle. By setting these parameters, the flight controller can know the limitations
of the vehicle and plan the autonomous commands accordingly, therefore it is of high
importance to estimate these values as accurately as possible. There are two possible
approaches for getting the required parameters. First is through experimental testing.
The quadplane must be manually flown by an experienced pilot, who performs a series
of maneuvers that allow the flight controller to record the pilot’s commands and the
plane response, logging data files that are later analyzed to obtain the plane’s flight
parameters. A second and more conservative approach involves calculating these
values from the physics of the plane. The hover throttle can be estimated with the
total weight and the trim conditions with the aerodynamic forces.

Performing a force balance on the plane during forward flight or hovering, as in
Figure 2.7, allows estimating the key characteristics of the quadplane. The fixed-wing
flight is sustained by the lift force generated by the wing airfoil, while during VTOL

and hovering it’s directly sustained by the vertical motors.

Wi

Figure 2.7: Quadplane forces as fixed-wing and quadcopter

Rigid-wing flight specifications

The total lift and drag coefficients of the RC plane were obtained as part of an
undergraduate honors project [29]. The wing dimensions were obtained from scanning
sections of the plane, used as input to the lifting line solver for low Reynolds number
XFLR5 [30]. The aerodynamic coefficients were calculated for a range of flight speeds
between 1-25 m/s and angles of attack between -15 to 15 presented in Figure 2.8.
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The scanned airfoil resembles a low Reynolds airfoil, with a maximum lift coefficient
of Cp ez = 1.33, and minimum drag coefficient of Cp ;,;n, = 0.011.

Loyd’s power equation includes the C% /C% ratio. Maximizing the power output
using Equation 1.1 the optimal angle of attack for the evaluated speeds is obtained
with the aerodynamic coefficient ratio. For this particular airfoil, not designed for

AWES power generation, the optimal « gradually decreases as the plane flies faster.
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Figure 2.8: Aerodynamic lift and drag of fixed wing plane plane for different flight
speeds

The plane flight characteristics, such as trim speed and cruise time, can be es-
timated using the results from the aerodynamic analysis. The forces acting on the
plane during trim flight are shown in Figure 2.7, where L and D are the aerodynamic
lift and drag respectively, T is the thrust, and W is the plane weight. Performing a

balance of forces in the X and Y direction Equations 2.1 and 2.2 are obtained.

1

1
ZFx =0 = Tcos(a) = —pAV2Cy sin(a) + 5

5 pAVZC)p cos(a) (2.1)

1 1
Z F,=0 = 5,0AVQZC’L cos(a) + T'sin(a) = W + épAVaQC'D sin(a) (2.2)



27

A 15m/s trim speed at zero angle of attack is directly calculated from Equation
2.2, where the lift is equal to the plane weight. To maintain this speed the front
motor must provide enough thrust to overcome the aerodynamic drag generated by
the wing, fuselage, and the quadcopter frame components. The drag coefficient of the
quadcopter components are assumed from common geometries: the VI'OL motors as
cylinders, the mounts as cubes, and fuselage as a streamlined body. The thrust from
Equation 2.1 is then converted to throttle knowing the maximum thrust the forward
motor can produce, resulting in a trim throttle of around 40%, and a maximum speed
of 25 m/s with zero angle of attack for maximum motor thrust.

The stall speed can be obtained by solving for the speed V, and thrust 7' in
Equations 2.1 and 2.2 for a range of angles of attack. Figure 2.9 summarizes the
performance of the quadplane in fixed-wing flight where the minimum speed of ap-
proximately 11 m/s corresponds to the stall speed, which requires an angle of attack
of 10° and over 90% throttle.
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Figure 2.9: Speeds and thrust for range of angle of attack

The plane cruise time is estimated with the trim throttle, the current drawn from
the motor allows calculating the battery discharge time. Estimating a continuous
current of 154, the 5000mAh battery capacity is consumed in 20 minutes. This time,
however, does not consider the power consumed during take-off and landing, which

is presented in the following section.

Quadcopter flight specifications

During quadcopter operation, maintaining constant altitude requires that the hover
thrust must be equal to the plane’s weight. With a total weight of 3.5 kg, the
hover thrust results in 34.3 N corresponding to approximately 40% throttle. Each
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Figure 2.10: Experimental setup (a) and results (b) for motor thrust bench test.

motor must provide 875g of thrust to maintain hover, the current drawn can be
estimated using the motor power curve, which is not provided by the manufacturer.
Therefore, bench tests were conducted to obtain the thrust and current curve. The
test set-up shown in Figure 2.10.a consists of mounting the motor on a scale in a way
that the effect of the propeller wash on the weight measurement is minimized. The
throttle is increased manually while the weight, current, and voltage are recorded.
The current was measured using a current/voltage converter with an appreciation of
100mV /A, whereas the voltage was directly measured from the battery. From Figure
2.10.a, the current is calculated to 12.6 A for 876 g of thrust. The throttle range
implemented allowed to generate the curve presented in Figure 2.10.b. Finally, a
continuous discharge current from the four motors is 50.4 A which allows a maximum
discharge time of 6 minutes using a battery with 5000mAh capacity.

Vertical climb generates a downward drag force from the wing, tail, fuselage,
and quadcopter components. Providing a maximum thrust with the VTOL motors,
the maximum climb speed results in 10 m/s, requiring to operate the motors at
the current limit, overheating the ESC, producing high loads on the structure, and
significantly reducing the flight time. Therefore, more conservative climbing speed
of approximately 3m/s is achieved by applying 50% throttle; 10% above the hover
throttle. Descent speed is calculated similarly, if the thrust is off, the drag of the
wing will slow down the fall. On the other hand, a controlled descent of 3m/s can be

achieved with reducing the throttle just under the hover throttle.

30
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The total flight time of the quadplane can be estimated combining the VTOL
and forward flight phases. For this calculation, the capacity of the battery has a
20% safety factor, which is above the 5% recommended reserve fuel in aircraft design
[31]. The battery voltage levels during flight is presented in Section 5.3.4 showing its
limitation in terms of vehicle autonomy. Taking-off with the vertical motors is the
most power-consuming phase, therefore it must be performed as quickly as possible,
it’s estimated to take around 30 seconds to reach the desired transition altitude.
Hovering and transitioning into and out from forward flight should take no more
than 10 seconds each. This leaves the remaining battery storage to estimate the
forward flight time, or cruise time, at trim throttle. Table 2.4 shows the estimated
times, current drawn, and capacity spent for each flight phase. The total flight time

is estimated just over 10 minutes, with a forward flight of around 8.5 minutes.

Table 2.4: Times and consumed capacity for each flight phase.

Phase ‘ Take-off Hover Trans. In Trans. Out Hover Land Cruise

Time (s) 30 10 10 10 10 30 510
Current (A) 80 60 75 60 60 60 15
Spent Cap (Ah) 0.67 0.17 0.21 0.17 0.17 0.50 2.13

Spent Cap (%) 16.67 4.17 5.21 4.17 4.17 12.50 53.13

A summary of the quadplane specifications is presented in Table 2.5. These values

are translated into the Ardupilot parameters for both simulation and real flight.

Table 2.5: Quadplane main specifications for Ardupilot parameter definition.

Fixed-Wing Quadcopter
Trim speed 15 m/s Climb speed 3 m/s
Trim throttle 40% Hover throttle 40%
Max. Speed 25 m/s | Max. Climb speed 10 m/s
Stall speed 11 m/s Descent speed 3 m/s
Stall AOA  10° Max. Descent speed 9 m/s
Cruise time 20 min Hover time 6 min

2.3 Ground station development

The ground station is arguably the most important component for harnessing the
power of the wind with AWES. The plane or kite requires a fixture point on the ground
that holds the tether and generates enough tension to be able to fly in crosswind

motion. Furthermore, the GS manages the tether reel in and out motion during the
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take-off and landing phases, avoiding entanglement while it controls the tension or
speed during the power generation phase. There are different approaches regarding
the interaction between the ground station and the plane. An experimental setup
for a rigid wing plane was developed with no communication between the plane and
the GS, a mass-spring system is implemented to calculate the tension on the tether
and the appropriate motor torque [26, 32]. Other research platforms use onboard
LED and ground-based cameras to estimate the state of the plane [33], while the
Twingtec prototype estimates the plane state using the line angles measurements
combined with an Extended Kalman Filter [16]. The control approach taken for
this AWES prototype is implementing a motor controller that can follow a torque

set-point, applying a constant tension on the plane during crosswind flight.

2.3.1 Design specifications

The design and development of the ground station were carried out by 4th-year me-
chanical engineering students as part of their program requirements. First, a group
of 5 students used the design specifications from the Software-in-Loop (SIL) simula-
tion in Chapter 4 to provide an initial design [34], then the design was iterated, and
further developed as part of an undergraduate honors thesis [35]. The main objective
of the development of the ground station was to automate the tether management
system during autonomous flights. The proposed design aims for portability so that
the GS could be easily transported along with the plane to the testing location. The
GS structure in Figure 2.11 is built of laser-cut Plywood sheets. It’s comprised of a
15 cm diameter spool that winds the tether evenly throughout its entire length due
to a linear winding mechanism, which is mechanically connected to the drum with
a belt-pulley system. The tether coming from the plane is guided through a pulley
that can rotate 360 deg to align itself with the plane at all times, the tether then
passes through a series of pulleys where the tension sensor is mounted, and finally
through the winding system and onto the spool. The rotation of the spool is driven
by an electric motor connected by a shaft, and the whole system is powered by a 48
V battery bank.

2.3.2 Component description

The mechanical part of the ground station is presented on Figure 2.12, the orange

line represents the tether passing through a series of components, neatly rolling onto
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Figure 2.11: Ground station structure without power components

the spool, measuring tension, and orienting its direction towards the plane.

Linear Actuator

Pulley

L putey Tonbiye

Figure 2.12: Ground station mechanical system diagram

The spool is a PVC tube of 15 cm diameter and 40 cm long, able to carry up to
100 m of tether, the tube is clamped on both sides by custom made aluminum caps,
mechanically connected to the shaft by a set screw. One side of the shaft is connected
to a belt-pulley system that drives the linear actuator mechanism, while the other
end of the shaft couples to the motor gearbox.

The linear actuator consists of a lead screw that displaces a pulley along the spool
center axis at a ratio of 1.6 mm per spool rotation, equivalent to the tether diameter.

The pulley is mounted with linear bearings on two sliding rails, placing the tether
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tangent to the spool radius and perpendicular to its center axis.

The tension sensor measurement is rated for up to 500 N, which is more than is
expected to be generated during crosswind flight, still providing overload protection
of over 800%. The Checkline RFS150 50K sensor is mounted “in-line”, passing the
tether through a pulley forming a 90° angle, the tension is then precisely calculated
with the amplification of a strain-gauge measurement.

Finally, the tether changes direction from a horizontal to the vertical plane with a
pulley that leads it to the rotating hub. A turntable equipped with a pulley receives
the tether and allows free rotation along the vertical axis, along with free rotation
from 0 to 90° elevation angle, covering all the orientations possibly achieved by the
plane.

The electrical part is currently under development by a 4th year engineering stu-
dent as part of a honours project. The next steps are to integrate the operational
motor controller subsystem into the ground station, aiming to provide a constant
torque set-point that would generate the constant tension used in the ideal winch
simulation on Chapter 4. The Sevcon Gen4 motor controller is connected to an Ar-
duino MEGA 2560, which uses the CANopen protocol to give the torque and speed
commands. The micro-controller also integrates all the electronics of the ground
station, recording tension and encoder measurements along with managing limiting

switch signals.

2.4 Conclusions

This chapter presented the development of a lab-scale AWES prototype. A commer-
cial RC model glider was structurally reinforced for tethered flight, VTOL hardware
was incorporated, and autopilot components were integrated to allow a fully au-
tonomous AWES mission. A detailed description of the autopilot components and
how they are connected is presented, along with a description of the process that
the pilot and crew must go through before each flight to ensure the safe operation of
the quadplane. The key performance parameters were obtained from the quadplane
physics in steady conditions. Trim speed and throttle were calculated from the bal-
ance of forces during stable flight, while hover throttle directly calculated from the
plane weight and motor power. Moreover, the estimated mission time was presented
as a function of the individual phases. Finally, a brief description of the ongoing

development of the ground station is presented. Aiming for portability, the ground
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station consists of an electric motor, spool, linear actuator, a tension sensor, and a
battery pack contained in a custom-cut plywood box. The tether hub has the capa-
bility of rotating 360° to align the tether with the plane during flight. The ground
station is currently under development to fully incorporate the motor controller and
ultimately automate the entire system.

Further development is suggested on the expansion of battery capacity. The hov-
ering time is a limiting factor for the quadplane, therefore, performing a power train
and energy storage study could lead to weight reduction and flight time increase. To
further reinforce the structure efficiently, it is appropriate to perform finite element
analysis (FEA) studies on the wing spars, quadcopter frame, and 3D printed com-
ponents reducing the weight while strengthening the overall structure for VTOL and
tethered flight. Finally, vehicle weight is a crucial aspect of aerospace design, therefore
replacing heavy and non-aerodynamic parts such as boom and motor mounts with
custom-designed carbon fiber parts could potentially lead to better aerodynamic per-

formance and increase of total flight time.
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Chapter 3

Development of an Airborne Wind
Energy System Model for
Trajectory Following

3.1 Introduction

Computer modeling is the first step for understanding the physics of the system
before moving into developing any prototype. A model allows evaluating the overall
performance and assessing if the system will be feasible. Moreover, many different
scenarios can be studied and further used for defining the initial design constraints.
AWES relies on highly advanced control systems to autonomously maintain the plane
airborne generating electricity. Therefore refining the control strategies is crucial
before real-life implementation.

Sizing AWES is a challenging task; its operation makes these systems highly dif-
ferent from each other as seen in Chapter 1. The generation approach can either
characterize the size of the ground station to handle the high tension, or the struc-
tural support on the plane to carry the onboard generators. On the other hand,
the take-off and landing strategy will further affect the amount of power required
by onboard motors, or the minimum torque required in the ground station winch.
More challenges are introduced in the design of the plane, ground station, and tether
themselves, where high aerodynamic forces generated in crosswind flight are the main

constraint.
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3.1.1 Motivation

The challenge of sizing the ground station with the loads generated in crosswind flight
was the initial motivation for this chapter. In collaboration with New Leaf Manage-
ment (NLM), the objective was to develop a simple MATLAB/Simulink AWES flight
model that would integrate with the NLM proprietary ground station system Simulink
block. The AWES flight model was developed with the following objectives

e Implement a simple navigation controller for trajectory tracking using as a refer-
ence geometrically defined trajectories such as circles and figure-8, or externally
optimized trajectories; that maximize power output. The plane will apply roll

rotations to stay along the flight path.

e Implement a simple reeling controller for pumping mode trajectory tracking,
considering the plane speed and position, and assuming the tether as a inelastic

rod.

e Assess traction loads and power generation for defining the initial design re-

quirements of a commercial ground station.

e Develop a modular model allowing variations of input conditions such as wind
speed profiles, and plane aerodynamic specifications, generation modes, and

controller strategy.

3.2 Model Description

The dynamics model is a 3 DOF system developed in spherical coordinates. The
plane or kite is modeled as a point-mass with aerodynamic properties. A similar
study used spherical coordinate system to evaluate a control strategy using a kite’s
navigation angle for a fixed-length two-point trajectory [18]. Also, a Model-predictive-
control (MPC) strategy was implemented to evaluate the system power generation po-
tential for pumping and carousel configuration [36]. The developed model is adapted
from the previous studies to use direct roll and pitch rotation control for single line
rigid-wing planes, instead of line length roll control for soft kites. In addition, the
navigation strategy implemented considers a non-linear trajectory tracking control
for fully defined flight paths.
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3.2.1 Coordinate System

**es -\\.:'-""

Figure 3.1: Coordinate system with reference uniform wind profile

The coordinate system used in the model is presented in Figure 3.1, the inertial
system is represented in Cartesian coordinates system (X, Y, Z), and spherical coor-
dinate system (¢, 6, r), where ¢ is the azimuth angle,  is the elevation angle, and r is
the radius. The relation between the two coordinate systems is described in Equation
3.1

X rsin(0)cos(o)
Y | = | rsin(0)sin(¢) (3.1)
Z rcos(6)

The body-fixed coordinate system (eg, €4, €,) is obtained from rotating the inertial

system with the rotation matrix described in Equation 3.2.

cos(0)cos(p) —sin(¢) sin(0)cos(p)
R = | cos(0)sin(¢) cos(¢p) sin(f)sin(¢) (3.2)
—sin(0) 0 cos ()

3.2.2 Model Dynamics

The kite is assumed as a point-mass system with mass m, and wing area A. To obtain

the particle’s acceleration in spherical coordinates (9, b, ) in Equations 3.3, 3.4, 3.5,
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the velocity of the particle v = vgeg +vye4+v,€, is derived in time obtaining ag, a4, a,,

which is finally used in Newton’s Second Law of motion.

1

é = — (Faero F, Foraw Fline 3.3
— (Facroo + Fappo + Fyravo + Fiine,) (3.3)

b= (Furow + Fapps + Fyrans + Finess) (3.4)
= mrszn(e) aero,o app,¢ grav,p line,p .

L1

r= E(Faero,r + Fapp,r + Fgmw,r + ﬂine,r - Ftrac,r) (35)

The acting forces on the kite are the gravity Fgmv, apparent F’app, line drag Fjine,

aerodynamic Fy,,,, and traction forces Fj,4..

______
-

Figure 3.2: Model forces

The gravity force in Equation 3.6 combines the mass of the kite and lines, the
latter assumed to be applied to the middle of its length and translated to the body

coordinates.
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(m + pll—d%)gsm(ﬁ)
Fgrav = 0 (36)
B plﬂ'd?r
(m + = )gcos(0)

The components resultant from deriving the position twice, become the apparent

forces representing the centrifugal and inertial forces on the kite.

m(¢?rsin(0)cos(0) — 276)
Fopp = | m(—=2r¢sin(0) — 2¢0rcos(6)) (3.7)
m(r6? + r¢2sin®())
Assuming that the apparent wind speed is perpendicular to the line direction,

a tether with projected area A; and drag coefficient Cp; produce a line drag force

described in Equation 3.8.

B pCpAicos(Aa)
8

The line traction force Fj... is always oriented in the line direction or e, unit

Eine = |We|2xﬁ/ (38)

vector and can’t be negative. For this model, the speed in the r direction is an input
and therefore the acceleration is known, using Equation 3.5 the line force is then
calculated.

The total aerodynamic forces acting on the kite are obtained from Equation 3.9.
Where the apparent kite speed W, is obtained from the wind speed W,,, and the kite

speed W in the inertial coordinate system.

_ 1 _ 1 _

Faero - _§ODAP|W6|2‘IT/V - §CLAP‘W6|2ZI_/V (39)
We = Ww - Wk (31())

We
Wy = | W, (3.11)

W,

or
Wy, = | ¢rsin(0) (3.12)
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The kite wind coordinate system represented as (zw,yw, zw) with zy aligned
with the kite’s apparent wind speed vector, yy pointing in the direction of the right
wing, and zy pointing down. The wind coordinate system is affected by the roll
control input ¢ which navigates the plane through the waypoints by directly changing

the direction of the aerodynamic forces.

— We
Tw = —W (313)
i = eiv(—cos(W)sin(i)) + (e, x ew)(cos(W)cos()) + ersin(¥)  (3.14)
2 = Tw X Yw (3.15)

with

e = 7 — — (3.16)

W, e,
|We - er(er : We)|

1 = arcsin < tan(zﬂ)) (3.17)

Finally, the lift and drag coefficients C7(«) and Cp(«) are a function of the angle
of attack o shown in Figure 3.3, obtained from the kite’s pitch angle o and the angle

between the apparent wind speed and the plane perpendicular to r (A«)

a=ap+ Aa (3.18)

(eﬂ * eqb)_m’anr

Figure 3.3: Pitch and angle of attack



40

e W,
Aa = arcsin< i e) (3.19)
[Wel

The system total power output in Equation 3.20 is estimated based on a pumping
mode operation. The traction force during the reel-out phase drives a ground station

generator resulting in positive power and consuming power during the reel-in phase.

P = Fyoct (3.20)

3.3 Controls

The control system is comprised of the navigation, reeling, and pitch controller.

(85, dn)

Figure 3.4: Navigation control

3.3.1 Navigation controller

The navigation controller produces a roll command to the kite to follow the defined
trajectory as seen in [37], this navigation strategy is based on a non-linear guidance
logic for trajectory tracking presented in [38]. The first step of the navigation con-
troller is to find the closest point from the kite to the trajectory in the (6, ¢) plane,
then an auxiliary vector L1 is generated from the kite to a point L,gyance pOsitions
ahead of the closest point, with Lsgpance = [1,2,3,...] and tuned for specific flight
paths. This produces an angle 7,,; with the apparent velocity of the kite, see Fig.
3.4.a for reference.

To calculate the required roll of the kite to meet the target point, the lateral

acceleration must be calculated. By rolling the plane, the aerodynamic lift force is
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rotated in the direction of the roll and can be then decomposed into a vertical force
parallel to the weight of the plane, and a horizontal force; also called side-force, see
Fig. 3.4.b then the lateral acceleration a;,serq; in Equation 3.21 can be obtained using
Newton’s law.
Qlateral = Fiugesin( ) (3.21)
m
On the other hand, the roll-induced side-force makes the plane move in a circular
arc with a radius R (Fig. 3.4.c), described as a function of the centripetal acceleration
in Equation 3.22; given by Newton’s second law in the direction of the side-force, and
the kite’s airspeed.
Aeent = 212/—1“231‘71(7]) (3.22)
Combining Equations 3.21 and 3.22 we obtain the required roll ¥ that will take
the kite to the target waypoint through a circular path presented in Equation 3.23.

2mWisi
U = arcsin <%jﬁ(n)) (3.23)

The navigation controller operates in the (X, Y, Z) space. As a result, it can cause
deviation from the trajectory in cases where the path crosses itself, such as a figure-8
trajectory. Therefore, an enhanced navigation controller is implemented, where the
closest point to the kite is selected from only a defined number of points ahead (looka-
head) from the previous target point. This allows the controller to ignore crossing
trajectories, and avoid skipping sections. This variable depends on the number of

points in the trajectory and must be tuned for each defined path.

3.3.2 Reeling controller

The reeling controller represents the ground station winch, in charge of allowing the
kite to operate in pumping mode. The tether is assumed as an inelastic straight rod,
therefore the reeling speed commanded by the GS directly affects the kite’s state. The
reeling speed can be either set constant to 0.25 times the wind speed for traction,
and 1.5 times the wind speed for the retraction phase for maximum pumping cycle
power as derived in [39]. For trajectory tracking a simple reeling speed controller is

implemented which considers the time that the plane takes from its current position
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to the target location At, the radial speed 7 needed to approach the target waypoint
radius rg is then calculated with Equation 3.24. The time from actual position to
target position is calculated using Equation 3.25 where the distance d from the current
point (0, ¢,r) to the target point (0p, ¢p,rp) is divided by the velocity of the plane
Vi projected in the target point direction.

(0. dp)

. rg—7rT
— 24
7 A7 (3.24)
Ar= 4 (3.25)
Vi -d

3.3.3 Pitch controller

The pitch angle of the plane constantly changes following Equation 3.18 to meet the
specified angles of attack. Throughout the reel-out phase the angle of attack is set
to a maximum to increase the generated lift force and therefore the traction power
generation. During the retraction phase, the plane should change its attitude to orient
the nose towards the direction of the coming wind speeds, flying like a conventional
plane while the ground station reels the tether in with low tension. The angle of
attack then approximates to zero which provides enough lift to sustain the retraction
flight. This strategy, however, requires a good interaction between the plane roll and
pitch angles as an early pitch maneuver still in crosswind will decrease the tension on
the tether and cause the plane to deviate from the flight path. Finally, for optimized

trajectory tracking the angle of attack is used as an input to allow evaluation of the
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navigation and reeling controllers.

3.4 Model Input

3.4.1 Wind profile

The simulation can be initialized with three different wind profiles defined in the
(X,Y, Z) coordinate system in Equation 3.11. The uniform profile has a constant
value throughout the Z axis. The logarithmic profile can be either read from a wind
speed vs altitude file which is then linearly interpolated between the given points
for the operating altitude, or calculated using the Hellman exponent where the wind
speed at Z in Equation 3.26 is a function of the wind speed W7, at the reference height

Z1o and the Hellman’s exponent a which depends on the terrain and air conditions.

W.(Z) = Wi (;) (3.26)

Finally, more realistic wind profiles are obtained from Weather Research and Fore-
casting Model (WRF') models [40], which are also used to output the reference tra-
jectory from the open-source flight trajectory optimizer AWEbox [41].

3.4.2 Reference trajectory

The reference trajectory can be defined as a circle, figure-8, or an optimized trajectory
given by the AWEbox toolbox, these can be either constant or variable tether length
for drag and pumping mode respectively.

A circular trajectory on the surface of a sphere of radius R can be generated in
the (X,Y, Z) reference system with Equation 3.27, with r the radius of the circle,
0 = [0, 27], and a constant altitude h. Then it is rotated with an angle ¢ along y axis

using the matrix in Equation 3.28.

X 7 sin(6)
Y |=| rcos(d) (3.27)
Z R? — 2
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cos(¢) 0 sin(¢p)
R, = 0 1 0 (3.28)

—sin(¢) 0 cos(9)
The figure-8 trajectory is described as a Lissajous curve, and can be generated using
Equation 3.29, with 6, = RJjssajous and 0, = VR? — Z2, with an scaling factor
Jlissajous = [0-3,0.7] that changes the angle between the crossing lines. Finally the

trajectory is rotated along the Y axis using the rotation matrix R,.

X xo + 0, sin(2t)
Y| =1 vyo+9,cos(t) (3.29)
Z 0.8R

Figure 3.6 presents the result of a circular trajectory with a radius of 50m and a
figure-8 trajectory with Jiissajous = 0.3 projected on a sphere with radius 120m and

with 45°inclination angle.
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Figure 3.6: Circle and figure-8 reference trajectories

Pumping mode trajectory

Pumping mode operation in the model can be achieved with two different trajectories
and control approaches. First, a constant reeling speed is commanded while the
constant radius trajectory is projected at the current plane radial position, once the
maximum radius or tether length is reached the reeling speed becomes negative to
allow the plane retraction until switching back to reel-out after reaching the minimum

length. In this case, a different retraction trajectory can be implemented where the
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circle 6, ¢ angles can be scaled to create a bigger or smaller trajectory. The switch
between reel in/out does not happen always at the same point in the trajectory, as
it only depends on the radial position of the plane.

The second approach involves pre-defining the trajectory, incorporating a non-
constant r coordinates to a series of loops prescribed with # and ¢ angles. Thus using
the reeling controller to calculate the tether speed to closely follow the flight path.
The trajectory in Figure 3.7 is generated by setting 3.25 reel-out loops, and 0.75 reel-
in loops between the limit radius of 100 and 150 meters, the retraction path azimuth
angle is scaled from 1 to 1.7 for the first half and inversely for the second half, the
scaling in ¢ leads the trajectory outside the wind power zone preventing peaks in the

apparent wind speed.
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X (m) 200 5 100 -53()
m

Figure 3.7: Reference trajectory for variable tether length

AWEDbox reference trajectory

An open-source toolbox AWEbox [41] is implemented to obtain optimal flight paths
that maximize the pumping cycle power generation. The trajectories can be generated
from a series of different wind profiles as presented in Figure 3.8 which result in
less geometrically symmetric trajectories than the common circle or figure-8. The

optimization considers losses in tether weight and drag, non-uniform wind profiles,
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plane aerodynamics, and more. A uniform wind trajectory will keep a low altitude to
prevent further tether losses due to its length, as it is not convenient to climb higher
as the wind speeds remain constant. A logarithmic wind profile increases its wind
speed with height. Therefore, the plane can take advantage of the increased wind
speeds when the power tends to decrease. These trajectories tend to approximate
to a symmetric circle. Finally, WRF profiles can have a maximum wind speed at
different heights, thus the optimizer tends to perform the power loops closer to these
high wind zones. The trajectory is discretized from its function form to 100 points in
Cartesian coordinates and then converted into spherical coordinates using Equation
3.30.

A
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Figure 3.8: Wind profiles and optimized trajectories for uniform, logarithmic, and
WRF wind profiles

0 arccos %
o = arctan % (3.30)
r VX2 +Y2+ 22

3.4.3 Aerodynamic parameters

The plane aerodynamic parameters are an input to the aerodynamic force calculation.
They are taken directly from the Ampyx AP2 prototype specified in the AWEbox code,
the lift and drag constants are used to generate a linear and quadratic curves for the

lift and drag coefficients respectively shown in Figure 3.9. Another plane could be
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easily implemented in the model by following the same definition of the aerodynamic

specifications.
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Figure 3.9: Lift and drag coefficient of the reference plane

3.5 Results and Discussion

Fixed tether length trajectory tracking

——Reference ——Result ™
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Figure 3.10: Simulation result for circle trajectory
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The performance of the navigation controller can be evaluated by simulating ref-
erence trajectories with fixed tether length, in the following cases the radius of the
sphere or tether length is defined to R, = 120m. The plane specifications are based
on the Ampyx AP2 prototype which weights 36 kg and has 4 m? of wing area. The
tether selected has a diameter of 3 mm and a density of 970 kg/m?. The wind profile

is uniform and has a speed of 10 m/s in the X direction.
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Figure 3.11: Navigation results for circle trajectory

The navigation controller requires tuning before it can successfully follow the
defined trajectory. The L,q4, refers to how many points ahead of the closest point the
plane should be aiming, smaller L,4, will generate higher roll angle commands and
will tend to follow the trajectory closely, while higher L4, will have lower roll angle
commands and will tend to cut the corners of the trajectory. A proportional gain
G p is applied to the roll command to smooth or intensify the commanded roll angle.
Finally, a second-order Butterworth filter with a cut-off frequency w,, is applied on the
reference heading angle 7,,; as seen previously in [18] to remove the high-frequency
oscillations generated by the calculation of the L1 vector while the target point is
moving in L,q, number of steps.

The circular trajectory simulation results are presented in Figure 3.10 and 3.11, the
isometric plot presents a contrast of the reference trajectory (red) and the simulated
result (green). The navigation controller is then evaluated by comparing the active
point (6,,¢,) with the plane position in spherical coordinates (,¢). This result
corresponds to the control parameters of L4, = 6, Gp = 0.4, and w,, = 35. Combined,

they estimate the commanded roll angle that the plane must have to successfully
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Figure 3.12: Simulation result from figure-8 trajectory

follow the reference trajectory.

A similar tuning process was performed for the figure-8 simulation; results are
presented in Figure 3.12 and 3.13. The main difference is that the advance parameter
had to be decreased to L,q4, = 6 in order to avoid cutting the corners on the tight turns
of the figure-8; additionally, the roll angle to perform these turns must be higher and
therefore the proportional gain was increased to Gp = 1.1. The cut-off frequency of
the filter for both trajectories provided a stable roll command calculation at w, = 35.
Any lower value will cause the roll to have high oscillation and become unrealistic for

the plane operation.
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Figure 3.13: Simulation result from figure-8 trajectory

3.5.1 Pumping mode trajectory tracking

The simulation results presented in Figures 3.14 and 3.15 were obtained with a uni-
form wind profile of 10 m/s speeds. The results show three complete pumping cycles
within 100 and 150 m of tether length. The reference and current position are shown
as the red and green lines respectively. The position in spherical coordinates shows
that the plane closely follows the reel-out trajectory and the reeling speed oscillates
between the suggested 1/4 times the wind speed, consequently producing oscillations
in the same frequency in the tether tension.

The reel-in or retraction phase does not follow the specified trajectory, mainly
because the tether speed is saturated at -7 m/s. From several runs the reeling speed
limit had to be tuned to allow the simulation to converge and have close to zero
retraction tension. Removing the saturation entirely caused the tether speeds to
become forbiddingly high and produce tension peaks over the physical limitations of
the system.

The main hypothesis for the deviation of the retraction trajectory is the attitude of
the plane. First, to reel-in with low tether tension and reduced power requires plane
speeds higher than the reeling speed, causing a negative tension which physically
means that the tether would become slack. Then, the pitch, roll, and yaw must
align the plane so the lift force generated is just enough to sustain the plane flight,
accounting only for the weight of the tether. Consequently, the reeling controller
requires a successful trajectory tracking from the navigation and pitch controller.

To investigate this hypothesis, optimized trajectories from AWEbox are implemented
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Figure 3.14: Reference and simulation trajectory for pumping mode operation

using the resultant angle of attack profile as an input to the model.

The implemented plane is the Ampyx AP2 with a wing area of 4 m? and 36 kg of
weight, producing an average traction power of 35 KW which represents 38% of the
theoretical power limit from Equation 1.1, while the maximum power is 91% of Loyd’s
power. Moreover, the AP2 was not designed for power generation but for testing the
flight control algorithms. This is demonstrated by the resultant 0.07 KWh of total
rated energy of an entire pumping cycle, suggesting that the energy generated during

the traction phase is being entirely consumed by the GS to reel in the tether.
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3.5.2 Optimized trajectory tracking
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Figure 3.16: AWEbox reference trajectory with logarithmic wind profile with 8 m/s
reference speed and simulation result

The simulation was performed using the AWEbox optimized trajectory as reference
for logarithmic wind profile with a reference speed of 8 m/s at 10 meters high. To
evaluate the trajectory in power generation the AP2 plane was scaled-up to a wing

2 and 183 kg respectively. For such a device the tether

area and weight of 12 m
diameter was estimated to be 14 mm with a material density of 970 kg/m3. The
resultant trajectory for two consecutive pumping cycles is presented in Figure 3.16,
and detailed simulation results are presented in Figure 3.17. The AWEbox reeling
speed, tension, and power results (red line) are used as a reference for the simulation
results.

During the reel-out or traction phase, the navigation and reeling controller success-
fully fly the plane along the reference trajectory as seen in the spherical coordinates
0, ¢, r. However, during the reel-in phase, approximately after 15 seconds, the plane

starts to deviate from the trajectory overshooting the azimuth angle and oscillating
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around the elevation angle.

Comparing the simulation with the AWEbox results, the main discrepancy is in the
reeling speed 7, which more than doubles the reference tether speed during reel-in
phase. This is a consequence of how the reeling controller is defined, considering
the current velocity of the plane to calculate the time it will take getting from the
actual position to the target point, finally calculating the reeling speed. If the plane
diverges too far off from the trajectory, the resultant reeling speed is increased forcing
the plane back into the path, thus generating unwanted tension on the tether and
negative power peaks. The reeling speed plot shows how the controller tries to follow
the radial position even when the azimuth and elevation angles are off; the results are
sudden oscillations in the reeling speed that reach peaks of over 50 m/s.

The traction phase produces similar tension to the AWEbox results, and conse-
quently the power production estimated with Equation 3.20 also matches. This leads
to conclude that the navigation and reeling control strategy can follow an optimized
AWES trajectory without compromising the system power performance. On the other
hand, the controllers achieve the retraction and re-integration of the cycle with the
trade-off deviating from the reference path.

These results show the challenge of implementing individual controllers to follow
a complex high-fidelity trajectory. On the other hand, during the traction phase, the
combination of navigation and reeling controller allows the plane to achieve similar
power as the optimization result, which leads to conclude that the model may require
a different controller strategy for the retraction phase which considers the entire state

of the system including plane state and ground station operation.
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Figure 3.17: AWEbox reference results and simulation results for logarithmic wind
profile with 8 m/s reference speed
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3.6 Conclusion and future work

In this chapter an AWES model was developed using a 3DOF spherical coordinate
system. The kite or plane is modeled as a point mass with roll and pitch rotations.
The tether is represented as an inelastic rod with drag, weight, and traction forces
applied on the plane. The navigation controller provides a roll command that orients
the plane toward the target point ahead, the reeling controller provides a tether
speed command, and finally, the pitch controller maintains a reference angle of attack
during the flight. The results show that the navigation controller can follow a circle
or figure-8 trajectory with constant tether length. The reeling controller outputs the
appropriate speed to follow a generic variable-length or optimized trajectory. The
tension and power resultant from the simulation match the output from the AWEbox
results for the traction phase while the plane deviates from the trajectory during the
retraction reducing the total cycle power, still able to reincorporate the flight path
and complete the pumping cycle.

The direct roll control of the airplane does not consider the effect of the control
surface deflections and rotational inertias. Such simplified model provides only a
quick tool for trajectory tracking evaluation, and power and loads estimation. For
hardware implementation, it is required to have a higher fidelity physics and controller
model as seen in Chapter 4.

Entirely following the specified trajectory requires that the individual controllers
are merged into one controller. This would consider the full and reference state to
navigate the plane seamlessly through the specified trajectory. In addition, it is
relevant to consider implementing an elastic tether and a ground station model to
evaluate the loads generated from the interaction between the ground station and the

plane.
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Chapter 4

Open-source Autopilot Platform
for Airborne Wind Energy System

Simulation and Testing

4.1 Introduction

The complexity of Airborne Wind Energy Systems (AWES) is mainly due to the
required flight controls. AWES require a robust flight controller that navigates the
plane to maximize electricity production while accounting for unexpected events such
as change of environmental conditions (wind speed reduction or wind gusts). As a
consequence, AWES must match the reliability achieved in the aerospace industry,
ensuring the plane safe operation even while producing energy through tethered flight.
Automation is a key factor to achieving this goal, as the system must operate without
requiring any human intervention. Its autopilot must know when to take-off, where to
position itself to generate power, and when to land depending on the wind conditions.
When the automation challenge is solved, and the technology becomes robust, reliable,
and affordable, then it can be introduced into the energy market.

The previous chapter demonstrated that an AWES model plane can follow a de-
fined trajectory with the implementation of a simple navigation strategy for a sim-
plified model. It also presented the challenge of developing a robust controller that
navigates the plane throughout the entire pumping cycle. This chapter focuses on
implementing a more realistic flight model to simulate the operation of AWES.

AWES development covers: design, modeling, simulation, testing, and analysis.
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The Ardupilot platform includes, to some extent, all of the previous aspects, mak-
ing it an excellent candidate for a prototype development. First, Ardupilot is an
open-source autopilot that supports a wide range of vehicles [28], allowing the imple-
mentation of different plane concepts. The code is flexible in terms of the physical
specifications of the airframe, parameters such as stall speed, wing area, and weight
are easily defined. Second, the open-source license allows local ownership the source
code. By understanding the system’s architecture, the physical model and controls
can be modified to account for key AWES aspects, such as the tether forces and ad-
ditional drag. Third, the code is compatible with numerous external tools. It can
be compiled and used in a Software-in-Loop (SIL) simulation. This allows the eval-
uation of the model in a controlled environment. This is highly valuable for testing
new models, controllers, and trajectories without the risk of damaging the hardware.
Fourth, the vehicle code can be compiled onto firmware and uploaded to a real flight
controller. Once the simulation is fine-tuned, it can proceed to hardware implemen-
tation. These two complement each other, ultimately matching them would result in
a robust and reliable system. Finally, Ardupilot provide a data logging system that

can easily be converted into a manageable format for post-flight analysis.

4.1.1 Motivation

Given the challenges in flight control presented in Chapter 3, this chapter aims to use a
robust autopilot that allows the simulated automation of an entire AWES operation.
The Ardupilot SIL tool is used to ultimately tune the simulation, obtaining the
controller parameters, flight plans, and models, that are best be suited to operate the

hardware in further test flights. The specific objectives are as follows:

e Identify the key aspects of the Ardupilot platform that enables AWES opera-
tion, such as controls, flight plan definition, physics models, and recorded data

formats.

e Incorporate a tether model that considers drag, weight, and tension as addi-
tional forces on the plane physics model. Resembling a simplified behavior of

the actual tether, and considering its physical limitations.

e Enable VTOL on the SIL simulation to evaluate the quadplane operation. This
aims to identify the key parameters to consider during a real flight such as,

transition speeds, hover throttle, and external forces.
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e Tune the quadplane flight controllers for tethered crosswind flight and trajectory
tracking. With the goal of obtaining the parameter and mission files to be

uploaded to the hardware.

e Evaluate the effects of an ideal winch model in crosswind trajectory tracking.

To obtain the torque set-point to be implemented on the ground station winch.

e Evaluate the Ardupilot platform for potential power generation with drag and

pumping mode approach.

4.2 The Ardupilot architecture

The Ardupilot allows SIL simulation and hardware implementation. Figure 4.1
show the architecture of the Ardupilot. The ground control software provides an
user interface to control the plane. It allows mission definition through waypoint
planning, parameter visualization and modification, and live visualization of the plane
data sent with the telemetry system. The ground control software communicates with
the vehicle code with the MAVLink messaging protocol, and sends information such
as sensor data, navigation commands, and flight modes. The vehicle code libraries
contain the specific vehicle files, shared libraries, and the Hardware Abstraction Layer,
which makes the code compatible with different platforms. On the plane specific files,
the main file is the ArduPlane.cpp. This file runs a series of of sub-functions such
as the Altitude Heading Reference System (ahrs_update) that estimates the state
of the aircraft using an Extended Kalman Filter (EKF). The vehicle code can be
either compiled into the SIL simulation, or the flight controller firmware. On the
simulation, the vehicle code uses simulated data obtained from the flight dynamic
model. SIL files contain the physics model implemented in the simulation, and thus
can be edited to incorporate the tether model and plane aerodynamic specifications.
On the other hand, the real flight controller uses the data from sensor measurements
(airspeed, accelerometers, GPS, etc.), and decides the output signals from the vehicle
code running inside the controller. Either simulation or hardware, the data log files
are recorded in a .bin format. Which can be either visualized directly on the ground

control software, or easily converted into a text or MATLAB file for further analysis.
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Figure 4.1: Ardupilot architecture

4.2.1 Flight controller hardware and Ardupilot alternative

The Pixhawk 4 flight controller was developed in collaboration with the PX4 team.
Similar to the Ardupilot, the PX4 is an open-source flight control platform [42]. They
both have similar architectures, operate with flight controller parameter definition,
can be operated with the same ground control software, and have similar flight modes.
However, each platform requires a different servo and motor wiring, and have different
configuration procedures. Another main difference is the open-source licences. The
Ardupilot oblige whoever uses the platform for commercial purposes to make their
modifications open to the public, whereas the PX4 allows the user to own their code
modifications and have them closed to the public. Each code has its airframe firmware,
both including the quadplane. The main reasons the Ardupilot was selected over
the PX4 for this project were: First, the AWEsome code has already been developed

in the Ardupilot platform and it was convenient to have for reference and as a
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starting point. Second, the SIL files are more accessible and can be easily modified to
incorporate the tether model. Third, the Ardupilot provides a data logging system
that allows conversion of the files to a convenient post-processing format such as
MATLAB, with the Ardupilot, the SIL simulation results and flight test results
could be easily analyzed and compared. Finally, the flight mission could be defined
in a convenient .txt file format with a series of waypoints, allowing to easily upload

crosswind flight trajectories to the flight controller.

4.3 The Ardupilot platform for Airborne Wind En-

ergy operation

The Ardupilot code was first used for AWES with a fixed-wing glider in the AWE-
some project (Airborne Wind Energy Standardized Open-source Model Environ-
ment). It was developed at Bonn University as part of a Master’s thesis [27, 43].
The plane code was modified creating fixed-length circular and figure-eight flight
paths as new flight modes. The trajectory is geometrically defined and projected
into the surface of a sphere that represents the tether length. The reference flight
path can be easily changed to the desired dimension (e.g. increase the radius of
the circle projected on the sphere), still maintaining constant tether length during
flight. While in one of these modes, the plane follows waypoints continuously gen-
erated along the path at a rate of 50 Hz. The developed model was validated with
an off-the-shelf model RC plane of 1366 mm wingspan reinforced for tethered flight.
With the Ardupilot code uploaded into the flight controller, the plane was able to
complete a fully autonomous tethered figure-8 flight as prescribed in the trajectory.
The plane was tethered with a line to a fishing rod that was reeled manually, and
during AWES flight mode the tether length was kept constant. The take-off and
landing phases were performed manually by a pilot in fixed-wing mode (horizontal
take-off). The AWEsome code provided the foundation to allow this project to tackle
the remaining challenges: automate the take-off and landing withVTOL hardware,
follow any used-defined trajectories, either pumping, or fixed tether length, automate

the tether reeling operation with a ground station motor, and fully automate the
AWES flight plan.
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4.4 Quadplane Flight Controllers

Depending on the quadplane current flight mode it will use the plane or the quad-
copter controls. Using either the control surfaces (aileron, elevator, rudder) and front
motor, or VI'OL motors. A common flight plan involves: vertical take-off, hover,
transition to forward flight, crosswind flight, transition into hover, and land verti-
cally. Therefore all controllers will be implemented during flight. The plane has three
levels of controls: trajectory tracking and waypoint navigation, speed and height,
and attitude control. On the other hand, the quadcopter control is separated into
position and attitude controller. Both control architectures work together during the

transitions from hovering to forward flight and back.

4.4.1 Fixed-wing trajectory tracking and navigation controller

The L1 navigation controller is based on [38], which names L1 the vector from the
aircraft to the reference point. It uses the angle between the plane instantaneous
inertial speed and the vector pointing to the reference target point to estimate the
lateral acceleration needed to follow a circular reference trajectory as seen in Figure
4.2. Some parameters, such as the waypoint radius (WP_RADIUS), are used to
smooth or sharpen the trajectory of the plane. A higher radius will adjust the L1
vector and inform the plane that it has reached the waypoint earlier, turning to align

itself with the next target.

4.4.2 Fixed-wing speed and height controller

The speed and height of the aircraft are controlled by the Total Energy Control
System (TECS) controller, which calculates the total energy as a sum of potential
and kinetic energy based on the actual and demanded speed and height. It provides
a throttle and pitch angle command that balances the total energy at all times. A
properly tuned TECS controller is essential for accurately following a AWES flight
mission. The TECS_SPDWEIGHT parameter, distributes the weight of the speed
and height errors for the kinetic and potential energy calculation. This parameter is
key for flight missions with highly fluctuating heights (such as crosswind flight). A
higher value will ignore the height error causing the plane to glide smoothly instead

of diving into the lower altitude waypoints.



63

aircraft
\

desired path " reference point

Figure 4.2: Ardupilot non-linear guidance logic for trajectory tracking

4.4.3 Fixed-wing attitude controller

The plane roll, pitch, and yaw angles are obtained from the control surfaces actuators
aileron, elevator, and rudder respectively. Individual Proportional Integral Derivative
(PID) controllers along with additional gains such as turn compensation, airspeed
gains, and angle saturation are applied to the error between the commanded and
the actual angle, to calculate the control surface deflection as seen in Figure 4.3
[44]. The PID gains can be tuned either manually for specific flight mission and
plane specifications, or by using the autonomous flight mode AUTOTUNE, which
will record the new gains from commanding limiting angles and evaluating the plane

response.

4.4.4 Quadcopter position and attitude controller

The quadcopter control is divided into two levels. The position control on the left
block of Figure 4.4 calculates the target roll and pitch angles that the quadcopter
would require to move from the current position to the target position. The velocity
is calculated from the position error through a proportional controller, and then is
compared with the actual velocity. Finally, a PID control is applied to the velocity
error to obtain the target angles. Similarly, the attitude controller uses a PID strategy
to estimate the required motor output to match the target angles or attitude of the

quadcopter. The roll and pitch angular rates are estimated from the angle error
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through a proportional controller, the difference with the actual rates pass through a

PID controller resulting in the required motor output.
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Figure 4.4: Quadcopter flight controller diagram

4.4.5 Fixed-wing and quadcopter mode transitions

The transition from quadcopter to plane consists in keeping the plane hovering while
the forward motor provides the thrust to reach the minimum transition airspeed.
Transitioning back into hover mode provides a downward thrust with the quadcopter
motors while slowing down the plane until reaching the transition speed. To achieve
a seamless and smooth transitions from hovering to forward flight and back, the
plane and quadcopter controls work together to meet a series of transition param-
eters. Among them is ARSPD_FBW _MIN which defines the transition speed. The
Q_ASSIST _SPEED parameter defines the speed limit in which the quadcopter motors
will provide thrust assistance while already in plane mode. Another key parameter
is the Q_ TRANSITION_MS ,which defines the time that the quadcopter motors take
to ramp the throttle up/down after reaching the transition speed, this ramping time

prevents sudden changes in altitude during the transition.

4.5 Navigation strategy

Autonomous flights consist in setting the plane in specific flight modes, one of them is
the AUTO mode which allows the plane to follow a predefined flight mission which can
include take-off and landing. Other useful autonomous flight modes are the LOITER,
RTL, QHOVER, and QRTL. These commonly used flight modes are listed in Table
4.1. Modes starting with “Q” represent quadplane flight modes and often require the
vertical motors for operation. Finally, the modes LOITER 3D and EIGTH_SPHERE

represent the circle and figure-8 created in the AWEsome project.
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Table 4.1: List of Ardupilot common flight modes

Flight mode

Description

AUTO

Follow a mission comprised of a set of waypoint and commands

LOITER Circle arround the point where the mode was entered main-
taing the current altitude

RTL Return to the lauch location and loiter arround it

QHOVER Maintains the quadplane altitude while still allowing roll and
pitch commands

QRTL Return to the launch location and hover over it maintaining
the altitude

QAUTOTUNE Performs autonomous step rotations in the pitch, roll, and yaw
axis to record new PID gains based on the quadplane response.

LOITER-3D Performs a constant length crosswind ellipse

EIGTH_-SPHERE

Performs a constant length crosswind figure-8
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To perform a specific AWES flight mission there are two possible approaches.
The first option is setting the plane flight mode to one of the AWEsome flight modes
available, this will command the plane to follow an inclined ellipse or figure-8. A
second option is to define a series of waypoints in terms of latitude, longitude, and
altitude. Either way, to automate the process, the flight mission must be defined prior
to flying, including the take-off and landing phase. For example, a simple quadplane
mission would involve taking-off vertically up to a certain altitude, transition from
hovering to forward flight, following a trajectory defined by a series of waypoints,
transitions back into hovering, and landing vertically.

Chapter 3 defined as a series of points in the global coordinates (X, Y, Z). Know-
ing the 3D trajectory allows to convert the points into the format required for the
Ardupilot mission (lat, lon, alt). To achieve this, the area to be converted is as-
sumed as small enough that the relationship between the geographic angles and flat
distance is linear. The change of latitude and longitude can be obtained from a ref-
erence distance in kilometers, corresponding to a reference angle in the geographic
coordinates.

Two reference points are separated 100 m to the North, and 100 m to the East
of the “home” location or origin, the geographic coordinates to these points are com-
pared to the origin obtaining the change in geographic angle. This relation is used to
find the change in longitude for a series of points in the X direction, and the change
in latitude for a series of points in the Y direction. Considering that the converted
area is very small, it can be assumed that the series of points in the Z direction are
directly used as the altitude points. This process can convert any 3D trajectory from
(X,Y, Z) points to a local (lat, log, alt) coordinates knowing the geographic origin.
Table 4.2 present the point to coordinate conversion for a constant tether length
circular trajectory. Figure 4.5 shows how the 3D points of the circular trajectory
over the surface of the sphere (constant tether length) are converted into geographic
coordinates input to the flight mission.

For completion sake, Figure 4.6 represents the 3D trajectory conversion for a

pumping mode flight mission.
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Table 4.2: Trajectory points to geographic coordinate conversion

X (m) Y (m) Z(m) |lat (deg) lon (deg) alt (m)
0 0 0 48.56586 -123.39114 0
77.14  50.00  77.14 | 48.56631 -123.39009 77.14
98.10 40.26  56.17 | 48.56622 -123.38981  56.17
110.90 14.85 43.38 | 48.56599 -123.38964  43.38
110.55 -16.35 43.73 | 48.56571 -123.38964  43.73
97.18 -41.18 57.09 | 48.56549 -123.38982  57.09
76.01 -49.97 78.26 | 48.56541 -123.39011  78.26
55.28 -39.30 98.99 | 48.56551 -123.39039  98.99
43.06 -13.32 111.21 | 48.56574 -123.39056 111.21
4411  17.84 110.16 | 48.56602 -123.39054 110.16
58.02  42.06 96.25 | 48.56624 -123.39035  96.25

Figure 4.5: Fixed tether length trajectory points and converted geographic coordi-
nates
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Figure 4.6: Pumping mode trajectory points and converted geographic coordinates
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4.6 Software-in-Loop Simulation

The Software-in-Loop (SIL) provides an invaluable tool for debugging and trou-
bleshooting the flight code in a simulated environment. It compiles the vehicle code
and runs it without requiring any hardware, allowing to verify the plane operation
before uploading the code into the hardware. The SIL uses the same messaging pro-
tocol as the hardware, therefore it communicates with a ground station software as
if the vehicle was connected. The sensor data, such as airspeed, linear and angu-
lar accelerations, actuator deflection, GPS, and motor signals, are generated by the
flight dynamics model present in the “SITL” file folder under the Ardupilot library
files. The simulation and plane parameters are defined by MAVLink commands or
through the ground station software. Wind speed and direction are set with the
SIM_WIND_SPD and SIM_WIND_DIR parameters. A benefit of using the SIL for
troubleshooting is that the entire simulation can be sped-up to 3 times faster than

a real flight, accelerating the process of trying different parameters and configurations.

The Ardupilot platform allows reviewing the measured and estimated flight data
through a log file. During the SIL simulation the data is also recorded as if the plane
was performing a real flight. The variables in the log files are separated by identifiers
that are written following the order in which they are recorded. Depending on the
sensor, the data is recorded at different frequencies. The ground station software
provides a tool for directly analyzing the log files. However, to use the data for
further post-analysis all the identifiers must be spaced to the same frequency and
matched so that the time difference from each record is small enough to be neglected.
Table 4.3 presents the variables recorded and the identifiers used the log files.

The ARSP presents the measured data from the airspeed sensor. CTUN and
QTUN identifiers provide information about the forward and vertical throttle respec-
tively. GPS records the latitude, longitude, and altitude of the plane. IMU records
the linear accelerations and rotational rates. NTUN provides the navigation informa-
tion such as target latitude, longitude, and altitude. AHRS give the plane’s heading
orientation. NKF1 correspond to the Extended Kalman Filter and estimates the Fu-
ler angles pitch, roll, and yaw, the velocity vector, and the position of the plane in
the North-East-Down (NED) reference frame.
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Table 4.3: Ardupilot log file variables

Identifier Variables
ARSP Airspeed, DiffPress
CTUN ThrOut, ThrDem
GPS Lat, Lon, Alt
IMU GyrX, GyrY, GyrZ
AccX, AccY, AccZ
NKF1 Roll, Pitch, Yaw
VN, VE, VD
PN,PE, PD
NTUN Tlat, Tlon, Talt
QTUN ThO

The quadplane flight model splits into the rigid-wing plane and quadcopter physics
models. During take-off and landing, the quadcopter controls take over commanding
the throttle of each of the vertically mounted motors. The pitch, roll, and yaw angles
are then achieved by the difference in thrust output from the motors allowing the plane
to maneuver while hovering. During forward flight the plane attitude is controlled
using the aileron, elevator, and rudder deflection. Either way, the physics model
calculates the forces and moments acting on the quadplane, and consequently the state
of the vehicle, feeding it into the plane code where the controls algorithms decide the
actuator commands. Most of the work regarding tethered flight is performed in the
physics model. The tether effect is directly included in the plane dynamics as forces
acting on the CG, therefore for the sake of clarification, the body force equations are

described in the following sections.

4.6.1 Plane physics model

The plane dynamics are obtained from a linearized 6 DOF aircraft model that imple-
ments the stability derivatives to calculate the forces and moments acting on it. The
aerodynamic lift in Equation 4.1 behaves linearly for small angles of attack, and drag

coefficient in Equation 4.2 is defined with the Oswald efficiency.

= CLO + CLQOOZ (41)
i

Cp=C
b DO_I—’/TBQAR
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With the apparent wind speed V,, and air density p the dynamic pressure ¢ is calcu-
lated with:

1
q= 5/)‘/@2 (4.3)

The rolling, pitching, and yawing moment (L, M, N) in Equation 4.4 are a function
of the plane rotational rates P, (), R obtained from the gyroscope measurement, along
with the plane parameters (aerodynamic chord ¢, wingspan b, and wing area .S), the
control surface deflections (ail, ele, rud), the airspeed V., the corresponding stability

derivatives, and side-slip angle .

i b(clo + e+ % (clpP + CZTR) + Acyq(ail) + Aclr(rud)>
M| =qgS c(cmo + Cna® + CngQa1- + Acme(ele)) (4.4)
N b<cn0 + 3 + 55 (CnpP + cnr R) + Acpa(ail) + Acm(rud)>

The aerodynamic forces acting on the body axis (Fj,, Fay, andF,.) in Equation
4.5 are calculated by rotating the aerodynamic coefficients from the wind axis to the
body axis as presented in Equation 4.6. Lastly, the angle between the apparent wind
speed and the forward body axis is defined as the angle of attack a.

Foe Coa + cqu(i) — ACp, cos(a)(ele) + ACY, sin(a)(ele)
Foy | = @S| o+ epB + 55 (cppP + ey R) + Acya(ail) + Acy, (rud) (4.5)
- Cra + chQ(ﬁ) — ACD, sin(a)(ele) — ACT, cos(a)(ele)
Caa —Cp cos(a) + Cp sin(a)
Cag | _ —Cp, cos(a) + Cy, sin(a) (4.6)
Cza —Cpsin(a) — Cp cos()
Caq —Cp, sin(a) — Cp, cos(a)

The thrust depends on the mounting direction of the onboard propulsion. For

rigid-wing planes it is aligned with the body x-axis as presented in Equation 4.7

Fr. Thrust
Fpr, | = 0 (4.7)
Fr, 0
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Finally, the total forces acting on a tethered plane are given by the sum of aero-

dynamic, thrust and tether forces.

Fx Fam+FTm+Er
F,|=|Fy+Fr,+F, (4.8)
_z Faz+FTz+th

4.6.2 Tether model

A simplified way to model the effect of the tether on the plane’s flight is to represent
it as an elastic rod, as seen in similar AWES prototype project [26]. The model is
incorporated in the SIM plane.cpp file under the “SITL” folder in the Ardupilot
libraries folder. The tether force is comprised of the weight, aerodynamic drag, and
tension, as presented in Equation 4.9. For the tension, the tether elastic constant K
changes over time depending on the tether length [;, elongation at breaking point ¢,
and breaking load Fj .. (Equation 4.10).

Ft:c F;fension,x + Fdrag,z + FW,x
Fty = Ftension,y + Fdrag,y + FW,y (49)
Ez Ftension,z + Fdrag,z + FW,Z
F, max
K, = —tmer (4.10)

€l

The magnitude of the tether tension force acting on the plane is obtained from
Equation 4.11. Tt is a function of elongation (AX), generated from substracting the
reference tether length [, to the actual tether length [,. The first is known from the
programmed length at the GS, and the latter is obtained from the plane’s current
position in a ground reference frame (X,,,Y,, Z,) calculated with Equation 4.12. The
tether force also acts as a physical constraint, where for a specific tether length the
force will continue to increase as it elongates, to the point where it becomes bigger
than the total aerodynamic force pulling the plane towards the GS. On the other
hand, if the position of the plane is closer to the GS than the tether length, there is

no tension applied to the plane.

-Ft,tensz’on = Kt(lp - lt) (411)
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b= \/X3+ Y7+ 22 (4.12)

The tether force is applied on the plane’s CG always pointing toward the GS
location. The magnitude of the force is calculated in the ground reference frame and
then rotated to the body reference frame through the rotation matrix R using the
plane Euler angles roll (¢), pitch (6), and yaw (v).

cos(8)cos(1)) cos(8)sin(1) —sin(0)
R =] —cos(0)sin(v) + sin(p)sin(B)cos(v))  cos(@)cos(yp) + sin(p)sin(0)sin(y)  sin(p)cos(6)

sin(@)sin(y) + cos(@)sin(@)cos(vp)  —sin(@)cos(v) + cos(d)sin(0)sin(v) cos(d)cos(d)
(4.13)

The drag force resulting from the tether can be estimated using the total angular
momentum of tether, integrating over the entire length, as presented in [45]. The
resulting force that generates the momentum is expressed in Equation 4.14, where

Cp, is the tether drag coefficient and A; the tether front projected area.

Fydrag = — (4.14)

pCpiAcos(a)|[Ve* [ V4
8 Vil
Lastly, the tether weight is a function of its length L, with m,; the tether mass
per unit length. This force is always parallel to the Z direction in the NED coordinate

system, therefore it requires to be defined in body axes using the rotation matrix.
Fyw = mylig (4.15)

4.6.3 (Quadcopter model

The physics model of the quadcopter is relatively simple in comparison to a fixed-
wing plane. The flight entirely depends on the thrust generated by the motors when
changing their rotational speed. The body forces in Equation 4.16 are a sum of the
motor thrust Th;. The moments in Equation 4.17 are the individual thrust multiplied
by the arm length L,.,. The quadcopter moves in space by rotating along one of
its axis which generates a side force when the thrust is decomposed into vertical and
horizontal components. Finally, the tether loads described in inertial coordinates are

applied as body forces on the CG through the rotation matrix R (Equation 4.13.
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F,x 0
Foy | = 0 (4.16)
Fyz Ty + Tare + Tz + Thya
M,x (Tara + Tara) Larm
My | = (T + Tors) Larm (4.17)
M,z My + Mo + Mpgz + Maga

4.7 Results and Discussion

This section analyzes the results from various SIL simulations performed with dif-
ferent flight missions. First, a VT OL waypoint flight plan is performed to evaluate
the tether drag and weight model. Second, the tether tension model is assessed by
implementing a figure-8 trajectory for a range of wind speeds. Third, the quadplane
trajectory tracking performance is evaluated using an ideal winch model. Lastly, the
onboard power consumed is compared with the potential power production for specific
crosswind trajectories. The data recorded in the log files is converted into MATLAB
format and used for further analysis.

The plane used in the simulation is based on the Skywalker 2013 RC model aircraft.
Its general specifications are presented in Table 4.4. Although the specifications are
not the same as the hardware in Chapter 2, the Ardupilot allows to adapt the plane
performance through the parameter file. What is required for the simulation is to
describe the plane actual performance specifications such as, stall speed, trim speed,
trim throttle, etc. The developed quadplane specifications can’t be directly defined

in the flight model, as the stability derivatives are not entirely known.

Table 4.4: General specifications of the model plane.

Wing area (m?) Wingspan (m) Chord (m) Weight (kg)
0.45 1.88 0.24 2

4.7.1 Vertical take-off and landing and tethered flight

Automating the entire simulation is achieved by incorporating a VTOL approach
to the flight mission. The throttle profiles in Figure 4.8.a show the three phases of

the mission. Between 50 and 100 seconds the quadcopter motors (orange curve) are
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constantly active to vertically climb to the reference altitude of 100 m, when reached,
the forward motor (blue curve) begins to provide thrust to transition into forward
flight. Simultaneously, the quadcopter motors quickly reduce the throttle to zero.
Transitioning back into quadcopter mode, the plane and quad propulsion systems
work together; reducing and increasing thrust respectively. Finally, when the plane is
positioned under the landing point, the quadcopter motors reduce the throttle under

the hover throttle to control the descent into landing.

/J ——Trajectory =Tether
120,

100

80

Z (m)

X (m)

Figure 4.7: Resultant trajectory with representative tether

Throughout the mission, the plane was tethered to the ground station as repre-
sented with the orange curve in Figure 4.7, assuming that the winch can spin freely to
avoid generating any tension. However, the weight and aerodynamic drag in Figure
4.8.b are present at all times. The apparent airspeed vector required to calculate the
tether drag in Equation 4.14 can’t be measured directly. However, it is obtained in
the NED frame with Equation 4.18, and then rotated to the plane coordinate system
with the rotation matrix in Equation 4.13. The resultant apparent wind speed vector
is used to apply the drag force on the CG in the appropriate direction, the norm of
the drag force is proportional to the airspeed square, and can be verified with the
measured airspeed data.

VeneED = Viind — Vplane, NED (4.18)
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Figure 4.8: Simulation results for tethered VTOL and forward flight with zero wind
speed.

A parametric study shows the effect of the wind speeds on the aerodynamic drag
generated by a 1.6 mm diameter tether. In Figure 4.9 the plane was set to circle the
ground station at a 50 m altitude at a constant ground speed of 10 m/s, varying the
wind speed (Vi) from 0 to 8 m/s in the X direction. This flight mission assess the
drag of the tether while flying upwind and downwind. The initial drag force peaks
represent the transition from hovering to forward flight, while the prolonged higher
drag values represents the plane flying against the wind. In some cases, the drag force
becomes smaller than the 2 N reference drag at 0 m/s wind speed, indicating that
the tether is being pushed while traveling downwind.

For all the following SIL simulations the tether model is included in the flight
dynamics. Also, for operational simplicity, all the future missions implement the
VTOL approach.
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Figure 4.9: Tether drag for wind speeds of 0-8 m/s in the X direction.

4.7.2 Tether tension in crosswind flight

The tether model is evaluated by defining a flight mission that is projected on a
sphere with a radius equal to the fixed tether length, and setting a range of wind
speeds that allows crosswind flight. The tension applied on the plane is calculated
using Equation 4.11 where [, is the radial position of the plane, [; is the maximum
tether length set to 100 m, and K, is the tether constant of elasticity which varies
depending on the elongation generated by the plane’s pull. The resulting tension
pulls the plane towards the ground station balancing with the aerodynamic forces
generated by the apparent wind speed.

The resulting trajectories from the 0 to 10 m/s wind speeds are presented in
Figure 4.10, showing a significant deviation from the reference trajectory in all cases.
The plane can enter and maintain crosswind flight for this specified trajectory with
wind speeds higher than 4 m/s, maintaining a constant radial distance to the ground
station. However, wind speeds higher than 10 m/s will prevent the plane to reach the
waypoints along the curves of the figure-8 due to the high wind resistance. Moreover,
increased wind speeds force the plane into a stable position with zero ground speed,
sustaining flight due to the balance of forces in the tether direction.

The spring model produces tension forces only when the plane’s radial distance
to the GS is bigger than the maximum tether length. These tension peaks (Tjeper in
Figure 4.11) pull the plane toward the ground station causing a sudden decrease of

its radial distance, consequently reducing the tension to zero. In reality, the physical
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consequence would be a slack in the tether, that as soon as the plane passes the 100
m length gets taut and generate the high loads, possibly causing the plane to diverge
from the reference trajectory. The implementation of a GS tension controller which
allows the plane to successfully follow the pre-defined trajectory is investigated in
Section 4.7.3.
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Figure 4.10: Resultant trajectories for Viyy = (0 —10,0,0) m/s and GS at position (0,
0, 0)
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Figure 4.11: Resultant tether length and tension for Vj = (0 — 10,0,0) m/s and GS
at position (0, 0, 0)



82

4.7.3 Crosswind flight with ideal reeling control

The flight simulation was performed implementing an ideal ground station controller
for following the pre-defined trajectory. AWES power generation depends on the
quality of the wind resource since variation in wind speed generates oscillations in
the tension, and therefore in the power output. One solution is implementing a reeling
control that ensures constant torque on the generator, smoothing the tension peaks.
For the circular and figure-8 trajectories, a constant tension of 15 N is continuously
applied to the plane, thus, the tether length will no longer be fixed but will be

continuously reeled in and out to maintain the tension.

Fixed tether length trajectory following
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Figure 4.12: Fixed tether length (150 m) trajectories, 7 m/s wind speed in X direction,
ideal winch control of 15 N tension

The simulation was set-up with wind speeds of 7 m/s and a trajectory projected
on a sphere with a 150 m radius. Figure 4.12 shows the reference trajectory, Figure
4.13 the target waypoints (latitude, longitude, and altitude), and Figure 4.14 the
speed, throttle and attitude of the plane for one single loop. From the resultant 3D
trajectory, a significant improvement can be noted in contrast to the fixed tether
length from the previous section. The reference latitude, longitude, and altitude (red
curve) show the waypoint that the flight controllers are targeting. Once the plane
(green curve) is within a radius of 25 m from the target, it switches to the next

waypoint successfully flying along the reference trajectory. This waypoint distance
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allows some degree of relaxation on the flight controller and reduces the attitude
change rate. Smaller waypoint radius produced high-frequency oscillations in the

pitch and roll angles of the plane, while larger radius ignored the altitude changes.
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Figure 4.13: Target and actual position in fixed tether length (150 m) trajectories, 7
m/s wind speed in X direction, ideal winch control of 15 N tension

The pitch results for the circular trajectory still presented oscillations while diving
for the lower altitude waypoints, causing the navigation control to overshoot the
reference latitude and deviate from the trajectory (still within the 25 m radius). This
is not the case for the figure-8, where the pitch is roughly constant during climbing
and diving switching from 30° to —40° on either case.

The energy efficiency of the cycle can be estimated based on the time that the
forward propeller is providing thrust, represented as throttle in 4.14. Where for the
circular trajectory the onboard propulsion is constantly providing thrust even on the
diving maneuver, whereas for a figure-8 the throttle is completely shut-off for approx-
imately 50% of the cycle. Turning off the throttle provides the opportunity for using
the propellers as wind turbines and harness the apparent wind speed, consequently

charging the battery or sending the electricity to the ground with a conductive tether.
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Figure 4.14: Speed, throttle, and attitude in fixed tether length (150 m) trajectories,
7 m/s wind speed in X direction, ideal winch control of 15 N tension
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Figure 4.15: Pumping mode trajectories with 7 m/s wind speed in X direction, ideal
winch control of 15 N tension

Pumping mode navigation results are similar to the fixed radius trajectory. The
main difference is that the plane follows a series of waypoints projected on a sphere
that continuously increases its radius. The results in Figure 4.15 show trajectory,
Figure 4.16 the target and actual position, and Figure 4.17 the speed and throttle
along with tether length and reeling speed for one complete pumping cycle. For each
reel-out loop, a similar performance to the fixed radius is presented, where the plane

overshoots the latitude coordinate and continues to provide thrust throughout the
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circular loop, while the figure-8 achieves to shuts down the propulsion during the

diving sections of the loop.
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Figure 4.16: Target and actual position in pumping mode with 7 m/s wind speed in
X direction, ideal winch control of 15 N tension

To maintain positive power output during the reel-out phase, keeping a continuous
positive reeling speed Viegner and tether tension is essential. From Figure 4.17, the
reeling speed for both circle and figure-8 trajectories change reeling direction during
the traction phase. This could be a consequence of low wind speeds, inappropriate
tension set-point, un-tuned flight controller, or a combination. Future work should in-
vestigate the incorporation of the power generation condition to the TECS controller,
where not only the pitch and throttle are regulated to meet the altitude targets, but
also to generate enough aerodynamic force to balance the tether force, allowing either

constant reel-out speed or constant traction force on the tether.
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Figure 4.17: Speed, throttle, tether length and reeling speed in pumping mode with
7 m/s wind speed in X direction, ideal winch control of 15 N tension

4.7.4 Power estimation

The plane model implemented for the simulation was not meant to generate power
from crosswind flight. The goal is mainly tuning controls, evaluate the tether model,
and try different trajectories for AWES operation. However, for the sake of complete-
ness, the total power output of the system can be estimated by the difference in the
generated and consumed power. For fixed tether length, the consumed power comes
from the commanded throttle to keep the plane in the trajectory, while the generated
power is assumed to be obtained from the same propulsion components operating as
a turbine rotor. Furthermore, pumping mode generates and consumes power at the
ground station depending on the reeling direction, and to the onboard propulsion to

follow the defined mission.

Psys = Pgen - Pcon (419)

For drag and pumping modes, the consumed onboard power is modeled as electric
power proportional to the commanded throttle. In Equation 4.20, [,,,, represents
the maximum current allowed by the motors, Viguery is the operating battery voltage

assumed constant throughout the flight, and the throttle given as a percentage.

Ponboa'rd - %attery : Imaw - Throttle (420)

Pumping mode power Py, 1rqc is directly calculated by the tether tension 7},,. and

reeling speed V,...; as in Equation 4.21. Maintaining a positive reeling speed during
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retraction is critical for obtaining a net positive traction power.

Pgen,trac = Er‘ac : V;"eel (421)

If the plane can to sustain crosswind flight without assistance of the onboard
propulsion, meaning that no throttle is applied in the forward motor, it could poten-
tially generate power in drag mode. The onboard motor and propeller system can be
used inversely as a wind turbine, driven by the apparent wind speed on the plane.
Making this assumption, the drag power generation Py, 45 is estimated using the
Momentum Theory presented in Equation 4.22. The apparent wind speed V, is used
instead of the environment wind speed, and the coefficient of power is considered as
Betz limit C, = 0.67 for maximum power capture. This onboard generation model
is strictly theoretical, as it does not consider the drag generated by the turbines

mounted on the plane.

1
Pgen,turb = épApropV;SOp (422)

A simple control strategy is implemented to evaluate the effect of the tension set-
point on the traction power generation (Pyen trac) and onboard power consumption
(Peons.ons). The GS has two different tension values as a function of the reeling
direction. The simulation was set up for 30 N of tension set-point when reeling out
and a range from 0 to 30 N when reeling in. The same process was repeated with a
20 N tension for reeling-out. The power results are presented on Figure 4.18.

As expected, the plane reduced the onboard consumption with a higher retraction
tension set-point due to the winch assist while flying upwind. The tension pulls the
plane towards the GS allowing to reach the trim speed without the use of the front
motor. However, the gain in onboard power consumption comes at a loss in the trac-
tion power generation, meaning that at this scale there is no significant improvement
in terms of power production. For simplifying the hardware operation, the winch is
set to maintain the same set-point for either reeling-in and out.

Extending these curves would allow obtaining the optimal traction control. How-
ever, the simulated plane cannot take any tension load over 30 N without deviating,
or not achieving crosswind flight. The scaling of the system will determine if the plat-
form allows net positive power cycles, therefore it’s suggested to implement a larger
plane with increased mass and wing area.

Figure 4.19 presents the drag power estimate for one loop of the circle (left) and
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Figure 4.18: Variation of traction power generation and onboard power consumption
with retraction tension set-point

figure-8 (right) trajectories, implementing an ideal winch control that can maintain
constant tension of 15 N while flying in 7 m/s wind speeds. The onboard consumed
power (red curve) is directly proportional to the forward motor output, which is
constantly on to follow the trajectory. Small periods with zero throttle allows the
propeller to act as a turbine driving the motor as a generator. The theoretical gener-
ated power (green curve) is a fraction of the power consumed as a consequence of the
amount of energy that any rotor can harness from the wind based on Betz limit. The
figure-8 trajectory presents an improvement in the consistency of drag power during
the diving sections of the path, as the plane’s throttle spends more time shut-off,
potentially enabling longer periods of power generation. A suggestion for further de-
velopment is a model that considers the use of the quadcopter components as onboard
turbines. This would require an actuator system that could turn the orientation of

the VTOL motors from vertical to horizontal.
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Figure 4.19: Power consumed by onboard propulsion (red) and theoretical power
generated by drag mode (green) for circular trajectory (left) and figure-8 (right)
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The pumping mode power for one cycle using an ideal winch of 15 N tension set-
point and 7 m/s environment wind speeds is presented in Figure 4.20. The results
show similarities to the drag mode cycle in terms of throttle required to perform
one loop. The generation is now done through the tension and speed at the ground
station (green curve), resulting in similar net cycle traction power for the circle (left)
and figure-8 (right), still significantly below the required onboard power consumption
(red curve) required to follow the trajectory. These results highlight the importance
of integrating the plane navigation with a winch control for maximizing the traction
power generation, whereas the GS must provide the right tension depending on the

plane flight phase.
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Figure 4.20: Power consumed by onboard propulsion (red) and theoretical power
generated by pumping mode (green) for circular trajectory (left) and figure-8 (right)

4.8 Conclusions

This chapter presented the process of using the Ardupilot SIL simulation to esti-
mate and tune the performance of the developed hardware. The simulation is used to
tackle the challenge of achieving a fully autonomous lab-scale prototype. The general
architecture of the Ardupilot is described in a comparative approach between the
software and the hardware implementation. The simulated and real data can be used
to influence each other through evaluation of logged data, and thus, adapt the flight
controller parameters. A key aspects of the autopilot is the different control strate-
gies: fixed-wing navigation, speed and height, attitude, and quadcopter position and
attitude controllers. Tuning the corresponding parameters allows to better represent
the real quadplane performance.

AWES flight plans are defined as waypoint missions, from vertical take-off, tran-
sition into crosswind flight, and vertical landing. VTOL is enabled with the incor-
poration of the quadplane parameters, defined from the hardware specifications. A

tether is modeled as an elastic rod in the physics model of the SIL simulation. In-
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corporating its drag, weight, and tension as an external force applied to the plane’s
body axes. Combining VTOL with the tether model, fully autonomous missions are
simulated. Fixed tether length simulations allow the plane to enter crosswind flight,
but generating high tension peaks due to frequent switching between slack and taut
tether, causing a significant deviation from the specified trajectory. This led to the
implementation of an ideal winch control that maintains a constant tension. The
flight parameters of successful trajectory tracking simulations are saved for further
implementation in the real flight controller. During the pumping mode simulations,
challenges were encountered in maintaining a steady positive reel-out speed in the
traction phase, concluding that the trajectory and pitch controller must be fine-tuned
jointly with the objective of achieving positive traction power generation.

Results from the simulation demonstrated that the system can produce relatively
small traction power, and theoretical drag power. For this scale, the system still
requires energy input to operate. It becomes a hardware limitation in regards of
the battery capacity, and thus the available flight time. A system scaling study is
suggested to attempt to obtain a net positive power output from the simulation,
potentially using the results for developing a scaled-up prototype. This study would
assesses the power generation and trajectory tracking with planes with a larger wing
area and mass. Therefore, it would require the aerodynamic characterization and

re-iteration of the hardware design process.
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Chapter 5

Experimental Flight Testing of an
Airborne Wind Energy Prototype

5.1 Introduction

Airborne Wind Energy Systems (AWES) complexity in terms of automation in flight
control requires that prototypes undergo countless number of experimental tests. Usu-
ally, AWES flight tests are classified as high risk operations, whereas a minor failure
is very probable to occur and could lead to a total loss of the device due to crashing.
On the larger scale, companies like Ampyx Power have adopted the aerospace certi-
fication, mitigating the risk of crashing by using thorough methods for failure modes
characterization for every component of the aircraft. On the smaller scale, companies
and research groups cannot afford such complex and expensive methods, therefore a
solution is to reduce the cost related to a potential failure. This is done by developing
small-scale devices from off-the-shelf components, still providing valuable operational
insight and model validation, but in case of a crash the device could be easily replaced
with relatively low investment.

This chapter focus on the flight tests performed by the lab-scale prototype de-
veloped with the Ardupilot code. Comparing the experimental results to the SIL
simulations allows to find the main discrepancies between the actual hardware perfor-
mance and the model, and further tune the simulation to more accurately resemble the
quadplane. Furthermore, preparing and executing the flight tests provides a valuable

insight of the legal requirements and regulation that must be assessed before flight.
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5.2 Flight regulations in Canada

Aerospace regulations are certainly a limiting factor for AWES systems [46], and
small-scale systems are not exempt from the strict regulations. This presents a ma-
jor challenge in regards to performing experimental flight tests. However, the or-
ganization of the appropriate licensing, aircraft registration, permits, and operation
documents provided an operational window that allowed the quadplane to be tested.

In terms of operation procedures a detailed Concept of Operations (CONOPS)
document was formulated and presented in Appendix B, containing a detailed site
survey, emergency procedures, flight operations procedures, aircraft flight and mainte-
nance logs. This process was possible with the assistance of the Center for Aerospace
Reseach (CFAR) which provided the appropriate orientation for building the proce-
dures towards a safe and legal operation.

The concept of operation first defines the purpose and objective of the flight oper-
ation, which is validating the simulation models with the experimental results, as well
as proving the concept of development of a low-investment AWES platform. The site
survey describes the flight operation area, detailing the potential hazards, recovery
routes, and pre-flight site inspection procedure. Moreover, the roles and responsibil-
ities of the crew are clearly stated. Pre-operation checks and briefings are detailed,
along with the estimated vehicle performance specifications. The emergency proce-
dures describe a series of possible emergency scenarios and provide a list of executable
actions to countermeasure the potential situation. Furthermore, the document con-
tains a list of the pre-flight check to be performed to the aircraft before each flight.
The test flight cards which states the flight test objective, and step-by-step flight ac-
tions. Finally, the post-flight checks are presented, including inspections, flight data
transfer and analysis.

The flight logs keep track of the flights performed, while the maintenance logs
keep track of the modifications made to the aircraft. These documents are required
to be on-site during the operation for reference and for complying with the legal

requirements.

5.3 Flight Test Campaign

A series of experimental flight tests are performed with increased complexity. Each

flight test targets specific objectives for verifying the autopilot performance. Mak-
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ing sure that the previous requirements are operating accordingly before each test
increases the rate of success and safety of the mission. The flight tests consists in:
VTOL controller tuning, non-tethered VT OL, tethered VTOL, non-tethered way-
point tracking in quadcopter modes, manual airspeed sensor calibration wind box,
non-tethered waypoint tracking in fixed-wing mode, and tethered waypoint tracking
in fixed-wing mode. Each flight has its specific objective with the goal of gradually
tune the system to full autonomous crosswind flight. Some specific objectives might
involve: attitude control, position hold, throttle evaluation, sensor calibration, effects

of tether tension, and waypoint navigation performance.

5.3.1 Vertical take-off and landing controller tuning

Getting Vertical take-off and landing (VTOL) working properly is the most critical
part of the operation of the prototype; this allows the plane to go from a parked
position to crosswind flight without requiring manual input from a pilot or a large
take-off area. A well-tuned operation also allows recovering flight control in case
of an unexpected event such as tether rupture or irregular winch operation. The
VTOL tuning process consists of finding the best PID gains for the attitude controller
described in Chapter 4. Fortunately, the Ardupilot platform has the QATOTUNE
flight mode that gives step commands to the hovering plane in the pitch, roll, and
yaw direction to evaluate its response and estimate the gains.

To enter the QAUTOTUNE flight mode, the plane needs to take-off manually in
a semi-autonomous mode such as QHOVER or QSTABILIZE, and then change the
mode switch to QAUTOTUNE. Once stable, the plane will commence the tuning
process one axis at a time. When finished, the plane should be manually landed and
disarmed without switching out of the QAUTOTUNE mode. Figure 5.1.a show the
commanded roll angle step and the actual response of the plane during the tuning
process, and Figure 5.1.b shows the desired and actual roll rates. This process is
repeated for the remaining pitch and yaw axis.

The quadcopter attitude controller applies PID gains to the pitch, roll, and yaw
rate errors to find the optimal motor output. Table 5.1 presents the angular rate
gains obtained from the test. A more complete list of parameters can be found in the
Appendix A. The proportional gain multiplies the rate error, and should be increased
as much as possible without causing oscillations. The integral gain attempts to remove

the accumulated error over time. It should increase if the desired rate is not being
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Figure 5.1: QAUTOTUNE (a) roll angle and (b) roll rate

met over time. Lastly, the derivative gain dampens the response by considering the
error change rate. A derivative gain too high can amplify the noise, while too low

overshoots the response.

Table 5.1: QAUTOTUNE rate controller PID gains

PARAMETER P I D
Q-A_RAT_ROLL_  0.33628 0.33628 0.01440
Q-A_RAT_PITCH- 4.5 0.25 0.0036
Q-A RAT_YAW_ 0.18 0.018 0

5.3.2 Autonomous take-off and landing

The first flight test consist in performing a vertical take-off, hover for 60 seconds at
an altitude of 3 meters, and finally land. The objective of this test is to evaluate the
flight controller performance in terms of (1) meeting and maintaining the altitude
target, (2) maintaining the intended hover location, (3) evaluating the required hover
throttle, and (4) evaluating the plane attitude during the test.

The flight test results are presented in Figure 5.2 in an orange line, while the
simulation results are presented in a blue line. The simulation and experimental
times where adjusted to match at the take-off.

The 3D trajectory plot shows the inconsistency of the location in the X axis, which
is justified with the accuracy of the GPS measurements. However, once the flight
begins, the take-off location is locked and the quadplane will attempt to maintain a
consistent location hold in the X and Y coordinates. Remarkably, the actual flight
controller achieved a controlled vertical climb while the simulation diverged almost
8 meters before reaching the hover altitude. The GPS measurement error produces

a non-zero ground speed, which leads to the active position hold though attitude
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variations. In overall, the quadplane was able to successfully hold the desired position
and altitude autonomously, allowing to advance into the tethered autonomous VTOL
flight.
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5.3.3 Autonomous tethered take-off and landing

The following test flight consisted in performing VTOL and hover with the incorpo-
ration of the ground station and tether. The plane is commanded to take-off and
hover at 3 meters for 10 seconds, where the tether would be manually reeled in until
taut. Then the plane is commanded to vertically climb to 10 meters, where it would
stay hovering for 2 minutes. Then manual yanks are applied to assess the quadplane
stability, and record the tension loads on the ground station as well as the Inertia
Measurement Unit (IMU) accelerations.

The ground station was placed 10 meters from the take-off location as shown in
Figure 5.3.b. The position results show how the quadplane is able to hold the target
waypoint in quadcopter mode even when the tether is being pulled. The ground
station tension peaks on Figure 5.3.f were recorded with the tension sensor, and then
compared with the body forces resultant from the IMU acceleration measurements.
As the tension increases the quadplane is forced towards the ground station, however,
the quadcopter motors counteract this tension with additional thrust as in Figure
5.3.d. For the sake of completeness, the tether weight and drag were estimated from
the quadplane position and airspeed, resulting in values that can be neglected for the
purpose of this flight tests.

In conclusion, the quadplane sucessfully performed the tethered VTOL autonomous
flight mission. The manual yanks on the line could be counteracted by the quadcopter
motor to continue to hold position and altitude. Finally, the matching forces from the
ground station tension measurement and IMU acceleration logs provide an approach

for evaluating the interaction between them.
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5.3.4 Autonomous waypoint mission

This test verifies that the real flight controller can navigate the un-tethered quadplane
through a series of points. It is performed using the quadcopter motors for vertical lift,
while the front motor provides the forward thrust. To avoid transition into forward
flight, the maximum forward throttle is limited to 15%, as the airspeed sensor is still
not calibrated for fixed-wing modes. The flight test consists in taking-off vertically
to an altitude of 10 meters, navigate to the 4 waypoints (3, 4, 5, and 6) in Figure
5.4.a, return to “home”, and land. The entire mission is performed autonomously
maintaining a constant altitude of 10 meters.

Regardless of the defined controller parameters, such as speeds and throttle lim-
its, the simulated quadplane continued to overshoot the waypoints with flight speeds
larger than expected. Therefore, the aerodynamic characteristics of the plane were
adjusted by increasing the value of C'pg from 0.1 to 1.3. This additional drag repre-
sents the quadcopter hardware and the foam blocks used for early testing protection.
Once the controller is reliable in forward flight, the blocks could be removed allowing
to obtain the appropriate drag coefficient that best resembles the hardware.

Figure 5.4.b show a similar trajectory for the simulation and flight test. The
battery voltage became dangerously low approaching the final waypoint, causing the
pilot to take manual control of the plane and perform an emergency landing. This
specific mission demands high energy consumption, as it requires continuous operation
of the VTOL combined with the forward motor. The battery capacity is a major
constraint and should be further improved for longer lasting flight tests.

The airspeed sensor is used for a better estimation of the plane speed. How-
ever, Figure 5.4.h shows that it still requires calibration before being used for an
autonomous transition. The noise in the measurement has a mean deviation of 2
m/s, potentially failing to recognize the critical speed values such as trim speed, stall
speed, and most importantly, the quadcopter assist speed. A manual flight test is
suggested for sensor calibration performing a wind box using the GPS ground speed
as reference.

Distance plots in Figure 5.4 show that the simulated mission is finished in less
time. This is caused by the drop in ground speed during the segment 4 to 5, possibly
a consequence of unmeasured wind gusts coming from the East direction (towards
negative Y in Figure 5.4.b). This leads to conclude that an appropriate airspeed

sensor calibration is indispensable for advancing the testing to fixed-wing flight modes.
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5.3.5 Future flight tests

Flight testing takes an unforeseen amount of time. Once the hardware is ready, other
components have to be organized in order to properly, safely, and legally perform the
flight tests. First, the right documentation previously described must be completed.
Second, the appropriate flight testing location that complies with the regulations has
to be defined, surveyed, and approved by the crew. Lastly, the flight test crew need
to be organized. This involves finding an experienced pilot that could perform the
manual tests and be on standby for taking over control on an autonomous mission.
The testing phase is still ongoing. The future scheduled tests are described in the
Concept of Operations document in Appendix B. Ultimately, the goal is to achieve
crosswind flight with fixed tether length and pumping mode. The tests flight to reach

that stage are presented as follows:

e Manual airspeed sensor calibration (reference CONOPS).

e Autonomous non-tethered VTOL and waypoint tracking in fixed-wing mode at
constant altitude (reference CONOPS).

e Autonomous non-tethered VITOL and waypoint tracking in fixed-wing mode at
variable altitude (reference CONOPS).

e Autonomous tethered VTOL and circular waypoint trajectory tracking in fixed-

wing mode. Performed at constant altitude and fixed tether length (to be
defined).

e Circular crosswind flight in fixed tether length. Autonomous tethered VTOL
and circular waypoint trajectory tracking in fixed-wing mode. Performed at
variable altitude and fixed tether length (to be defined)

e Figure-8 crosswind flight in fixed tether length. Autonomous tethered VTOL
and figure-8 waypoint trajectory tracking in fixed-wing mode. Performed at
variable altitude and fixed tether length (to be defined)

e Circular crosswind flight in pumping mode. Autonomous tethered VIOL and
circular waypoint trajectory tracking in fixed-wing mode. Performed at variable
altitude and variable tether length (to be defined)
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e Figure-8 crosswind flight in pumping mode. Autonomous tethered VTOL and
figure-8 waypoint trajectory tracking in fixed-wing mode. Performed at variable
altitude and variable tether length (to be defined)

5.4 Conclusions

Flight tests are currently ongoing. So far the prototype has been able to per-
form VTOL controller calibration, autonomous tethered and non-tethered flight, and
VTOL mode waypoint trajectory tracking. The controller calibration provided the
appropriate PID gains that allowed the next tests to be performed successfully. The
quadplane is able to autonomously hold position and altitude, vertically climb with
applied tether tension, and manage to keep stable while performing manual tension
peaks. The defined waypoint mission was followed successfully. However, the real
flight took longer time to complete than the simulation. This could be due to an
uncalibrated airspeed sensor, additional drag from the temporally protective equip-
ment, and unaccounted wind speeds during the operation. The tests confirmed the
battery capacity and flight time limitation, and its suggested for further studies to

increase the autonomy of the quadplane.
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Chapter 6

Conclusions

6.1 Overview of software and hardware integra-

tion for flight testing

This thesis developed a lab-scale AWES prototype using the Ardupilot open-source
autopilot platform. The goal is to provide initial insight into the overall system, gather
preliminary flight data, and get real-world experience in AWES operation. The quad-
plane developed consists of a hybrid between a fixed-wing plane and quadcopter. This
airframe configuration was selected for ease of operation through its VT OL approach
and potential to automate the entire flight mission. The hardware was characterized
through static studies of the quadplane. Parameters such as trim speed and throttle,
stall and maximum speed, hover thrust, and maximum vertical speeds are identified
and input to the SIL simulation. The quadplane was simulated in the Ardupilot
SIL simulation using the hardware parameters. To account for AWES operation, an
elastic tether model was incorporated into the plane physics model as external drag,
weight, and tension forces applied to the CG. The simulation flight controllers were
tuned using autonomous flight missions that involve VTOL and crosswind flight, ob-
taining the most appropriate controller parameters that can further be integrated to
the hardware controller. Preliminary flight tests were performed to continue tuning
the controllers and provide feedback to the simulation. In overview, iterating be-
tween the hardware operation and SIL simulations allows convergence of the system

parameters and provides a better estimation of its performance.
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6.2 Conclusions

A 2-meter wingspan commercial model RC plane was structurally reinforced for teth-
ered flight by replacing the original aluminum wing spars with carbon fiber tubes.
VTOL was enabled through the integration of a quadcopter frame to the fixed-wing
structure. Autopilot operation was enabled with the incorporation of the Ardupilot
compatible hardware (Pixhawk flight controller), GPS module, airspeed sensor, and
radio and telemetry systems. The motor sizing and quadcopter frame had to be
iterated to allow sufficient lifting capabilities. A ground station was developed in col-
laboration with 4th year Mechanical Engineering students as part of their program
requirements. The ground station is self-contained and designed for portability. It
manages the tether into a spool through a linear actuator mechanism, and allows
tether tension measurements.

A 3 DOF flight model was developed in spherical coordinates for controller tuning,
load estimation, and trajectory tracking. It was used to verify that a simple navigation
controller, similar to the Ardupilot controller, can achieve AWES trajectory tracking.
Overall, the model provides a tool for evaluating different system dimensions, wind
profiles, and trajectories.

The developed hardware was tuned using the Ardupilot SIL tool. The key con-
troller parameters were obtained from running simulations that would later become
flight tests. The simulations allowed evaluating the performance of the tether model,
the VT'OL components, trajectory tracking controllers, and assess the system’s power
generation. The tether model is a physical constraint that prevents the plane flying
any further than the tether length. The VTOL components simplify the take-off and
landing phases and allows automation of the entire mission. The navigation con-
trollers successfully manage to follow the specified trajectory when implementing an
ideal winch model. The power analysis shows that there is potential for power gen-
eration, and suggest studying larger-scale systems where the power output could be
increased with the wing area.

An incremental flight test campaign was defined to gradually get testing experience
and collect flight data. Initial test flights were performed to physically tune the VTOL
controller through an Ardupilot autonomous flight mode. The new PID gains are
then used in autonomous VTOL flights tests such as, position and altitude hold, tether
load assessment, and waypoint navigation. More flight tests are being scheduled with

the goal of achieving a fully autonomous AWES crosswind flight.
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6.3 Lessons Learned

Aerospace design and development is an iterative process. The aircraft subsystems
including, aerodynamics, propulsion, controls, and structure design, have their indi-
vidual challenges, while they are also dependent of each other. Selecting an off-the-
shelf model plane constrained the design specifications, such as wing area, fuselage
space, and structural strength. The selection of the quadcopter propulsion system is a
component that should be prioritized in this type of prototype. In general, the thrust
to weight ratio should be greater than 2 to allow hovering at 50% thrust. However,
being AWES highly maneuverable and required to carry a tether, it is suggested to
target higher thrust to weight ratios. Additionally, the plane wing area should be
selected or designed to account for the extra weight from the VT OL components.
Furthermore, the relation between wing area, total weight, vertical thrust should be
optimized for increasing the autonomy of the aircraft through the battery selection.

Robustly controlling AWES is not trivial. This might be one of the reasons why
the industry hasn’t reached commercialization yet. The incorporation of the tether
increases the complexity level of any flight control system. The control challenge is
recognized through the development of a simple controller for a 3DOF model. Even
though this is a highly idealized model, the flight controller is not entirely robust.
Advancing into realistic 6DOF flight models, would then require advanced flight con-
trollers that increase the system’s operation reliability, and require to coordinate the
plane operation with the ground station tether control.

The Ardupilot code is a extensive repository containing many libraries, main
files, headers, functions, etc. Tackling the code for the first time could be overwhelm-
ing. Therefore, it is suggested to take additional time in understanding the system’s
architecture, and how subsystems work and are linked to each other. The Ardupilot
website is well-supported and contains all this information, also, the community blogs
are an excellent tool to use for getting additional help code development. Moreover,
the Ardupilot platform is in C++ programming language, which has a steep learning
curve. Modifying the code presented a challenge no only because of its complexity and
numerous functions, but because there is no way of troubleshoot the edits performed
in the SIL library files.

Flight tests took an unforeseen amount of preparation. The experimental quad-
plane falls into drone regulations, and require a number of legal documents, permits,

and certifications to legally operate for research purposes. A suggestion to improve
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this process, is to invest time in preparing the documents from the beginning of the
project, as some might take longer than expected and could delay the entire project.
The first flights must be performed manually before implementing the autopilot,
therefore another challenge is finding an experienced and certified pilot. Overall,
flight testing should involve a group of people that take different roles, and expand-
ing the project to collaborate with local aerospace student and research groups is

recommended.

6.4 Future work

Immediate future work consists in completing the integration of the electric and power
components to the mechanical part of the ground station, enabling its full autonomous
operation. The testing campaign is ongoing with the goal of achieving autonomous
crosswind flight. Future flight tests will perform the simulated missions to further
tune the flight controller parameters. Furthermore, it is suggested to reevaluate the
onboard battery system, as the flight time is the main limitation for the flight tests.

The continuation of the AWES-Ardupilot project could be done by assessing
larger-scale devices for energy generation. A scaled-up version of the quadplane could
be implemented in the simulation to assess the net power output. Following the build-
ing process, a larger device with better aerodynamic performance could be developed
taking into consideration the challenges and limitations encountered presented in this

thesis.
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Appendix A

Ardupilot parameter list
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Concept of Operations



LAB-SCALE AIRBORNE WIND ENERGY PROTOTYPE

CONCEPT OF OPERATION



Summary

CONCEPT OF OPERATIONS
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Crew Definitions
Test Director (TD)
Pilot In Command (PIC)
Visual Observer (VO)
Range Safety Officer (RSO)
Ground Crew (GCQ)
Briefings
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Pre-Operation checks
Packing list
Pre-flight Checks
During Flight Checks
Post-flight Checks
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SITE SURVEY
Flight Area
Site survey on operation day

EMERGENCY PROCEDURES
Fly-Away Emergency Checklist
FLIGHT PLAN

Test # 1: Airspeed Sensor calibration
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Test # 2: Autonomous waypoint tracking in fixed-wing mode at constant altitude
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Pre-flight checks (old) 33
Define and inform the crew of the intended flight mission. 33
Previous Test Flight #1: QSTABILIZE - QHOVER check (COMPLETED) 34
Previous Test Flight #2: AUTO VTOL waypoint mission 5 m/s speed (COMPLETED) 35

Previous Test Flight #3: AUTO VTOL tethered (COMPLETED) 36
Previous Test Flight #4: Manual FBWA - Check forward throttle (CANCELLED DUE TO
RAIN) 38

Questions and Concerns 40
Summary

Airborne Wind Energy Systems (AWES) can harness the power of the wind using a tethered
plane or kite. Crosswind flight generates high tether tension that drives a winch-generator
system. We have developed a lab-scale prototype with the goal of proving the concept and
validating the flight models. The vehicle is a hybrid between a quadcopter and a fixed-wing
plane, namely a quadplane. It allows vertical take-off and landing (VTOL) as well as
crosswind flight. The quadplane has been structurally reinforced for crosswind flight and
enhanced for autonomous operation. The quadplane must be tuned in quadcopter and
fixed-wing flight prior to tethered. The concept of operation in this document defines the
objective, what role is performed by the crew members, checks performed before the
operation, and pre-flight briefing. The site survey contains a description of the flight area,
along with the steps to be performed before the beginning of the operation. The
emergency procedures describe the potential scenarios that could occur during the
operation along with executable contingency countermeasures. Finally, the testing

procedures explain the intended flight plan in detail.



CONCEPT OF OPERATIONS

Purpose

This document provides the information required to perform a safe operation. It is

structured as follows:

1. Concept of Operations
1.1.  Crew coordination: description of the crew roles and responsibilities
1.2.  Pre-operation checks: Check performed prior to the operation day
1.3.  Briefings: Information provided to the crew before the beginning of each
flight test
1.4.  Aircraft specifications: estimated performance of the aircraft
2. Site Survey
2.1.  Flight area: description of the testing site
2.2.  Site survey on operation day: steps to follow to ensure the site is appropriate
for the operation
3. Emergency Procedures
3.1.  Potential scenarios and countermeasures
4.  Flight Procedures
4.1.  Pre-flight checks: task list to be performed before each flight
4.2. Test Cards: describe in detail the intended test flight
4.3. Post-flight checks: tasks performed after each flight

The goal of the AWES prototype is to validate the flight simulation performed with the
incorporation of the tether dynamics to the plane physics model. In addition, provide
technical, hands-on experience in the development of this novel technology for a better
understanding of the overall system. Finally, the platform will serve the purpose of proving
the concept of being able to develop a small scale Airborne Wind Energy device with

relatively low investment.



Crew Definitions

Each member of the operation crew must take one of the following roles. This is decided by
the Test Director prior to the testing day, each member must be clear and in agreement of

their role before the operation begins.
Test Director (TD)

e Coordinates the test flight.
e Verifies weather and crew readiness.
e Defines the operation and its objectives.

e Gives the flight plan briefings and distributes the test cards
Pilot In Command (PIC)

e Isdirectly responsible and is the final authority as to the operation of the aircraft.

e Is the final authority as to the operation of the aircraft.

e Ensures the safety of the crew, external individuals, and property in case of losing
control over the aircraft.

e Ensure compliance of the applicable rules and regulations.

e Inspect the aircraft before each flight (pre-flight checks).

e Commands take-off.

e Isin manual control of the aircraft through RC transmitter in a manual operation.

e Isin control of the aircraft through the ground control software in an autonomous
operation.

e Isresponsible for conducting emergency procedures if needed.

e Performs the post-flight checks.
Visual Observer (VO)

e Maintain line of sight with the aircraft at all times.

e Notifies the crew in case of an unexpected event or abnormalities during flight.
Range Safety Officer (RSO)

e Performs the site inspection



e Provides oversight of the airspace in use

e In command of radio communications

e Notifies the crew if manned aircraft is approaching the flight zone
e Notifies the public entering the flight zone

e Notifies air traffic control in case of emergency
Ground Crew (GC)

e Set up equipment and cameras for the test.



Briefings

The objective of briefings is to inform the operation crew of the intended plan. This involves
describing what is going to be done, how it is going to be done, and the safety
considerations. Test cards must be distributed to the crew members during the briefing.

The briefings should follow a simple structure as presented below.

1. Purpose of the operation
2. Operation roles confirmation
3. Flight plan description

a. Flight tests description

4, Questions and concerns

Vehicle Specifications

The vehicle consists of a combination of a fixed-wing plane with a quadcopter, commonly
called a quadplane. The Volantex Phoenix V2 off-the-shelf model airplane was structurally
reinforced for tethered flight, and for supporting the mounting of a quadcopter frame. It
has a wingspan is 2 meters and a total weight of 3.6 kg. The thrust to weight ratio of the
quadcopter motors is approximately 2.5, allowing hover at 40% vertical thrust. The battery
type is a 4-cell Lithium-Polymer with 5000mAh capacity. Allowing approximately 6 minutes
of hover time. The expected trim speed is around 15 m/s with a zero degree angle of attack
and 40% throttle. The estimated stall speed is 11m/s at 90% throttle and 10 deg angle of
attack. The stall speed is reduced to zero if the VTOL motors provide assistance during
forward flight. A summary of the estimated aircraft performance is provided in the table

below.

Fixed-Wing Quadcopter
Trim speed 15 m/s Climb speed 3 m/s
Trim throttle 40% Hover throttle 40%
Max. Speed 25 m/s Max. Climb speed 10 m/s
Stall speed 11 m/s Descent speed 3 m/s
Stall AOA  10° Max. Descent speed 9 m/s
Cruise time 20 min Hover time 6 min




CHECKLISTS

Pre-Operation checks

Before the operation day ensure that the following steps are completed.

3 Inspect aircraft for:

a
a
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Structural damage

Loose components such as bolts, motor mounts, boom mounts, flight
controller, telemetry and radio systems, airspeed sensor, GPS, motors,
propellers, and servos.

Disconnected linkages in ailerons, elevator, and rudder

Disconnected cables or pitot airlines

Free rotation of motors and control surfaces

Check flight batteries charge

Check RC transmitter battery charge

Check field laptop battery charge

Check proper ground station software operation
Check telemetry connection

Check that the documentation folder contains:

Concept of operations
Checklists

Emergency procedures

Site survey

Flight plan and test objectives
Aircraft registration

Pilot certification

Flight Log

Maintenance Log

@ Check the expected weather conditions for the next day

@ Confirm with the involved crew members



Packing list

Check that the field tool kit contains:

|

L 000000000000 0000

Documentation folder
[ Concept of operations
Checklists
Emergency procedures
Site survey
Flight plan and test objectives
Aircraft registration
Pilot certification
Flight Log

Oddod oo

d Maintenance Log

#3 Square screwdriver (motor and boom mounts)
14" wrench (motor mounts)

Phillips screwdriver (fuselage cover)

#10 hex key die with a ratchet (propellers),
Cable clipper (removing transport foam)

Field laptop with charger

Telemetry system with a micro USB cable

RC transmitter and additional batteries
Aircraft batteries in safety fireproof container
Fire extinguisher

Air horn

First aid kit

VHF radio

High visibility safety vest (one per each crew member)
Safety glasses (one per each crew member)

Charged cell phones

Additional motor mount screws and nuts

Additional fuselage cover screws

Additional propeller nuts
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Cable ties
Electrical tape
Duct tape
Garbage bag
Paper towel

Cameras



Pre-flight Checks

Perform the following actions before each flight test.

11
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Inspect aircraft for:
O Loose parts (bolts, electronics, wires, propellers)
[ Loose connections
3 Servo linkages
[ Free motor rotation
[ Free servo rotation
Check LiPo battery levels is over 4.15V per cell
Check RC transmitter battery levels
Verify correct operation of the ground control software
Verify connection between aircraft and ground control software
Verify connection between aircraft and RC transmitter
Verify servo direction
Verify motor direction
Verify pitch, roll, yaw rotations
Perform pre-flight calibration (cover airspeed sensor)
Verify GPS lock
Verify airspeed measurement (noise under 3 m/s)
Verify AHRS (Altitude Heading Reference System)
Verify EKF
Load and write parameter file
Load and write mission file

Notify crew pre-flight checks has been completed



During Flight Checks

Perform the following actions during each flight.

Every 10 seconds

Verify airspeed
Verify ground speed
Verify throttle
Verify altitude

Every 30 seconds

Verify battery voltage
Verify communication signal strength (strong, medium, low)
Verify target heading (waypoint)

When achieved

Notify when vehicle is armed

Notify when vertical take-off completed

Notify when transition to forward flight completed
Notify when waypoint # reached

Notify when transition into hover completed
Notify when landing completed

Notify when vehicle disarmed

If arises

old0D (O0dod o0 d | 000 | dood

Notify crew of low battery warning

Notify crew of loss of connectivity

Notify crew of incorrect or unexpected sensor data
Notify crew of emergency procedures executed

12




Post-flight Checks

Perform the following actions after each flight test.

Recover aircraft from landing area
Unplug battery

Remove and inspect battery, place in a fire-safe container

[ W W N

Inspect aircraft for:

[ Structural damage

d Loose parts

3 Disconnected wires

3 Disconnected servo linkages

1 Power electronic temperature level
O Transfer recorded data by connecting USB cable directly into the flight controller
and using the Mission Planner option “Download DataFlash Log Via Mavlink” in the
DataFlash Logs tab

O Rename the downloaded file with the test flight reference number

13



Post-flight Analysis
This step is performed after the operation is finished. The goal is to evaluate the flight logs

compared with the test flight simulations. Aircraft parameters such as trim speed and

throttle can be identified and implemented as flight controller parameter in further flights.
Analyze the following variables

e Reference and actual position (lat,long,alt)
e Trajectory

e Reference and actual attitude

e Quad and plane throttle

e Airspeed and ground speed

e Linear and rotational accelerations

e Battery voltage

14



SITE SURVEY

Flight Area

The potential flight area is located off the British Columbia Highway 14. It has a clear logged
area of approximately 340,000 m? (google maps measurement), bordered by trees under
20 meters high to the north, east, and west. The figure below showing dense vegetation is
outdated, and it doesn’t show the clear area. The highway borders the area to the south
where the power lines run parallel to the highway at under 20 meters high. A logging road
provides access from the highway to the center of the area. The landowner is still unknown,

efforts are currently being made to make contact and ask for permission for daily use.

On inspection day, the wind was coming from the east. The terrain contains loose logs and
tree stumps, preventing horizontal landing procedures. The access logging road ends in a

clear area of approximately 10-meter diameter ideal for vertical take-off and landing

Potential plane recovery within the area can be done by walking to its location. However,

walking on terrain could be challenging due to irregularities and loose logging debris.

There is a low likelihood of people entering the flight area. A possible scenario could be
people stopping on the highway shoulder and entering the flight area from the south, or

landowner approaching from the logging road to the take-off site.

15



Site survey on operation day

A site survey is performed before the operation of the quadplane, with the objective of
determining that the location is suitable to carry-on the operation. The following tasks must

be performed by the Ground Support crew member:

1. Determine a suitable take-off, landing location.

2. Define the boundaries of the area of operation.

3. Identify the location type of airspace and comply with the respective regulatory
requirements.

4. Define the altitudes and routes used during the operation.

5. Verify the location of air traffic.

6. Inspect the site for potential obstacles and hazards such as trees, wires, masts,
towers, and buildings.

7. Inspect the site for bystanders and animals that can potentially come in interaction
with the vehicle.

8. Verify that the weather conditions are appropriate for the operation.

9. Inspect the area and determine the potential recovery routes in case of a crash.

16



EMERGENCY PROCEDURES

This section describes possible scenarios that can put in risk the operation, the pilot and

crew, and 3rd party people. And the actions that should be taken in case of occurring.

6.

S © e

Fly away or loss of line of sight
1.

Switch flight mode to RTL on RC transmitter
Switch flight mode to RTL on Mission Planner

2.
3. Wait 1 second for Short Failsafe to activate
4,
5

Wait 10 second for Long Failsafe to activate

If the plane is still not responsive, attempt to shut down the motors by Disarming
to allow gliding descent

Inform air traffic control if possible at 1-613-563-5588 (NAV Canada)

a. Reporting fly-away RPAS, last known location is 2 km East of Shirley, on the
British Columbia Highway 14, heading LAST KNOW HEADING, at LAST
KNOWN SPEED, and ALTITUDE high, with an expected range of no more
than 15 minutes. The aircraft is a 2-meter wingspan foam plane with
guadcopter motors the wings are blue, with red and orange stripes.

Attempt to recover the aircraft
Remove battery
Perform post-flight check

0 Submit an incident report

NouhkwhN =

8.
9.
10. Perform post-flight checks

Loss of Aircraft Control: Aircraft not responding to the pilot’s control

Wait 1 second for Short Failsafe to activate

Wait 10 second for Long Failsafe to activate

Switch flight mode to RTL

Turn off and on RC transmitter

Switch flight mode to RTL on Mission Planner

If is safe to do so, attempt to disarm motors

Inform air traffic control if possible at 1-613-563-5588 (NAV Canada)

a. Reporting fly-away RPAS, last known location is 2 km East of Shirley, on the
British Columbia Highway 14, heading LAST KNOW HEADING, at LAST
KNOWN SPEED, and ALTITUDE high, with an expected range of no more
than 15 minutes. The aircraft is a 2-meter wingspan foam plane with
quadcopter motors the wings are blue, with red and orange stripes.

Recover aircraft
Remove battery

Loss of Power: Empty battery or motor malfunction
1.
2.
3.

Perform circular maneuver to attempt gliding down into safe landing area
Disarm
Recover the aircraft

17




4. Remove the battery
5. Perform post-flight checks

Deviation from flight path in fixed-wing mode: aircraft diverges from intended
trajectory

Bring aircraft to trimmed flight

Navigate the aircraft toward the landing area

Switch flight mode to QHOVER

Navigate the aircraft to the landing area

Vertically land

Disarm

Remove battery

Perform post-flight checks

NV AWN =

Unexpected VTOL and hover behavior: aircraft in quadcopter mode deviates from
trajectory

Switch mode to QHOVER

Attempt to bring the aircraft to hover

Land in the designated landing area or rally point

Disarm

Recover the aircraft

Remove the battery

Perform post-flight checks

NouhkswWN =

Unsuccessful transition to forward flight: Quadplane fails to sustain forward flight
after transition begins

1. Switch flight mode to QHOVER

2. Attempt to bring aircraft to stable hover

VTOL motors not responsive during transition to quadcopter mode: VTOL motors fail
to provide enough lift during transition (significant loss of altitude)

1. Set throttle at 50%

2. Switch mode to FBWA

3. Attempt to bring aircraft to trimmed flight

Incorrect telemetry data: Incorrect or inaccurate data shown in Mission planner
Notify pilot in command

Bring plane to trimmed flight (during fixed-wing flight),

Or, bring the plane to stable hover (during quadcopter flight)
Verify if the error persists

Switch mode to QHOVER

Transition into hovering if in quadcopter mode.

Navigate aircraft into the landing area

Land

9. Disarm

10. Remove battery

11. Perform post-flight checks

XNV AWN =
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Public entering flying area
1.

2.
3.
4

o

6
7.
8.
9
1

0.

Notify the public that they are entering an active fly zone

Bring the airplane to trimmed flight

Switch mode to QHOVER to transition into quadcopter mode

If the public is further than 30 meters from the landing area. Navigate aircraft to
landing

If the public is within 30 meters from lading area, Navigate the aircraft to a rally
point

Land

Disarm

Remove battery

Perform post-flight checks

Report incident

Manned aircraft approaching the flight area: spotted manned aircraft approaching
the area or made radio contact with the ground support crew

NoUAWN =

Wait for instructions from the Ground Support team

If a manned vehicle will become in conflict with aircraft, lower flight altitude
Switch flight mode to QHOVER to begin transition into quadcopter mode
Land in aircraft in the closest rally point.

Disarm vehicle

Recover vehicle

Remove the battery

Perform a post-flight check

Tether rupture during tethered flight: sudden tether rupture and loss of fixed-wing
control

NouhkswN =

Attempt to bring aircraft to trimmed flight

Switch flight mode to QHOVER to begin transition into quadcopter mode
Navigate the aircraft to the landing area

Land

Disarm

Remove battery

Perform post-flight checks

Ground station unexpected behavior: Tether is being reeled in with the plane attached

NV AWN =

Attempt to shut down the ground station power

Bring aircraft to trimmed flight

Switch flight mode to QHOVER to begin transition into quadcopter mode
Navigate the aircraft to the landing area

Land

Disarm

Remove battery

Perform post-flight checks
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Fly-Away Emergency Checklist

Switch flight mode to RTL on RC transmitter

Switch flight mode to RTL on Mission Planner

Wait 1 second for Short Failsafe to activate

Wait 10 second for Long Failsafe to activate

If the plane is still not responsive, attempt to shut down the motors by Disarming to
allow gliding descent

Inform air traffic control if possible at 1-613-563-5588 (NAV Canada)

a. Reporting fly-away RPAS, last known location is 2 km East of Shirley, on the
British Columbia Highway 14, heading LAST KNOW HEADING, at LAST
KNOWN SPEED, and ALTITUDE high, with an expected range of no more than
15 minutes. The aircraft is a 2-meter wingspan foam plane with quadcopter
motors the wings are blue, with red and orange stripes.

Attempt to recover the aircraft
Remove battery

Perform post-flight check

O Submit an incident report

nmhwN =

o

S0
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FLIGHT PLAN

This section defines the flight tests to be performed by the AWES quadplane. A common

flight plan consists of safely perform vertical take-off, transition into forward flight, perform

several crosswind loops, transition into hovering, and vertically land. Each test is performed

with the goal of meeting one or more specific objectives. The flight test contains:

8.

No A W=

Test reference number

A general overview of the flight test
The objective

Airplane control type

Estimated flight time

Flight altitudes

Key flight controller parameters

Test card with the detailed operation

In addition, each flight plan will contain a pre-flight, during flight, and post-flight checklist

The flight operations are fully described
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Test # 1: Airspeed Sensor calibration

Mission Overview: The flight operation consists in performing a wind box in fixed-wing
mode to calibrate the airspeed sensor. The operation will be performed in assisted control,
where pitch, roll are stabilized by the flight controller. The pilot in command will manually
take-off in quadcopter mode, climb to 30 meters high, transition into fixed-wing flight,
perform one circle of approximately 100 meter radius, transition back into quadcopter
flight, vertically descent, and land in the launch location. The expected duration of the
operation is 5 minutes.

Objective: Calibrate the airspeed sensor, evaluate the transition parameters

Control type: Assisted

Flight time: 5 minutes

Flight altitude: 30 meters

Flight controller parameter checks:

PARAMETER VALUE UNIT DESCRIPTION
THR_MAX 100 % Maximum throttle output
TRIM_ARSPD_CM 1800 cm/s Trim speed
TRIM_THROTTLE 50 % Trim throttle
ARSPD_FBW_MIN 16 m/s Minimum airspeed in FBW mode,

transition will begin when value is reached

ARSD_FBW_MAX 25 m/s Maximum airspeed in FBW mode
Q_ASSIST_SPEED 19 m/s Speed at which quad motors will stop

providing assist lift

22



Test Card AWEQPOO01

LAB-SCALE AIRBORNE WIND ENERGY PROTOTYPE

TEST CARD
Small Remotely Piloted Aircraft System: Custom built quadplane
TC registration number: C-1933442617

Airspeed sensor calibration Init.Volt Wind Spd. Take-off time
AWEQP001 End Volt Wind Dir. Landing time
4 Action Throttle (%)  Altitude (m) Airspeed (m/s) Duration (mm:ss) Time (mm:ss) Notes
1 Set QHOVER mode 0 0 0 0:05 0:05 Mode switch 1
2 ARM aircraft 0 0 0 0:05 0:10
3 Take-off 50 2 0 0:10 0:20
4 Stabilize hover 40 2 0 0:02 0:22
5 Vertical climb 50 30 0 0:30 0:52
6 Set FBWA mode 40 30 0 0:02 0:54 Mode switch 2
7 Transition to forward flight 60 30 16 0:10 1:04
8 Circle 'home' location 40 30 18 1:00 2:04
9 Trimmed flight 40 30 18 0:05 2:09
10 Set QHOVER mode 40 30 18 0:02 21 Mode switch 1
11 Transition to hover 30 30 16 0:10 2:21
12 hover to landing 40 30 5 1:00 3:21
13 vertical descent 30 2 0 0:30 3:51
14 Land 30 0 0 0:10 4:01
15 Disarm 0 0 0 0:05 4:08

3



Detailed operation

24
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13.
14.
15.
16.
17.
18.

Perform pre-flight checks

Set QHOVER mode (first mode switch position)

Arm

Apply 40% throttle to take-off (hover throttle)

Apply 50% throttle to climb vertically up to 30 meters high

Apply hover throttle to maintain aircraft stable at 30 meters high

Set FBWA mode (second mode switch position)

Apply over 50% throttle to start fixed-wing transition

Maintain aircraft in straight line until transition is achieved, over 50% throttle might

be required

. Perform one circle of 100 meter radius at an altitude of 30 meters
. Bring aircraft to trimmed flight
12.

Set QHOVER mode (first mode switch position), to shut down the forward motor and
begin transition into quadcopter flight

Reduce the throttle to hover throttle

Bring aircraft to hover

Navigate to the landing location

Lower throttle to land

Disarm

Remove battery



Test # 2: Autonomous waypoint tracking in fixed-wing

mode at constant altitude

Mission Overview: The flight operation consists in performing a waypoint mission at a
constant altitude. The objective is evaluating the autonomous flight control performance in
meeting the defined target points, in addition to evaluating autonomous transitions into
and out from fixed-wing flight. The autopilot will perform, vertical take-off and climb to an
altitude of 50 m, transition into fixed-wing flight, navigate to four waypoints in a figure-8
configuration, return to landing location, transition into quadcopter mode, vertically
descend and land. The expected flight time is 5 minutes. Back up pilot is on standby to take

manual control in case of deviation from flight path.

Objective: Evaluate the autopilot ability to autonomously follow a series of waypoints
Control type: Autonomous

Flight time: 5 minutes

Flight altitude: 50 meters

Flight controller parameter checks:

PARAMETER VALUE UNIT DESCRIPTION
THR_MAX 100 % Maximum throttle output
TRIM_ARSPD_CM 1800 cm/s Trim speed
TRIM_THROTTLE 50 % Trim throttle
ARSPD_FBW_MIN 16 m/s Minimum airspeed in FBW mode,

transition will begin when value is reached

ARSD_FBW_MAX 25 m/s Maximum airspeed in FBW mode
Q_ASSIST_SPEED 19 m/s Speed at which quad motors will stop

providing assist lift
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LAB-SCALE AIRBORNE WIND ENERGY PROTOTYPE

Test Card AWEQPO002

TC registration number: C-1933442617

TEST CARD

Small Remotely Piloted Aircraft System: Custom built quadplane

Const. altitude waypoint tracking Init.Volt Wind Spd. Take-off time
AWEQP002 End Volt Wind Dir. Landing time
# Action Throttle (%)  Altitude (m) Airspeed (m/s) Duration (mm:ss) Time (mm:ss) Notes
1 Set QHOVER mode 0 0 0 0:05 0:05 Mode switch 1
2 ARM aircraft 0 0 0 0:05 0:10
3 Set AUTO mode 0 0 0 0:02 0:12 Mode switch 2
4 Take-off 50 8 0 0:10 0:22
5 Stabilize hover 40 3 0 0:05 0:27
6 Vertical climb 50 50 0 0:50 1:17
7 Transition to forward flight 60 50 16 0:10 127
8 Waypoint 1 40 50 18 0:30 1.57
9 Waypoint 2 40 50 18 0:30 2:27
10 Waypoint 3 40 50 18 0:30 2:57
11 Waypoint 4 40 50 18 0:30 3:27
12 Waypoint 1 40 50 18 0:30 3:57
13 Return to launch 40 50 18 0:30 4:27
14 Transition to hover 30 50 16 0:10 4:37
15 hover to landing 40 50 5 1:00 5:37
16 vertical descent 30 2 0 0:50 6:27
17 Land 30 0 0 0:10 6:37
18 Disarm 0 0 0 0:05 6:42
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Detailed operation

Perform pre-flight checks
Set QHOVER mode (first mode switch position)
Arm

Set AUTO mode (Third mode switch position)

LA S

Operation lead communicates to the crew the phase of the mission:

take-off completed

o o

Defined altitude reached

Transition into forward flight completed
Waypoint # reached

Return to launch activated

Transition into quadcopter mode completed

Navigating to landing area

S @ o0 a0

Landing completed
i. Disarmed
6. Pilotin command on standby for taking manual control
a. If needed, take manual control by switching the flight mode to FBWA in
fixed-wing flight.
b. or, take manual control by switching the flight mode QHOVER in quadcopter
flight.
7. Disarm aircraft after landing

8. Remove battery
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Test # 3: Autonomous waypoint tracking in fixed-wing

mode at variable altitude

Mission Overview: The flight operation consists in performing a waypoint mission at a
variable altitudes. The objective is evaluating the autonomous flight control performance in
meeting the altitude targets, in addition to evaluating forward thrust variation during
climbs and dives. The autopilot will perform, vertical take-off and climb to an altitude of 50
m, transition into fixed-wing flight, navigate to four waypoints in a figure-8 configuration
with a range of altitudes between 50-80 meters, return to landing location, transition into
qguadcopter mode, vertically descend and land. The expected flight time is 5 minutes. Back

up pilot is on standby to take manual control in case of deviation from flight path.

Objective: Evaluate the autopilot ability to meet altitude targets, and evaluate the forward

thrust variation

Control type: Autonomous
Flight time: 5 minutes

Flight altitude: 50-80 meters

Flight controller parameter checks:

PARAMETER VALUE UNIT DESCRIPTION
THR_MAX 100 % Maximum throttle output
TRIM_ARSPD_CM 1800 cm/s Trim speed
TRIM_THROTTLE 50 % Trim throttle
ARSPD_FBW_MIN 16 m/s Minimum airspeed in FBW mode,

transition will begin when value is reached

ARSD_FBW_MAX 25 m/s Maximum airspeed in FBW mode
Q_ASSIST_SPEED 19 m/s Speed at which quad motors will stop

providing assist lift
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Test Card AWEQP003

TEST CARD

Small Remotely Piloted Aircraft System: Custom built quadplane
TC registration number: C-1933442617

Var. altitude waypoint tracking Init.Volt Wind Spd. Take-off time
AWEQP003 End Volt Wind Dir. Landing time
# Action Throttle (%)  Altitude (m) Airspeed (m/s) Duration (mm:ss) Time (mm:ss) Notes
1 Set QHOVER mode 0 0 0 0:05 0:05 Mode switch 1
2 ARM aircraft 0 0 0 0:05 0:10
3 Set AUTO mode 0 0 0 0:02 0:12 Mode switch 2
4 Take-off 50 3 0 0:10 0:22
5 Stabilize hover 40 3 0 0:05 0:27
6 Vertical climb 50 50 0 0:50 1247
7 Transition to forward flight 60 50 16 0:10 1:27
8 Waypoint 1 40 50 18 0:30 157
9 Waypoint 2 40 80 18 0:30 2:27
10 Waypoint 3 40 50 18 0:30 2:57
11 Waypoint 4 40 80 18 0:30 827
12 Waypoint 1 40 50 18 0:30 3:57
13 Return to launch 40 50 18 0:30 4:27
14 Transition to hover 30 50 16 0:10 4:37
15 hover to landing 40 50 5 1:00 5:37
16 vertical descent 30 2 0 0:50 6:27
17 Land 30 0 0 0:10 6:37
18 Disarm 0 0 0 0:05 6:42
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Detailed operation

9. Perform pre-flight checks

10. Set QHOVER mode (first mode switch position)

11. Arm

12. Set AUTO mode (Third mode switch position)

13. Operation lead communicates to the crew the phase of the mission:

take-off completed

o o

Transition altitude reached

Transition into forward flight completed
Waypoint # reached at altitude

Return to launch activated

Transition into quadcopter mode completed

Navigating to landing area

S @ o0 a0

Landing completed
i. Disarmed
14. Pilot in command on standby for taking manual control
a. If needed, take manual control by switching the flight mode to FBWA in
fixed-wing flight.
b. or, take manual control by switching the flight mode QHOVER in quadcopter
flight.
15. Disarm aircraft after landing

16. Remove battery

30
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Appendix C

List of Materials
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Appendix D

Part Drawings
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