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Chapter 1

Introduction

Nowadays, nobody questions the need for progress in exploiting renewable sources of
energy as oil and gas are running out too fast besides their dramatic impact on our
environment. Nuclear energy is facing increasing serious questioning regarding its safety,
its real long-term cost in terms of cleanliness and financial recycling budget.

Consequently, investigating renewable sources of energy is no more an option, but a real
unavoidable necessity.

Wind is considered as an ideal source of renewable energy since it is infinitely sustainable
and clean. Between 2000 and 2009, wind energy global production capacity increased
more than nine-fold, growing from 17GW to 160 GW [2]. This makes wind not only the
fastest growing renewable energy resource, but also the fastest growing electrical power
resource of all.

A conventional wind turbine is a two/three blades rotor, that converts wind’s kinetic
energy into electrical energy. This is done by direct coupling with an electric generator
or through a gearbox. The turbine is installed on the standard electric grid using a power
electronics interface. The turbine power is controlled by the pitch and yaw blades angles.
The whole conversion chain and the blades control unit are placed up next to the rotor
hub, on the turbine tower. As for turbines size and rated power, in 2010 ENERCON has
presented its E-126 wind turbine whose rotor diameter reached 126m, a tower height of
135m and a total mass of 6000 tons; this turbine’s rated power is 7.5 MW (figure 1.1).

One aim of increasing turbines size is to reach higher altitudes where wind is known to
be stronger and more stable. In fact, the amount of wind energy that is available for
extraction increases with the cube of wind speed. The other objective is to increase the
blades size and, consequently, the turbine working area, with which the available wind
power increases linearly.

Wind turbine size is not expected to grow as dramatically in the future as it has in
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Figure 1.1: The assembling of the E126 wind turbine.
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Figure 1.2: Evolution of the tund turbine size and respective power [3]

the past [4], for the cost which includes manufacturing, transportation and construction
at some point starts growing faster than the resulting rated power [5]. At present, the
highest wind turbine reaches 200m where the wind is still unstable with an acceptable
speed. Nevertheless, strong wind could be present at higher altitudes with little or no
wind at low altitudes. To overcome these limitations, high altitude wind kite concept
has emerged and is currently heavily investigated by many research groups and emerging

2



Chapter 1. Introduction

start-up companies.

For instance, for a 2MW wind turbine, the rotor and the tower weight is about 300 tons.
For the same power range, 500 m? air foils and 1000m cable length would have a weight
of approximately 2 tons.

This difference of weight/power ratio comes from the fact that most of the energy pro-
duced by wind turbines is produced by the tips of the blades, the rest of the structure
being mostly used to support these blades.

Instead of using such a structure, the kite systems use a tether and a control system to
make the kite follow the desired trajectory.

o \\xi\\

s Ias

" v
e -

Figure 1.3: The wingtips of the windturbines produce most of the energy, kites systems propose to
only use this blade section to harvest wind energy. Illustration by R.Paelinck [17].

A recent report [6] indicates that by 2015, fully autonomous kite-based systems, includ-
ing start/land automation will be commercialized. These systems are expected to reach
75 percent of their capacity by 2021. These promising predictions reflect a rather op-
timistic view as many technical challenges are still to be addressed. Moreover, as it is
described later on, there are still many available options regarding the design, the energy
management and the trajectories to be achieved to cite just few items. This suggests that
a maturation time is needed before a stabilized solution gathering a commonly shared
acceptance from a technological, economical and safety point of view imposes itself. But
maturation comes only with experiments and by facing the candidate solutions with re-
ality. The present work aims at participating in this highly challenging and collective
adventure.
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1.1 How to produce energy with a kite?

The first paper describing the production of electricity with a kite was written by Miles
L.Loyd in 1979 [7]. It was called crosswind kite power and described two different ways
of producing energy using a kite. The first method was called "Lift mode”: As the kite
would fly in circular trajectories, the lift force produced by the kite would be used to
pull a load. The "Drag mode” consisted in using small wind turbines placed on the kite
to generate electricity that would be transferred to the ground by a conductive tether.

4

Figure 1.4: The scheme of the flight trajectory [7].
The results of his calculations are that with a wind speed of 10 meters per second, a kite

of 576 m? of wing area and a Lift to Drag ratio of 20, the output power of the system
would be 6.7 MW.

1.2 State of the art

From 2005 to 2013, the number of companies and university research teams grew from
less than 10 to approximately 50 [8]. The kite systems that have been build and flown

4



Chapter 1. Introduction

will be here classified into 7 kinds of different solutions. The state of the art section will
be divided into 2 subsections that will aboard the following topics:

- The first section will present the flying prototypes made by universities that work on
this concept.

- The second section will present a part of the academic research, the studied topics,
their proposed solution.

1.2.1 On-board power generation flying prototypes
1.2.1.1 Kite-based prototypes

The Makani company [9] has developed several flying prototypes that work with the
following principle: The kite is a rigid wing structure equipped with four electric motors
connected to propellers, see figure 1.5.

Figure 1.5: Makani’s prototype in flight.

During the takeoff phase, the kite takes off vertically using its 4 brushless engines like
a standard quadrirotor. Once it has reached a certain altitude, it starts flying following
circular trajectories. At that moment the kite is propulsed by the wind and propellers
are no longer used to provide trust but to generate electricity as small wind turbines
do. The produced energy is transmitted to the ground using a conductive tether. The
wing is used to provide wind speed to the propellers: "Due to its speed, the tip of a
conventional wind turbine blade is the most effective part and is responsible for most of
the energy produced. The Makani Airborne Wind Turbine (AWT) takes advantage of
this principle by mounting small turbine/generator pairs on a wing that itself acts like
the tip of a traditional turbine blade. The wing flies across the wind in vertical circles,
fixed to the ground by a flexible tether”. During the landing phase, the kite flies again
like a quadrirotor and reaches back its base, see figure 1.6.
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THE WING is the size of a single L E—

conventional turbine blade and

travels in a circle mimicking its path. e

Like an airplane, flaps on the wing, o
driven by an on-board computer, /%’“
control the flight path of the wing.

WING MOUNTED ROTORS capture =
the wind as it rushes across the wing

and convert it into electrical power

using small, direct drive generators.

THE TETHER is made of acoreof =
high strength fibers surrounded by T

conductors. The tether carries

the traction force of the wing and

transmits the electricity to the ground.

Before launch, and in unfavorable The wing launches e In operation, the wing flies
conditions, the wing is stowed at and lands by hovering in a circular path at an
the top of the spar buoy. like a helicopter. altitude of 400 m.

pddiy

Figure 1.6: Makani’s working principle [9].

This company was one of the first to perform autonomous flights. Their last prototype
generates 30 kW with a wind speed of 11.5 m/s. Its wingspan is 8 meters and its
operational altitude range is between 40 and 110 meters.

1.2.1.2 Autogyro based prototypes

The company Sky WindPower [10] developped a prototype that looks like quadrirotor of
four flying wind turbines, see figures 1.7 and 1.8. As the wind passes through the rotor,
the aerodynamic forces are used for both lifting the prototype and generating energy.
The energy is sent to ground by a conductive tether. Up to now the team has built
several flying prototypes.

1.2.1.3 Blimp based

Altaeros Energies [11] is developing a buoyant airborne wind turbine for remote power
applications. The buoyant shell is designed to incorporate sufficient lifting gas volume
to stay aloft in light winds while providing aerodynamic lift and passively stable flight
characteristics in strong winds. In the middle of the blimp, a wind turbine generates the

6



Chapter 1. Introduction

Figure 1.7: Sky Windpower’s prototype.

Figure 1.8: Sky Windpower’s tests. The truck is used to generate windspeed and the structure is used
to avoid crashes.

electricity that is sent down via the conductive tether to the ground, see figure 1.9.

1.2.2 Ground based power generation
1.2.2.1 Airfoil based generation
The concept has been developed by several companies and universities [12][13][14]. The

kite is generally a paraglider, a kitesurf of a rigid wing, see figures 1.10, 1.11 and 1.12.

Paragliders and kitesurfs have some advantages regarding safety and tolerance to crashes.
Moreover, many of them can be pourchased easily. Their flight performances are not as
good as the rigid wings that have a greater Lift to Drag ratio.

For the paraglider and kitesurf-like systems, the control unit can be whether embedded or

7
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i ]

4 2N . e ... e

Figure 1.9: Altaeros’s flying prototype.

Figure 1.10: Enerkite’s prototype.

on the ground. Embedded systems have two main problems, their energy consumption
and the extra weight. The on ground control of kites uses the difference of length of
cables to control the kite, see figure 1.13.

The performances of the Enerkite’s prototype (see figure 1.14 ) are an output power of
30 kW [12], the operational altitude varies from 100 to 300 meters with a wind speed of

10 m/s, the kite is a paraglider of 21 m? of wing area that has a weight of approximately
7 kg.

8
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Figure 1.11: Enerkite’s prototype.

Figure 1.12: Ampyx power’s prototype.
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Figure 1.13: Enerkites’ control winch system.

Figure 1.14: Enerkites prototype in flight.

1.2.2.2 Magnus effect based generation

The Magnus effect is a technique to generate lift by turning a sphere or cylinder. As the
wind blows on the turning cylinder for example, it will produce a lift force comparable
to the lift of a wing (see figure 1.15). This lift can be used for kite energy generation
and is currently studied by the Omnidea company[15]: "The results of a demonstrator 16
meters in length and 2.5 m in diameter are provided as a proof-of-concept and current
tests using a larger scaled-up version of 25 meters are discussed as a basis of a system

10



Chapter 1. Introduction

that will deliver power in the MW range and be capable of operation at altitudes of
about five km.”. In order to work, the prototype needs to have an electric motor system
that makes the cylinder turns and electric cables in order to supply power to the kite.

Figure 1.15: Omnidea’s prototype in flight.

1.2.2.3 Traction of vehicles

The kite’s traction has been used since very long time ago for transportation. Small
boats, land buggies, surfboards, skis, sledges, etc. About ten years ago, the German
company SkySails [16] has scaled up the kites and has developed a kite traction system
for tanker boats, see figure 1.16. The last prototypes were able to generate an amount
of traction equivalent to 2 MW.

11



Chapter 1. Introduction

Figure 1.16: Sky sails prototype in action.

1.2.3 Academic research

There are about 3 main teams that are active in the field of kite energy generation:
- The KU Leuven’s team [17]

- The TU Delft’s team [13]

- The Politechnico de Torino [18]

The Delft team has published many papers about the control of a kites system, from
[38] to [52]. They have worked on many flying prototypes and on structural designs
of the kite, specially on the aeroelasticity problem from [63] to [73]. They are known
for their laddermill concept [53]. Initially, they proposed using rigid wings, but due to
safety issues [54], they were soon changed by flexible light-weighted kites. Suggestions
are made to improve this concept’s maximal power by using multiple kites on the same
cable (or set of cables). One can see in figure 1.17 two proposed structures. The first is
to have a stack of kites, for instance the laddermill of Delft [55]. The second is to link
two kites to the end of the same cable, which is useful to reduce the cable drag [34].
Both described structures will allow having the same traction force for a smaller space
and less land requirements, but are more difficult to be modeled and controlled.

For early experiments, the delft team used commercial kites were used, such as the clark-
y kite (10m?) used in KiteGEN program [55], the Peter Lynn Guerilla (10m?) Kite used
by Worcester Polytechnic Institute (WPI) team [96], and the Peter Lynn Bomba (8,5m?)
surf-kite used by Delft team for their smallscale 2kW testing laddermill [56]. However,
much bigger and more specialized kites must be designed and tested in the future.

12
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juncture
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wind \ = \
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Figure 1.17: Multiple kite proposed structures [33].

The team of the KU leuven directed by Moritz Diehl developed many control techniques,
specially MPCs, from [19] to [32]. They developed the concept of twin kites that increases
the amount of produced energy [17]. The twin kites concept uses two kites and one rope
that gets divided in two branches. On the end of each branch, one kites performs their
flights. The first section of the cable has very few displacement with respect to the air,
as a consequence, few energy is lost due to the the tether’s drag. Recent work has been
focused on rotational takeoffs [34] to [37], see figure 1.18.

Figure 1.18: The rotational start system in action.

From the control point of view nonlinear model predictive control (NMPC) has made
simulations that seemed to be convenient to generate the needed controls for trajectory
tracking, though, [39] doubted the performance of this method, because it leads the
solution to converge to different local optima depending on the initial conditions, and
consume a lot of memory when it comes to application. Still NMPC was used in [74, 57,
90]. Other trajectory tracking suggested methods include neural network control [92],
robust control [46], direct-inverse control [93], and nonlinear adaptive tracking control
[39]. Two examples of control strategies are mentioned here. In T.U.Delft, a one-cable
kite control is tested in simulation; the kite surface is 25m? with a mass of 50kg and the
cable average length is 1000m. An optimal control is used to command the roll angle,
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attack angle, and the cable length variations rate. It uses different random guesses
because there is no guarantee that the obtained solution is a global one. Also, for large
scale kite-based systems, the cable model should be considered when controlling the
system. A realistic model will take into account the cable weight and drag force, and
includes its elasticity [42], [58].

1.2.4 Overview of the Contents

The following work will be divided in 6 chapters: The first chapter will present a study
on the Aeronautic Pioneers work. It will describe how innovation was made in the aero-
nautics field. This work will be illustrated by some of the greatest breakthrough of the
last century. This chapter will be by very far the most important of the manuscript for
those who aim to do experimental work, proofs of concepts, new concepts and that aim
to develop their companies on these concepts.

The second chapter will present the first kite prototype developed. The objectives of this
work were to study the flight and the control of a flying prototype. The kite was flown
indoors in a wind tunnel that was specially build for the experiment. Several control
techniques were applied in order to control the kite’s trajectory and the produced power.
This chapter led to 3 papers [59][60][61]. The third chapter focuses on a technique used
for keeping the kite flying as the wind diminishes without using an on board source of
energy for propulsion. The advantages of this technique are that the kite can remain in
flight as long as it the wind is too low to produce energy. Using this technique, the kite
can avoid landings which require man handling, complex installations and that increase
the probability of crash. This technique is called "reverse pumping” and led to the first
paper dealing with this topic [62]. Several prototypes were build, many errors were made,
the last prototype gave satisfying results.

The fourth chapter describes the outdoor prototype. The study is composed of calcu-
lations on the flight characteristics, the experimental setup description and the results
of the flight tests. This experience gave the team technical knowledge on how to make
outdoor tests on a 3 meters wide kite that flew at around 200 meters high.

The sixth chapter will briefly present three other prototypes that were build and that
flew properly but that could not be more studied because of the lack of time.

The conclusion will sum up the manuscript. The reader will find in the annexes a list of
some of the accidents that can be provoked in experimental work. The "carnet de vol”
will give details of the flights of the 13 prototypes that were built during the PhD.

Note that several movies showing the experimental results can be viewed in [1].
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Pioneers study

2.1 Introduction

This PhD’s objective is to develop a working system from scratch to the successful flight
test. The system has to be defined as well as all the experimentation process in order
to gain time. In such a study, there are huge amount of mistakes that can be done, the
history of aviation proves it [78]. The objective of the study of the flight pioneers is to
try to learn from their mistakes and successes in order to make more effective our work.
Section II will give general motivations to study flight pioneers. Section III will illustrate
some of the most important flight pioneer’s ways to works in order to make successful
projects. Often made mistakes will be presented in section IV and a conclusion will be
presented in section V.

2.2 Motivations

The following paragraph will present the main reasons to study flight pioneers and not
only the existing kites systems.

2.2.1 Standard aeronautics are a more complete source of in-
formation.

The literature on kite systems is few comparatively with standard aeronautics, moreover
it does not give much information about the experimental parts, how to build kites, how
to test them, how to implement such systems.
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2.2.2 Existing kite energy concepts have not proved their ma-
turity.

Kite systems started to be studied about approximately 10 years ago. None of the
existing kite systems has gone through long time experimentation or commercialization
process. The innovation work might have been done only for a fraction of some potential
technological solutions. It is very likely that we are at the very beginning of a long
development process and that nowadays prototypes are very different from what they
will be in 10 or 20 years. Aeronautics has witnessed hundreds of different concept
that went through serious studies, working prototypes, proofs of concept, somewhat
like kites systems nowadays, but that were abandoned and forgotten because of some
underestimated problem. One shall avoid unreasonable optimism on kite energy system’s
maturity.

2.2.3 Innovation needs a source of inspiration.

In order to find new concepts and working principles, one needs to find a source of inspi-
ration. Flight pioneers works and experiences are a huge source of ideas. Kites can be
seen as tethered airplanes, and airplanes as not tethered kites! Studying aeronautics can
teach us a lot from the structural point of view to the flight characteristics, management
of the project, the experimental protocols, etc.

2.2.4 Avoiding mistakes by learning from other experiment’s
failures.

Aeronautics is a domain in which one can do many mistakes that will dramatically slow
down the research. By studying the mistakes done by others, we can try to classify them
and make some general rules out of it in order to avoid failure. Many examples can
be seen from the very beginning of aviation until the most recent researches. This can
be resumed in fewer words: let’s try to understand what are the differences between a
project that succeeded and those which failed.

2.2.5 Learn how to deal with high complexity problems

The approach that pioneers used is very particular in the sense that the overall project
treated many different problems. The management of such problems requires special
skills of analysis that are more apparent in the history of aviation than in modern research
papers. Probably one of the reasons of it, is that a lot of time is needed to have a proper
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view on the overall project.

2.3 Examples successful experiments

For each of the following aviation pioneer, one work has been selected in order to illustrate
one particular way of working that lead to the fulfillment of the project.

2.3.1 Interpreting results one hundred years later

It is a complex work to judge the success of projects using the few material that can be
found. Most of the documentation is made of books that were written long time ago,
pictures and vintage movies. Trying to interpret such material is a work that certainly
requires skills of a literary expert, historian, inventor, and experimental flying machines
experience. At most, the author has some skills about experimental flying machines but
the rest of the skills are certainly none of his competence. Before trying to analyze their
work, the author would like to remind that he has an infinite respect for all the flight
pioneers, from those who never got off the ground to the most successful of them. This
work has only one aim, avoid to repeat mistakes and learn from other’s experiences.

One easy way to know how successful was the work could be to ask "did everything
worked as expected?”. If the answer is:” Yes, absolutely ”, the study is then a complete
success, but from all the literature read about flight pioneers, it has almost never been
the case when great levels of innovation were involved. The project that was the closest
to that was probably the Gossamer Albatross project directed by Paul MacCready (see
figure 2.1) [79][80].

2.3.2 Adding complexity step by step and choose the best en-
vironment to perform tests.

Otto Lilienthal developed some of the first gliders and made hundred of successful flights
between 1890 and 1896 when died because of a crash [85]. His work was one of the
major sources of inspiration for the Wright brothers, that made one of the powered and
controlled flight in 1903 [77].

One of their common points is that both learned a lot from non motorized gliders, using
slopes to make longer the flights. O.Lilienthal build his own hill with his workshop on
the top of it in order to make simpler the experiments, he would takeoff from the top
of the hill and land on its bottom. The Wright brothers build their workshop very close
from the sand dunes where they made their glider flight tests, (see figure 2.2). Also,
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Figure 2.1: The Gossamer Albatross in flight, crossing the english channel with the pilot Bryan allen,
pedalling to make the propeller turn, 1979.

Figure 2.2: O.Lilienthal’s flying from the top of his hill (left side). The wright brothers in action, in
the sand dunes of Kitty Hawk (Right side).

O.Lilienthal built an aerodynamic forces measurement device, the "whirling arm”, the
Wright brothers built their wind tunnel (see figure 2.3).

In the case of the Wright brothers, it is very clear that they worked with growing levels
of complexity: They started with kites, then one men would get on the kite, then the
first flights were made on the slope. When the wind was strong enough, it would make
their flight last much longer. Once they mastered the control of a glider, they started
working on motorized versions. At the beginning, the power of the engine barely enough
to perform flight but in order to solve this problem, they used a catapult. The controlled,
self propelled flight was done in 1903 (see figure 2.4). Few time later, another version
was made that did not needed the catapult.
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Figure 2.3: O.Lilienthal’s whirling arm. As the aerodynamic surfaces would turn, the balance would
measure the value of the lift (left side). The wind tunnel buit by the wright brothers (right side).

Figure 2.4: The progressive work of the Wright brothers.

The two guiding lines that these pioneers illustrated are that one should make efforts
to make the tests as simple as possible and that the level of complexity should increase
gradually.
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2.3.3 Find targets that are close in results but more easily
reachable

One of Victor Tatin’s most interesting experiments was the Aeroplane that flew in 1879
(see figure2.5) [78]. It was a model airplane that flew using a compressed air motor.
Back then, the stability of flight was a complex problem that made much more complex
the flight. An unstable model could not prove flight was possible and could not be
stabilized with the modern techniques, as the first automatic flight controllers appeared
in the 1920’s. Still, Tatin found a way to stabilize most of the degrees of freedom of the
plane with a very simple process. He made the model airplane fly in circles, by doing
so, he used the centrifugal force to fix control the yaw and roll. The remaining model
was equivalent to a 2D model in which only the pitch, altitude and speed needed to be
stabilized. Note that the model has two non co-axial propellers. Generally, this type
of propellers need a high accuracy building in order to not destabilize the model. In
this case, the stability due to the centrifugal force made their use more accessible. This
prototype was one of the first ones to lift itself on his own power.

Figure 2.5: Tatin’s Aeroplane, flying in circles.

Hans Von Ohain and Sir Franck Whittle (see figure 2.6) are the two co-inventors of
the jet-engine. The story of how the jet engine was developed is an amazing source of
knowledge [81][82]. One of many interesting facts will be exposed here. As Hans Von
Ohain was developing the jet engine, he faced the problem that the mixture problems
to ignite and had combustion instabilities. The project was financed by the Junkers
aircraft manufacturer and they needed to prove that it was worth receiving more financial
support. The combustion instabilities were solved by using hydrogen that ignites much
faster than liquid fuel. The first prototype HeS 1 functioned with hydrogen in 1937. In
1939, the HeS 3 motorized the Heinkel He 178 airplane and made the first jet powered
flight, using this time liquid fuel.
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Figure 2.6: Frank Whittle ( left ) and Hans Von Ohain (right) with their respective jet engines pictures,
1978.

The principal guideline that the previous test illustrates is that, when unknown knowl-
edge seems needed, there might be a partial solution that does not require to solve the
problem, but that shunts it.

2.3.4 The right environment

Igor Sikorsky is one of the inventors of the helicopter, he founded the Sikorsky helicopter
company that is nowadays still one of the world leaders in helicopters [84]. Studying his
work is extremely interesting from all points of view. He developed hid first prototypes
of helicopters in 1910 in Kiev, the prototypes could barely lift their own weight (see
figure 2.7) He was sure that helicopters would fly one day, but that it was still too early
given the low weight/thrust of his experiments.
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Figure 2.7: Igor Sikorsky with one ofhis early prototypes in Kiev, 1910.

In 1913, he built the S-21 BolshoiBaltisky that was the first twin motor airplane, it was
also the biggest airplanes in the world. During the Bolshevik revolution, he had to leave
Russia and after being in Paris and London, went to the USA. Once there, he spent his
first year unemployed in New York. Then, he gave mathematics lessons in a night school
for Russian immigrants and made conferences about the development of aircraft, until
he put together enough money to open the Sikorsky Aero Engineering Corporation. He
installed the workshop in an old chicken farm that a Russian friend lend him. With a
few Russian workers, he started the construction of the S-29 A, a twin motor transport
aircraft. Six years later, he had sold more than a hundred aircraft. Once that the
economical problems were gone, he started again the research on helicopters and made
successful flights of helicopters.

He said later that he found in the U.S.A. what he was looking for: "a strong country that
was dynamic and that had a strong entrepreneurship spirit”. This example shows how the
development of such projects is dependent on its environment, the created opportunities.
The other point is that the ambitions of the project have to be in adequation with the
available technologies.
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2.3.5 Innovating when the solution seems to be known and the
easy to fix experiments

In 1959, the industrialist Henry Kremer established a series of monetary awards that
were given to the pioneers of human powered flight [86]. The first Kremer prize of 50,000
pounds would be awarded to the first human-powered aircraft to fly a figure eight around
two markers one half mile apart, starting and ending the course at least 10 feet above
the ground.

Many teams joined the contest and built flying prototypes, like the PUFFIN human
powered airplane (see figure 2.8). Its wingspan was 26 m for an empty weight of 54 Kg.
One can see in the picture the complexity of the structure.

Figure 2.8: The puffin airplane in ground effect hovering.

Several teams made protoytpes that did fly but none had made prototypes that could
turn. They would crash during the turns and a huge amount of time would be spent
for repairing such complex structures. Their approach of the problem was basically to
take as starting point the lightest existing sailplane and to modify it in order make it
validate the requirements of the contest. Turning trials would fail and crash the model,
the reconstruction would take time, and such prototypes have a very limited lifetime:
after a certain amount of crashes, they would need to be rebuild from scratch. A lot of
time was spent without reaching the requirements.
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The approach of Paul MacCready’s team was different by three principal guidelines.

e The first one is that they worked with a growing level of complexity. The first
prototype tested was built in 10 days and tested in a parking, without pilot.The
second was tested with a small pilot, Parker MacCready, (MacCready’s son, see
figure 2.9).

e The second point is that contrarily to the other competitors, their structure was
made easy to repair. This led them to a huge gain of time.

e The third point is that the principle of working was designed specially for the prize,
instead of adapting an existing concept. The turning problem, the construction,
the aerodynamics and the global shape were adapted to the wining the prize and
completely different from what could be done with the other approach.

After some flights, some crashes, and some other intermediary models, the Kremer prize
was won.

Figure 2.9: The Gossamer Condor in flight with Parker MacCready as pilot.

Paul MacCready (see figure 2.10) continued his remarkable and exemplar career in aero-
nautics, and received the award of engineer of the century by the academy of achievement,
and more than 50 other very prestigious awards.
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Figure 2.10: Paul MacCready and a part of the brushless engine mounted on the Helios solar airplane.

2.4 The mistakes of Ikarus

The following section will present often seen mistakes that shall be avoided. Note that
mistakes can be done by extremely experienced and skilled persons.

2.4.1 Too big too fast.

A very classic mistake is to start building flying machines by a huge, heavy, dangerous
and extremely complex prototype. Validations on smaller prototypes are not made and
the result is very often a non repairable crash. One example is the 1894’s Hiram Maxim’s
AirLeviathan , see picture (see figure 2.11). Note that Sir Hiram Maxim’s was the author
of more that 200 inventions [78].
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Figure 2.11: Sir Hiram Maxim’s (fourth from the left) after an unsuccessful attemps of flight of the
AirLeviathan.

2.4.2 The post flight experience.

Being a very talented inventor that brought incredible innovations does not guarantees to
receive the deserved success. It also happened to many flight pioneers. For example, the
Wright brothers had in 1903 a tremendous advance on the rest of the world. In Europe,
the first comparable flights were made in 1906-1907 by Santos Dumont, in France [78].
Nevertheless, the Wright brothers stayed ahead of the game from the technological until
roughly 1909, when Louis Bleriot crossed the channel. Still, during the years between
1903 and 1909, they received few funding to develop their projects, the army even said
that aviation would not be useful for them. They lost their technological advance after
1910 and a few years later, they were no longer in the game. They were the first to build
an actual airplane, but they never really got the success they deserved. As a conclusion,
staying in the game require more skills than only invention.

2.4.3 The explorers of the unknown.

There are many cases known of persons that jump from great heights with very basic
wings attached to their arms, trying to fulfill the dream of Tkarus. Most of them found
death. Those persons might have a similar way if thinking than 15th century’s sea
explorers, heading to the unknown, thinking that the risk is worth the cause. They must
have had many different kind of motivations. During most of last century, the idea of
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flying with wings attached to his arms was associated to madness. But once a sufficient
level of experience was attained, these wings started to be improved and mastered. In
may 2012, Gary Connery jumped from a helicopter with wings attached to his arms [88].
He flew and landed in a huge amount of card boxes settled to make the landing softer
(see figure 2.12). He accomplished one of the dreams of hundreds that died trying to
make the same flight.

The conclusion is that with the proper way of studying the problem, things that were
seen as "impossible” become possible.

Figure 2.12: Gary Connery landing without parachte, 2012.

2.4.4 The modern researcher’s mistakes

Some other kind of mistakes are often observed. Their origins are not well understood,
but overconfidence and lack of experience seem to be involved often. They can be seen
an effect of having a non rigorous, fuzzy way of thinking, they seem to diminish with
experience and with the amount of crashes experienced, but it is not sure. The following
list will try to categorize them and give some of the most frequent examples. These
examples were heard or experienced by the author, from persons that are considered as
specialists in UAVs.

e Over-sized optimism and underestimation of difficulties. It happens very often
when people have few experience. As one starts to know more, he might still do
this kind of mistakes but he will listen more when he will receive a warning about
the error. The not experienced victims of over-sized optimism will not listen the
good advise, probably because they are not aware of the difference between an
experienced person and themselves. Example: "You will see, this thing will fly, we
will study the aerodynamics later, once we have measured data in flight.”.

e Generally accepted false beliefs and wrong analogies. Here are some examples:
- "Coaxial helicopters are more efficient than standard helicopters.”
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- "Helicopter’s are stable because the center of mass is situated below the rotor,
just like a pendulum.”

- "Paragliders are "naturally stable” for the same reasons than round parachutes
or helium balloons.”

One hint to recognize this kind of wrong ideas is that they often refer to terms that
are odd mixes of therms from different topics that are linked by some unexplained
analogical reasoning.

Late discoveries of great mistakes. In aeronautics, some elements malfunctions
can ruin a project or experiment. It can be the case of the engine, the remote
control, servos, certain screws, the quality of the soldering, batteries, cable’s, etc.
Sometimes, malfunctions could be quickly and easily tested but the working test
are not done until it is too late, like a few minutes before supposed takeoff time.
That is why elements shall be tested as soon as possible and checklists should
be done. In the case of kite systems, one example is the legislation about flight
altitudes. If kites systems do not get the permission to fly, most of the studies will
have been made in vain. Not having a checklist can lead to forgetting something
crucial. Attaching the seat belt of the pilot, checking the battery, the fuel, turning
on some important devices are classic examples in aeronautics. Example: - Have
you tested the servos? -No, they are brand new, why wouldn’t they work 7 ”.

Excessive trust in numerical simulations. This seems to be a direct implication
of the lack of experiments made by the researcher. The difference between the
experiments and the simulation is very often huge but it is not often visible because
experimental validations are not always done. Simulations are a tool and shall not
be seen as a proof of concept. The frontier between numerical simulations and
Hollywood’s special effects is sometimes very fuzzy. Example:”As you can see, the
simulations shows it will fly very well.”.

Emotion and overconfidence. This phenomenon is well known in paragliding. When
everything is doing fine, the level of attention goes lower and accidents may occur.
It also happens due to fatigue. Example: ”- It works!!! let’s push it to max power!”.

Solving a problem by adding complexity when it is possible to solve it by simpli-
fying it. Generally, when two solutions seem to be roughly equivalent, one should
choose the simplest and lightest one. One classic example is compensating a weight
problem by adding a bigger motor instead of building a lighter model. In the ex-
treme cases, the experimental protocol’s complexity becomes exponential and in
the best case, it just does not work. In the worst cases, it can fly with uncontrolled
trajectories, catch fire, or even explode. Example: "The propeller does produce
enough trust with the electric motor ? Replace the whole thing by a kerosene
jet-engine! 7.
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e An other related error that is seen very often is people who want to gain time
by making many tests at the same time instead of trying one thing at the time.
Working with incremental levels of complexity is very important. Example: ”- I
cannot find the problem, the 10 programs won’t work together... - Have you tried
them separately 7 -Nope...”.

e The "easy safety” device: a rope that attaches the prototype to avoid crashes or
unexpected takeoffs, a sound emitter to localize it in case it crashes far away.
Example: ”- Where is the quadricopter 7 - I don’t know, it flew away !”.

2.5 Conclusion

This chapter is the most important part of the thesis. Having the knowledge necessary to
know how to avoid crashes and projects failures seems unfortunately hard to be possible
without experiencing failures. It is probably related to a certain optimism and to the lack
of knowledge on our models. During the study, the initial interest for crashes changed
and became more general: how to make a successful innovation and lead the project to
the technical, and economical success. Having received a education mostly focused on
the importance of mathematics and physics, this study brought a very new perspective.
One of things that got clear is that these projects need as much scientific, technical,
economical, psychological and management knowledge in order to work.
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Chapter 3

The first experiments

3.1 Introduction

Energy kites systems have been studied for the last 10 years. There have been mainly
theoretical works about the automatic control of the trajectory, from [89] to [93]. Few
papers have validated their theoretical results with a flying prototype. The main reasons
are that it is complex, costly and usually, prototypes have to be rebuilt once they crash.
The presented system produces energy during cycles in which the kite moves away from,
and returns to it’s initial point, following a straight trajectory. As the kite moves away
lifted by the wind, the wing’s Angle Of Attack (AOA) is kept at an angle which produces
an important lift force. The tether displacement makes a dynamo on the ground turn,
which generates power. During the period when the kite is descending, the angle of
attack is reduced so that the lift force is significantly smaller, and the dynamo is used
as a motor for reeling in the kite to its initial altitude. As a consequence, few energy
is used reeling the kite back and there will be a positive amount of energy generated at
the end of each cycle. Most studies have focused on different kinds of trajectories, called
crosswind flight, that maximizes the energy produced per kite. Its main drawback is
that each kite requires a lot of room to fly, as it follows a 'figure-8’ trajectory.

This chapter deals with the development of one of the simplest kite power systems (see
figure 3.1) . The main goal is to make a study of the system that focuses on safety and
on the accuracy of the output power control. As the kite flies in the wind tunnel that has
been built at Gipsa-lab, the experimental set-up allows the simulation of wind gusts and
operates at any desired wind speed with high precision. Therefore, kite energy generation
is performed indoors independently of the weather conditions. This strategy makes the
flight tests safer, faster, easier and brings precious knowledge for future outdoor flights.
The proposed control strategy has led us to control the system output power with an
accuracy of 99 %, with an unknown wind speed varying from 7 to 10 m/s. This prototype
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Figure 3.1: Flight test of the wind power system in the GIPSA wind tunnel (wind speed : 8 m/s).

can also fly safely in presence of very strong perturbations.

3.1.1 Studied flight plan

The system studied in this chapter has a kite that performs ascending and descending
trajectories along the same straight trajectory. This system has two advantages over the
‘crosswind kites’ [7]. While it does generate a lower amount of energy per kite, since the
flight space of each kite is a straight trajectory, one can put several systems in a very
small land area. As a consequence, this system increases the amount of energy produced
per used ground surface. It is better adapted to sites where the land used is a strong
constraint that needs to be optimized. The second advantage is that it is safer: in order
to have increased performances, crosswind kites need to have a larger aspect ratio. As
a consequence, they need to have a strong structure that will be stiff and heavy. Our
system does not need to have a high aspect ratio and can be built with soft materials.
One has to remember that kite systems will not produce energy if they do not get a
permit to fly. Building prototypes built out of soft materials has its importance as long
as safety maters.
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3.1.2 Objectives

The goal of this study is to increase the long term viability of our kite systems. This
chapter has three main objectives:

- Enhance safety. It is a major key point for the system success because it has an
obvious impact on reliability, ground handling, cost, etc. Wind gusts can be very brief
and of enough intensity that they might cause loss of control of the kite before the
actuators have time to react. For this reason, the flight plan and the stabilization of the
system need to be studied so that the system becomes wind gust-proof.

- Control the output power so that the generated energy can be plugged into the
grid reducing the need of batteries or supercapacitors. This has a direct impact on the
cost of energy. The proposed control strategy will also extend the lifetime of the system
as it depends on the strength of the aerodynamic forces. Reducing these forces makes
the lifetime of our kites longer. As an example, aerobatic paragliders have a lifetime of
around 100 hours because the materials are subject to very strong forces, whereas the
lifetime is 300 hours in normal use. In the latter case the main cause of damage is due
to U.V. sunrays.

- To propose a methodology for those who would like to build their own
prototypes. This methodology has been inspired by aviation pioneers and UAV
research.

Moreover, the previous points can be used for other kinds of kites systems.

3.1.3 Guidelines

As a result of the pioneer’s study (see chapter 2), we will make special efforts to respect
the following four research guidelines.

3.1.3.1 Testing in a wind tunnel experimental setup

Being independent of the weather conditions makes our research go much faster. We can
control the wind speed, we can fly anytime and we do not have to transport the equipment
far away to make fly tests. We can also make static flight, study the aerodynamic
coefficients, simulate perturbations, block it with the hand, be next to it as it is flying,
avoid crashes, etc.
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3.1.3.2 Study of a simple prototype

Our aim is to work with a step by step growing level of complexity. As it is our first
experience in the kite energy domain, we have chosen to study the simplest flying kite.
Note that all of the principles explained in this chapter can be used as a basis for much
more complex systems.

3.1.3.3 Minimal correlation of controls

Generally, flight parameters are correlated. For example, kitesurf’s pitch angle depends
on the angle of flight, its control accuracy depends on the relative speed of the kite, the
length of the tether, etc. This kind of characteristics make the control of kite systems
much more complex. This study tries to avoid this kind of correlations. For instance,
the control of the pitch angle in the kite is independent of the angle of flight, a system
of cables allows the kite to change the angle of flight without changing the pitch angle.
Another example is that the angle of flight control could have been stabilized using the
angle of attack, but this method would have provoked other problems for the control
of the produced energy and the control of the the length of the rope. Instead of that
method, the control of the angle of flight used a drag generator. this device passed tests
to prove its influence on other the lift was delectable.

3.1.3.4 The ’crash proof concept’

Crashes seem to be an unavoidable part of experimentation. The faster we recover from a
crash, the faster we learn to fly without crashing. We have chosen to design a very simple
and robust prototype. Its robustness lies on the use of an inner structure of carbon fiber
and foam sheets to give the external surface its aerodynamic shape. Its simplicity is such
that in case of important damage, the kite can be fully reconstructed or modified within
few hours.

To date, this prototype has experienced about 30 crashes, but none of them required
more than half an hour to be repaired.

3.1.4 Chapter’s organization

This chapter is organized as follows: The first part will briefly present the three first
prototypes. Section 3.3 presents the fourth kite’s main characteristics and some general
information about the studied problem. Wind and wind gusts characteristics will be
studied in section 3.4. These characteristics will be used in section 3.5 when we will
study the main causes of crashes in order to avoid them. The aerodynamical model will
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be studied in section 3.6. Using the previous sections information, the flight plan will
be designed for avoiding crashes in section 3.7. The energy production will be studied
in section 3.8. The experimental setup in section 3.9 and the kite’s control algorithms
will be presented in section 3.10. Finally, the results and the conclusion will be held
respectively in sections 3.11, and 3.12.

3.2 Early prototypes and wind tunnels

As a result of the previous guidelines, a wind tunnel and several kites have been con-
structed. The following study will focus on the 4th prototype (see figure 3.1). Four
prototypes and two wind tunnels were built before arriving to the prototype that works,
produces energy, autonomously, in presence of changing wind speeds. Here is a little sum
up of what has been built.

The very first prototype was built in 2009 (see figure 3.2). It was the subject of study
for the aeronautical research project at the Ecole Centrale Paris. The first tests of this
wing were performed with a small electric engine. Once it showed it could fly, Tests were
performed in the "Grande Soufflerie”. It’s objective was to stabilize the angle of flight
using the spoiler’s drag.

Figure 3.2: Flight test of the first prototype.

The wing was made out of a foam sheets, carbon tubes and balsa, the construction was
made so that the angle of attack would remain the same regardless of the kite’s angle
of flight @ (see figure 3.7). Its angle of flight was its only degree of freedom.The control
system was composed of two servomotors that would open the spoilers in order to in-
crease the drag. The system had a proportional control algorithm that was implemented
analogically. Tests showed that the control enhanced stability but the results still needed
to be improved for the kite to have more degrees of freedom in order to produce energy.
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The second prototype was build in order to test to control the angle of attack. One
particularity of this prototype was that it was an extremely cheap study. The kite had
to be build fast, with extremely few money. By that time, the laboratory did not have a
wind tunnel. Making experimental validation of theoretical results is for me something
very important, one solution had to be found to make a flight test. An air conditioning
system was in the room, the choice has been made to transform it into a wind tunnel !
A duct was build and adapted to the fit the output of the air conditioning system (see
figure 3.3). Its role was to redirect the airflow and to increase its speed by reducing its
section. The kite dimensions were chosen so that the wingspan would be slightly smaller
than the width of the airflow.

The prototype had a single cable that was attached to the control tube. The control
tube would be actuated by a servo and would change its angle with respect to the wing’s
axis. As the wing’s angle of attack would change, the tension of the cable would generate
a couple that would bring the kite to its initial angle of attack. The control tube would
roughly act as a proportional control an the angle of attack. A derivative component
was brought by the aileron in the trailing edge, it would generate a torque that would
damp the kite’s rotation.

Figure 3.3: Second prototype in flight, in the ”air conditioning” wind tunnel.

The kite’s flight was stable, as it was a very cheap prototype, no measurement unit was
implemented. Tests of stability were performed by disturbing the kite and comparing its
reactions with the control system switched on or off. This method of testing gave results
that were obtained quickly, with few means. One of its most interesting points is that it
can give us interesting information about the possible problems we can face as we build
a greater system. This experiment costed about a hundred euros but it made us be much
more confident on the fact that building a greater prototype with much costlier devices
would not be a lost of time and money because of some unexpected problem.

The early prototypes had the following characteristics:

36



Chapter 3. The first experiments

Table 3.1: Carracteristics of the early prototypes

characteristic kite n°1 kite n°2 kite n°3

mass 40 g 70 g 130 g

wing area 0.05 m? 0.07 m? 0.08 m?
wingspan 0.3 m 0.36 m 0.4 m

control inputs drag pitch drag and pitch
degrees of freedom 1 1 2

number of actuators 2 2 3

After the tests on the second prototype, the choice was made to build a wind tunnel in
which more complete tests could be performed. The third prototype was build in order
to fly in the wind tunnel. As the wind speed of the wind tunnel could go much higher
than the one made with the air conditioning system, the third prototype was build with
more actuators and with a total weight per wing area that was much greater than the
one of the second prototype.

The objective of the third prototype was to control the angle of attack as well as the angle
of flight. It had three embedded servos that would control the control tube’s orientation,
and every one of the two surfaces of the crocodile flap independently (see figure 3.6).
Wind tunnel measurements showed that the torque and the opening of the flaps had a
drag coefficient and a pitching moment that could be considered as independent. This
allowed to increase the drag of the kite and to generate a torque that would be used for
the angle of attack control.

Figure 3.4: Third prototype.

The prototype was developed in order to be tested in the wind tunnel, that was able to
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Figure 3.5: Third prototype in flight. A guiding system and vertical surfaces were used in order to
reduce the oscilations arount the yaw axis.

generate a wind flow up to 11 m/s. As the tests started, is was found out that the wind
tunnel generates a very perturbed flow as it goes to high speeds. The perturbations had
variations of speeds on the horizontal and vertical axis. Their variations of speed were
extremely strong and quick. They would generate very strong changes on the lift force
and the servos were not quick enough to respond to such high speed variations. As a
consequence, the kite would have great lift variations and stall problems that would lead
to losses of control.

Some small improvements were made in order to make it fly in a more stable way,
a honeycomb structure was added to the wind tunnel in order to make the windgust’s
amplitude smaller. The result was that it strongly reduced wind gusts but it also reduced
the maximal speed of the flow to around 9 m/sec. The flight of the prototype did not
get much better because its weight could barely be supported by the lift. The choice was
made to build a new prototype that could fly with lower wind speeds.

3.3 Description of the fourth kite prototype

3.3.1 The aerodynamical structure

Two main changes were made after the relatively poor results brought by the third
prototype. The fourth prototype (see figure 3.6) was build much lighter, with a controlled
rudder that enhanced greatly the lateral stability. The weight of the prototype was
reduced of 40 percent (80 grams), the wing area was made 75 percent greater (0.14 m 2).
The NACA 0018 airfoil has been chosen for two main reasons, stall propagation is very
progressive and the airfoil has enough room for the embedded electronics. The wing has
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Figure 3.6: The wing with the spoilers in a medium drag position. Note the rudder used for the yaw
angle stabilization.

a constant cord, a symmetrical airfoil, 2 embedded actuators that control the tail rudder
and the spoilers that increase the amount of profile drag. The Angle Of Attack (AOA
= «) is controlled using a servo on the ground that pulls a rope attached to the leading
edge of the wing and two other ropes that are attached to the trailing edge. This rope
system makes the AOA independent of the angle of flight. This system made possible
the use a heavy set of actuators in order to control very quickly and precisely the angle
of attack, without adding extra weight to the prototype. It is composed of four Hitec
servos that have a speed of 0.1s/60 degrees and a torque of approximately 30 N/cm each.

3.3.2 The two dimensional flight concept

Like Tatin (see chapter IT), we have focused on an equivalent of a two dimensional flight.
We have chosen to lock the roll angle, the lateral position and the yaw angle. The roll
axis is blocked by the lift and a rope system connected to the sides of the wing. The
lateral position is as well stabilized by the lift force. The yaw axis is stabilized by a PID
controller that acts on the tail rudder.

3.3.3 The production cycles

This kite system can produce energy with very simple flights. It is based on a tethered
kite driving a dynamo on the ground, see Figure 3.7. As the kite moves upwards lifted
by the wind, the wing’s angle of attack is kept at an angle which produces an important
lift force and the dynamo generates power. During the period when the kite is moving
downwards the angle of attack is smaller so that almost no energy is used bringing the
kite back to its lowest altitude. As a consequence, there will be a positive amount of
energy generated at each cycle.
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3.3.4 The control problems

The trajectory of the kite and the produced power need to be controlled. The trajectory
is composed of the flight angle  and the rope’s length r as depicted in Figure 3.7.

Spoilers Wing

50:wmax N

5 GWMax ‘\

Wind direction

Tether r

X
< - A Motor + Drum
Ground

Figure 3.7: The whole wind power system (wing-+tether+motor) in airflow

It has been noticed that at high angles of attack, some very strong perturbations (Figure
3.8) might appear on the 6 axis.

If they are not properly controlled, these oscillations can lead our kite to crash. The
same kind of oscillations can appear on the rope’s length r control. The angle of attack
a needs to be controlled as well, it will have to adapt to changes of relative wind speed
and orientation. The angle of attack will be here defined as the sum of the pitch an-
gle «, measured with respect to the horizon, the relative wind orientation «,, and its
perturbation 04, (2.5.18) due to wind gusts.

o= Qy + Qy + Oau (3.3.1)
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Figure 3.8: Oscilations observed on the angle of flight #, when no control systems are used.

3.4 Wind characteristics

Wind gusts can make the orientation and the strength of wind change, they can be very
brief and intense. They are one of the biggest causes of crash in aeronautics, kitesurf
and paragliding. If the wind gust makes the angle of attack lower, the lift change can
provoke a phenomenon similar to the one known as ’frontal collapse’ in paragliding. On
the contrary, if the wind gust rises the AOA, it can provoke stall.

The wind gusts also make the windspeed value change, once combined, both phenomena
can lead to great variations of lift. In order to reduce the probability of crash due to a
wind gust, some statistical data about the wind gusts is needed.

The wind speed V will be here modeled as the sum of a controlled main stream speed V
and uncontrolled variations of intensity dy. This wind blows horizontally but the wind
gusts can change its orientation of an angle d,.,.

3.4.1 The mean wind speed control

The wind tunnel’s mean wind speed V obeys to a first order system that is controlled
by the control input Uy .
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V =58y (UV - V) (3.4.1)

Nine brushless motors generate a wind speed that goes up to 9 m/s with a response time
of approximately 0.5 s. This control will be used to simulate wind gusts along the x axis.
During the tests , V values will be of 7, 8 and 9 m/s.

3.4.2 The wind gusts

The propeller’s turbulence provokes some perturbations that can not be controlled. Nor-
mally, their characteristics depend on the ground’s surface, shape, the temperature dif-
ferences, the presence of other flying machines, etc. In this study, wind perturbations will
be approximated them by a simple model where one only knows that their amplitudes
are bounded as follows.

H 5V H< (SVma:r (342)

| bew [|< awmas (3.4.3)

The Gipsa-lab wind tunnel has values of || dy || that are smaller than dy 4. = 0.5m/s
and the || dny || value is bounded by dawmar = 3 degrees. In this specific case, the lateral
wind gusts have a very low impact on the system so they will not be taken into account.

3.5 Analysis of crash causes

3.5.1 Two different approaches of unknown aerodynamics

Most of aerodynamics models are studied in a reduced flight domain. For example, their
lift coefficient C',, moment coefficient C'y; and drag coefficient C'p are generally studied
for AOA values between -20 and 30 degrees. Beyond these limits, most control algorithms
will loose their effectiveness and kite’s trajectories will look chaotic, like falling leaves.
Avoiding this kind of loss of control can be done by two means: expanding knowledge
of the flight domain or restricting our flight domain by staying in a well known flight
domain. The classic way to avoid these problems is to avoid the unknown aerodynamics
by restricting the flight domain. This study follows this strategy.

Nevertheless, it is important to remember that expanding models can have great ad-
vantages. To illustrate this, one can mention that regular planes pilots avoid to fly at
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high AOA to avoid loss of control due to stall. On the contrary, the Sukhoi engineers
enhanced their aerodynamic models in order to be able to do the 'cobra’ figure where
the angle of attack goes up to 120 degrees. Both approaches are made to avoid loss of
control.

The expansion of models brings a lot of new possibilities. For example, acrobatic
paragliding is full of complex figures that could be very useful for our kites systems.
One can cite the "helicopter’ figure, the ’ears’, the ’big ears’; etc. None of these Figures
fit the standard aerodynamic models.

3.5.2 Causes of crashes and safe flight conditions

The control algorithms must be designed so that the kite respects the 4 following safe
flight conditions.

3.5.2.1 Condition 1: Dynamic stall

The angle of attack o must never be greater then the stall angle ay,; . This dynamic
stall condition must be taken into account for the worst possible value of d,,, i.e. when
it is at its maximal value.

o= o + y + Opa < Ostall (3.5.1)

3.5.2.2 Condition 2: Frontal collapse and loss of tension

Frontal collapse can happen to paragliders when the lift coefficient suddenly becomes too
small or negative. If it happens, classic paraglider’s airfoil lose their shape and the lift
changes its orientation which leads to a total loss of control. It is the first cause of crashes
in paragliding. The second kind of problem happens to kites that need a minimal rope
tension in order to have effective controls. It is generally the case when the actuators
are not embedded.

These two phenomena should lead to two different conditions, one on the minimal tension,
and one on the minimal angle of attack. In this study, the minimal needed rope tension
is very small and we will approximate both conditions by the following one. The kite
must never fly with an angle of attack lower than «,,;, = 2 degrees.

Q> Qi = 2 degrees (3.5.2)
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3.5.2.3 Condition 3: Overload

%
Our systems lift L and drag B forces must respect the structures maximum load F},,,.
Beyond the maximum value, the kite, the rope or the dynamo get destroyed.

_>
| Z +DI< Foae (3.5.3)

This inequality must be respected in the worst case, i.e. when the wind gusts dy and
the J, are at their max value. This study’s kite maximum load is 10 N.

3.5.2.4 Condition 4: Minimal lift

The projection of the aerodynamic forces on the vertical axis Z has to be greater than
the weight Mg in the worst case, i.e. when the wind gusts diminish the V speed and the
relative wind angle to their minimum value.

I (L +D)-7Z |> My (3.5.4)

3.6 Aerodynamic model

This section presents the aerodynamic model of a kite wind power generator system as
depicted in Figure (3.7). The following formulas are taken from [83].

3.6.1 Forces

From Newton’s second law we obtain the following nonlinear dynamical system:

i = %[—29&4%} (3.6.1)
- m[m?er—T] (36.2)

where r is the rope length from the kite to the dynamo on the ground, @ is the angle the
rope makes with respect to the horizontal line, M is the mass of the kite, My, = #
with I the inertia of the rotor and R the radius of the drum, T is the tension on the
rope, F,. and F; are respectively the radial and tangential forces acting on the kite due

to aerodynamical forces and the weight w = Mg.
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The aerodynamical forces can be expressed in terms of the lift L and the drag D as
follows:

F, = Lsin(0 — a + 0ow) + D cos(0 — ayy + anp) — wsin @ (3.6.3)

Fy = Lcos(0 — ay + dow) — Dsin(0 — auy + 0py) — w cos 0 (3.6.4)

The angle of relative wind speed will be here approximated by ., + daw. When the kite
speed is very high respectively to the wind gust values, one has to take into account the
speed of the kite, its orientation and the behavior of the wind speed V.

The norms of the lift and the drag amplitude obey the following equations:

1
L= §pSfoL (3.6.5)

1
D= §pSfo’D (3.6.6)

where p is the air density, S is the wing surface, v, is the relative wind speed and the lift
coefficient C', and the drag coefficient C'p are

acC
CL = —L(aw + o + o) + Cro (3.6.7)
Ox
Ci
Cp = T Cpo + kspdsp (3.6.8)

where Crg, Cpg are constant coefficients, e is the Oswald’s efficiency factor, A is the
aspect ratio. The pitch angle «, in controlled via the input U, see equation (3.6.10).
The amount of added drag is ks,¢,, where kg, = % is the drag derivative with respect
to the angle of opening of the flaps ¢,,. The flap is opened via the input Uy and obeys

to equation (3.6.11).

3.6.2 Control inputs and actuators dynamics

The systems has three control inputs, U,, Uy and U,. Equations (3.6.9), (3.6.10) and
(3.6.11) represent the first order dynamic response of actuators used in the experimental
platform to control respectively the torque of the motor, the pitch angle of the wing and
the angle of opening of spoilers.
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Figure 3.9: Close up of the spoilers in the maximum drag position.

T = 5T(UT—T) (3.6.9)
Gy = ﬁa(Ua—au) (3.6.10)
b = Bon(Us = 6) (3.6.11)

Note that U, controls the length of the cable using the torque of the dynamo/motor. The
dynamo/motor will act as a motor or as a dynamo depending on whether it is generating
power or pulling the kite down to restart a duty cycle.

3.6.3 Use of the spoilers

The spoilers are used to generate drag to stabilize the kite at the desired angle of flight
p, the value of the opening can vary from 0 to 160 degrees (Figure 3.9). The standard
position is 80 degrees. Our tests revealed that the amount of generated drag can be
approximated as proportional to the angle of opening ¢g,.

For every combination of AOA, V, 7 and Up, there exists one corresponding angle of
flight 6 value for which the kite tangential acceleration 6 is equal to 0, if the flight is
possible. This particular value is named the natural angle of flight 0.

The value of this angle is controlled by the vertical forces VF and the horizontal forces
HEF:

VF
tan — =0 .6.12
arctan —— = Oy (3.6.12)

with :

VE=|(L+D)- 7 —w| (3.6.13)
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HF =| (L +D)-7 | (3.6.14)

As we want to reject perturbations and follow the desired angle 8y in case of change of
mean wind speed V, one needs to be sure that there is a value of Uy that can satisfy
On = 0p and that this value of Uy still have enough resources to reject perturbations. It
has been experimentally noticed that the kite can reject perturbations using 50 percent
of Uy. As a consequence, the values of §p have to be chosen in the intervals between the
value of Ay corresponding to Uy = 0.25% and Uy = 0.75%. This makes that for every
Op, the kite has still enough range.

3.6.4 Relative wind

The horizontal relative wind speed (3.6.15) and the vertical airspeed (3.6.16) depend of
the movements of the kite and are given with respect to V. In order to simplify equations,
we will express the relative wind speed as the sum of the wind gust and the value of
relative wind speed that would be seen by the kite with no wind gust.

In the absence of wind gust, the horizontal v, and the v, are given by:
vy = V +rsin(h) — 7 cos(h) (3.6.15)

and

v, = 1 cos(8)6 + 7sin(6) (3.6.16)

Using (3.6.15) and (3.6.16) we obtain the wind angle o, which is the angle of the wind
velocity vector measured with respect to the horizon, and the kite’s relative wind velocity

Uro-

Q, = —arctan — rcos(6)6 il sin(6) (3.6.17)

V + rsin(0)0 — 7 cos(0)
Upp = \/(r cos(0)0 + 7sin(h))2 + (V + rsin(0)d — 7 cos(6))? (3.6.18)

Adding the wind gusts perturbations, v, is bounded as follows:
Urg — 6Vmaz <V < Upo + 5Vmcw: (36]—9)
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3.7 Flight plan design strategy

The flight plan has to be designed so that it respects the 4 safe flight conditions and be
able to follow the desired trajectory. The proposed strategy for designing the flight plan
will consist in computing all the possible trajectories and choose one that satisfies the
safety requirements, i.e. avoid the crashes studied previously. The possible trajectories
will be categorized in three different domains:

e The static flight domain when the kite does not move.

e The constant speed flight domain for all the straight trajectories at constant r
speed.

e The accelerated trajectories will be studied in the transitions flight domain.

This particular way of studying the flight can be extended to flights with more degrees
of freedom. For instance, when a kite is turning following a figure of eight trajectory, the
two wingtips have different wind speeds. The angle of attack on each wingtip depends
on its speed. Proving that none of the wingtips is stalling would be interesting in order
to make the flight safer. This is a simple example whose calculation can be done very
quickly adapting equation (4.3.6). When the systems become more complex, many other
phenomena can change the values of aerodynamic forces and can lead to losses of control
due to the lack of comprehension of the flight dynamics.

3.7.1 Static flight domain

Using the safe flight conditions, we can compute the values of AOA and relative wind
speed that respect the 4 conditions (3.5.1), (3.5.4),(3.5.3) and (3.5.4) when the kite is
static (Figure 3.10).

This domain gives a first idea of the restrictions one must consider. The values of AOA
and mean wind speed must remain in the ’safe flight domain’. One can see that the
size of the safety margins reduce a lot the possibilities for flight and that the safe flight
domain is surrounded by the 4 causes of crash. The size of the safety margins increases
with the values of 0y, and Oy

3.7.2 Constant speed flight domain

In order to set a flight plan and compute the output power, we need to find out what are
the possible values for the angle of flight # depending on the 7 speed and on the wind
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Figure 3.10: Static flight domain for the fourth prototype.

speed. The basic flight trajectories are straight trajectories at constant angle of flight 0
and 7 speed. These trajectories must be followed in case of mean wind speed change,
for example when V' goes from 8 to 9 m/s , and in case of AOA change. The kite has to
be able to keep the same angle of flight 6 using less than 50 percent of the spoilers total
rate, as explained in section 4.2. In case of wind gusts, the kite must be able to regain
the desired trajectory after the transition period.

3.7.2.1 The constant flight angle condition

The fifth condition is that the kite must be able to stay at the desired angle of flight
Op for different values of AOA and mean wind speed V using only the Uy control. This
condition reduces the size of the flight domain, but it is a first approach that guarantees
the flight safety.

Figure 3.11 shows the possible angles of flight corresponding to a 77 =0.5 m/s, mean wind
speeds of 8 and 9 m/s. Wind gusts are set at their less advantageous values. For each
graph, the upper curve corresponds to the fy value corresponding to Uy = 0.25% and
the lower to the fy value corresponding to Uy = 0.75%.

We can see that in this particular case, the 6p value can take any value between 58 and
65 degrees. This condition makes some flights at constant angle of flight impossible. The
following graph has been plotted for a 3 m/s value of 7 (Figure 3.12).
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Figure 3.11:
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One can see that the system is no longer able to keep a constant flight angle in case of a
change of . Note that these kinds of phenomena also happen when the kite is flying with

low wind speeds.

interval of angle
because there is

These situations are likely to produce a crash because there is a wide
of flight values for which the angle of flight can no longer be controlled
no Uy value that satisfies the equation 0 = 0p. When the U, control

can no longer stabilize the angle of flight, because the 6p is out of reach by the kite, one
possible solution could be to change the value of 5 using 7 as a control input. This

solution will not

be studied in this manuscript. Note that this kind of control problem

is one of the main causes of crashes in kitesurf, when experimented kitesurfers try to
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make the kite takeoff in the 'max power zone’. The 0y value is very high and the kites
accelerated and as the kites accelerates very quickly, the kitesurfer gets pulled so hardly
that he almost immediately takes off the ground.

3.7.2.2 Safe flight conditions respect

Vertical lines in Figure 3.11 are the limits on AOA to respect condition 1 and 2 (see
section 3.5.2). Taking into account the safety margins, the angle of attack has to be
greater than 5.2 degrees for 8 m/s of mean wind speed, and 6 degrees for 9 m/s. The 15
degrees line represents the limit on AOA to avoid stall. For these ranges of wind speeds
and AOA, the conditions 3 and 4 are respected as well.

3.7.3 Accelerated flight domain

This study will focus constant angle of flight trajectories. In order to keep a tense tether,
One needs to satisfy the two following condition.

3.7.3.1 The maximal 7 value condition

The sixth condition is that when the # value is positive,the maximal rate of acceleration
of the rope must be inferior to the kite’s acceleration rate. Cl;cherwise, the cable will go
loose. The kite acceleration rate can be approximated by || L || /M This condition can
be written as follows: | f |

7 (3.7.1)

T <

3.8 Maximum energy production

The maximum energy production is studied to obtain the reachable values for the desired
output power. The energy consumed during the transition phases will be neglected in
this section since its value is very low compared to the total energy production.

The amount of energy generated during a cycle depends of the flight plan. In order to
maximize it, one has to use the maximal safe value of o in order to maximize radial force
F,. during the production phase, and to reduce the angle of attack to its lowest possible
value during the recovery phase. In order to optimize the power production, two main
inputs, the angle of attack « and the 7 speed are used.

A basic flight plan can be defined by 6 parameters that are : the speed r; during the
production phase, the radial force F;; of the kite during the production phase, the speed
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7o during the recovery phase and the radial force F,5 of the kite during the recovery
phase. Finally 7,,;,, and 7., are the minimum and maximum rope length attained at
the time t; and ¢5.

The amount of energy produced during a cycle of this flight plan is then given by:

t1 to
E(to,tl,tg) :/ FrlTldt—F/ Fm’l.“gdt (381)

to t1

the first term is the produced energy during the production phase, the second is the
consumed energy for reeling in the kite.

The mean power can be written as:

E(t07 tl) t?)

P<t07t17t2> - + ;
2 — Lo

(3.8.2)

Note that this simple flight plan and the energy expression do not take into account
the loss of energy due to energy losses during the transition phases, the efficiency of the
motors and actuators,the rope’s weight, friction losses.

3.8.1 Ideal recovery phase

The ideal recovery is very short and consumes very small amounts of energy. The fastest
the kite will go, the smaller will be the induced drag. As a consequence, the kite’s tension
will no longer be generated by the lift but by the drag due to its Cpg coefficient. With
an appropriate control and an appropriate flight plan, the kite should have a straight
trajectory, with an AOA close to zero, just like the flight of an arrow.

Supposing the kite could follow this kind of trajectories, the output power would be
given by Figure 3.13. This kite could have a maximum production of 40 W/m? with a
mean wind speed of 8 m/s. Note that the 7 speed during the recovery phase has a value
of 15 m/s.
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Output power
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Figure 3.13: Maximum energy production correponding to an ideal recovery phase and a mean speed
wind of 8m/s.

3.8.2 Experimental recovery phase

The experimental setup has a maximum rope’s length r value equal to one meter, as a
consequence, it can not reach high values of 7. The maximal values that can be reached
are about 0.3 m/s. The performance of recovery phases with these values of 7 are quite
low, and one needs to keep a minimal angle of attack of approximately 6 degrees. As
a result, the following flight plan has been design (Table 3.2). It respects all the safety
conditions and leads to a maximal output power of approximately 0.3 W.
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Table 3.2: Coefficients of the experimental set-up

Variable production phase recovery phase

T 0.1 m/s 0.2 m/s

« 15 degrees 6 degrees

r 1 m (max value) 0.2 m (min value)
0p 65 degrees 65 degrees

3.9 Experimental setup

3.9.1 The wind tunnel

In order to validate the proposed control strategy, an experimental set-up has been built
in the Gipsa-lab laboratory for testing the proposed wind power system presented in the
previous sections. This experimental setup allows to test our prototype independently
of the weather conditions (see Figure 3.14). The air flow is produced at speeds up to 9
m/s. The wind tunnel is composed of 9 brushless motors of 800W each distributed on a
surface of 1.2 m?.

3.9.2 The control platform

Controllers are implemented on the experimental set-up using the xPC target real-time
toolbox of Matlab. The ground station sends U, control variable to a dynamo-motor
system Maxon 2260L DC 97W driven by a 4 quadrants amplifier Maxon ADS 50/10.
Two incremental encoders provide measurement of flight angle 6§ and rope length r.
Control outputs Uy and U, are sent to servomechanism via a RS232 communication and
a torque sensor provides an accurate measurement of tension of the cable T'.
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Figure 3.14: The Gipsa-lab wind tunnel system, including the 7.2 kW wind tunnel, the wing, the
ground station and the control computer.

3.10 Kite’s control algorithms

During last decade, kite systems have been studied by many different automatic control
teams. Nonlinear model predictive control (NMPC) has been applied in ([74, 57, 91].
Trajectory tracking methods including neural network control [92], robust control [46],
direct-inverse control [93], and nonlinear adaptive tracking control [89] has been also
proposed.

This study highlights the fact that respecting some conditions on flight mechanics and
using simple flight plans can make possible the use of simple control algorithms. This
method does not give the maximal values for output power, it can be improved by finding
solutions to reduce the losses due to the safety margins. This can be done by two main
methods: enhancing the response time of the kite to reject perturbations, or studying
methods to keep the control of the kite when we do not respect the safe flight conditions.
The last method has been studied since the 70’s, by the development of high performance
aircraft.
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Two methods will be here proposed, the first one will use a state feedback technique that
will use the angle of flight sensors. The second one will use an observer based method
and will perform a control of the output power.

3.10.1 Table of coefficients

Both proposed control strategy were first validated in simulation using values of coeffi-
cients of the experimental set-up given in the following table.

Table 3.3: Coefficients of the experimental set-up

Symbol Name Value

M mass 0.08 Kg
My rotor’s mass 0.0481 Kg

p air density 1.225 Kg/m3
S wing area 0.14 m?

e Oswald’s factor 0.7

A aspect ratio 2.5

oL lift derivative w.r.t. o 0.07 deg!
Cpo zero lift drag 0.01

Cro lift coefficient at o = 0 0

1% mean air speed 8-9m/s
ksp drag derivative w.r.t. ¢, 0.0031 deg~!
Bsp inverse of the time constant | 100 st

Ba inverse of the time constant | 100 s~!

Br inverse of time constant 14.28 571

3.10.2 State feedback control strategies

3.10.2.1 Control of the angular position 0

We first study the control strategy for the angular oscillations on 6 which will be sta-
bilized using the spoilers uyg. We have noticed that without spoilers it is very difficult
to stabilize the angular position 6 because there exist sever oscillations, see Figure 3.8.
Such oscillations have been damped by introducing spoilers on the wing. To analyze the
system we have to rewrite (3.6.1) in such a way that the spoiler control input uy appears
in the equation. Injecting (3.6.4) (3.6.5), (3.6.6) and (4.3.4) into (3.6.1) leads to

0 = x + Quyg (3.10.1)
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where
_ pSvZBysin(a, — 0)
Q= i (3.10.2)
y cz .
y = 20 L cos(ay, —6) —wcosd N pSvZ(—% + Cpo) sin(a, — 0) (3.10.3)

r rM 2rM

The objective is to propose a control law for ug such that the closed loop system behaves
as

0+ 20+60=6° (3.10.4)

where 0% is the desired value for # which is typically 60°. Using Laplace transform the
above equation can be expressed as

(s +1)%0(s) = 0°

This means that the desired closed loop system has two real poles at —1. Introducing
(3.10.1) into (3.10.4) it follows that the required control input is

up = (—20 — 0+ 67 —x)/Q (3.10.5)

The above control input linearizes the system (3.10.1) using a state feedback technique
and guarantees that § — 69 . The desired angular position §¢ can be also computed to
maximize the generated energy.

3.10.2.2 Control of the rope length r

In this section we propose a control strategy such that the rope length r tracks a sinusoidal
trajectory. We have chosen a sinusoidal trajectory in order to smooth the displacement
of the kite. Notice that the kite velocity is zero, i.e. 7 = 0, when the kite reaches its
highest and lowest altitudes. Suppose for simplicity that we wish r to follow the desired
trajectory:

ry = Asinwt
rq = Awcoswt
Py = —Aw’sinwt
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where A and f = w/27 are respectively the amplitude and frequency of the desired
oscillation.

Let us introduce the error

CE=7r—r

and let us assume that we wish the closed loop system to behave as

(s +1)%(s) =0

Therefore

f:fd—Z(T.’—fd)—(’l"—Td)
From (3.6.1) and the above it follows that the control input 7" should be chosen as

T:M[—fd+2(¢—7'~d)+(r—rd)—ré2 +F,

The above control law is a state feedback control law which linearizes system (3.6.1) and
forces it to track a sinusoidal trajectory. The amplitude of such a control input normally
increases as A or f grows.

3.10.2.3 State feedback control’s tests

We have observed experimentally that the control of the yaw angular displacement )
works properly. Furthermore, for a fixed rope length r, we have observed that for a
given angle of attack «, we can see on figure 3.15 that the rope angle 6 reaches an
almost constant value. The small oscillations are due to the fact that the wind in these
experimental conditions is very turbulent.

This kind of perturbations might seem over sized, but one has to keep in mind that in
case of a loss of control, the tether might give great perturbations to the kite. These are
the tests that kites systems must pass in order to be considered as a safe system.

The control of the rope length r works quite well, as it can be seen in Figure 3.16 and
in Figure 3.17. We have noticed that in the case of very low speed displacements, the
behavior of the system has some problems due to the system’s static friction.
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Figure 3.15: Response to a manual perturbation on the closed loop system.
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Figure 3.17: Sinusoidal trajectory tracking with torque control.

This experiment was the first time we produced energy, the energy curve can be seen
in Figure 3.18. Though the energy production was positive, its value would change
according to the wind value and to the perturbations. The precision on the amount of
generated energy was low and needed to be improved.
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Figure 3.16: Desired position tracking with Torque control .
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Figure 3.18: Generated energy.

3.10.3 Observer based control strategies and output power con-

trol

The second control algorithm proposes a different approach for stabilizing the kite and
a method to control the output power production.

In a near future, kites system will probably be used in wind power farms with great
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constraints about the closeness to neighbor kite power systems. The management of the
position of the kite and the timing of the energy production phases will have a great
importance. That is why choice has been made to design a control strategy that allows
us to control better the the kite’s position and the amount of energy that is generated.
This section will propose a control strategy that, once the 7 and the 6 values are properly
controlled, can control the output power using as only input the angle of attack control
Us,.

The general control scheme is showed in Figure ( 3.19)

Pre f
" K, Tre f
z 4 N L) U
S K .
’r.? ,r;
L i
Tethered
Wing ‘
1% Uy | svstem
— o [y =2 0,0 2.
Ores L'—» = =
—_—
V
/W rrrefa’r.‘ref
ol Lz
x 3 "
AR

Figure 3.19: The complete system: Os is the observer of x. Ki, Ko, K35 and K, are respectively
feedback controlers for « ,0, r and P.

3.10.3.1 The control of angle of flight ¢

The control of the angle of flight can be done with simple control algorithms if the
and @ values are accurate enough. If the sensor is not very accurate, or if it gives a
numerical signal that can not be easily used for the stabilization of the angle of flight
0, the proposed solution reconstitutes the 6 and 0 using the following observer based
strategy.

Note that the equation (3.6.1) can be rewritten in the following condensed form:
0 =x+ QU (3.10.6)

where x represents the relatively badly known term
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2
—pg?\ﬁs” sin(6 — a) (3.10.7)

Q=

270 Lcos(f — o) — Pcost B pSvf(f—z\ + Cp,) sin(0 — av,)

X:_T+ rM 2rM

(3.10.8)

This suggests that y can be estimated using the following Luenberger estimator based
on the sole measurement of 6:

X = (0 0 1) X (3.10.9)

X1 = (A — L)X + BUs + L16 (3.10.10)

where the observer’s state is X; = [0 6 x] and

010 0
A = |00 1| ;B =|Q ;01:2(100)
0 0O 0

(3.10.11)

while L; is the observer gain obtained for instance using LQE design. This gives the
control law given by (3.10.9)-(3.10.10) together with

1 . .
Ug == —E[A +)\19<(9_8ref)+/\29(6_67“ef) (31012)

where 0,.¢ and éref are respectively some desired angle and angular velocity while Ay,
and Ay, are some design parameters. Note that feedback law (3.10.12) only needs the
estimation of 0, 8 and x and does not need any particular knowledge on the drag force
expression.

3.10.3.2 The K3 rope’s length r control

The rope’s length r control works like a servo motor using a torque control as input.
This control is much more accurate than the one presented in the previous study ( see
figure 3.20). A PID has been chosen to perform this control. Nevertheless, it must be
adapted so that it can respect the two following conditions. It must respect the condition
6 (3.7.3.1) on the maximal # value.
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Figure 3.20: The control of the r rope length using the motor as a PID controlled servo motor.

3.10.4 Ouput power control

The proposed output power control uses the controller K, that computes the desired
tension, which is controlled by the K controller using U,,. This method allows to control
with a great precision the tension and therefore the amount of generated energy.

3.10.4.1 The desired tension K, calculator

This kite system can not produce a constant desired output power P,.s because it con-
sumes power during the recovery phase. The aim of this algorithm will be to control the
produced amount of energy of each cycle.

The cycle duration is f.yqe, the produced energy is Feyee. For simplicity matters, Py
will be supposed constant, but this algorithm can be adapted to changing values of P,y.

The proposed algorithm will control the desired energy FE,..,; in order to reach the desired
energy Fg.s defined by the following definition:

Eges = reftcycle (31013)
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Ereal = Erec + Eprod (31014)

E,0q is the energy produced during the production cycle and Ej.. the energy consumed
during the recovery phase.

The proposed algorithm :

1) As the kite does its recovery phase, the consumed power is measured.

2) At the end of the recovery cycle, The E,,,q value needed to satisty Eyeq = Eges is:
Eprod = Edes — Erec

3) Produce the desired amount of energy at the end of the production phase, the
traction force has to be Tyes = (Fges — Erec) /T

3.10.4.2 The K, traction force controller

The traction force is measured by a torque sensor, the traction force is equal to the

torque divided by the radius R of the drum. The traction force can be approximated as
2

proportional to awv;. The v, values are steady enough to use a simple PID controller.

Nevertheless, it must be bounded so that it respects the 4 safe flight conditions.

3.11 Results

3.11.1 Angle of flight 6 control

This control is very important when the angle of attack is very high because of the
beginning of stall propagation that provoke oscillations. One problem that has been
noticed is that every phase change provokes perturbations that can be seen in Figure
3.21.

Two other problems that can be seen in the Figure 3.21. The 6 angle seems to have
constant error during each phase and, as a consequence, the value of Uy tends to have a
value that is too far from the standard 50% value. This might be explainable by the rope’s
friction, some undesired displacement of the application point of the aerodynamic force
force vectors, but the answer is not clear yet. Nevertheless, the proposed control strategy
proved its utility during some very intense perturbations test sessions and showed a great
level of stability.
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Figure 3.21: The angle of flight value and the input Uy.

3.11.2 Rope’s length r control

The r control works very properly, it follows the desired trajectory with no particular
problem (Figure 3.22). The configuration of the system makes this control very stable.

3.11.3 Angle of attack control

The system has to keep the desired trajectory and produce the desired output power in
presence of the changing values of wind (Figure 3.23). One can see the value of the angle
of attack adapting to the wind speed changes and to the amount of generated energy.

3.11.4 Owutput power control

The output power control works pretty well, simulations results seem to be confirmed
by the experimental validation. The experimental setup measures have shown that the
amount of energy generated at every cycle’s end has a mean value of 99 % of the desired
output power, see Figure 3.24. The level of accuracy of the experiments fits the results
that were obtained in simulations, see Figure 3.25.
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Figure 3.22: The rope lenght value (top) and its U; value (bottom).
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Figure 3.23: Wind speed rise from 8 to 9 m/s (top) and the U, reaction. Note that the controller
reduces the AOA to avoid an overproduction of energy.
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Figure 3.24: Measurement of the output power, tracking a variating desired power in presence of a
wind speed that goes from 7.5 to 9 m/s.
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Figure 3.25: Simulations of the output power, tracking a step function in presence of a wind speed
that follows a sinusoidal value.
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3.12 Conclusion

In this chapter we have studied a wind power generation system mainly composed of a
wing attached to a dynamo with a rope. The wing subject to airflow generates a lift
force which drives the dynamo on the ground to generate power. We have focused our
interest in such a configuration because it is less expensive than current wind power
systems and could be used in rural areas without infrastructure. We have presented
an aerodynamical non linear model of the wind power generation system. We have
introduced spoilers in the wing so that damping introduced into the system cancels
oscillations in the displacement of the wing. We have also proposed two different control
strategy to stabilize the wing displacement and the rope length. Such control laws
were based on state feedback linearization and an observer based control techniques. A
method has been developed for controlling the output power, the accuracy of the control
is 99 percent in presence of changes of wind speed. An experimental set-up has been
built including a wind tunnel, a wing with spoilers and a system for controlling the wing
angle of attack. The experimental prototype has been used to test the control of the
yaw angle, the angle of attack and the angle of the rope. The indoor testing made the
tests much faster, safer, with more accurate results than what could have been done
in an outdoor experiment. The simulations and the experimental results fit quite well,
which validates the aerodynamical model and the effectiveness of the proposed control
algorithms.

Nevertheless, the proposed approach for rejecting perturbations does limit the energetic
performance. This is due to the size of safety margins and to the response time of the
actuators. In order to be competitive, safety margins will have to be reduced. Kite sys-
tems will face wind gusts that will appear faster than the response time of the actuators,
as a consequence, they will probably lose control. The control system role will no longer
exclusively be to avoid chaotic situations but also to be able to regain control of the kite
once it is in a chaotic situation.
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Reverse pumping

4.1 Introduction

Most kite wind power systems have a great drawback that wind turbines do not have:
they cannot stay in the air if the wind is not strong enough. As a consequence, most
of the kite systems need to land when there is no wind, and to take-off once the wind
is strong enough. These maneuvers are quite risky because generally the wind gets
weak and turbulent close to the ground’s surface. Moreover, as the wind can be strong
enough at high altitude and weak close to the ground, it might lead to losses in energy
production. From a material point of view, "classic” landings and takeoffs need a landing
zone, ground handling or infrastructure (such as pylons) that reduces the advantages of
kite systems. Some ideas, such as embedded motors or helium balloons, might solve this
problem, but they have their own drawbacks such as the weight of the motor and its
battery, the necessity of a conductive cable or the need to refill the balloons.

This chapter studies a solution called "reverse pumping”. It basically consists of providing
kinetic energy to the kite by pulling the kite with a rope. This kinetic energy is then
transformed into potential energy by gaining altitude. This technique allows to keep the
kite airborne in total absence of wind. This chapter will explain the reverse pumping
principle, the constrains on the aerodynamical model, flight simulations and will present
the experimental setup used to validate the theoretical study.

4.1.1 Basic principle

The following technique is not intuitive at all. It consists of maintaining the kite in the
air, by pulling it with a force directed to the ground. These kinds of phenomena are
in fact somewhat common, for example, the classic yo-yo game can use a force directed
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Figure 4.1: The experimental protocol in flight.

to the ground to maintain a mean altitude over many up and down cycles that remain
constant. In the case of the yo-yo, the force used to push the yo-yo to the ground is then
converted in kinetic energy, and is then reused by the yoyo to regain altitude. In the
case of the kite system, the basic principle is similar, but the system is more complex
as it has various control inputs that can be used to optimize the energy consumption,
and it obeys aerodynamic forces that depend on the state of the kite and on the wind
perturbations. The following study uses only the tension of the rope to transmit energy
to the kite. This allows the system to not need an on-board source of energy which
reduces the prototype’s weight, and to use a source of energy that is on the ground.
Therefore, the kite can stay in flight as long as one provides energy to the on-ground
system, without needing a conductive cable. If the control of the kite in embedded, it
consumes some energy, but this energy could be generated on-board by some small wind
turbines, this system would not limit the flight time.

4.1.2 Objectives

The main objectives of this chapter are :

- To study the influence of the aerodynamic characteristics on performance.

- To propose a flight plan for performing reverse pumping.

- To study the cost of maintaining the kite in flight with this technique in order to state
whether it is more profitable to use this reverse pumping technique.

The chapter is composed of a theoretical investigation of reverse pumping, numerical
simulations applied to a twin kites system and finally, validation of the numerical simu-
lations on an experimental setup.
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4.1.3 Chapter’s organization

The chapter is organized as follows: section 4.2 introduces the studied models, section 4.3
presents the aerodynamical model of the last prototype. The description of the principle
of reverse pumping is described in section 4.4 and the performances are described in
section 4.5. The control algorithm will be described in section 4.6, the experimental
protocol in section 4.7 and the results will be described in section 4.8.

4.2 Studied models

This chapter would have been incomplete without an experimental validation. As a
consequence, it was needed to study a model that we could build, with a position which
could be measured and controlled properly. It is a difficult task that is unfortunately
often skipped, as simulations tend to be presented as a proof of concept.

4.2.1 Early models

During the first year of PhD, two different prototypes were build with roughly the same
working principle. The simulations that were done showed good results, but the exper-
imental setups gave results that were much less positive. During the second year, the
efforts were concentrated on other experiments. During the third year, a radical change
of experimental setup was made and three different prototypes were build. The third and
fourth prototypes gave hope and the fifth prototype showed that the reverse pumping
principle works.

4.2.1.1 The Satellite I and I1

The idea of reverse pumping came from some videos where some people would make
kites fly indoors for a kite contest. It had nothing to do with the energy production, its
aim was purely artistic. Nevertheless, these people were able to make a kite fly without
wind, without moving their foots, just by pulling and releasing the kite’s rope. Few time
later, simulations showed that this concept could make a kite fly just by pulling and
releasing the rope.

The first idea in order to prove that the reverse pumping was possible was to build a
kite that would look pretty much like a standard kite, see Figure 4.2. This kind of flight
seemed too complex to be done because it would have needed to measure 6 degrees of
freedom, control 3 actuators for the kite’s orientation and the rope’s pulling would have
needed a complex mechanical structure. An other difficulty would have been due to the
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fact that there are few accessible places where the the room would have been big enough
for this kind of flights. The only wide space that was available was a room of 9 meters
by 9 meters with a ceiling at 2.5 meters.

Figure 4.2: An indoor kite contest.

To sum up, this kind of kites would have had too many degrees of freedom, and would
have needed too much room to fly it. The solution was found thanks to the work of
Victor Tatin, see chapter 2. The choice was made to develop a prototype that would fly
in circles. The left wing tip was attached to a pole in order to do so. It had its propulsion
system and a control unit to control its altitude. The kind of flight was very close to the
ones of control line model airplanes, see Figure 4.3 .

MANY PATTERNS AND
STUNTS caMl AE FLOWN-—_

ALLO W
SPACE FOR
EAFFTY AROLUND

CIRELE “q

Figure 4.3: Flight path of a standard control line model airplane.

The centrifugal force acting on the flying model locked the two axis of rotation equivalent
to the roll and yaw. In other terms, the direction of the rope and the axis between the
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attachment point and the center of mass of the flying machine are almost tend to be
aligned. In order to separate the lift that would compensate weight from the lift that
would accelerate the flying speed of the prototype, a second wing was added on the
prototype (see figures 4.4 and 4.5).

Figure 4.4: The "Satellite I”, first prototype for reverse pumping.

Figure 4.5: The "Satellite II”, improvements were made to build a prototype that would be lighter,
stiffer and with a lower amount of drag.

This wing’s objective was to generate the lift necessary to accelerate the kite indepen-
dently of the horizontal wing. During the acceleration phase, the propulsion engine would
be shut down and the cable would pull the kite so that the vertical wing would generate
a lift force that would accelerate the kite. Both built prototypes flew but the results were
not convincing. The main cause of failure was that the prototype was still too complex,
the two wings were not independent enough, and drag was generated by the propeller
and by the results of an excessive elasticity. The project was abandoned until a new idea
for the experimental setup was found. One year later, some studies about helicopter’s
auto-rotations brought the idea of using a helicopter’s swashplate mechanism in order to
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perform reverse pumping. An example of autorotation can be seen in Figure 4.6. Both
flight paths would be very similar: energy would be accumulated by the blades-kites
during the descent. The same accumulated energy would then be used to regain altitude
by changing the angle of attack of the blades-kites.

Figure 4.6: S-70i helicopter performing an autorotation.

The second change was that more hardware was available. All the equipement used in
the experiments of chapter 2 was available, and a Vicon mesurement unit got acquired
by the lab. The new experimental setup gained a lot from these equipment. The third
and fourth prototypes brought hope and interresting results and the fifth proved that
the reverse pumping principle works.

4.2.2 New construction guidelines

Taking into account the restrictions due to the construction of a working prototype
and the gained experience, the last three prototypes were designed using the following
guidelines:

1) The model’s state will be measured using a Vicon optical tracking system. There-
fore, it needs to be able to perform reverse pumping flying in a space of 3x3x3
meters, which is the flight domain in which the Vicon system can perform the
measurement.

2) Aerodynamical forces obey to equations that become very complex if they are not
studied in the correct domain. We will try to reduce the error due to the model as
much as we can. Therefore, the shapes of the kite will be simplified, compared to
standard kites, but it will greatly enhance the accuracy of the model and therefore
the study’s relevance.
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3) For simplification, we will only control the inputs that are necessary to perform
reverse pumping, i.e. the angle of attack and the rope’s length. Many freedom
axes will be locked as the wings will be fixed.

As a result of these guidelines, the three last experimental protocols were built, they
corresponds to a simplified model of the twin kites [34]. The main difference is that the
kites have much simpler movements (see Figure 4.7). The construction of the protocol
makes that they can only fly turning symmetrically around a vertical axis, keeping a
constant distance from each other. The two inputs are the pitch angle control U,, which
is the same for the two kites and the control of the main rope’s length U,. R is the
distance between the center of rotation and the tip of one wing, z is the height of the
system.

Y
—
—

Vertical axis
. — e
I Lift force L I_>
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Figure 4.7: Scheme of the experimental setup.

4.2.3 Inspiration

The kite system has been inspired by the Otto Lilienthal’s "Whirling arm’, (see Figure
4.8). It was probably the first aerodynamic forces measurement machine [85].

Using the knowledge brought by this machine, Lilienthal built many different kinds of
gliders that made successful short flights. He died in 1896, when a wind gust made him
lose the control of his machine. He is now considered the father of Aeronautics. One
hundred and twenty years later, Lilienthal’s sense of simplification and his experimental
techniques are still used for experimental aeronautical research and has led to major
innovations (see chapter II).
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b7z 7z 2

Figure 4.8: The Lilienthal’s "Whirling arm’.

4.3 Aerodynamical model

Standard kites can be studied with the classic airplanes equations of flight mechanics.
Our system is a bit different because as the kites fly in small circles, they pass through
their own downwash and generate a wake that has a vertical speed V,,, that can be
described by the basic equations of a hovering helicopter. This wake’s speed tends to
greatly diminish the performance of our system, but it will probably not exist in outdoor
models, as the kites pass less quickly by the same point. In this case, they can be studied
using the standard flight mechanics equations. Other phenomena make it complex to
study, like the non constant wind speed along the wingspan, the strong ground effect,
etc. In order to reduce the model’s errors, the first study will be done with the helicopter
equations to study how to design the experimental setup so that it can be studied with
the classic airplane’s flight dynamics equations. The experimental setup will be designed
using the knowledge brought by helicopter theoretical equations.

4.3.1 Helicopter Theory

By studying helicopter theory equations [87], one can see how design parameters act on
the system. As the two wings turn around an axis, they define a rotor disc that generates
lift and a wake (see Figure 4.9). From this point of view, the system is similar to the
rotor disk defined in standard helicopter theory. However, there are still some differences
between the initial assumptions of helicopter theory and the ones of our experimental
setup: the blade’s length are smaller than the radius of the disc, the system flies in
presence of ground effect and some "roof effect”, the rotation speed of the rotor is low. The
wake generated by the downwash reduces the efficiency of the system because it changes
the angle of relative wind speed and makes the lift turn backwards. As a consequence,
the torque generated by the lift decreases as well as the general efficiency of the system.
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Figure 4.9: Side view of the rotor disc and it’s wake.

Considering a rotor disc that generates a lift force L, has a rotor disc area A, an air
density p, constant climbing speed V. along the vertical axis 7, the speed V,, of the
wake that passes through the rotor disc is given by (4.3.1):

v, V.\°> L
_ Ve Ve i 4.3.1
v M(Q) sy

Using the mean values of the lift over a cycle, we can get an approximate idea of what
the value of the wake will be. Additionally, ground effect tends to diminish V,, by a
factor Kg = 1 — (R/4z2)?, where R is the rotor’s radius and z it’s height. Note that in
order to remain in flight, the lift force L needs to be greater or equal to the weight of

the prototype. As a conclusion, in order to reduce the value of downwash, one needs
to build a prototype that is very light, and at the same time, has a large diameter to
increase the disc area A. These two characteristics are obviously hard to conciliate.

4.3.2 Flight Mechanics Approach

A standard flight mechanics approach to the problem will be done to try to model the
behavior of the kite. The results will be then compared to experimental results. In this
section, the wake V,, is assumed to equal zero. The trajectories and the study of the
system will be calculated taking as a basis the following equations. The forces applied to
each wing wing are described in Figure 4.10. Note that the aerodynamical forces acting
on both wing have the same strength. For the sake of representation, half of the traction
force T'/2 and half of the weight /2 are sketched in Figure 4.10, permitting us to draw

79



Chapter 4. Reverse pumping

the acceleration, lift and drag vectors corresponding to only one of the two wings. T}le>
total lift force is 2L, total drag is 2D and acceleration rate is 2a. The equations of lift L

Z axis

-

DragB> .
Lift 7 _

Horizontal plane
Iy

| Ua '-"’I"i
\ | "
\ % = -
\ - H 5
/ AOA//?, Weight 117/2
; _— “——— Traction force 7 /2
Relative wind \Relativewind /

anglea,, speed vy

Figure 4.10: Forces diagram for each wing.

and drag B are defined for each wing using standard notation, i.e. the drag is directed
in the same direction as the relative wing angle, and the lift applies orthogonal to it,
in the direction of positive angle of attack (AOA = «) as depicted in Figure 4.10. The
strength of each force is described in (4.3.2),

1 1
L= §pSUfC'L ;. D= EpSUfC'D, (4.3.2)

where p is the air density, S is the surface of each wing, v, is the relative wind speed and
the lift coefficient is C', (4.3.3) and the drag coefficient Cp (4.3.4) are:

oC
Cp = _aaL (aw + U,) + Cro (4.3.3)
cp=CL o (4.3.4)
D — 7T€/\ DO cJ.

where Cpq is the lift coefficient at null AOA, X is the aspect ratio and U, is the pitch
angle. The zero lift drag coefficient C'py will take into account the drag of the structure.
In this case, Oswald’s efficiency factor e should not be defined as it usually is because
the distribution of lift along the chord is not symmetric [83]. This e factor is normally
used to calculate the AOA that leads to the best L/D ratio but in this case, we will not
use e and directly work with the L/D ratio. Also, note that when the kite is performing
a non accelerated flight at a constant speed RO with T = 0, its corresponding glide slope
is GS(a) = —arctanCp/Cp. At that moment, the sum of the lift and drag vectors
is vertical, compensates the weight of the kite, and the kite’s acceleration is equal to
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zero. This gliding slope GS(«) is an important parameter because it defines the minimal
gliding slope needed in order to perform reverse pumping. The classic way to reduce the
value of this gliding slope GS(«) is to make A\ greater. The second way is to fly with
the optimal AOA, which in this case will more complicated as it will be used for control
purposes.

4.3.3 Relative Wind Speed

Relative wind characteristics will be defined, assuming the air is still. The relative wind
speed will be approximated by the sum of the horizontal speed v;, and the vertical speed
v, (4.3.5).

vn=0R ; wv,=3+V, (4.3.5)

In the equation (4.3.5), the radius R is the distance between the rotation axis and the
middle of the wing. Note that in this case, the horizontal windspeed v, is an approx-
imation because it is not constant along wingspan. In our experiment, for each wing,
the relative wind speed difference from the right wingtip to the left wingtip is approxi-
matively of 4. If the radius R would be much greater than the wingspan, the horizontal
windspeed vy, over one wing could be approximated as constant and equal to Ré, and
one could use the e factor and the equation 4.3.4 to calculate the L /D ratio.

Using equation (4.3.5) we obtain the wind angle «,, (4.3.6), which is the angle of the
wind velocity vector measured with respect to the horizon. The wing’s relative wind
velocity is given by v, (4.3.7).

24+ Vi

oy, = —arctan — (4.3.6)
OR
v = \JOR) + (2 + V,,)? (4.3.7)
Note that when V,, = 0, the gliding slope GS is defined by the relative wind angle
o, = — arctan ﬁz‘

4.3.4 Acceleration Rates

This system can have two kinds of accelerations: vertical and rotational. The vertical
acceleration Z is given by equation (4.3.8):
_ Lcos(ay) + Dsin(a,) —w —T

= — (4.3.8)
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The rotational acceleration 6 is given by (4.3.9):

i 2% _ 2RL(sm Q) —JRD(COS(O(w),

where .J is the moment of inertia. Its value will be approximated by J = mR?2, where

(4.3.9)

m is the mass of the system. These two equations will be used to study the model’s
performances and behaviors depending on the L/D ratio and on the gliding slope.

4.4 Basic Principle of Reverse Pumping

The basic principle of reverse pumping lies in the exchange of energy during two differ-
ent phases: the "kinetic energy charge” phase and the "potential energy transfer” phase.
Kinetic energy charge happens between time ¢, and t;, when the kite will convert the
energy provided by the rope’s tension into the kite’s kinetic energy. Potential energy
transfer happens from time t; to t5, when the kite transforms the kinetic energy into
potential energy by acquiring height. For simplicity matters, the efficiency of the transi-
tions during the phases will not be studied here, they shall be studied in future work to
improve the results. We differentiate four different kinds of energy. The energetic cost
AF; is the energy brought by the rope’s tension 7T'. Its value can be written as:

t1
AEttoﬁtl - / TZdt (441)

to

The variation kinetic energy of the kite is:

AEcti—ij = 0.5m(V(t]’)2 - V(ti)2)7 (4-42)
and the variation potential energy is (4.4.3):

AEy i, = mg(z — 2). (4.4.3)

During the kinetic transfer phase phase, i = 0 and 7 = 1, and during the potential
transfer phase, i = 1 and j = 2. These energy variations obey the following equations:

AE, = AE, + AE, + AEjy (4.4.4)

where AFEj, is the loss of energy due to drag.

There are several ways to transmit energy during the kinetic energy phase, such as using
a constant tension 7', a constant slope, or changing angles of attack. This study will focus
on a technique using constant slope and constant angle of attack. Its main advantage
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is simply that its simpler to explain and study. For the potential energy transfer, the
study will consider flight with a constant angle of attack. Note that the novelty of the
study lies on the first phase.

4.4.1 Initial Conditions

The initial conditions correspond to a non accelerated flight of the kite with rope tension

T equal to zero. The initial speed Vj is chosen such that the sum of the lift and drag
2mg cos GS(a)
pSCr,

of attack is kept constant, and the corresponding gliding slope is G:S(«). At that instant,
the kite’s acceleration is equal to zero and it behaves like a glider in non accelerated flight.

vectors compensates the weight vector mg, and therefore Vj = . The angle

The initial height is greater than zj.

4.4.2 Kinetic Energy Charge Phase

The kinetic charge phase starts when the glider’s height is equal to z5. A tension T
will force the system to follow a straight trajectory with a forced slope where the value
will be less than the gliding slope G\S(«). The forced gliding slope is defined as F'S =
GS(a) - Ags, where Agg is the slope added by pulling the kite. As a consequence, the
sum of L and B will no longer be aligned with the weight and generate an acceleration
vector that will increase R and therefore the kite’s kinetic energy. The horizontal
component of the acceleration vector is the one part that increases the horizontal speed
RO and its acceleration is given by (4.3.9). The end of this period ¢; happens when the
kite reaches its lowest height z;, while respecting its maximum speed V,,,,. If this phase
is effective, the kite’s energy AE, + AL, is greater at ¢; than at the initial time ¢,.

4.4.3 Potential Energy Transfer Phase

At the beginning of the potential energy transfer phase t;, the potential energy of the
kite is E,(t1) = mgz, where z; is the glider’s altitude at ¢;. During this phase, the
transmitted kinetic energy AE. ¢, will be transformed into potential energy by gaining
altitude. The tension T of the cable is set to zero during the entire phase. When all the
gained kinetic energy will be transferred, its value will reach back its initial value, and as
a consequence, the kite’s speed will be V;, and this moment will define the time t,. This
allows to calculate the amount of gained energy using only the difference of potential
energy between ty and ts.

In order to have the same gliding slope at t, than at tg,
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The kite will transform its kinetic energy into potential energy by gaining altitude until
the kites reaches it’s maximal height or it’s speed goes below the initial speed Vj. This
flight can be done with different flight plans. The two principals are flying with a constant
AOA, of flying with a constant gliding slope, that is controlled by acting on the AOA.
The end of this phase happens when the kite has regained its original flight speed Vj.
The reverse pumping is effective if the height 2, is greater or equal to zj.

4.4.4 Standard flight plan

To sum up, a classic flight plan looks like figure 4.11. In this particular case, the end of
the potential transfer phase happens when the kinetic energy reached its initial value,
and the final height is much greater than the initial value.

Kinetic transfer Potential transfer
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Figure 4.11: Example of the energy variations during the kinetic charge phase and the potential
transfer phase. Note that the final height is greater than its initial value. ( L/D =20, Ags=20 degrees)

4.5 Performances of the system

In this study, three different characteristics will be analyzed and we will try to study
their relation with the L /D ratio. The most important factor is &, the variation of kinetic
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energy per loss of altitude during the kinetic charge phase, given by equation (4.5.1).
Its value must be greater than one to make the reverse pumping possible. One can see
in Figure 4.12 that ¢ increases with the L/D ratio and the Agg value. Note that if
Ags = 0, € is necessarily equal to zero and the reverse pumping is not possible.

AECto—Hfl
Algptoﬁl‘/l

¢ = (4.5.1)

& factor

. 0
L/D ratio ’ A angle (degrees)

Figure 4.12: Variation of kinetic energy divided by the lost potential energy during the kinetic charge
phase.

The factor n; characterizes the efficiency of the transfer during the kinetic charge phase.
Its expression is given by equation (4.5.2) and plotted in Figure 4.13. Note that this
parameter gives information about how much it will cost to make a kite stay in the air.
The cost worthiness depends of many other parameters that are quite hard to estimate,
like the risk of crashing, how long the wind speed is going to be low, etc.

B AEp 1, + A,
AEtto—>t1

m= (4.5.2)

The 7, parameter characterizes the efficiency of the potential transfer phase, i.e. the
efficiency of the energy transfer from the gain kinetic energy FE. to the potential energy

E,, see equation 4.5.3. As the L/D ratio increases, 1, gets closer to 1, see Figure4.14.
AE11171ﬁ1—>t2
N = ———— 4.5.3
2 AECtl—)tQ ( )

The reverse pumping increase of energy per cycle can be characterized by the energy
gain &ny value plotted in Figure 4.15. Note that in order to be effective, £ny has to be
greater or equal to 1, the design of the flight plan and the kite’s characteristics must
respect this condition. One can see that in this case, many combinations of low values
of L/D and Agg cannot satisfy the requirements of reverse pumping.
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Figure 4.13: Efficiency of the kinetic charge phase.

n, factor
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Figure 4.14: Efficiency of the potential transfer phase.

Note two limits are not taken into account in the previous plots: the fact that the motor
that pulls the kite has limits on its performances and the maximum load of the kite
system. As this study is made for a constant angle of attack, the maximum speed has a
limit that can be calculated using the maximal load of the kite and equation (4.3.2).

4.5.1 Cost of the flight time with the reverse pumping tech-

nique

In order to know if it is worth using the reverse pumping technique, one has to compute
its cost, and compare it to the cost of making the kite land and then takeoff that depends
on the kite type. This section will present an approximated formula in order to compute
the cost of the flight time.
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Figure 4.15: Increase of energy per cycle. Note that it increases with the L/D ratio and Agg

During a cycle, the consumed energy is AF;. The end of the potential transfer phase
can be defined as the moment when the kite’s kinetic energy reaches back its initial
value, i.e. the kite’s speed reaches V. In order to concatenate easily cycles of kinetic
charge and potential transfer, the flight slope should also be the same between the end
of the cycle and the beginning of the next cycle. In order to do so, the kite should
modify its trajectory from going up to going down with the initial gliding slope. This
maneuver has an energetic cost that will be here neglected and therefore, the end of the
potential transfer phase will be defined as the moment when the kite’s speed is V; and
that all the maximum height has been reached. In this case, the maximal height value
1S Zmaz = 20€M2. The height between zy and z,,., can be spend by the kite gliding until
it starts another cycle of kinetic charge phase. The flight time F'T" will be approximated
by the gliding time, neglecting the kinetic charge and potential transfer phases lengths.
Like the initial condition, the flight speed is V{ and the gliding slope being GS(«), the
vertical speed is then V, = V;sin GS(a). The cost of the flight time in Watts will be
named X, and is given by equation (4.5.4):

AFE; 2082 — %o

X = ;o FT = —————
FT Vo sin GS(«)

(4.5.4)

In this special case, for values of L/D = 20 and Agg = 20 degrees the cost of the flight
time is approximately 1.8 W. A standard flight with an embedded propulsion system like
a propeller would consume approximately 0.5 W, see [83].

87



Chapter 4. Reverse pumping

4.6 Control of the system

4.6.1 Control architecture

The system is composed of 4 main parts. The kite system includes the two kites with
an embedded control unit that controls the tail position so that the angle of attack
of the wing takes the desired position. The position is then measured with a Vicon
motion capture system and sent to a real time computer that makes the control loop for
the altitude control (4.6.3) and transmits the orders to the ground station. The ground
station has a motor and a controller used to pull the kites down with the desired position.

4.6.2 The angle of attack control

The angle of attack of the kite can be controlled with different techniques. Some exper-
iments have used the length of the cable or their attachment point to control it. This
experiment will use a method that is classically used in airplanes; a tail has been mounted
on the wing to control it. The major advantage of this method is that the angle of attack
has a stable value that depends on the angle of attack of the tail [83]. Normally, a PID
controller is enough to reject perturbations and allows proper control of the AOA. The
main use is to reduce oscillations, the D parameter is then the most important. In this
particular case, the control could not be implemented because of the short length of each
cycle.

The total response time, from acquisition of the position to the stabilization of the AOA
could not be done within the duration of a the kinetic charge phase, as its duration is
approximately 0.2-0.5 seconds. The acquisition and calculation of control were done at
a frequency of 200 Hz but the main problem was the response time of the servo that
would have a response time of around 0.2 seconds. The passive stability of the system
was used, but led to an approximate control of the AOA.

4.6.3 The altitude control

A rope and a servo motor are used so that the kite follows the forced gliding slope F'S
during the kinetic transfer phase. The value of F'S is controlled by F'S = GS(a) — Ags
and GS is approximated by — arctan ﬁ%. The R value is controlled by aerodynamic
forces and the value of # is computed so that it follows —Rftan (F'S). To do so, a
PID controller has been implemented to control the motor’s position. More complex
algorithms could be used to diminish the consumption of the motor. The reduction
of consumption comes as a more complex work that does not seem relevant before the
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reverse pumping functions properly.

4.7 Experimental setup

A movie showing the experimental results can be viewed in [1].

4.7.1 The kites

The third and fourth prototypes had an angle of attack that was directly controlled by a
servo fixed to the carbon tube. This led to a low accuracy on the AOA control because
the main carbon tube had the tendency to twist over the longitudinal axis.

The control of each wing’s AOA had to be more accurate and the system had to be light,
so the chose has been made to use auto stabilized wings; the tube does not need anymore
to have a axial stiffness. The control of the AOA got enhanced, but the stabilization
system would have needed lower response times in order to be really effective.

Embedded
control unit

i
Battery R

“——

Figure 4.16: The wing.

The kites wings are built with a mix of EPP foam and a carbon fiber tube that is used
to hold the tail (see Figure 4.16). The most important characteristic of this wing is
that its aspect ratio is 10. The tail is a piece of balsa wood controlled by the embedded
control unit AR6400 SPECTRUM receiver that has two build-in linear servos. The total
weight of each wing is 40 grams. Having a low weight allows to have very low flight
speeds, which is a very important characteristic. On the other hand, light structures are
less resistant to shocks and to aerodynamic forces. These wings showed us that they
start twisting as the wind speed reaches 8 m/s and their properties change a lot in these
conditions.
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4.7.2 System’s characteristics.

The built prototype has the following characteristics, see Table 4.1:

Table 4.1: Coefficients of the experimental set-up

Symbol | Name Value

M mass 0.15 Kg

R radius 1.2 m

P air density 1.225 Kg/m3

S wing area (each) | 0.065 m?

e Theoretical e fac- | 0.9
tor

A aspect ratio 10

% lift derivative | 0.05 deg™!
w.r.t. AOA

Cpo zero lift drag 0.01

ChrLo lift coefficient at | 0
AOA=0

L/D L/D (simula- | 3 to 20
tions)

L/D L/D (measured) | 5.5

GS gliding slope | 10 degrees
(measured)

Vo initial air speed 6 m/s

Vs max speed 8.5 m/s

20 initial altitude 1.5m

21 min altitude | 0 m
threshold

4.8 Experimental results

4.8.1 Experiments vs simulations

The first flight tests had the objective to determine the L/D ratio. The wings that were
used usually have a L/D ratio that can go up to 20. The tests revealed that the whole
system could not have a L/D ratio greater than 5.5. The main reasons are that the
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wind speed along the wing is not constant, which has an effect equivalent to reducing
the value of the e parameter. The second reason is due to drag and friction forces; the
carbon structure that unites the two wings seems to be a great source of drag, although
it is made out of a carbon tube of only 4 mm of diameter. Friction forces also made the
L/D ratio go low, even using ball bearings in every single rotating part. The low value
of L/D ratio made the tests much more complex than expected as it led to great losses
of energy.

The second difference is that the wings had a tendency to twist as aerodynamic forces got
too strong. It has been noticed that high frequency oscillations appear in the wing tips,
which made the AOA have great variations, instead of staying constant at 10 degrees.

The last great difference is that the displacement over z has a range of only 1.5 meters,
whereas it has a value of 5 meters in the simulations presented in previous section. As a
consequence, the system can not reach high values of £ that are needed to perform reverse
pumping. The acceleration Z also had the tendency of generating big variations on the
AOA value. Depending of the value of the acceleration, it could generate oscillations that
would increase the AOA, making greater the acceleration of the system, and leading to
some results greater that what was expected, see Table 4.2.

4.8.2 The kinetic charge phase

As a consequence of the low L/D ratio and of various friction forces, only the kinetic
charge phase could be studied. Table (4.2) gives the result for the £ values depending
on the Agg values.

The first thing that must be seen is that this experimental setup led to a maximum value
of £ = 2.72. This means that reverse pumping is possible as long as the kite system can
have an 7, value that is greater than 0.36, in order to satisfy n£; > 1. One can see on
Figure 4.15 that this value of 1, can hardly be reached with a L/D ratio of 6. Adding the
friction due to the the kinematic coupler (see Figure 4.7) and the approximate control
of the AOA, the needed 1y can not be reached. Note that the mean error ratio between
the measurements of ¢ and the simulations goes from 0.37 to 1.45 . The first thing that
comes to mind is that the level of precision is not very high. The general lack of accuracy
on the control of the AOA can be seen as the main reason for the unexpected results.
The £ values corresponding to Aggs = 30 and 35 degrees are greater than theory because
of the bad control of the AOA, instead of having a value of 10 degrees, their value was
measured with peaks up to 25 degrees, which generate an acceleration that explains such
values of €.

Figure 4.17 shows the kinetic and potential energy variations for Agg of 25 degrees.
One can see that the beginning and the end of the kinetic charge phase do not have the
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Table 4.2: Results for the £ parameter

Added glide | Theoretical & | Measured &
slope Ags | value value
(degrees)

10 0.69 0.26

15 0.91 0.41

20 1.11 0.49

25 1.32 0.92

30 1.56 1.86

35 1.87 2.72

desired trajectory. The trajectories need to be smoothed in order to avoid mechanical
shocks that would harm the structure.

Simulation

Ec (J)

Ep (J)

0 0.1 02
Time (s)

0.3 0.4

34

32

24

1.4

0.4

Measured

74.8

75 782 754
Time (s)

Figure 4.17: Comparison between the theoretical results and te measured results. The difference

between the two values of E. led to a percentage of error of 40%.

4.9 Conclusions

This study shows that the reverse pumping is possible as long as the L/D ratio and a

max speed are great enough. The kite system does not have stability and aeroelasticity
problems. One of its important knowledge brought by this study is that theoretical and
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practical work can give quite different results when the practical part has problems. It
reminds us the importance of developing simple prototypes that are as close as possible
to the theoretical model, or the importance of studying accurate models. The study
provides general information that could be seen as a basis for more detailed studies.
Every different phase can have many ways of being optimized, the most important and
innovative part seems to be the kinetic transfer phase. Future work shall be done on
more performant kite systems.

93






Chapter 5

The outdoor prototype

5.1 Introduction

The final aim of the overall work being to generate great amounts of energy and as
the indoor prototypes flew properly, the decision was made to build our first outdoor
prototype. By that time, about 5 companies had prototypes that could fly autonomously,
except for take off and landing [9, 14, 15, 16, 18]. This prototype had three major goals:
- Build a prototype that could produce energy in real conditions.

- Get knowledge about the development of large prototypes.

- Perform automatic flights in real outdoor conditions.

The two first objectives were attained, as many prototypes were build, a lot of time
was dedicated and the remaining time was not enough to allow us to perform automatic
flights on the outdoor prototype.

5.1.1 Constrains on the prototype

The team had some experience in the development of autonomous helicopters and
experimental vertical take off and landing UAVs. The most important issue was about
the safety rules. It could be summed up in these three guidelines:

-Safety and Crash proof concept: the system had to have mostly soft parts in order to
reduce the risks of hurting someone in case of crash, the hard parts had to be hardly
reachable in case of contact with the kite. Therefore, rigid structure solutions were put
aside. Inflatable kites presented a very nice solution from this point of view.

-Easily available components: the construction of a kite has been experience by the
past and the conclusion is that it takes a lot of time to sew, adjust, test. The choice
was made to buy a standard commercial kite and to adapt it, in order to gain time. To
avoid complex embedded electronics, the model would be tele-operated with standard
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material from RC airplanes.

-Easy first tests: the kite’s first flights were planned to take place in a small park next to
the lab. This made the first tests of the kite much easier as the workshop was very close
to the flight park. As the park had roughly the size of a square of one hundred meters of
side, the size of the kite had to be small enough to be able to be controlled with a rope
of 50m of length (see figure 5.1) . We chose one of the smallest inflatable kite available,
the UNO Xkitesurf produced by the OZONE company. An other important point was
that the kite had to have the capacity of flying without wind and to take off vertically.
The solution was brought by the implementation of an electric propulsion system on
board. This added another problem, the kite’s weight would be 3.6 Kg.

Figure 5.1: Scheme of sphere in which the kite can fly (R = 50m), the small circle corresponds to the
trajectory followed with a gyration radius of 15m.

As the kite was a beginners kite, the original version could be flown easily, even with
the response time of the servos. As this original version would be modified, we needed
to study two question:

- Would the second version of the model’s radius of gyration r be small enough to fly
with a rope that would define a sphere of R = 50m? (see figure 5.1).

- Would the kite be perform able to perform lateral flight, in which the lateral aerody-
namic forces compensate the weight 7 ( see figure 5.2 ).
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g gipsa-lab
M

Figure 5.2: Lateral flight of the kite, the weight is only compensated by the lateral aecrodynamic force.

5.2 The studied model

The chosen kitesurf has a classic shape, by pulling the control lines, one twists the shape
of the kite in order to generate a lateral force that modifies the trajectory of the kite.
The tethers can be distinguished in two kinds, the control tethers and the front lines.
The control tethers are attached to each trailing edge, at the wingtip, (see figure 5.3).
Their role is to pull the trailing edge in order to increase the angle of attack of each side
of the kite. The front lines are attached to the wing’s leading edge, they hold most of
the lift force.

Yaw

P A
Bridle

Pitch

| Front Lines

Figure 5.3: Line scheme of the Uno kitesurf and axis notations.
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5.2.1 Passive stability

The chosen kite has the interesting specificity that is that the yaw axis align is passively
stable in the sense that is aligns to the direction of the wind. This stability is due to the
relation between the center of mass and the point of application of aerodynamic forces,
the principle is the same than the longitudinal stability of an airplane in standard flight
theory [83], or like an arrow.

By construction, the roll angle is fix with respect with respect to the axis of the tether
(see figure 5.3). The front cables are attached on each wingtip, therefore the movements
of the kite around the roll axis can be neglected for this kite. More precisely, the roll
axis keeps almost a constant value of 90 degrees with respect to the main rope direction.

The longitudinal stability would not be changed because the propulsion motor was po-
sitioned so that the traction force generated by the propeller is aligned to the center of
mass of the hole kite, therefore it would not generate any longitudinal torque. Moreover,
the center of mass of the kite was put in front of the kite so that the model would have
longitudinal stability, for more details, one can read [83].

5.2.2 Radius of gyration and lateral flight.

The classic way of calculating the radius of gyration of such kites would be to make a
simplified model of the lateral aerodynamic forces, and then to calculate how would the
kite turn with such lateral forces. This method leads to errors of approximations because
the aerodynamic forces are hard to estimate because they depend on the sweep of the
wing, on its angle of attack, of the aerodynamic airfoil, etc. None of these parameters
is constant along the wingspan, all of them are complex to measure, and on top of that,
there are two wings that interfere with each other and they might be other complex
phenomena involved. The proposed solution consists on testing the kite and deducing
the parameters from measures. Once done, these calculations will tell us if the kite can
satisfy the two conditions.

As a kite flies in circle (see figure 5.1) , its lateral motion obeys to the following equation
(5.2.1) if the weight force is neglected.

0= (5.2.1)

where a is the lateral acceleration, 7 is the speed of the kite and r is the gyration radius.
The lateral force that makes the kite turn F' being an aerodynamic force, its magnitude
will be approximated by:

F =kV? (5.2.2)
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Standard models could give k a classic aerodynamic notation like 1/2pSC}, but we won’t
write it like this because it might make the reader think that its aerodynamics are similar
to a standard wing, which would be false. From the two previous equations, one can see
that the radiation radius is independent from V2 can be written as r = =

From measurements made on the wing, it was able to have a radius r = 4m at a a
constant speed of V' = 15m/s with a mass of 1.2 Kg. With these values and the previous
equations, one can see that r increases to 12m and that /' = 65N. Which is also enough

to perform lateral flight because the force is greater than the weight w = 35N.

5.3 The experimental setup

The experimental setup was build at the Gipsa-lab with the help of two undergraduate
students, Pierrick AZOU that helped with the development of the flying prototype and
Kevin Das Nieves Domingues that helped with the ground station. The choice was made
to develop an embedded control system in order to have a single tether that would be
connected to the ground station, which makes it much easier to build.

5.3.1 The wing

The wing was modified in order to receive the control elements and the camera. An
aluminum tube was adapted to match the kite and supported the electric engine, the
battery, the controller, the receiver and the camera. Two servos were modified in order to
build winches (see figure 5.4). As the servos would both diminish the size of the control
line, the angle of attack of the kite would increase. When only one servo is pulled, it will
increase the angle if attack of the one side that is pulled, generating a lateral increase of

lift [3].

The winches were positioned one on each corner of the training edge and were fixed
directly to the fabric material of the kite. Each one had its own battery in order to reduce
voltage drops in long cables going from the the center of the kite to its extremities.

5.3.2 The ground station

The ground station’s objectives were to perform measurements of the trajectory of the
kite, of the tension on the rope and to be able to reel-in and reel-out the cable. In order
to reel-in the cable, the system was equipped of an electric motor. A brake system, a
coder and a torque-meter were mounted on the axis of the motor in order to perform
measurements. The position and trajectory of the kite were estimated by tracking the
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Figure 5.4: The servo winch system addapted to the kitesurf. The winch can pull about 10 Kg at a
speed of 30 cm per second.

Figure 5.5: The wing in flight.

orientation of the cable with a dual axis coder.

5.3.3 The flights

Three different sessions of tests were done in an undesired quasi total absence of wind.
The electric propulsion system was used and flights could be performed. A great amount
of time would have been lost if the motor had not been implemented.
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Figure 5.6: The ground station.

The management and planning of the flight tests was complex to do. One of the con-
clusions of these tests is that having a flight site next to the workshop is a significant
advantage. The last tests were done about 200 km away from the workshop, in a zone
that was supposed to be windy and in which we had a permission to fly. The management
of the displacement, the lack of material, the problems due to the lack of electricity, the
transport, the lack of infrastructure and many other elements made these tests complex
to perform.

5.3.3.1 The takeoff

This phase phase was not easy at the beginning with such a prototype. The main
difficulty was that the response time of the servos was extremely long. As a consequence,
the most important point of the takeoff phase was to reach a high speed as fast as possible.
The kite had a weight of 3.5 Kg and a trust of about 5 kg. After a few trials, 3 takeoffs
out of 4 would succeed. It would take about 2.5 seconds to have proper control on the
kite.

5.3.3.2 The Flights

The performances of the flight were very satisfying. The gyration radius seemed to
correspond to the calculated values, the kite would be able to perform lateral flights,
see figure 5.7. Once in a field, we had no more cable length restriction. The cable
length varied from 50 meters to 200 meters. Basic production cycles were performed,
the generated output power reached peaks of 200 W.

Some unexpected reactions were noticed during the flights at high speeds and low angle
of attack. The airfoil would start waving as the tension of the wing’s surface would
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Trajectory of the kite

Altitude [m]

Figure 5.7: The ground station.

seem to go low. Also, at very high speeds of about 30 m/sec, the kite would start
having elasticity problems. The structure would start having strong oscillations. Their
frequency being of about 5 hertz, the only found way of avoiding them was to lower the
speed of the kite.

5.3.3.3 The Landings

Without the crash proof concept, it would have taken between 5 and 10 prototypes to
manage to do the first flight. The landings were every time very rough, nevertheless, the
amount of reparation time due to crashes did not exceed 3 hours. Many problems came
from the servos that resulted being low quality. Most of the reparation time was spent
on changing propellers, about 10 were broken during the flight tests that lasted about
one day and a half. For more information, please see the "carnet de vol” section in the

appendix.

5.4 Conclusion

This experiment allowed us to have a first outdoor experience that was a success. It gave
to the team the opportunity to learn a lot about how to needs of real conditions flights,
its organization and its problems. The following step will be to test the prototype in
presence of wind, tests its performances in the longitudinal axis.
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General conclusion

This PhD thesis has proposed contributions to the development of new alternative
renewable energy generation using wind. The original idea was very simple: replace the
heavy and costly metallic infrastructure of a standard wind mill by a rope or a cable
attached to a kite that will pull the rope to drive a dynamo which generates electricity.
The motivation behind this idea is the reduction of cost as well as a reduction of the
ecological footprint. Furthermore, the resulting system will be lighter and cheaper
than actual wind turbines. Nevertheless, in order to prove that such alternative energy
generation wind system could actually work, several steps had to be carried out. A deep
study of the aerodynamical behavior of the system had to be performed to understand
the system characteristics. Based on the obtained aerodynamical models, control
strategies had to be proposed which will allow the system to track specific trajectories
for generating energy or for staying in the air in absence of wind. In order to make
sure that the proposed strategy works, many prototypes had to be designed and built
to finally test the proposed control strategies and measure their performances. The
objective of the present PhD work was therefore to carry out the development of the
above necessary steps to obtain a reliable alternative wind electricity generation system.

Chapter I has presented a state of the art of the existing wind turbine energy generation
systems, kite energy generation systems as well as other systems based on auto-giros
and blimps.

Chapter II presented a study on aeronautical innovations based on the pioneers of flight.
This study brought guidelines that allowed us to improve the speed of development of
our project.

Chapter III described the first prototype that has been built during the PhD thesis. The
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prototype is basically composed of a wind tunnel and a wing attached to a generator.
The aerodynamical model of the system has been obtained and two control strategy
has been proposed. The control algorithm has been successfully validated in a real time
experiment, the trajectory of the kite and the output power of the generator could be
properly controlled in presence of strong wind changes.

Chapter IV presented the reverse pumping strategy which is a technique for increasing
the kinetic energy of the kite by pulling the kite with a rope. This kinetic energy is then
transformed into potential energy by gaining altitude. This technique allows to keep
the kite airborne in total absence of wind. This chapter has discussed the constraints
introduced into the aerodynamical model. The control strategy has been illustrated in
numerical simulations and has been validated in the experimental setup.

Chapter V presented the development of an outdoor prototype. Such prototype is an
extension of the indoors setup presented in Chapter III. Conditions outdoors are more
complex than indoor because the wind has not constant velocity as in the wind tunnel.
The experimental tests are encouraging but further development is still required.

Future work could address the following topics:

1) Autonomous landing and take-off of the kite depending on the wind conditions.
2) Test of an outdoor flight in strong wind conditions.

3) Development of the multi-kites systems

4) Development of other uses like pulling boats.
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Appendix

7.1 List of accidents

This list is a little sum up of the accidents the the author has experienced in model
airplanes, UAV, paragliding and kite energy generation. This experience started about
20 years ago.

-Propeller, rotors and high speed turning devices: It can cut yourself. T-shirts, hair,
shoelaces can also get stuck in.

-Batteries: The previous generation of batteries were contained in a metallic box (Ni-
Cad, Ni-Mh). When the charge or discharge is not made properly, they can produce a
lot of heat. The battery’s inner pressure will rise until the battery will explode. Also,
depending on the connectors you have, it might happen that the + and the - cables fit
together. One should avoid those connectors.

- Electric cables, soldering: The cables need to be carefully treated, one should always
remember that they have poor mechanical resistance. Make sure that no force or friction
is exerted on them, make proper soldering, check often that they are doing fine.

- Dynema-like cables: It is a true underestimated danger. They have great mechanical
resistance with respect to their diameter,therefore they can cut just like a razor blade. It
can also burn the skin. If you do not need such mechanical resistance, you should rather
use standard cables. No parts of the body should get in contact with these, specially in
unexpected forces environments (wind gusts and aeroelastic aerodynamic surfaces like
a paraglider for example). If you have to deal with a cable that is likely to move, use
gloves and do not grab cables, but push them with palm of the hand. It will reduce risks
of cutting fingers.

- Electric engines: They can get very hot. An other problem happens in the case of DC
motors, depending on the kind of controller, as the last transistor before the motor burns
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it may happen that it gives full power to the electric engine.

- Servos: depending on the quality of the servos, it might happen that the servo’s motor
starts heating. This might make the glue that holds the first gear loose its properties
and looses adherence with the motor’s axis. Be always sure that the forces and voltage
respect the specification of the servo, that the cables are not long enough to make voltage
drops. The gear might break if too much force is applied to the servo, if you don’t have
critical weight problems, use servos that have metallic gear.

- Receivers: make sure that the antenna does not move and that the electric engine
and the controller controller does not generate interference. Prefer controllers with an
opto-coupler.

- Glue: Glue can get really hot, specially fast epoxy. If you use these kind of resins, try to
avoid big stacks of glue. As it will harden, it might get internal cracks due to the change
of temperature, just like a Prince Rupert’s drop. An other point is that depending on
the glued material, it might look like it is fixed and as you pull it softly, it stays still,
but with a very small shock, it will stop adhering. It happens sometimes with very flat
non-rough surfaces.

- Duct tape: It might get old with the sun, and humidity.

- Velcro: Tt is as well a very nice material but it should be used with forces that apply
on the axis of the surface, not orthogonal to it.

- Gyros: be sure that they do not take into account undesired rotations.

- Ground effect; might take you longer than expected to land your kite. As one wingtip
goes close to one wall, its lift will increase, its drag decrease, it might provoque unex-
pected movements.

-Paragliding sails: The front wires tend to get longer with time: this will increase the
angle of attack and might lead to stall. The junctions between the cables and the at-
taches are a great point of friction, verify the cable is not used in this particular point.
Small insects, like crickets, often get in the paraglider and start eating it, make sure they
don’t eat your paraglider.

-Sand: if you fly near sand, be sure you have holes to make the sand go away. If you
have a kitesurf-like structure, the latex inner later is often pierced by sand. If sand gets
in the inflating pump, it will project sand with a very high speed to the latex that is in
front of the intake. It will make small holes that will make the pressure go low.
-Animals: Animals have behaviors that are hard to predict. The two worse cases that
were experienced were: - a seagull that started attacking the UAV. It would take height
on top of the UAV, take a huge speed diving steeply like a pelegrine falcon, heading
towards the UAV and would spread his wings to blow air to the UAV | maybe in order to
make it loose control. The UAV was around one hundred meters away from the author
but the force involved were so strong as the wings would be spread, the turbulence of
the air was very clearly heard. - a horse was next to the paragliding takeoff site. As
paragliders inflate during the takeoff, they make noise and a surface of around 25 m?
seems to appears. The color of this wing was shiny yellow. It seemed that the horse got
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afraid and the person that was on the horse was "ejected” from the horse as he started
jumping.

7.2 Carnet de vol

These flight notes sum up the prototypes first flight’s behaviors, the improvements and
modifications made.

e First kite prototype (see figure 7.1), 03/2010:
Flew in the wind tunnel of the Ecole Centrale Paris, after some tuning, it worked
fine. At some point, The person that was helping pushed the speed of the wind
tunnel much too high and the kite started shaking, broke most of its attachments
and almost got aspired by the wind tunnel. If it had happen, it would have broken
very expensive devices in the wind tunnel.

Figure 7.1: The first kite system in flight.

e Second kite prototype (see figure 7.1), 07/2010:
The first flight was successful but was a bit unstable on the yaw axis. Cables were
added between the wingtips and the main tether to damp the oscillation, the flight
were then stable.

e Third kite prototype (see figure 7.1), 02/2011:
First flight was very unstable due to excessive turbulence, lateral instabilities, The
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Figure 7.2: The second kite system in flight in the "air conditioner wind tunnel”.

size of the rudder was changed, wiglets were installed, lateral strings were installed
to stabilize roll. Poor results.

Fourth kite prototype (see figure 7.1), 03/2011:

First flight successful. The gyro was changed, which increased of stability. The
system of AOA control, it increased of precision and response time. The prototype
is still able to perform flights, he survived many crashes.

First reverse pumping prototype (see figure 7.1), 04/2011:

Flies well but we cannot see any change when it should accelerate, maybe due to
wrong estimation of the drag. Some stall problems appear very suddenly at low
speed.

Second reverse pumping prototype (see figure 7.1), 04/2011:

We can see an acceleration but the height is very hard to control manually. It
seems that the structure is not stiff enough. And that the propulsion system
generates a lot of drag as the engine turns off because the propeller keeps on turning.

Magnus effect prototype (see figure 7.1), 06/2011:
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Figure 7.3: The third kite kite system in flight.

The prototype flew very well, since the very first test.

e Third reverse pumping prototype (see figure 7.1), 01/2013:
The system accelerates, but the wings twists a lot, it cannot reach high speeds.

e Fourth reverse pumping prototype (see figure 7.1), 02/2013:
The L/D ratio is not good enough, the carbon structure shakes and twists, as a
consequence, the wing’s angle of attack changes independently from the servo’s
output.

e Fifth reverse pumping prototype (see figure 7.10), 04/2013:
The wings’ angles of attack are now independent from the structure, the wings
have been reinforced with carbon fiber. Flights were successful, even if it did not
worked as well as planned.

e Outdoor model prototype (see figure 7.1), 08/2012:

First flights: 5 crashes, the position of the center of mass is not enough advanced.
The servos broke down due to excessive voltage that seems to have provoked too

109



Chapter 7. Appendix

Figure 7.4: The fourth kite system in flight.

much heat. Some false contacts provoke dysfunctions. As we change the servo’s
voltage, the servo and the centre of mass position, the kite performs a beautiful
controlled flight.

Second session of flights: 08/2011:

The aluminum structure had been twisted due to the rough landings, structure
was changed. we experience takeoff crashes: as the model takes off, a strong
twist of the structure makes a Dyneema cable get in contact with the fiberglass
propeller. Dyneema wins! around 7 propellers were destroyed. The worst crash:
due to the violent landings, the battery’s attaches moved and the battery fell
down from the kite as it was flying. As it reached the ground, it felt at a distance
of two meters away from the author. He did felt a very scary vibration threw the
ground, the weight of the battery was around 1.2 Kg and felt from a height of 20 m.

The "small kite” (see figure 7.1), 06/2013:
It flew very well since the first test.
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Figure 7.5: The first reverse pumping prototype.

Figure 7.6: The second reverse pumping kiten.
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Figure 7.7: The magnus kite system in flight.

Figure 7.8: The third reverse pumping kite in the Vicon motion capture system.
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Figure 7.9: The fourth reverse pumping kite in flight.

Figure 7.10: The fifth reverse pumping kite in flight, increasing its energy.
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Figure 7.11: The outdoor model in flight in the park of the university.

Figure 7.12: The ”"small kite” in flight, note on the left bottom the measurement of its position.
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