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Abstract

The ever-expanding use and development of smaller UAVs (Unmanned
Aerial Vehicles) has highlighted an increasing demand for extended range
and endurance for this type of vehicles.

In this thesis, the development of a concept and system for autonomous
soaring of cooperating unmanned aerial vehicles is presented. The purpose of
the developed system is to extend endurance by harvesting energy available
in the atmosphere in the form of thermal updrafts, in a similar way that
some birds and manned gliders do. By using this “free” energy, considerable
improvements in maximum achievable endurance can be realized under a wide
variety of atmospherical and weather conditions.

The work included theoretical analysis, simulations, and finally flight test-
ing of the soaring controller and the system. The system was initially devel-
oped as a single-vehicle concept and thereafter extended into a system consist-
ing of two cooperating gliders. The purpose of the extension to cooperation,
was to further improve the performance of the system by increasing the ability
to locate the rising air of thermal updrafts.

The theoretical analysis proved the soaring algorithm’s thermal centering
controller to be stable. The trials showed the concept of autonomous soaring
to function as expected from the simulations. Further it revealed that, by
applying the idea, extensive performance gains can be achieved under a fairly
wide variety of conditions.

The cooperative soaring, likewise, functioned as anticipated and the glid-
ers found, cooperated, and climbed together in updrafts. This represents the
first and presumably only time cooperative autonomous soaring in this way,
has been successfully demonstrated in flight. To draw further conclusions on
the advantages of cooperative soaring additional flight trials would, however,
be beneficial.

Possible issues and limitations were highlighted during the trials and a
number of potential improvements were identified.

As a part of the work, trials were conducted to verify the viability to
implement the system into “real world” operational scenarios. As a proof
of concept this was done by tasking the autonomous gliders to perform
data/communications relay missions for other UAV systems sending imagery
to the ground-station from beyond line of sight (BLOS). The outcome of
the trials was positive and the concept appeared to be well suited for these
types of missions. The comms relay system was further developed into a
hybrid system where the optimal location concerning relay performance was
autonomously sought out, after-which the attentiveness then switched to
autonomous thermal soaring in the vicinity of this ideal relay position. The
hybrid system was tested in simulation and partially flight tested.
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Sammanfattning

Utvecklingen och användandet av mindre UAVer är ett område som stän-
digt växer. Hand i hand med denna utveckling kommer även behov och krav
på ökad prestanda som t.ex. längre räckvidd och uthållighet för denna typ av
UAVer.

Denna avhandling redogör för utvecklingen av ett system där samarbe-
tande UAVer utför termik-flygning autonomt. Syftet med systemet är att dra
nytta av energi i form av uppvindar eller termik som finns tillgänglig atmo-
sfären på samma sätt som många fågelarter och bemannade segelflygplan gör
för att på så sätt öka uthålligheten. Genom att utnyttja denna gratis-energi
kan avsevärda förbättringar i maximal uthållighet och räckvidd uppnås.

Arbetet omfattade teoretisk analys, simuleringar och slutligen flygprov-
ning av det framtagna och utvecklade systemet. Systemet utvecklades ini-
tialt till ett koncept bestående av en flygfarkost som autonomt genomförde
termik-flygning. Därefter utvecklades systemet till att omfatta två samarbe-
tande flygplan syftande till att förbättra prestandan genom att öka förmågan
att hitta eller lokalisera uppvindar i form av termik.

Den teoretiska analysen visade att algoritmens termikcentreringskontroll
är stabil. Flygtesterna påvisade vidare att det utvecklade systemet för auto-
nom termikflygning fungerade som förväntat från simuleringarna. Dessutom
visade flygproven att betydande prestandaförbättringar i uthållighet kan upp-
nås, under tämligen varierande väderförhållanden, genom att använda denna
teknik.

Försöken med samarbetande termikflygande UAVer, visade sig också fun-
gera som avsett. UAVerna hittade, samarbetade och steg tillsammans i ter-
mikblåsor. Flygningen med samarbetande autonomt termikflygande UAVer
är förmodligen det första och enda lyckade försök i sitt slag som genomförts
hittills. Fler försök skulle dock vara värdefullt för att kunna dra ytterligare
slutsatser om eventuella för- och nackdelar med detta koncept.

Försöken uppmärksammade även potentiella problem och begränsningar,
och ett antal tänkbara förbättringar identifierades.

Som en del av arbetet gjordes försök i syfte att verifiera möjligheten att
implementera systemet på ett verkligt operativt scenario. Detta genomfördes
som ett konceptförsök där de termiksökande UAVerna fick agera relästation
för kommunikation/datatrafik. Kommunikationen som vidarebefordrades var
mellan andra UAV-system som befann sig utanför räckvidd, som sände bild-
data tillbaka till markstationen. Försöken föll väl ut och konceptet föreföll
mycket lämpligt för denna typ av uppdrag. Kommunikations-reläsystemet vi-
dareutvecklades till ett hybridsystem där den ideala positionen för att agera
relästation söktes upp autonomt, varefter fokus istället skiftades till att söka
termik i närområdet av denna optimala reläposition. Hybridsystemet prova-
des i simuleringar, och delvis även i flygförsök.
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Chapter 1

Introduction

The development and use of UAVs or drones have seen tremendous expansion over
the last few decades. Together with the miniaturization of electronics and sensors,
considerably smaller UAVs can now perform many missions that formerly called for
big and bulky systems. The applications in which UAVs are used are also constantly
evolving and, especially for smaller ones, the uses appear to be almost limitless.

With this progress comes the need for different tasks or functions that the drone
can perform, and depending on the purpose of the drone, requirements for various
performance factors differ widely. A few examples of missions that lend themselves
well to be performed with smaller UAVs are some types of reconnaissance, surveil-
lance, communications- and data relay. Along with the maturation and increased
use of UAVs for such tasks their missions are becoming progressively more complex.
As the tasks become more advanced one can often see a higher demand for some
performance factors like, for example, endurance by being able to fly farther and/or
staying aloft for longer periods of time.

This work pursues the task to remedy the lack of UAV-endurance by harvesting
energy from the atmosphere. It is realized by performing thermal soaring, much in
the same way as birds and manned gliders do, and have it be accomplished by a
UAV without human intervention. The aim was to take the research beyond pure
theoretical studies and simulations to the level where the outcome could be verified
by practical flight trials.

This chapter will initially discuss various methods to increase endurance for
smaller UAVs and motivate choosing autonomous soaring to be the main focus of
this work. The challenges and what problems that need to be solved to perform
autonomous soaring, and the contributions of the research performed in this work
is talked about next. Finally an overview for the remainder of the thesis is outlined.

3
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1.1 Background

The traditional approach to try to remedy the predicament of insufficient endurance
is to carry more fuel or batteries. This, consequently, calls for a larger airframe
and thus the system becomes more complex, more expensive, and places higher
demands on logistics, training, and infrastructure. Another approach is to opti-
mize the efficiency of the subsystems in the vehicle. Examples include increased
fuel efficiency, a raise in the energy to weight ratio of batteries, or improvements
in the aerodynamics of the airframe. While significant progress has been made in
optimizing endurance in this manner, the possibilities for continued improvement
seem to be dwindling, and one could expect to see only incremental improvements
based on development in those fields. An exception, that has attracted a lot of re-
search interest in recent years is the development of fuel cells for aircraft use. This
type of technology could quite possibly give a leap forward for electrically powered
vehicles, and promising research is underway [Edwards 2018]. However, issues re-
lated to fuel storage, performance loss with altitude, refueling on-site, max available
power, to mention a few, still exist and require further research and development
[Dutczak 2018] [Gong 2017].

In view of the issues mentioned above, it is relevant to search for alternative
sources of energy that can be extracted from the environment during a mission and
that would help to sustain the flight of a UAV. Looking at how energy today is
harnessed in other applications might suggest that the most obvious sources are
probably the wind and the sun. The first thing that may come to mind when
looking at wind and sun extraction, is to simply mount solar panels on the skin of
the airframe to produce energy for the purpose of recharging batteries and powering
of an electrically driven UAV. Extracting energy from the wind, on the other hand,
does not appear to be as easily implemented on an aircraft, but could probably be
done in one way or another.

Another (perhaps not so obvious) method is to utilize atmospheric energy cre-
ated by the sun. One way this energy appears is in form of bubbles or columns of
rising air called thermals. Thermals can form when the sun heats the ground and
the air close to the surface of the ground, in turn, warms up. The warmer air then
becomes less dense than the surrounding air, and thus begins to rise. This volume
of ascending air is what is usually referred to as a thermal or an updraft.

Locating and making use of this type of energy from the environment is what
this research has focused on. More specifically it has been directed at exploring the
possibility to have small UAVs autonomously locate and utilize this kind of energy
in order to extend their endurance.

An example from nature on how effective the method of using this rising air
for the purpose of supporting flight can be found in research done on the heaviest
existing soaring bird, the Andean Condor [Williams 2020]. In this study flight
recorders were attached to the birds. The results from the recordings showed that
the condors that were studied only spend about 1% of their flight time flapping their
wings and that >75% of that flapping was associated with take off. One recording



1.2. PROBLEM FORMULATION 5

revealed a bird flying over 5 hours, covering 172 km without any flapping.
It has also been noted that birds may enhance efficacy of thermal detection by

observing where other birds find lift and use that as a guide to locate updrafts.
Similarly, or in a similar fashion this research also examines the benefits that could
be gained by letting multiple UAVs collaborate in their quest to extend endurance.
By working together the odds of finding updrafts can be improved, which could
further enhance the effectiveness of autonomous soaring. A complimentary benefit
of this concept, is its lack of additional carbon-dioxide and other emissions into the
atmosphere.

Another aspect of this research revolves around the concept of autonomous be-
havior in UAV applications. Having said that it can be noted that different levels
of autonomy can provide benefits in several aspects both when it comes to ease of
use (less training, smaller crew, etc.) of the system, and in improvements of per-
formance factors and safety. An example of a function that is already commonly
performed autonomously or automatically in smaller UAV systems, is takeoff and
landing. Other examples may include various levels of path/road following, navi-
gation, and collision avoidance to mention a few.

In this work, the word autonomous is used to indicate a behavior that is decided
by factors which are sensed, interpreted and acted upon by the system, without
human intervention. A predetermined action or behavior, that is known before
hand when and/or where it will take place, is not considered autonomous in this
work, e.g. waypoint navigation by a UAV (even though it is done without human
intervention).

There exist quite a few names and acronyms for Unmanned Aerial Vehicle (UAV)
that essentially in many cases refer to the same thing. UAS (Unmanned Aircraft
System) is often used and tries to imply that it is not merely an aircraft but
rather a system that consists of many parts. Another popular name lately is drone,
and other commonly used are UA (Unmanned Aircraft), RPV (Remotely Piloted
Vehicle), and RPAS (Remotely Piloted Aircraft System) to mention a few. In any
case, throughout this document some of these names or acronyms will sometimes
be used interchangeably with no intention to distinguish a certain type or class of
system.

1.2 Problem formulation

Thermal soaring is, as previously mentioned, frequently used by many bird-species
and has been used as a way to support flight by manned gliders as a sport for almost
a century now, and there is no doubt that the method can keep an aircraft (or bird)
aloft for a substantial period of time. Unmanned aircrafts, on the other hand, have
not yet made the step to where soaring is used as a means to extend endurance,
excepting cases involving pure research applications. For autonomous soaring to
become an established option for saving energy in operational systems, the idea



6 CHAPTER 1. INTRODUCTION

probably still needs to be introduced and implemented in operational systems, in
order for users to begin appreciating the benefits of the concept.

The subject of soaring by birds and manned aircraft has over the years been
investigated by numerous researchers. Even though the challenges might appear
to be similar, the scope of concerns faced by manned gliders conducting thermal
soaring, are in some respects different from those confronted by a small autonomous
UAV trying to perform the same task. The most obvious difference is that in the
manned case there is an experienced pilot that uses a range of instruments, cues,
and hints, in addition he makes guesses and uses intuition as a guide in the decision
process. Much of this is unavailable in the UAV-case, and the question arises if it
still will be sufficient with the information that is available. Another factor where a
difference can be noted is in the performance dissimilarity between a small UAV and
its larger manned counterpart. These differences can contribute to strategies used
by manned gliders failing to work if applied to an airframe with the performance-
numbers of a small UAV. A third factor that is different is the altitudes where
they are anticipated to “work”. For a UAV of the size considered in this work,
also relatively low altitudes are interesting to explore. Since manned gliders, in
general, need to stay above some safe altitude, knowledge that can be gained from
the manned glider community, of the features of thermals at low altitudes, is fairly
limited.

In some respects the performance of the class of UAVs studied in this project,
is more related to that of some larger soaring birds (size, speed, weight etc.). Also,
the circumstances under which they, to some extent, perform thermal soaring are
in many cases more comparable to these birds (lower altitudes and adverse thermal
conditions). The problem in trying to copy the behavior of the birds is, however,
complicated by the fact that it is largely unknown what set of sensors they use
and how they locate updrafts. It is also more difficult to gain insight into what
strategies the birds use compared to that of the glider pilots.

In the attempt to assess the scope of autonomous soaring, the questions that are
addressed and sought to be answered in this thesis can be summarized as follows:

- Can autonomous thermal soaring be done and how is it done with a small
UAV?

- How does thermal soaring by a UAV, relate to and differ from how it is done
by manned gliders and birds?

- How can updrafts be found and how can the probability of finding them be
augmented?

- How can the lift be used efficiently by a UAV?

- Is autonomous soaring of any value, can it contribute to markedly enhance
performance?

- Does the idea of autonomous soaring work in reality?
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1.3 Contributions of the thesis

While the research literature on autonomous soaring includes a lot of theoretical
analysis, simulations, and optimization techniques, there is a profound shortage
when it comes to results from actual flight trials. Especially trials in which the
whole concept of autonomous soaring in an integrated system is explored.

The main reason so few research projects have continued beyond simulations,
is believed to depend on the time and effort it takes to develop such systems to
the level where actual flight trials can be performed. The challenges that have to
be overcome are significant, not only when it comes to developing a flight worthy
system but also in gaining access to suitable airspace and dealing with the legal or
regulatory issues connected with flying UAVs.

However, the unpredictable and uncertain behavior of thermals and the rela-
tively limited knowledge on the details of updrafts make it very difficult, or even
impossible, to simulate them in enough detail. Simulations will thus ultimately fail
to capture all the complexity associated with updrafts and the environment, and in
order to verify the results, research also needs to be done on real airborne systems
thru trials. For this reason, despite the hurdles that need to be overcome, it is still
highly motivated to conduct test flights.

The main contributions of this work to the field of autonomous soaring are
summarized in the following:

-The development and verification thru flight testing of a complete system for
autonomous soaring. The work demonstrated the feasibility, effectiveness and util-
ity of autonomous soaring, and represents one of the few projects that currently
have conducted trials on this subject.

-Theoretical proof of stability and flight testing of the suggested thermal cen-
tering controller.

-Development of a complete functioning system for autonomous cooperative
soaring.

-Conducted trials that demonstrated the feasibility of cooperative autonomous
soaring. This probably represents the only trial to date, where gliders successfully
performed direct cooperation with simultaneous exploration of the same thermal,
without simulating any parts of the system or the environment.

-Successful proof of concept flights, by tasking autonomous soaring UAVs to
perform data-/comms relay missions, in support of other UAV systems.

1.4 Included publications and contributors

The author’s contributions on the publications included in Part II of this thesis
are the following:
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Paper A:
Extending Endurance for Small UAVs by Predicting and Searching for
Thermal Updrafts
Klas Andersson
Association for Unmanned Vehicle Systems International (AUVSI).
Published in: AUVSI Unmanned Systems North America Conference 2009 (Vol.
1)
Proceedings of a meeting held 10-13 August 2009, Washington, DC.
ISBN: 978-1-61567-580-7

The development of concept, analysis, simulations, and writing the paper was
carried out by the author.

Paper B:
Thermal Centering Control for Autonomous Soaring, Stability Analysis
and Flight Test Results
Klas Andersson, Isaac Kaminer, Vladimir Dobrokhodov and Venanzio Cichella
American Institute for Aeronautics and Astronautics (AIAA)
Journal of Guidance, Control, and Dynamics (JGCD) Vol. 35, No. 3, May–June
2012.
DOI:10.2514/1.51691

The development of concept, analysis, simulations, experiments, and writing the
article was done by the author.
Contributions of the co-authors consist of logistical support connected with flight
experiments, and checking of accuracy and validity of the theoretical stability
analysis.

Paper C:
Thermal Highs and Pitfall Lows, Notes on the Journey to the First
Cooperative Autonomous Soaring Flight
Klas Andersson, Kevin D. Jones, Vladimir Dobrokhodov, Isaac Kaminer
Institute of Electrical and Electronics Engineers (IEEE)
Published in: 2012 IEEE 51st IEEE Conference on Decision and Control (CDC)
2012, Maui.
DOI: 10.1109/CDC.2012.6425899

The development of concept, analysis, simulations, experiments, and writing the
paper was performed by the author.
Contributions of the co-authors consist of logistical support in conjunction with
flight trials and mentorship in conducting flight trials.

Paper D:
Hybrid Control of Long-Endurance Aerial Robotic Vehicles for Wireless
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Sensor Networks
Deok-Jin Lee, Klas Andersson
International Journal of Advanced Robotic Systems (IJARS), Vol. 8 No. 2, 2011
DOI: 10.5772/10577

The development of the concept and the simulations were performed in cooperation
with the main author. Minor parts of the article was written, minor parts of the
analysis regarding relay positioning and flight experiments, and major parts of the
analysis regarding autonomous soaring was done by the author.

1.5 Overview

In the following chapters of this dissertation the questions outlined in Section 1.2
will be addressed and the contributions to this field of research listed in Section 1.3
described in more detail, among other things.

The outline of the remaining part of this thesis is as follows: Chapter 2 gives
an overview of research that is related to that presented in the different parts of
this work. Chapter 3 provides a summary of environmental factors and the types
of lift that are available in the atmosphere that a UAV possibly could make use of
together with a description of strategies to utilize thermal lift. Chapter 4 deals with
different methods of finding lift or increasing the chances of doing so. It further
discusses various techniques to effectively use updrafts by centering thermals once
detected. In Chapter 5 the outcome and the findings of the performed simulations
are outlined, and a description of the models of the aircraft and updrafts, used for
the simulations, is given. The hardware and the set up of the complete system
used for the flight trials is presented under Chapter 6 followed in Chapter 7 by
a fairly comprehensive report of the circumstances, execution and outcome of the
conducted flight experiments. As a proof of concept, parts of the trials were done
to examine the ability to apply an actual task to be conducted while at the same
time performing autonomous soaring. The set up and outcome of these trials are
discussed in Chapter 8. A part of the research that was initiated but not finished
during this work was to incorporate solar panels on the skin of the UAVs. This
work was continued in the following years, and the findings of this work is outlined
in Chapter 9. The following Chapter, 10 will discuss suggested future work, and
finally some clips that have appeared in the media are displayed in Chapter 11





Chapter 2

Related Work

The related research that is discussed in this chapter is divided into sections repre-
senting the main subparts of this work. The three parts are; autonomous soaring,
cooperative soaring, and communications relay application.

Since substantial time has passed between when the work of this study was con-
ducted and when the dissertation was written, some of the related work presented
in this chapter was performed after the timeframe in which the work of this thesis
was completed. In general, if the publication date of a reference indicates a year
later than 2011, the research was done subsequently of the work presented here.
Having said that, for the purpose of completeness, it is still relevant to include
related work up to the present date.

2.1 Autonomous Soaring

The idea of atonomous soaring for UAVs has been around for quite some time now.
In 1997 the Australian researcher John Wharington suggested to extract energy
from thermals and gusts for the purpose of designing high endurance UAVs. He
presented a control system based on reinforcement learning for the high level control
of autonomous soaring and performed simulations. At the time, he concluded
the method to be too computational heavy to be done on line [Wharington 1998].
Wharington’s research was probably one of the first that actually proposed using
autonomous soaring to be implemented in an unmanned system.

Over the years quite a large number of other research papers and arti-
cles on the subject of autonomous soaring have been produced. Many of
the projects focus on finding optimal solutions for achieving various goals
or proposes guidance and control algorithms [Antal 2010] [Akhtar 2011]
[Pogorzelski 2019] [Depenbusch Langelaan 2011] [Langelaan 2014] [Rothaupt 2021]
[Schermann et. al. 2019] [Notter et. al. 2019].

Even though many of the above mentioned include various levels of simulations,
very few have been developed into systems that are flight-test ready, and only a

11
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handful have reached the level where actual flight-tests have been conducted.
There are however a few projects that have aimed for, and conducted flights to

support the findings of their research. The first one to design and develop a system
for autonomous thermal soaring with the goal to perform flight trials was Michael
Allen at NASA Dryden Flight Research Center. In the summer of 2005 he and
his team of NASA engineers did a series of flight tests with the system they had
developed [Allen and Lin 2007]. As far as we know, this constitutes the first time
successful autonomous soaring was demonstrated in real flight.

A few years later Dan Edwards (North Carolina State University) performed
flights with his system. One of his goals was to try to show the benefits of au-
tonomous soaring by trying to, in competition, beat radio controlled gliders in
cross-country soaring [Edwards 2008]. Edwards has after receiving his PhD degree,
continued his research on autonomous soaring at the Naval Research Laboratory
(NRL).

More recently, Prof. Jack Langelaan (Penn State University) and his team and
students are some of the more active researchers in autonomous soaring and fields
connected to extending endurance and persistence for UAVs. They have produced
numerous articles on the subject and related research. His team is also one of the
fairly few that have performed actual flight trials to support their research on the
subject [Depenbusch et.al. 2017].

2.2 Cooperative Autonomous Soaring

When it comes to cooperating autonomous soaring UAVs there is also some research
to be found. The studies are almost exclusively theoretical, sometimes supported by
simulations. The focus is generally set on path-planning and search patterns, and
in some cases creating collision-free trajectories. Most of the investigations assume
that the location of thermals are more or less known or that the updraft field is
static and optimal paths or trajectories are sought in the semi-known updraft field
[Cobano 2013] [Antal 2010].

In [Klesh et al. 2009], multiple UAVs moves in simulation within an given area
to identify updrafts. The information is shared between the aircraft and the “map”
that is created is used as points of interest in the following path-planning process.
[Depenbusch Langelaan 2011] takes a somewhat similar approach when creating a
map of likely updraft locations. Depending on if the UAV is in need of altitude-
gain or not, it will either explore new regions or fly towards likely updrafts to
regain altitude. Simulations show that using the map significantly improves the
endurance for a single vehicle, and with increasing flock size the performance keeps
improving. Also in the earlier mentioned work of Wharington, the possible benefits
of cooperative soaring is discussed [Wharington 1998].

In 2015, in a combined effort between Penn State University and Naval Research
Laboratory, Depenbush et al. performed flight tests where a part of the trials
were aimed at making benefit of a cooperating behavior. The approach differed
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some from the approach in this work in that it did not aim at exploiting the
same thermal simultaneously by the cooperating gliders. Instead the search for
updrafts was initially based on experience where lift had been found in earlier
flights. This “lift map” was then updated along the way when updrafts were found.
The cooperation part then consisted of developing the map individually but taking
into account the findings and contributions from both the cooperating/participating
vehicles. The gliders were working as individual autonomous soarers, but using the
cooperatively developed lift map. In his PhD thesis, Depenbush reports that due
to poor weather conditions and numerous hardware issues it was difficult to draw
any reliable conclusions based on the trials [Depenbusch 2018].

In a thesis by Zachary Hazen, the work performed on autonomous soaring and
cooperation is presented [Hazen 2012]. The goal was to demonstrate the advan-
tage of cooperative autonomous soaring much in the same way as in this work.
Unfortunately during his trials, he never managed to get the right combination of
required personnel to manage the system, together with the right weather condi-
tions to successfully perform cooperative thermal climbs with two gliders. He did
however perform a flight where he observed a climbing hawk in the vicinity of the
glider. In manual mode under motor he then piloted the glider to the location
of the bird. Here the glider found lift and used it to autonomously gain altitude
in the the updraft indicated by the hawk. This demonstrated the value of using
cooperation to find thermals. He also tested the cooperation logic by using motor
assisted climbs to simulate thermal climbs of one glider to show that the second
glider would perform its cooperative behavior correctly.

2.3 Comms relay

In the literature an ample amount of work can be found that, in various degree, is
related to the part of this work that deals with autonomously seeking out the ideal
position for comms relay operations.

For the concept of using autonomous soaring in combination with autonomously
finding the optimal relay location, it is more difficult to find any matching research,
and no studies that take the same or similar approach have been found.

A similar perspective in the respect that the position of the connected nodes is
unknown is taken in [Chamseddine et. al. 2014], where the navigation law to find
the optimal position for the relay-UAV is based on the strength and the angle of
arrival of the signals of the connected nodes.

Another research addressing the subject of connecting nodes using UAVs, is
presented in [Cetin and Zagli 2012]. Here the path planning of the UAVs are based
on artificial potential fields to form an airborne communications relay chain, to
maintain communication between the nodes. In addition the path planning method
is further used to provide a collision avoidance system.

In [Ladosz et. al. 2016] the optimal position of a UAV, functioning as a com-
munications relay node to improve network connectivity between a team of ground
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nodes in an urban setting is found. The position of the nodes and the environment
is assumed to be known, and the positioning and number of of relay UAVs to meet
the minimum link quality is derived by the algorithm using a “particle swarm opti-
mization” method. [Pengcheng et. al. 2011] controls the relay-UAV heading angle
to maximize the transmission rate between the connected nodes.



Chapter 3

Soaring in different Environments

Soaring: the act or sport of flying a heavier-than-air craft without
power by utilizing ascending air currents [Merriam-Webster].

In this chapter we will describe how opportunities for soaring are created in
different environments. First a brief history of manned soaring is given. The
conditions and factors involved in the creation of the more common types of lift
are explained next, followed by a description of different strategies for a glider to
exploit the type called thermal lift.

3.1 History of Soaring

Looking at the historical background of soaring by manned gliders reveals that in
1920 soaring was becoming a sport of its own. After World War I in the Treaty
of Versailles Germany was banned from flying powered aircraft and thus a great
deal of their focus instead was directed towards developing and designing gliders.
Previously unknown types of lift were discovered that were found to make it possible
to gain altitude, without supplemental power. In 1921 by taking advantage of,
so called, ridge lift, Dr. Wolfgang Klemperer succeeded in breaking the Wright
Brothers´ glider soaring record from 1911. With a glider flight that lasted for 13
minutes he added over four minutes to Orville Wright´s ten year old record. A few
years later in 1928, Robert Kronfeld from Austria managed to show that gliders
could gain height by using thermal lift (figure 3.1), which probably represents the
first time this was done.

After this, things developed faster and in 1929, the National Glider Association
was founded in Detroit. One year later the first USA National Glider Competition
took place in Elmira, New York. The first World Championship was then held in
Germany in 1937. By then there were over 50.000 glider pilots in Germany alone,
and since 1950 world championship competitions have been held about every other
year.

15
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Figure 3.1: The first manned thermal flight, by Robert Kronfelt in 1928, [Forchen
und Fliegen, 1954]

3.2 Types of lift

As mentioned earlier the wind and the sun cause secondary effects that can be useful
for the purpose of energy conservation or harvesting energy for soaring flight. Three
major types of lift exist that are commonly used by birds and glider-pilots alike to
sustain soaring flight. Perhaps the, by glider pilots, most frequently utilized kind
of lift of the three is the aforementioned Thermal Lift. The two other types are
Ridge Lift and Mountain Wave Lift.

These types of lift also have the potential of being used to extend range and
endurance of UAVs. A few more types or variants of lift also exist but are of less im-
portance (or not as frequently occurring) for the purpose of soaring flight for UAVs
(examples convergence-lift and frontal-lift). More details on soaring can be found
in, [Reichmann 1993] [Angevine 2006] [Axelsson and Danewid 2002] [Pagen 1992]
[FAA 2013] [Schmidt and Schumann 1989] .

Ridge Lift

The most intuitive form of lift is probably ridge lift, which also sometimes is called
orographic lift. This type of lift forms when wind blows against an obstruction such
as a ridge or a hillside, see Figure 3.2. When the air stream meets the obstacle,
the air is deflected upwards to form a lifting region on the windward side of the
hill or ridge. If the velocity of the vertical component of the deflected airstream is
greater than the sink rate of the vehicle or bird would have in still air it can keep
the aircraft flying without additional power input. This lift can suspend flight as
long as the wind keeps blowing in the appropriate direction with sufficient strength.
The amount of lift is, obviously, not only depending on the wind speed but also
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on the size and shape of the obstruction, like the hill, the mountain, or the ridge
causing the deflection. For example a isolated hill does not produce as good lift
as a ridge line or stretched out hill side. For the case of an isolated hill the wind
tend to more deflect around the hill instead of over the hill whereas a ridge or an
elongated hillside forces the air up and over the obstruction.

Figure 3.2: Ridge lift [aerospaceweb.org]

Ridge lift is not directly dependent on solar radiation and can work any time
of the year or day, regardless of weather conditions as long as there is wind. It is
easy to predict since it is dependent on fixed geographic features in combination
with certain wind directions and velocities, but is limited in altitude to about two
or three times the height of the obstruction causing it. To its disadvantage it can
also be mentioned that the local nature of ridge lift limits the area where a UAV
could also carry out its mission while simultaneously benefiting from this type of
lift.

Mountain Wave Lift
Wave lift is somewhat similar to ridge lift in that it needs an obstruction and
wind. It differs though as it is on a much larger scale and forms downwind from
the ridge, as appose to regular ridge lift that occurs on the upwind side (Figure
3.3). It further requires considerably more specific conditions and is therefore not
as commonly found as regular ridge lift. It can appear when a strong wind (more
than ∼20 knots) blows across a mountain range with the wind speed gradually
increasing with altitude. If the atmosphere is stable, standing waves downwind
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from the summit can then form kind of in the same way as standing waves can
be observed downstream of a submerged rock in a river. As opposed to ridge lift,
these waves can extend to great altitudes and glider flights above 35,000 feet have
frequently been recorded with the current record being over a staggering 76,000
ft, which is higher than most existing powered aircrafts can fly today (Figure 3.4).
This type of lift is probably the least frequently occurring (of the 3 discussed here)
since it depends on significant geological features, together with specific weather
and wind conditions.

Figure 3.3: Mountain wave lift [aerospaceweb.org]

Figure 3.4: The current altitude record holding glider Perlan 2 (76,124 feet set on
Sept. 2, 2018), [newatlas.com]
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Thermal Lift

As mentioned earlier, thermal lift is created when a section of ground is heated
by the sun and reaches a higher temperature than the surrounding terrain. The
ground in turn heats the adjacent air, which becomes less dense. When triggered
by for example a wind gust, this warmer air will leave the ground and start rising
as a thermal. The thermal can either form a continuous column of rising air that is
supplied with new warm air from the ground or it can separate from the ground like
a bubble to form a rising parcel or pocket of air (or a mix of the two) expanding as
it climbs higher (figure 3.5). This is a rather simple description of thermals whereas
their actual shape and structure can be significantly more complex.

Figure 3.5: Thermal lift [aerospaceweb.org]

The temperature inside the thermal is generally 1°-2° C warmer than the sur-
rounding air. As the air rises and expands due to the falling pressure, the tempera-
ture inside the thermal will decrease with a rate of approximately 3° C per 1000 ft
(or 10° C/km). This is called the Dry Adiabatic Lapse Rate (DALR). The actual
temperature of the surrounding air will change with altitude at the Environmental
Lapse Rate (ELR) which is specific to the weather, location and conditions of the
particular day and can change with altitude. If the two rates are the same, the
temperature difference between the air inside the thermal and the surrounding air
will persist and hence the air will keep climbing, until enough mixing of the two
air masses has occurred. If the ELR is equal to the DALR the air/atmosphere is
said to be neutrally stable. If it is smaller, then the atmosphere is stable, and if it
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is bigger it is unstable. If the temperature increase with altitude we have what is
called inversion, which is a very stable condition of the atmosphere, and that will
effectively prevent all thermal activity since the rising air soon becomes the same
temperature as the surrounding air (Figure 3.6).

Figure 3.6: Lapse rate

Knowing the actual current temperature profile of the atmosphere is a useful
tool in predicting how good the thermal conditions are and to what height they can
produce lift. Because of the radiation of heat from the ground at nighttime the cool
ground also cools the air next to it (especially on a clear, calm night). Therefore
there is often a thin inversion layer closest to the ground present in the morning.
As the sun starts to warm up the ground (and the air next to it) this layer gets
thinner and finally disappears.

Unlike ridge lift, the formation of thermal lift is dependent on solar radiation.
Therefore, thermals generally occur less frequently in the early morning and late
afternoon. To predict in detail where and when a thermal will occur and know in
advance its detailed properties is also more difficult than when making predictions
on ridge lift.

Although sun is the essential factor, there is a complex combination of other
factors that determine how favorable the conditions for forming thermals are. A
few examples of these include but are not limited to; environmental lapse rate (see
Figure 3.6), humidity, air pressure, temperature, wind etc. The shape, size, velocity
profile etc. of thermals vary greatly depending on the contributing factors involved
in its formation. There is also no exact way to know how close together thermals
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normally form, but a rule of thumb indicates that they generally are spaced apart
about 2.5 - 3 times their height. Since the rising air in the updrafts needs to
be replaced by new air, the air between thermals is usually descending. Thermal
lift has the advantage that it can occur over a wide variety of terrain and is less
dependent on specific features on the ground than the other two types of lift. The
altitude to which thermals can provide lift can be anywhere between 1,500 ft. to
12,000 ft. depending on the conditions, but typically to altitudes that is suitable for
many small-UAV applications. The obvious disadvantage is that thermals depend
on solar radiation, which means that they occur less frequently in the winter. They
also form almost exclusively in the daytime over land, with a few exceptions.

Dynamic Soaring

Using the types of lift discussed in the previous sections to extend flight is usually
referred to as Static Soaring. A fourth method of extracting energy from the at-
mosphere is the so called Dynamic Soaring. Dynamic Soaring differs from Static
Soaring in that it does not use any vertical wind component to sustain flight, and
therefore might not technically qualify as a type of lift. Instead energy is extracted
by periodic maneuvers in the lateral wind gradient usually found near the ground
(Figure 3.7). This type of soaring is still worth mentioning since it also can be
used over water, whereas the types of lift used for Static Soaring almost exclusively
can by found over land. Dynamic Soaring is in fact used by some birds e.g. Alba-
trosses that by using this technique are able to cover great distances (thousands of
kilometers) over the ocean without flapping their wings [Sachs 2012].

To its disadvantage, it can be mentioned that this type of soaring is limited
to low altitudes (where the wind gradient is greatest) and restricts the general
direction of travel, with respect to the wind direction, which in turn restricts its
operational use for UAVs. It also requires precise maneuvering close to the ground,
which leaves little room for error.

There are thoughts of performing Dynamic Soaring in the wind shear at the
lower edge of the jet streams or other parts of the atmosphere where there is
enough wind shear to at least partially provide the required energy. Some research
has been done on the subject, but no trials have been reported yet [Sachs 2006]
[Patterson 2014]. If achievable this could probably prove to be of great value for
certain types of UAV applications.
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Figure 3.7: The principle of Dynamic Soaring by periodic maneuvers in a wind
gradient.

3.3 Strategies to exploit Thermal Lift

The types of lift (and Dynamic Soaring) described above, all have the potential
of being used for the purpose of supporting flight of a UAV. However all of them
except thermal lift require either combinations of specific geological and weather
conditions, and/or are restricted to relatively low altitudes, which make them less
suitable for general operational use. Thermals, on the other hand, are less depen-
dent on these factors and can often be found almost anywhere over land in the
daytime. They appear to have a broader possibility to be of value for conserv-
ing energy and consequently extending range and endurance for an autonomous
aircraft. The work in this thesis is therefore, as already mentioned, focused on
thermal soaring and how to autonomously find and utilize updrafts in an effective
manner.

Depending on the conditions and what needs to be accomplished there are a
couple of different approaches that can be employed to exploit thermal lift. Often
a combination of the methods is the most efficient solution.

Dolphin Flight
In this technique the velocity of the glider is adjusted depending on whether the
vehicle is in rising or descending air, by applying “speed to fly” theory. When flying
through sink velocity is increased to quickly pass through the area and when flying
in lift velocity is decreased to achieve the highest climb rate and maximize the time
spent in the ascending air (Figure 3.8). Another factor that affects ideal flight speed
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is if there is a tail- or a head wind. More on the factors affecting the “speed to fly”
can be found later in section 5.1. This approach works well for missions where the
objective is to increase the range rather than the endurance of the flight, and when
spending too much time gaining altitude in updrafts is not an option. Under ideal
conditions, when the thermals are strong and abundant, dolphin-flight alone could
even prove to be sufficient to keep the vehicle aloft.

Figure 3.8: Dolphin Flight

Sometimes the updrafts have a tendency to arrange themselves in rows parallel
to the wind direction. These rows are usually referred to as thermal streets, and by
choosing your path wisely, much larger parts of the flight can be spent in rising air
under these conditions. Figure 3.9 shows cumulus clouds arranged in cloud streets,
indicating that thermal streets are likely to be found underneath them.

Figure 3.9: Clouds arranged in rows indicating that thermal streets likely are
present.
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Thermal Soaring Flight

Under more average thermal conditions, when merely adjusting the speed is not
enough, a different approach is necessary in order to derive enough energy to sustain
continuous flight. Glider pilots normally use this approach. When an updraft is
encountered the pilot begins to circle within the rising air, thus gaining altitude.
When the desired altitude is reached or when the thermal no longer provides any
useful lift, the pilot leaves the updraft and starts searching for a new one (Figure
3.10). Many birds also use this technique to save energy as well. To compare the
small UAVs considered in this work with birds is relevant since larger birds are
similar in terms of size, weight, wing-loading, and speed to this class of UAVs. The
performance factors are thus in many cases more closely related to a large soaring
bird than a modern sail plane.

Figure 3.10: The principal of Thermal Soaring [aerospaceweb.org]

The major challenges for this kind of soaring flight are finding updrafts, and
once one is found, staying within it and maximizing climb rate to gain altitude as
rapidly as possible. On a day with good thermal conditions, a manned glider can
fairly easily stay aloft for a large part of the day by solely relying on this technique.
The limiting factor is usually due to deterioration of the thermal activity towards
the end of the day.

Depending on what the objective of the flight is, different tactics are used. In
soaring competitions the goal usually is to cover as long distance as possible within
a given timeframe, or to complete a set course in the shortest amount of time.
Thus stopping and climbing in every thermal, regardless if it is strong or weak, is
usually not beneficial, since no headway is made during thermalling. Instead the
pilot must decide which updrafts are strong enough to be worth spending time in,
before heading on along the course in search for the next “worthy” thermal. Also
leaving a thermal before reaching the top of it is also typical if the climb rate goes
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below a certain value.
If the purpose instead is to stay aloft over a defined/limited area for as long

as possible, many of the tactics used in competition soaring becomes superfluous.
Now the focus instead shifts towards finding enough lift and using it efficiently,
especially in poor thermal conditions, or in the beginning and end of the day. A
more in depth discussion on different strategies to find updrafts is found in the next
chapter.





Chapter 4

Finding and Centering Thermals

As discussed in the previous chapter the two main tasks when performing thermal
soaring are finding updrafts and once found utilizing them effectively. In this chap-
ter different strategies to autonomously improve the chances of coming across lift
and then make good use of them will be discussed.

4.1 Methods of Improving the Likelihood of Finding
Thermal Lift

No matter how efficiently a thermal is used by a glider to gain altitude, the glider
or UAV still has to find updrafts to be able to use them. This task might not pose a
big problem under conditions when the thermals are plentiful. However, when the
conditions worsen this becomes more difficult and the effectiveness of this approach
deteriorates. Therefore, to make the idea of autonomous thermal soaring applicable
on a larger scale, the spectra of environmental conditions where this method will
contribute notably in increasing endurance needs to be broadened.

If we first focus on the part involving finding the updrafts there are a few
methods or techniques that can be identified as useful for improving the odds of
coming across lift. One of the factors that needs improvement is the likelihood of
finding the updrafts. If it would be possible to see the actual thermals, autonomous
soaring would be a completely different subject matter. Unfortunately there is no
easy way to see or detect them. Possibly a doppler LIDAR (Light Detecting and
Ranging) could be used to identify updrafts [Koch 2006], where the light is reflected
of particles and aerosols in the air. However, due to complexity in addition to weight
and size restraints this is not a simple solution and might not yet be an option for
onboard installations, at least not in smaller UAV systems. Apart from that, it
appears like no other ways of remotely detecting actual thermals exist. If birds
possess some additional skills that make them do this, or if they rely on the same
methods as human pilots do is not yet fully understood.
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Even if we decided that we cannot directly “see” the thermal itself, there are
still other clues that might indicate where they are likely to be found. A few of
the methods that use these clues in order to find updrafts will be discussed in the
following sections.

Observing Clouds

If we again look at glider pilots, probably the most common method to locate
thermals is to observe the clouds. By studying what type of clouds and how these
clouds develop one can usually predict well, when and where a thermal is forming.
For example, a growing cumulus cloud is almost a certain indicator that there is
lift to be found underneath it. These types of clouds are, however, usually fairly
short lived. The time span from when the cloud begins to form until it begins to
deteriorate and hence also the lift underneath it is normally less than twenty to
thirty minutes. Consequently, to aim for a distant cloud could result in arriving
under the cloud after the thermal that originally formed it is already gone.

To be used by UAVs, this approach would call for visual recognition equipment
and guidance based on the cloud shaping. In his PhD thesis, Martin Stolle es-
tablishes a vision-based method for remotely estimating updraft parameters under
cumulus clouds together with a path planner for autonomous cross-country soaring
[Stolle 2017]. He performed simulations from which he concluded that significant
performance improvements could be gained using his method. Research has also
been conducted where a ground based camera is used to evaluate the clouds to
guide a surrogate manned aircraft to find lift. However, the project has still not
reported any definite results from the flight tests [Hook 2007].

Obviously clouds have to be present in order to be able to use any of these
methods. If the moisture content of the air is too low the humidity at the top
of the convection layer is not sufficient for the water to condensate. In this case
what commonly is referred to as dry or blue thermals will instead form. These dry
thermals are, therefore, not marked by any cumulus clouds and this consequently
makes finding the thermals more challenging for the pilot.

Observing Ground Features

Another way of predicting locations where lift could be found, and maybe the only
way on a cloudless day, is to evaluate the ground. Certain features and conditions
on the surface are known to provide good thermal conditions or act as collectors
and triggers for updrafts, whereas others almost never produce any lift or are even
likely to generate sink. Examples of lift generating features include: south-facing
slopes, plowed fields, dry or rocky areas, ridge-lines and other high grounds. Also
man made structures like large dark parking lots or buildings can sometimes prove
to be good sources of lift. Examples of areas that generally are considered to not
produce updrafts include: marshland, wet ground and bodies of water.
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Yet another method that possibly could provide guidance to where thermals are
formed would be to study an IR picture of the ground and assume that hotspots,
depending on size and temperature, would be likely producers of updrafts.

In a PhD thesis by Naseem Akhtar, some brief field trials with an IR camera
on the ground are conducted, to show the feasibility of detecting hot spots from a
distance [Akhtar 2011]. He concludes that it could be beneficial to have the ability
to observe thermal activity many miles away by observing hot spots on the ground
in the search for thermal updrafts. However, no trials were performed to see if the
detected hotspots actually also did act as producers of thermal updrafts.

Some brief experiments were also conducted by the German paragliding pilot
Armin Harich [Harich 2015]. He used a small IR camera during flight and recorded
video to visualize temperature differences in the terrain. It is not clear if he managed
to use the IR-image to locate updrafts though.

Apart from the examples above, there are no published papers on the topic
of using IR-imagery of the ground for the purpose of locating updrafts. This is
somewhat surprising, since it appears to be a promising yet fairly simple way to
detect where thermals are likely to be found.

House Thermals

If flights are commonly performed in the same region an additional way to find
thermals that should not be overlooked is to search for what is commonly referred
to as house thermals. These updrafts are found based on experience from previous
flights in the area, and can give advice on where lift usually is found. This infor-
mation can prove to be very helpful since thermals have a tendency to occur in the
same place repeatedly.

Cooperative Search for Lift

Without clouds for guidance, flying over a landscape with few significant features,
the search for thermals would turn into a game of pure luck. By looking to nature
the odds of finding lift may still be increased. As mentioned earlier, many birds
are known to be excellent soarers. But even if their technique of taking advantage
of the thermals is almost flawless, they still need to find them to be able to exploit
them. As also brought up earlier it is little known how and if the birds use the
aforementioned clues in the sky or on the ground. However, one technique they
appear to use is to simply watch for other birds, or even aircrafts, circling in updrafts
and accordingly fly to the same location. Figure 4.1 shows an instant when a red-
tailed hawk joined and circled together with our glider in an updraft.

Glider pilots also use this method since it is a definite indicator that lift is
present. If enough “wings” are searching and cooperating, the chance of finding
enough lift to stay aloft increases significantly, even if the search is performed
randomly. Organized cooperation between team members in competition flying
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Figure 4.1: Red-Tailed Hawk climbing with the glider in a thermal

with gliders, first adopted by the Polish team in 1960, has proved to significantly
improve performance over solo actors [Petteson 2001].

A simple probability analysis can give an indication of how effective the method
of using cooperating UAVs to find thermals can be.

If we study a group consisting of N air vehicles and the probability of a single
vehicle randomly encountering a thermal in a defined area, in a given time frame
is Pn. Assuming that if at least one of the vehicles in the group finds an updraft
it implies that the others in the group will benefit from it as well, the combined
likelihood for the N vehicles to find an updraft, Pfind, is then given by:

Pfind = 1 − (1 − Pn)N (1)

In Figure 4.2 the probability of at least one UAV (and thereby the whole group)
finding a thermal vs. the number of participating vehicles is plotted for Pn varying
between 0.1 and 0.6

The analysis above does not account for the fact that even if one vehicle finds
a thermal it is not guaranteed that all the others will be able reach the updraft
as well. They might, for example, be too far away from the discovered thermal to
arrive before it disappears. Furthermore, if the thermal is of the bubble variety,
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Figure 4.2: Probability that a is thermal found vs. the number of cooperating
UAVs for Pn between 0.1 and 0.6

entering at a lower altitude than the finder could possibly result in missing the lift.
On the other hand, there is no coordination between the search patterns of the
vehicles to divide the area between them, which instead would increase the benefit
of using multiple UAVs even more. In either case, the investigation still provides a
hint on the possible increase in chances of finding updrafts by using collaborating
vehicles.

Finding one updraft will obviously not be enough to significantly extend the
endurance, so if we extend the above examination to the case where the probability
of instead finding a consecutive number of thermals we get the following. Let M
denote the number of thermals consecutively found and let PM be the probability
of finding M thermals in succession. Then PM is simply given by:

PM = [1 − (1 − Pn)N ]M = (Pfind)M (2)

If we then as an illustration plot PM against M for 1 to 5 cooperating vehicles
for Pn = 0.5 as an example we get the result in Figure 4.3.

It can be noted that, for example, finding five consecutive updrafts the proba-
bility increases with over 750% using two vehicles instead of one for the example
of Pn = 0.5. Again the analysis does not account for all events that may degrade
the result of the outcome, but still indicates that significant gains can be realized
by using more than one UAV.

In research by Zachary Hazen [Hazen 2010], work is presented where simulations
are performed of groups varying between 1 and 5 cooperating UAVs, using an
updraft model developed by NASA Dryden [Allen 2006]. A total of 6000 simulation
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runs were executed for the different combination of number of vehicles, and for each
month of the year. The result showed a definite benefit from an increasing number
of cooperating UAVs. He perceived that the greatest gain in performance was found
when increasing the flock size from 2 to 3 vehicles [Hazen 2012].

UAV search and predict lift

As we have seen above there are different strategies to be able to increase the chances
to encounter updrafts. They all depend on being able to observe different features
in the vicinity of the own aircraft. Be it clouds, ground features other gliders or
birds etc. all of which probably could be implemented in an autonomous soaring
UAV. However if we return to how updrafts are formed, we know that the heating
of the ground by the sun is the foundation for creation of all thermals. Therefore
studying variance in solar irradiance (power per unit area) or insolation should be
of importance when trying to find possible sources for thermals. Finding areas
sufficiently big with the greatest irradiance by the sun could therefore be used as a
general guide in the search for updrafts for an autonomous glider. This approach
would not account for different ground conditions like reflectivity, moisture content,
structure etc. but would still give an indication on where the glider should focus
its attention in the search for lift. The irradiance is directly dependent on how
closely the surface is facing the sun, reaching its maximum value for a surface that
is perpendicular to the rays of the sun.
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As the sun moves across the sky during the day, the point of interest where
the greatest heating of the ground occurs will vary with east facing slopes being
favorable early in the day, passing the south to end with west facing areas as the
best contenders towards the end of the day.

Paper A in Part II, “Included Publications”, presents a concept for multiple
cooperating gliders. A dynamic thermal prediction map is produced, based on the
current sun angle in combination with the topography of the underlaying ground.
The areas with the highest probability of producing lift get rated and added to a
list of points of interest. Additional positions are added to the ones predicted if a
thermal is stumbled upon in a place not predicted beforehand. A search schedule
is worked out aiming at minimizing the time between visiting the point of interest
and also taking into account the rating of thermal producing capacity of each point
and how far it is from the current position of any of the gliders. Locations with a
higher rating are visited more often than ones with a lower rating. When a thermal
is found the position is upgraded to a higher rating, regardless of it was predicted
or if it was found randomly.

Simulations indicate that using a prediction map based on sun incidence in
combination with an elevation map of the terrain result in an improvement in
endurance using this method [Cheng 2014].

In 2015 a rather extensive autonomous soaring flight test campaign was com-
pleted where a prediction map was used for guided exploration and decision mak-
ing [Depenbusch et.al. 2017]. The prediction map was primarily based on previous
flight in the same area and then continuously updated and evolving as additional
updrafts were discovered during flight. The outcome showed that when the envi-
ronment was “learned” and regions favorable for producing updrafts were identified
the glider became more successful in finding lift.

4.2 Methods of gaining altitude in updrafts

Leaving the issue of finding lift for the time being, let us now focus on the second
task, what to do once the thermal is found. Now when lift is found, the next
challenge becomes staying within, and effectively using the lift to gain altitude.
The characteristics of the thermals make them challenging to navigate and ride for
several reasons. The size, shape, strength, and vertical wind distribution within the
updraft-field varies greatly from one thermal to another. It is affected by complex
combinations of factors like altitude, temperature, air-pressure, humidity, wind and
weather conditions to mention a few. But as a general rule the air of the thermal
usually rises faster in the center gradually decreasing outwards and can even be
surrounded by an area of a sink, see Figure 4.4. The area around the edges of the
thermal is often fairly turbulent.
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4.3 Centering

Again looking at the way this is done in manned gliders, the normal approach to
achieve the best climb rate is to fly in a circular flight path around the perceived
center of the updraft. The task then becomes to adjust the flight path so that its
midpoint coincides with the core of the updraft. The radius of the flight path also
needs to be tuned depending on the size and shape of the thermal.

	
Figure 4.4: Example of the vertical velocity profile of an updraft

Flying in the smallest possible radius would, therefore, seem to be the best
strategy for soaring. However, smaller radius implies steeper bank angle, higher
airspeed and an increase in sink rate of the glider. Figure 4.5 shows the relationship
between bank angle and minimum sink rate and at what airspeed it is achieved.

To maximize the climb rate, a balance between bank angle and distance to the
core of the thermal must be found. This will be depending on factors like strength,
size, and profile of the thermal, as well as performance factors of the glider. In
Figure 4.6 the cross section of an example vertical-velocity profile of an updraft is
drawn in green, the sink-rate in still air of the glider depending on turn radius (bank
angle) in red, and the resulting net climb-rate is marked by the dashed blue line. In
this example it can be noticed that the turn radius has to fall somewhere between
approximately 25 and 45 meters to be able to gain any altitude, with the optimal
radius being around 30 meters. The resulting climb-rate in the figure assumes that
the circular flight path is centered around the core of the thermal.

Since there is no way to see or know the true location of the center of an updraft,
the methods of centering on an updraft are based on monitoring the climb rate (or
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Figure 4.5: The increase factor of min. sink-rate vs. bank angle (red) and the
corresponding speed at which the min sink-rate is achieved (blue).

changes therein) in the vicinity of the thermal. The observed climb rate has to be
compensated for changes in air speed since altitude can be traded for air speed.
I.e. if the pilot pulls back on the stick the glider would start to climb and slow
down. This type of climb is not what we are interested in for the purpose of finding
thermals. Instead it is more correct to look at changes in total energy for the glider.
The total energy, E, consists of potential- (altitude) and kinetic (velocity) energy
(E = mgh + mV 2

2 ), where V is the velocity, h the altitude and m the mass of the
vehicle.

There are different methods of finding the total energy change rate of a glider.
One way to calculate this is based on the static and dynamic pressure. If we
differentiate total energy with respect to time it will give us the rate of change in
energy as:

Ė = mg · ḣ+m · V · V̇ (3)

Using this “energy rate” instead of climb rate allows us to compensate for tem-
porary changes in air speed of the glider and the rate can instead be used to more
accurately indicate if the glider is in sinking or rising air.

Competition glider pilots try to achieve an as high average cross country (XC)
speed as possible, hence they want to spend as little time as possible climbing in
updrafts, since during thermalling they are more or less stationary. A number of
techniques have therefore been developed over the years for the purpose of centering
on updrafts as fast and accurately as possible. Many of the techniques rely on
observing the heading when achieving the best or worst lift, or the heading when
entering lift or sink and then at some specific amount of turn (or time) after that
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Figure 4.6: Example of climb-rate vs. turning radius (blue dashed line). The climb-
rate is the sum of the updraft vertical velocity (green), and the sink-rate for the
glider in still air (red)

perform a correction by flattening or steepening the bank angle for a few seconds
with the purpose of incrementally, for each 360 degree turn, moving the center of the
flight path towards the assumed center of the updraft. For a perfectly symmetrical
updraft the end state would then be when the climb rate along the circular path is
constant, and then require no further correction (Figure 4.7). It should be noted
though that many thermals (approx. 50 %) are not regular or symmetrical enough
to arrive at a constant rate of climb even if the path is centered around the core of
the updraft [Reichmann 1993].

One such approach called the “Worst heading correction”, is illustrated below.
The heading where the largest sink (or least lift) is indicated along the path is

noted. The center of the thermal is then assumed to be located 90 deg. towards
the inside of the turn from that point. Thus rolling out of the turn 90 deg. after
the “worst heading” and fly straight for a few seconds and then resume the circular
path should move the center of the path towards the core of the updraft (see Figure
4.8). The method does not tell you how far the path needs to be moved, so the
correction has to be repeated until the climb rate around the path becomes fairly
even.

Another efficient and widely used technique was developed by three-time glider
world champion Helmut Reichmann [Reichmann 1993]. Compared to the methods
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Figure 4.7: Climb rate of centered vs. poorly centered flight path in a perfectly
symmetrical thermal updraft

mentioned above, which in general do incremental corrections during each 360 deg.
turn, his method continuously adjusts the bank angle depending on the change in
climb rate (or rather changes in energy rate) as follows:

• As climb rate increases flatten the bank angle, (∼15-20°).
• As climb rate decreases steepen the bank angle, (∼50°).
• If climb rate is constant, keep constant bank angle, (∼25-30°).

This means that the bank angle is decreased when moving towards the core of
the updraft and increased when moving away from the updraft. The technique is
considered to have the advantage of rapid centering while not being too sensitive
to latency in reacting to changes in thermal climb rate.

Turning the Reichmann method into a control law for the purpose of controlling
an autonomous glider to center on a thermal updraft could be realized by differen-
tiating the rate of change in total energy (climb rate) with respect to time, Ė, and
have the commanded turn rate, Ψ̇c consist of a steady state turn rate, Ψ̇ss adjusted
up or down depending on changes in climb rate as:

Ψ̇c = Ψ̇ss − k1 · Ë (4)

Where k1 is the feedback gain. In Figure 4.9 the Reichmann centering technique is
visualized.
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Figure 4.8: Correcting the path with the “Worst heading method” by flatten the
bank 90 deg. after the largest sink/lowest rise

Figure 4.9: Implementation of the Reichmann’s centering technique for a UAV

The method of Reichmann has over the years proven to work well and be efficient
for manned gliders. If the proposed control law described above is to be used for
automated control of a UAV it is, however, important to know that it captures the
Reichmann method well enough to produce a result that is stable. Also having
a man in the loop might affect the stability and efficiency of the centering in a
way that an unmanned glider would not benefit from, since a human pilot might be
influenced by additional factors other than those prescribed, and not stick strictly to
the method. These factors are reason for investigating the stability of the proposed
centering control law.

In Paper B, included in Part II, a Lyaponov-style stability analysis of the thermal
centering controller of Equation 4 is performed to prove that the proposed centering
algorithm, in fact, is stable within a given region of attraction. To be able to
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perform the analysis a theoretical model of the updraft was required. Thermals
are commonly described as round columns or bubbles of rising air where the air is
rising fastest in the middle and gradually decreasing towards the edge. They are
also known to vary greatly in size, shape and strength depending on the conditions,
but there is fairly little knowledge on the detailed shape of thermals and vertical
airspeed distribution within them. In any case an approximation that captures
the most significant features of an updraft had to be chosen for the analysis. The
decision was finally made to use a gaussian function to represent the vertical updraft
field of the thermal, for the theoretical stability analysis of the centering control.

An alternative method for centering on updraft that has been used in some
studies, is to try to estimate the location of the thermal center based on climb rate
values along the flight path. The circular orbit is then placed around the estimated
center of the updraft, so that the midpoint of the orbit coincides with the estimated
thermal center. Flight test results indicate that this method also works satisfactory
[Edwards 2008].

Alternative strategies for gaining altitude in updrafts
If we return to the description of Figure 4.6 we realize that if or when a thermal
becomes small, or narrow enough, the method of flying in a concentrical circle
around the core of the updraft will fail to work.

In Figure 4.10 the example of Figure 4.6 has been modified to a smaller/narrower
thermal and it becomes obvious that no matter what turn-radius that is chosen it
will not result in any altitude gain for the aircraft in this example.

Here a small, slow flying UAV have a relative advantage over a high-performing
fast glider when it comes to the ability to be able to climb also in small/narrow
thermals, since the lower speed allows a smaller turn radius without the excessive
banking that will cause a high sink rate.

In [Walton 2017], Claire Walton noticed that almost all techniques, when it
comes to gaining altitude in thermals, aim at centering a circular path around the
core of the updraft, and questioned if this is optimal or not. She investigated the
benefits of using other than the standard centered circular orbit e.g. “Off-centered”
or “Figure 8” patterns (see Figure 4.11).

The conclusion she made was that under certain conditions it may be benefi-
cial to use alternative orbits, and according to her simulations, the largest gains
appeared to be found in using “Figure 8” patterns for small size thermals with rel-
atively high intensity. For bigger thermals the centered circular pattern still turned
out to be the more effective.
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Figure 4.10: Example of climb-rate vs. turning radius (blue dashed line). The
climb-rate is the sum of the updraft vertical velocity (green), and the sink-rate for
the glider in still air (red). In this example the updraft is too narrow for the glider
to be able to fly in a small enough circle to be able to gain altitude.

Figure 4.11: Two alternative orbits (“Off-centered” and “Figure 8”) that might
work in a small updraft where a centered circular path will be to wide to be able
to gain altitude



Chapter 5

Simulations

Real flight tests are scarce, high in risk, and costly to conduct. This is why perform-
ing simulations are fundamental in order to reduce the risk, find flaws, try different
options and also gain understanding of the system’s behavior under different condi-
tions. Leading up to the flight tests, extensive simulations were performed in order
to test and develop the algorithm and the system. These were done initially with
the entire system simulated on a PC, and later, in preparation for each flight test,
as “Hardware In the Loop” (HIL) simulations.

In this chapter the models used, and the results obtained from the simulations
will be discussed. First the chosen updraft models are described, whereafter the
development of the simulation-model of the glider is explained. This is followed by
a discussion on the results and conclusions drawn from the simulations, together
with the modifications of the system that was done based on these results. Finally
the setup of the HIL part of the simulation is outlined.

5.1 Simulation Models

The part that is the most difficult to simulate and evaluate accurately is probably
the environment, e.g. the effects of turbulence, wind, updrafts etc. Factors like loss
of RF link, loss of GPS signal, vibration problems, CPU-freezes etc. are other issues
that are challenging to account for and that are easily overseen in simulations, even
though they might have a huge impact of the outcome of the real trials.

All the coding and simulation was done in MATLAB/Simulink. To get useful
results, an accurate model to represent the aircraft was needed along with a way
to simulate the thermal updrafts.

Updraft Model

As previously mentioned, thermal updrafts are known to vary greatly in size and
shape which makes them accordingly difficult to model accurately. However to be

41
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able to simulate the auto-soaring code, a model of thermals was needed. An updraft
model developed at NASA Dryden Flight Research Center was primarily used to
model the updraft fields used for the simulations [Allen 2006], but other models
and shapes were also tried and evaluated to gain a deeper understanding on the
behavior of the centering algorithm in a variety of thermal shapes and strengths.
An example of an updraft field created by the NASA Dryden model is displayed in
figure 5.1 below.

	
Figure 5.1: Updraft field created with the NASA Dryden updraft model.

Aircraft Model

The airframe used for the flight testing is based on a cross country R/C glider
produced by RnR Products in Milpitas, CA (Figure 5.2). The model, called
SBXC, has a span of ∼14 feet and a take off weight of approximately 14.4 lb, see
specifications in Table 5.1.

Table 5.1: Specs. of the modified RnR SBXC

Wing Span: 4.32 m (170")
Wing Area: 0.997 m2 (1545 sq. in.)
Airfoil: SD-2048
Aspect Ratio: 19.8:1
Weight: 6.55 kg (14.4 lb)
Wing Loading: 6.6 kg/m2

Motor: Plettenberg HP220
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Figure 5.2: The RnR SBXC glider used for flight testing

The UAV is further equipped with an electric motor and a folding propeller
to facilitate easy take off and re-gaining of altitude in case sufficient lift is not
found. The vehicle is launched by hand and landing is performed conventionally
on a runway, both under manual control, see Figure 5.3.

One of the key performance parameters for a glider that will allow determining
the optimal speed to fly during different conditions, is the speed polar (also called
sink polar or polar curve) of the glider. The speed polar provides the sink rate for
a given air speed of the glider in still air. From this, important performance factors
like the minimal sink rate and max L/D (lift over drag ratio) can be obtained. L/D
originates from the ratio between the coefficient of lift and the coefficient of drag,
which in reality translates to how far an airplane will glide horizontally for a given
vertical drop, the glide angle. An L/D ratio of, for example, 20:1 thus means that
for every meter dropped, the glider will fly 20 meters forward (see Figure 5.4).

In a study made by Dan Edwards [Edwards 2007] performance factors for the
RnR SBXC glider were experimentally derived through flight trials. Sink rate was
measured for varying horizontal airspeed with the aim of creating a speed polar for
the vehicle. A 2nd order polynomial on the form of Eq. 5 can be fitted to the test
result and used as a good approximation of the speed polar [Reichmann 1993].

Ws = aV 2 + bV + c (5)
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Figure 5.3: Hand-launch by the author and recovery of the UAV.

Figure 5.4: Example of an L/D ratio of 20:1

where Ws is sink rate, V horizontal airspeed and a, b, c constants. For an iden-
tical aircraft (with different weight) this curve can be expanded and contracted
linearly from the origin with a scale factor. The scale factor is equal to the square
root of the ratio of the new and the old wing loading [Reichmann 1993].

The glider used in Edwards experiments had a flying weight of 11.15 lbs. In
our case the glider was slightly heavier with a total weight of 14.4 lbs, which gave
a scaling factor of 1.136. Applying this method to the result of Edwards yielded
the speed polar for the UAV illustrated in Figure 5.5 (the polar curve of Edwards
glider shown in green for comparison). According to the polar curve, minimum sink
rate is found to be approximately 0.5 m/s at an airspeed of 11.6 m/s. Maximum
L/D of ∼24.5 is achieved at around 12.9 m/s. The best L/D is found by the slope
of the tangent of the curve drawn through the origin.
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Figure 5.5: Sinkpolar for the SBXC at a flying weight of 14.4 lb.(blue) and Edwards
original weight 11.15 lb. (green) for comparison.

From the speed polar it can also be obtained the speed to fly for best glide
distance, depending on if the glider is in sinking or rising air, or if there is a tail or
a head wind. By displacing the polar curve horizontally left or right depending on
if it is a head- or a tail wind the best achievable glide distance and at what airspeed
it is obtained can be found. Figure 5.6 shows an example with 10 m/s head- and
tail wind. For the tail wind case the optimal airspeed is around 12.3 m/s witch
would yield an L/D of approx. 44. The head wind case gives an L/D of ∼7.5 at
about 16 m/s airspeed.

Similarly the optimal speed when flying in rising or sinking air can be found.
In this case the polar is shifted up or down with the same amount as the vertical
speed of the airmass. In Figure 5.7 examples for flying in 1 m/s sinking air and
0.5 m/s rising air is displayed. For the values of the example, the L/D becomes
infinite in the rising air flying at the minimum sink speed of 11.6 m/s, and in the
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Figure 5.6: Effect on best glide distance and corresponding airspeed compared to
flying in still air for 10 m/s head- (red) or tail wind (green) respectively

1 m/s sinking air the best obtainable L/D is ∼9.0 at an airspeed just over 15 m/s.
Due to the fact that some margin is desired to the stall speed the minimum allowed
speed is usually limited to the speed that corresponds to minimum sink-rate even
if, under certain conditions, it could be even more favorable to fly slightly slower.

To model the aircraft described above, a six degree of freedom (6 DoF) model
of the UAV in Simulink was generated. This required a number of aerody-
namic/stability and control derivatives together with the mass moments of inertia
with respect to the principal axis of the aircraft (see table 5.2). The necessary
derivatives were calculated using two different software packages, AVL [AVL]
and LinAir [LinAir]. Both programs are based on the vortice lattice method and
require the physical geometry of the air vehicle as an input file. AVL takes the
geometry of the aircraft, including the airfoil camber line, as an input file. The
file specifies the location for each lifting and control surface. A drag polar for the
airfoil, in this case obtained with XFOIL [XFOIL], is also provided as an input
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Figure 5.7: Effect on best glide distance and corresponding airspeed in 1 m/s sinking
air (red), and 0.5 m/s rising airmass(green)

(Figure 5.8). In addition AVL makes it possible to model the fuselage, using
slender body theory. Figure 5.9 visualizes the AVL-model and Figure 5.10 shows
the Linair-model of the UAV.

The surfaces and their trailing wakes are represented by horseshoe vortex fil-
aments, and the fuselage is modeled by source doublet filaments. The model is
processed by running a “virtual wind tunnel” test over a range of angle of incidence
conditions (in this case -2 to 10 degrees). The output is a file with resulting stability
derivatives listed in Table 5.2 below.

Besides the aerodynamic derivatives, the mass moments of inertia are required,
to create an accurate simulation model of the UAV. These were initially calculated
by summarizing contributions of the different parts and components of the UAV.
Since many parts of the airframe consist of elements with a non-uniformly dis-
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Table 5.2: Stability derivatives of the SBXC (per radian)

Lift Coefficients
CL0 0.43 Zero-alpha lift
CLα 5.91 Alpha derivative
CLdf 1.89 Lift control (flap) derivative
CLde 0.332 Pitch control (elevator) derivative
CLα̇ 1.9724 Alpha-dot derivative
CLq 6.75 Pitch rate derivative
CLM 0 Mach number derivative

Drag coefficients
CLmind 0.02 Lift at minimum drag
CDmin 0.013 Minimum drag
CDdf 0 Lift control (flap) derivative
CDde 0.22 Pitch control (elevator) derivative
CDda 0.15 Roll control (aileron) derivative
CDdr 0.15 Yaw control (rudder) derivative
CDM 0 Mach number derivative
osw 0.8 Oswald’s coefficient

Side force coefficients
CYβ -1.369 Sideslip derivative
CYda -0.05 Roll control derivative
CYdr 0.134 Yaw control derivative
CYp 0.004 Roll rate derivative
CYr 0.046 Yaw rate derivative

Rollmoment coefficients
Clβ -0.132 Dihedral effect
Clp -0.316 Roll damping
Clr 0.0622 Yaw rate derivative
Clda 0.231 Roll control power
Cldr 0.0034 Roll due to rudder

Pitch moment coefficients
Cm0 -0.0238 Zero-alpha pitch
Cmα -0.377 Alpha derivative
Cmdf 0.026 Lift control derivative
Cmde -1.36 Pitch control derivative
Cmα̇ -2 Alphadot derivative
Cmq -13.4 Pitch rate derivative
CmM 0 Mach number derivative

Yaw moment coefficients
Cnβ 0.315 Sideslip derivative
Cnda 0.00115 Roll control derivative
Cndr -0.0355 Yaw control derivative
Cnp -0.0276 Adverse yaw
Cnr -0.00915 Yaw damping
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Figure 5.8: Drag polar for the SD-2048 airfoil obtained with XFOIL

tributed mass, it is difficult to calculate an accurate result using this method. In
order to obtain a more correct outcome, the moments of inertia were therefore also
experimentally derived [Miller 1930]. This was done by suspending the aircraft,
with all equipment, batteries etc. mounted, and letting it swing as a pendulum
around the three principal axes (one at a time), see Figure 5.11 and 5.12.

By keeping the displacement small, the oscillation can be treated as undamped.
The period, T and the distance, D, between the swinging axis and the center of
gravity (C.G.) of the aircraft was measured, and the mass moment of inertia around
the axis of oscillation, ICC , is derived as:

ICC = T 2 ·mg ·D
4π2 (6)

The mass moment of inertia through the C.G., ICG, is then calculated by sub-
tracting the contributions by the swinging gear, ISG and the moment of inertia
caused by the C.G. being displaced the distance D in respect to the axis of oscilla-
tion, ICC−CG, by:

ICG = ICC − ISG − ICC−CG (7)
where
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Figure 5.9: AVL-model of the SBXC

ICC−CG = m ·D2 (8)

For g = 9.81m/s2, a negligible ISG and m = 6.55kg, the measured values and
the resulting mass moments of inertia are displayed in Table 5.3 below.

Table 5.3: Result of inertia swing

D(m) T (s) I(kgm2)
YZ plane 2.27 3.23 Ixx = 4.79
XZ plane 0.72 1.98 Iyy = 1.20
XY plane 0.72 2.58 Izz = 4.40

5.2 Simulation Results

As mentioned before, thermals are not easy to predict and accurately model and will
therefore probably be the greatest source of uncertainty in the simulation model.
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Figure 5.10: Linair-model of the SBXC airframe

The simulations were therefore performed with a large diversity of thermal models
that varied in both size and strength but also in shape and uniformity of the updraft
field (see Figure 5.13 for examples).

The signals used to calculate total energy are the static and dynamic pressure.
Since both those sensor signals are relatively noisy, the input signal needs to be
filtered in order to be used. In Allen’s original design, E was filtered and differ-
entiated using filter 1 and filter 2 in Figure 5.14 to obtain the rate of change in
energy, Ė. The signal was then differentiated with filter 3 to attain the Energy ac-
celeration, Ë. The actual noise level in the sensors was measured during the early
test flights, and an equivalent level of noise was added to the simulation to mimic
the characteristics of the real sensor readings. Figure 5.15 displays an example of
a typical unfiltered and filtered sensor signal of estimated Ė from flight.

During simulation it became clear that the main degrading factor of the cen-
tering algorithm is the delay (visible in Figure 5.15) caused by the filtering of the
energy E in order to estimate Ė and Ë. The phase shift (latency) in the filtered
signal resulted in the control inputs coming too late to accurately guide the glider
in a circular path around the center of the updraft (Figure 5.17) primarily when
considering smaller diameter thermals. This resulted in poor centering or even
causing the glider to not being able to stay within the thermal if the size of the
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Figure 5.11: Experimental setup for measurement of mass moments of inertia

updraft got small enough. With growing diameter of the thermal, the issue gets
gradually less pronounced. In Figure 5.16 below, Ė and Ë are plotted (with and
without filter1 and 2) against time during simulated circling flight in an updraft
with a clean input signal. The delay in Ė and Ë when compared to the unfiltered
signal is approximately 3 seconds. Since Ë is used to control the bank angle for
centering, as well as triggering when to start circling in an updraft, these control
inputs therefore always will come at least 3 seconds later than desired, using Allen’s
original filters.

The latency issue is closely related to the size, or rather the speed, of the air
vehicle. Since the radius of turn is proportional to the square of the air speed,
and rate of turn is directly proportional to the air speed for a given bank angle,
the latency might not appear as a problem for a manned glider. If we compare our
UAV, with a best glide speed around 12 m/s, to that of a typical manned glider with
the corresponding air speed being somewhere in the neighborhood of 30 m/s. The
radius of turn for the manned glider would then be over six times bigger than that
of the UAV, and a complete 360 deg. turn would take 2.5 times longer. The above
in combination with the fact that manned gliders generally utilizes bigger stronger
thermals than what is desired to be achieved with a small UAV might be the reason
that this is not perceived as an as big issue for a manned glider. Another factor that
is available in a manned glider is the “seat-of-the-pants” feeling that an experienced
glider pilot can use to sense vertical acceleration in addition to exclusively using
the flight instruments. This provides the pilot with an lag-free input to guide when
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Figure 5.12: Schematic of lab setup for inertia swing

to perform bank angle adjustments and the flight instruments can be used as a
confirmation of the sensed changes in climb-rate. However, the ability to achieve a
significantly smaller turn radius is an advantage for the UAV since it consequently
can utilize considerably smaller updrafts which usually are found at lower altitudes
or early and late in the day.
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Figure 5.13: A uniformly a) vs. a non-uniformly b) shaped velocity profile of a
thermal updraft

Figure 5.14: Estimation of Ė and Ë from total energy.

The effect of the delayed control input is visualized in Figure 5.17 where in
graph a) the delay is small enough to center the flight path well around the core of
the updraft. In graph b), however, the latency prevents the controller to accurately
center the thermal.

For a UAV with the performance factors like ours, simulation results indicate
that if the latency in Ë can be limited to about 1.5 s. the centering algorithm
seems to be robust, and works for a wide variety of thermal sizes and strengths.
With a delay of around 2.5 to 3 sec. the centering still functions well for bigger and
stronger updrafts, but the performance will degrade when the size and strength of
the thermal decreases. Some efforts were done to try to reduce the filtering and
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Figure 5.15: Filtered vs. un-filtered estimation of Ė from flight.

thereby also the latency of the control signal, but due to the amount of sensor noise
any substantial reduction in filtering would result in being forced to use a fairly
noisy signal for the control.

However, by modifying Eq. 10 through adding a derivative term consisting of...
E as a second control input, most of the latency effects can be suppressed.

...
E is

obtained by filtering and differentiating Ë with respect to time. The new feedback
control law will then be the following.

Ψ̇c = Ψ̇ss − k1 · Ë − k2 ·
...
E (9)

Ψ̇c = Ψ̇ss − k1 · Ë (10)

k1 and k2 represent the feedback gain. The controller will now essentially be
a filtered PD-controller with Ë as the input signal. In simulation this controller
handles the latency well even with the original filters displayed in Figure 5.14.
Figure 5.18 shows a simulation of the same case as in Figure 5.17 b) but using the
controller from Eq. 9. It can clearly be noticed that by using this controller the
latency does no longer degrade the centering performance noticeably.

In the simulation setup the best centering performance is achieved using the
controller in Eq. 9, when tested for varying size, strength and shaped thermals.
Comparable performance can however be realized with the controller from Eq. 10,
by altering the filters for estimating Ë so that the latency does not exceed approxi-
mately 1.5 seconds. Obviously this permits more noise to pass through, but keeps it
to a level where the centering control still works well in simulation. Flight testing
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Figure 5.16: Phase shift in Ė and Ë due Allen’s original filters.

will decide which of the two solutions that will perform better under real world
conditions.

The simulations were initially modeled all in MATLAB/Simulink. To prepare
the code for flight testing the simulations were then further simulated as Hardware-
In-the-Loop (HIL) simulation. In the HIL-simulations the actual hardware setup
used in the flight trials were included (onboard computer, autopilot, Ground Control
Station (GCS), and the user interface computer). Flight Gear [FlightGear 2009] was
employed for simulation and visualization of the air vehicle, and communication
between the airborne and the ground based part of the system was wired instead
of over radio.

The HIL simulations proved to be of vital value to resolve issues before going
into flight-testing, issues that otherwise would have been revealed and put a halt
to and/or delayed the tests during the trials.
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Figure 5.17: Degradation of centering performance caused by phase shift (latency)
in the control signal.

Figure 5.18: Centering using controller in Eq. 9. The controller centers well despite
the latency caused by the filtering.





Chapter 6

System Hardware and Set up

In this chapter the components of the airborne part of the system are initially
described, followed by the layout of the items within the airframe. The components
and the function of the ground segment parts are explained next.

A schematic overview of the complete system architecture including two coop-
erating gliders is shown in Figure 6.1 below.

Figure 6.1: The architecture of the system with two cooperating UAVs.
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6.1 Airborne system

The onboard avionics system employs a autopilot system (Piccolo Plus) for inner
loop control and communication with the GCS, a computer (PC/104) hosting the
onboard soaring algorithm, and a mobile ad hoc network card for communication
between the cooperating vehicles and with the soaring algorithm GCS user interface.
Furthermore an electric motor for propulsion, servos for the control surfaces, and
batteries (one for the motor and one for the other electronics) are also a part of the
airborne system. In addition a small locator beacon is taped to the outside of the
fuselage in order to be able to find the glider in the unfortunate event an aircraft
is lost or crashed. Figure 6.2 shows the bay underneath the canopy where the AP
can be seen residing under the wing. In front of that the PC/104 is stacked on top
of the Wave Relay card and the propulsion battery sits below the two cards. The
GPS antenna and ground-plane is visible attached to the outside of the fuselage on
top of the autopilot.

Figure 6.2: The bay underneath the canopy of the glider. One end of the autopilot
can be seen under the wing, and the PC/104 stacked on top of the Wave relay card
to the left of the autopilot.
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Airframe

The airframe used for the project was based on an model glider originally in-
tended for R/C cross-country flying, designed by RnR products named the SB-XC
[RnR SB-XC] (specs. see Table 5.1). The type used to be a common choice for
people involved in R/C cross-country soaring competitions.

The gliders were very suitable for the intended purpose, with a fuselage roomy
enough for housing the necessary equipment and with performance factors matching
the requirements. Both smaller and bigger airframes would probably have worked
well, but this size was a good combination of enough internal space without being
to big to cause excessive logistical issues. A convenient detail was that the lab at
NPS happened to have two old gliders of this type tucked away in storage that
originally had been intended for a different purpose by some previous project.

The glider has a span of 4.2 meters and features control surfaces consisting of
ailerons, flaps, and a conventional empennage with rudder and a full-flying stabilizer
(stabilator). The nose was cut and modified to include a electric motor combined
with a folding propeller (Figure 6.3 a)). A pitot tube and an additional tube for
measuring static pressure were mounted towards the top of the vertical tail to try
to keep them in as undisturbed air as possible. (Figure 6.3 b)). The servos were
mounted close to their respective control surfaces to avoid long pushrods, with the
servos for rudder and stabilator consequently housed in the tail.

(a) The electric motor with folding propeller
(taped down for transport)

(b) Pitot (top) and static (bottom) pressure
tubes at the upper part of the fin

Figure 6.3

An interesting detail is, that virtually all other research projects that have per-
formed any substantial flight trials on autonomous soaring uses the same basic plat-
form (the SB-XC) [Allen and Lin 2007] [Edwards 2008] [Depenbusch et.al. 2017].
This coincidence prove to be quite convenient, since outcome of flight trials per-
formed by the different teams can more easily be compared side by side.
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Autopilot
The autopilot designed and manufactured by Cloud Cap Technologies dubbed the
Piccolo Plus (Figure 6.4) provides the inner loop control. This is assisting the glider
to provide stable coordinated flight by generating the signals for the control surfaces
(rudder, aileron and elevator) and the throttle setting for the motor. It further
provides for basic waypoint navigation, or by following simple heading or turn-rate
commands. It also has fallback safety functions in case communications is lost where
different options are selectable to try to regain comms, or to goto a preselected
holding pattern. The autopilot has its own 900 MHz link that connects to the
ground control station. The sensors include tree rate gyros, three accelerometers,
and a GPS receiver. For airspeed and altitude calculations, sensors for static- and
dynamic pressure as well as temperature are also incorporated. When the onboard
soaring algorithm is governing the flight, the autopilot is tracking the generated
output from the algorithm feeding it with commands for turn rate, airspeed and
throttle setting.

Figure 6.4: The Piccolo Plus autopilot.

PC/104
The soaring algorithm that generates the turn rate command was implemented
on a PC/104 computer (Figure 6.5) that also is residing onboard the UAV.
The input/feedback to the algorithm (e.g. airspeed, static pressure, position,
heading, etc.) is provided by the autopilot, and the produced commands for
turn rate, airspeed and throttle setting are sent to autopilot via a serial com-
munication link between the Piccolo and the PC/104 (implementation details in
[Dobrokhodov et.al. 2007]).

The commanded turn-rate, that is decided by the algorithm, is depending on
what mode the algorithm is in (soaring, search, cooperate, boundary detected,
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Figure 6.5: The PC/104 onboard computer.

collision avoidance, communication failure, or combinations of these) and the sensor
feedback values from the AP.

Communication
Communication between participating vehicles and between the vehicles and the
ground interface is achieved via a Wave Relay Mobile Ad hoc Network (MANET)
card (Figure 6.6).

(a)

(b)

Figure 6.6: The Wave Relay network card for the airborne side of the system (a),
and its corresponding ground node (b).

This card provides access to a mobile ad hoc wireless network system produced
by Persistent Systems (New York, NY). Using this self configuring network, allows
every network node (UAVs, GCS etc.) to communicate with every other node in
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the network. This was used to communicate between the user interface in the GCS
and the onboard code for the soaring algorithm as well as communication between
the cooperating gliders. An added benefit of this set up is that since it is a node in
the network it can act as a relay between two nodes that for some reason cannot
communicate directly with each other. It further implies that the gliders technically
could perform their cooperative tasks without any connection to the GCS.

Layout
The airborne part of the system was mounted in the airframe as indicated in Figure
6.7. Both communication antennas are housed inside the fuselage to minimize drag
and the GPS antenna was mounted on top of the fuselage right in front of the main
wing. The antennas (GPS, 2.4 GHz, and 900 MHz) were further spaced apart as
far as practically possible to minimize risk of interference.

Figure 6.7: Component location in the airframe.

6.2 Ground Segment

The ground segment includes 1) Piccolo Ground Station which manages the 900
MHz link to the Piccolo autopilot; 2) Operator interface that runs on a standard
desktop PC and 3) Manual pilot console that is used for take off and landing, or if
manual control for some reason is needed to be regained (Figure 6.8).

In addition to the Piccolo operator interface, a Simulink GUI that connects
to the onboard soaring algorithm code, simultaneously runs on the GCS desktop
computer (Figure 6.9).

The communication between the GCS Simulink GUI and the onboard PC/104
is provided by the 2.4 GHz Wave Relay. The function of the GUI is to provide
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Figure 6.8: The function of the Piccolo ground station.

Figure 6.9: GCS screen, with the soaring algorithm GUI to the left and the Piccolo
user interface on the lower right part of the screen.

means to monitor telemetry, log data, adjust parameters, and switch settings in
the onboard code during flight. All the GCS equipment is accommodated in the
Ground Control Station van (Figure 6.10).
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(a) (b)

Figure 6.10: The Ground Control Station van (a), and the interior of the van (b)



Chapter 7

Flight Testing

The following chapter will describe the execution and outcome of the flight tests that
were performed in order to verify the results obtained by the theory and simulations
discussed and explained in previous chapters. It will begin with a description of the
site, and the general conditions at the location where the trials took place, followed
by a more detailed account of the events when the various steps of the tests were
carried out. The part discussing the cooperative test, includes a brief explanation of
the logic of the cooperative part of the soaring algorithm. At the end of the chapter
suggested improvements are highlighted together with some concluding remarks.

7.1 Test Site and Conditions

All flight testing was performed at Camp Roberts, CA which is an old World War
two training center built in 1940. It was, at the time, one of the largest training
camps during the war. Today the site is mostly vacated but is run by the California
Army National Guard (Figure 7.1).

Figure 7.1: Old World-war two barracks at Camp Roberts.
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The McMillan Airfield at Camp Roberts is located approximately 35 km east
of central California’s Pacific coastline and about 270 km. south of San Francisco
(Figure 7.2). It sports a 1067 meters long and 18 meters wide runway oriented at
281 degrees that sits at an elevation of 280 meters MSL (above Mean Sea Level).

Figure 7.2: Flight test location.

The surroundings in the vicinity of the airfield consists of a landscape with
grassy fields and hills and on the western part also some shrubs and oak covered
hills (Figure 7.3).

The airfield facilitates a restricted air space dedicated to UAV use and allows
for safe testing and flights of UAVs without interference from other military or
commercial air traffic. For more details on the test facility see [McMillan].

Due to the relative proximity to the Pacific ocean an inversion layer is in the
summer typically present at approx. 1000 ft. AGL (Above Ground Level). This
layer usually prevents the thermals from reaching any higher altitude at this time
of year, whereas thermals in areas without an inversion layer, depending on the
conditions, can reach to anywhere from 1600 to 12000 ft. Clearly the inversion
layer does not provide for the ideal conditions for soaring. With an average sink
rate of 2 ft/s, a climb to 1000 ft over ground will only provide approximately 8 min
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Figure 7.3: Typical landscape at the flight test location.

of search before the glider is back at the ground level and the motor needs to be
started some time before that if no lift is found to regain altitude. However, as
mentioned earlier in Chapter 3 the spacing between the thermals is dependent on
their height which means that there will likely be a larger number of small updrafts
within a given area when the inversion layer is present compared to a location with
higher reaching thermals.

7.2 The Trials

The flight tests campaign can be categorized into three main groups where each
group was done in preparation for the consecutive group:

1. Initial test flights (system check out and AP gains tuning)

2. Auto soaring tests (single glider)

3. Cooperative autonomous soaring (two gliders)

1) Initial test flights
The initial flight trials were performed during August 2008 and February 2009. The
purpose of these flights was initial UAV system checkout, Piccolo Plus autopilot
gains tuning and data collection for correlation with simulation model e.g. sensor-
noise, L/D, sink rate etc.
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Figure 7.4: Hand launch by the author.

The takeoff and landing procedures, both of which are accomplished under man-
ual control, was also worked out during these flights.

Since the glider is not equipped with regular landing gear, takeoff initially was
performed by hand launch with the motor on (see Figure 7.4). The size and weight
of the glider combined with a stalling speed in the neighborhood of 9 m/s however
made takeoff ventures somewhat precarious. To mitigate the risk of ending a flight
prematurely, a “takeoff dolly” was later constructed which allowed the glider to
start like an aircraft with landing gear, and then leave the wheel behind at lift off
(see Figure 7.5).

Figure 7.5: T/O using the Takeoff Dolly.

During these initial tests numerous issues were found and, at least partly, re-
solved. The issues ranged from GPS interference possibly due to the antenna sep-
aration between the 2.4 GHz and GPS antenna being too small, to preventing
the propeller from spinning when the motor was turned off. Other problems were
compatibility troubles between hardware/firmware/software of the AP, PC/104,
Waverelay card etc. Also it became evident that a backup solution was needed in
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case of a lockup/freeze of the PC/104 or loss of communication with computer.
The auto soaring code was initially tested in flight during these trials and was

found to detect thermals and trigger soaring mode. However, trouble with the loss
of communication link management in the code prevented soaring mode from being
entered.

An unfortunate mishap with a UAV-system of a different research project in
Feb 2009, caused by a malfunction of the autopilot (Piccolo plus), put a temporary
halt to all further flight-testing with systems using the same autopilot (including
mine). All UAV systems using this autopilot were grounded until the cause of the
failure was investigated and resolved. This delayed the trials but the tests were
finally recommenced in November same year.

2) Auto Soaring tests
The auto soaring test flights with a single glider were conducted on four different
occasions between November 2009 and May 2010. This time span provided a fairly
wide variety of conditions in which the soaring algorithm could be tested. The dates
when the tests were performed were not selected depending on weather conditions or
season, but were merely chosen because other flight trials with additional systems
were scheduled for those days, and the resources did not allow for trials set up
exclusively for the auto soaring tests.

The first two occasions (November 13-14th 2009 and February 16th 2010) 1

offered typical central California fair winter conditions with clear skies, light winds
and daytime temperatures around 50 degrees Fahrenheit. For the flight on April
2nd the temperature was in the region of 60 degrees Fahrenheit, mostly overcast
skies, and wind from the northwest at approximately 4-7 m/s. The last flight
trials were performed on May 12th and presented more summer like conditions with
temperatures in the low 70’s, almost clear skies, and fairly strong northwesterly
wind, 7-10 m/s.

The trials proved to be an almost instant success. On the first auto soaring
flight (Nov. 13th), after take off and climbing under motor power to a suitable
staring altitude, the auto soaring code was switched on and the glider was set free
to autonomously search and exploit thermals. Shortly thereafter it started finding
updrafts, triggering soaring mode and climbing with the rising air. This was slightly
surprising since the time of year (Nov.) offers fairly low insolation due to the angle
of the sun in the winter and the expectations ahead of the flight to find usable
lift were not particularly high. Also this was the first time the auto soaring code
was tried in flight and no tuning or adjustment of parameters and gains had been
made from the simulation setup. Figure 7.6 depicts the altitude profile of our first
attempt of autonomous soaring. A second flight was performed the same afternoon
with similar results as the fist flight.

1The caption for Fig. 7 d. in the journal article Thermal Centering Control for Autonomous
Soaring: Stability Analysis and Flight Test Results included in Chapter B incorrectly says Novem-
ber 16th instead of February 16th.
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Figure 7.6: The altitude profile for the first auto soaring flight that was performed
(Nov. 13th 2009). Note that the motor was turned off during the entire auto-soaring
part of the flight.

Altogether the first day of auto soaring flight trials turned out to be a great
triumph. The only reason both the flights had to be ended was due to the battery
voltage for the onboard computer, autopilot and communication board was running
too low to safely continue the flights. Part of the reason was that the pre flight
procedures were quite time consuming and ended up eating in to the available
battery time. The allowed drain level of the battery was also kept to a fairly
conservative value, since loss of power to the auto pilot would definitely cause
a loss of the vehicle. The following day one more flight was conducted showing
comparable results as the previous day. For the upcoming flight trials, it was
decided to upgrade to a larger battery.

For all of the three first auto soaring flights the net gain in altitude had been
positive, ranging between 200m and 300m by the time the flight had to be aborted
due to battery life for the avionics. The outcome of the trials were truly positive
and and left us with great expectations for upcoming trials.

Flights were scheduled for the third day also, and a balloon sounding to get
the temperature profile of the atmosphere was done to compare with the soaring
results. Sadly numerous problems with communications, ip-conflicts and booting
up of computers and autopilots, prevented any flights to be conducted. In Figure 7.7
the release of the ballon and the result of the sounding is displayed. For comparison
the DALR for a surface temperature of 17.5° C is drawn in red in the graph and
it can be concluded that the temperature profile had the potential to produce lift
to arrive at similar results as the two previous days, if flights had been performed.
It was unfortunate that no soaring flights could be performed on that day since it
would have been very interesting to see the correspondence between the ELR and
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(a) (b)

Figure 7.7: Release of the weather ballon on Nov. 15th, 2009 (a), with the corre-
sponding ELR in blue from the ballon sounding, DALR drawn in red for comparison
(b). The two blue curves corresponds to the ballon going up and coming back down.

the achieved soaring performance.
The following test occasion was in mid February 2010. This flight was the first

flights withGlider2. The weather and temperatures were similar to the conditions of
the November flights. Glider2 was similar, but not identical to Glider1. Differences
consisted of single dihedral wing as appose to the double dihedral of Glider1, slightly
different motor and propeller, and a slightly different shape of the front part of the
fuselage (Glider1 had been altered slightly from original by some earlier user).
Glider1 was further equipped with landing gear, in form of a wheel under the belly,
whereas Glider2 only had a skid-strip in the same place. Figure 7.8 shows a picture
of the two gliders where some of the differences can be noted.

The outcome of the auto soaring flight on February16th showed a result indi-
cating the glider to perform equally well as the first glider. The onboard battery
for the electronics had now been upgraded and would now allow for about twice
the flight time of the previous trials. When the flight had to be terminated it was
only due to time constraints, because other UAV-systems needed to be tested as
well. The glider had by then spent over an hour completely governed by the auto
soaring algorithm and was still at an higher altitude (approx.150 m) than when the
auto soaring originally was switched on. In Figure 7.9 the altitude profile for the
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Figure 7.8: The two RnR SBXC gliders used for the project. Glider2 in the fore-
ground with Glider1 behind it (red rudder)

autonomous soaring portion of the flight is displayed.
The light and shifting wind during the flight, caused the drift of the thermal

to shift accordingly. In Figure 7.10 it can be observed how the thermal centering
algorithm tracks the thermal during a climb where the drift shifted direction during
the climb.

April 2nd was the next time flights were performed. Now the season was expected
to be more favorable for the purpose of thermal soaring. But even though the sun
angle now was more advantageous, this time the sky was almost overcast with
clouds, which again suggested that thermal conditions not would be particularly
good. Nevertheless, again we were left bemused with how effortlessly the glider
kept finding lift, steadily gaining altitude despite the cloud cover, especially when
it got higher. The flight eventually had to be terminated, because a motor-powered
UAV from a different system, that the glider simultaneously was supporting as a
data relay node, crashed due to engine failure. The glider had then spent over an
hour in autonomous mode with a net gain in altitude of approximately 800 meters
and was still at an altitude over 1000 meters AGL. In the altitude profile in Figure
7.11 below it can be noted that the glider struggles a little with finding enough lift
in the first half of the flight when the altitude is low, and the motor turns on for
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Figure 7.9: The altitude profile for the first auto soaring flight with the second
glider (Feb. 16th 2010).

a total of about four minutes. The second half of the flight it gets higher and the
glider seem to have no trouble in finding and staying in the thermals.

In the stronger winds present at this occasion, the drift speed of the thermals
were significant. Again the centering controller’s thermal tracking ability did not
appear to experience any problems in following the updrafts though. Figure 7.12
displays the path of one such thermal climb of the flight.

The final single glider auto-soaring trials were conducted in mid May. A some-
what unfortunate mishap occurred during a flight that was performed on the 11th

of May. At the time of the flight the director of the Science of Autonomy program
at the Office of Naval Research (ONR) happened to be visiting, to check on the
progress of some other research project that ONR was sponsoring. Since he was on
the scene he also got interested in my research and wanted to get a brief overview
of the project. After launch and initial climb under manual control, the code was
switched to auto-soar. If no lift was found, the motor automatically was supposed
to turn on at approx. 100 m AGL and support a climb for 80 m, where the search
was resumed without motor at around 180 m altitude AGL. As the flight had just
begun I was explaining the different functions and features of the system, proudly
describing how well and effectively the the auto-soaring system had been function-
ing in the previous trials. Consequently I lost some attention to what was going
on with the airborne glider. When I finally focused on what was happening and
were about to check if the glider found any thermals yet, something seemed very
wrong. The map display of the autopilot GUI showed the glider to be stationary,
and when looking outside, the UAV was nowhere to be found in the sky.

What had happened was that the motor had not started when the glider passed
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Figure 7.10: Tracking of a thermal during light, shifting wind, (color of the flight-
path indicating Ė along the path).

the lower altitude threshold at which it was supposed to automatically get triggered
and the glider had instead continued to decent towards the inimical ground.

Fortunately the glider had eventually, by itself, smoothly landed in a flat grassy
spot in the field a few hundred meters north of the runway, and hadn’t sustained
any damage what so ever. Even if the timing for the debacle was very poorly
chosen, I was still very lucky that it didn’t result in a total loss of the glider. After
a brief examination of the airframe and a short checkout flight the glider was good
to go again.

After investigating the cause of the incident it was discovered that the reason
the motor had not turned on as anticipated, was that a short interruption in the
wave relay communication had occurred when the command was sent to turn on
the motor. The function for governing the automatic motor control was therefore
after this moved to the onboard code instead, to assure that the problem not would
reappear. The reason the command for governing the altitude thresholds originally
was placed in the ground software was that I had a desire to be able to adjust the
values during flight which was more complicated to implement in the onboard code.
The above illustrates a typical example of an issue that was not discovered during
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Figure 7.11: The altitude profile for the auto soaring flight on April 2nd, 2010.

the HIL simulations since during these the communication between the GCS and
the UAV is wired instead of over radio.

The next day two more flights were completed, where the second one ended up
being the flight that reached the highest altitude during all the trials (approximately
1700 m MSL).

The relatively strong wind and the high altitude added some additional difficul-
ties that hadn’t been significant during earlier trials. The location of the test site
with respect to the airspace boundaries in combination with the prevailing wind
proved to pose a problem since many of the thermals that the glider caught soon
drifted downwind forcing the algorithm to be switched off in order to stay within
the restricted airspace (see Figure 7.13). With a wind that at times averaged at 9
m/s gusting up to 12 m/s and a typical airspeed of approximately 12.5 m/s for the
glider, very little headway was made when the glider was flying into the wind.

Another problem that had not arisen before, was that rather serious dropouts
in communication occurred. The culprit was, again, partly believed to be the wind
and thermal conditions of the day. This in combination with using omnidirectional
dipole antennas for both the 900 MHz and the 2.4GHz links.

Because of the direction and the relatively strong wind the glider ended up
spending most of its time at high altitude in the lower south-east corner of the
designated air-space, which is also where the GCS was located on the ground below
(Figure 7.13).
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Figure 7.12: Slanted climbing path of glider tracking thermal during windier con-
ditions, (color of the flight-path indicating Ė along the path).

With the classic doughnut shaped antenna radiation pattern of a dipole antenna
as depicted in Figure 7.14, and the glider located high straight above the GCS, it
caused the glider to be in the more or less “dead zone” communication wise much
of the time (Figure 7.15).

In the altitude profile from the flight in Figure 7.16 the comms dropouts can be
seen as the “flat” sections of the profile.

Throughout the auto-soaring trials a few slightly different centering controllers
had been tried to see which one that performed better. It was however difficult to
try to compare effectiveness of different controllers due to variations in conditions,
and due to the fact that every updraft is unique. It is therefore hard to distinguish
if the controller or the thermal was the reason for differences. Further the two
gliders were not completely identical why they couldn’t be compared truly side
by side. Consequently even though different controllers were tried, no immediate
performance difference could be noted or a decision made on which one performed
better.

A way to get around this problem would be to fly two (or more) identical glider
simultaneously and perform enough flights to reach some statistical outcome.

Despite some challenges and setbacks, all in all the single glider auto-soaring
trials had been very successful. None of the flights had run out of power for the
propulsion, instead every flight had ended for other reasons, and the auto soaring
had almost always proved to add enough energy to keep the glider aloft for the
entire flight.
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Figure 7.13: Conditions at the test site. The GCS was located at the right end of
the airstrip that can be observed in the “Test Area”

3) Cooperative Soaring
With the first two sections of the flight-testing under the belt, the confidence in the
functionality of the auto soaring code and the system was satisfactory to continue
into the cooperative trials, which was the ultimate goal of the entire project.

During cooperative autonomous soaring either glider will always be in one out
of four possible main modes. These modes are Search, Soar, Cooperate or Collision
Avoidance. Figure 7.17 shows the top level flow-chart of the decision making process
of the algorithm.

As can be noted the highest level that always will rule out the other modes
is Collision avoidance. Consequently this mode will take precedence regardless of
what other mode the glider currently is in if the separation limits are violated.
Subsequently Soar will override Cooperate so that if an updraft is found by a glider
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Figure 7.14: Radiation pattern of a omnidirectional antenna.

Figure 7.15: Radiation pattern of the antenna with the glider being in the “dead
zone” when flying high above the GCS.

in Cooperate mode, it will instead switch to Soar. To prevent that the glider would
think that it found a thermal when the motor was turned on and accordingly
switch to Soaring mode, the energy added by the motor was subtracted in the total
energy estimation whenever it was engaged. Thus, the glider would stay in Search
mode during motor assisted climb and still be able to detect a thermal if one was
encountered during such climbs. It would in that case switch to Soar and continue
the climb without motor assistance.

An overview of the top level Matlab/Simulink model for one of the gliders is
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Figure 7.16: Altitude profile of May 12th flight, with communication dropouts.

Figure 7.17: Flowchart illustrating the hierarchy of the cooperative soaring algo-
rithm
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depited in Figure 7.18.

Figure 7.18: Top level Simulink model

Background on Cooperative Soaring

The idea of the cooperative soaring for the purpose of finding thermals is fairly
straight forward. If one glider finds an updraft it will communicate this with the
other cooperating glider(s), and thus the other glider(s) will hopefully be able to
benefit from this finding, by using the same updraft, as well (Figure 7.19).

Since updrafts drift with the wind, a thermal will usually be in different lateral
locations at different altitudes. Based on the drift speed and drift direction of the
thermal, together with the altitude difference between the gliders, an entry point
for the adjoining glider can be estimated. The method that was used to find this
point is described in the following example.

Consider two gliders, A and B. If glider A is in Soar mode it will broadcast
the estimated location of the center of the updraft at its own altitude (Pth1), the
estimated drift speed of the thermal (VD), and the current own altitude. If gliderB
is in Search mode, B will switch to Cooperate and start to fly towards the estimated
center of the thermal , corrected for the altitude difference between A and B (Pth2),
(Figure 7.20). The location of Pth2 is calculated by taking the estimated thermal
location by gliderA, Pth1, and correcting it for the drift of the thermal that has
occurred between the altitudes of the two vehicles (Eq. 11). VD is the drift velocity
of the thermal, estimated by gliderA based on the drift speed of the estimated
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Figure 7.19: The cooperation concept, a soaring glider broadcasts its findings to
other gliders.

thermal center, averaged over the last 45 seconds, h1 and h2 are the altitudes of A
and B respectively and Ėave is the average climb rate over the last 45 seconds of
gliderA.

Pth2 = Pth1 − VD · h1 − h2

Ėave
(11)

This method will give a rough estimate of where the thermal likely cold be
encountered. There is still a chance though that the second glider not will find
the same updraft. As mentioned in Chapter 3 thermals are sometimes in the form
of a “bubble” and in that case only exist in a limited altitude span where it can
be found. Further the drift direction and drift speed of a thermal may vary with
altitude usually caused by the wind varying with altitude. If this is the case, there
might be significant errors in the estimate described above. A visualization of these
two failure modes are depicted in Figure 7.21.

A large part of the work to prepare for the cooperative portion of the trials
was focused on flight safety and collision avoidance. The idea of forcing the gliders
towards the same location, when thermals are found, while simultaneously per-
forming rather vigorous maneuvers, appeared like the recipe for causing a midair
collision. Consequently the testing of this was done in a step-by-step fashion where
the different parts of the algorithm were examined in flight in order to reduce the
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Figure 7.20: GliderB guided towards the anticipated entry point of the thermal in
which gliderA is soaring.

(a) (b)

Figure 7.21: Possible reasons for cooperating glider not finding updraft. In a) the
thermal is of bubble type and, in b) the drift speed or direction of the thermal
varies with altitude.

risk. The collision avoidance was designed to get triggered when the vertical and
horizontal separation of the vehicles fell below certain threshold values and these
distances were decreasing, or if the gliders for some reason got even closer to each
other it would trigger even if the distance was not closing.

To avoid unnecessarily excessive maneuvering once the collision avoidance was
triggered, the avoidance law was designed so that one glider would yield to the
other glider with a turn rate proportional to how close the heading of the yielding
glider is to the bearing of the glider that it is avoiding. Further the turn was
performed away from the direction to the other glider. Hence if the vehicle trying
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to be avoided is ahead, it results in a steeper turn, whereas if it is to the side or
behind you it stipulates a shallower turn. When the mode is triggered both the
gliders execute a maneuver based on their individual input. Figure 7.22 shows two
simulation examples where the UAVs are forced into conflicting paths and that
highlights the function of the collision avoidance. In Figure 7.22 b), it can clearly
be noted that the glider to the right makes a much shallower turn than the left
glider that has the other glider straight ahead of itself.

The control law for the collision avoidance is described in more detail under
Chapter IV in Paper C, included in Part II of this work. It should be noted that
the avoidance law only has been evaluated for two cooperating vehicles, since that
was the scope of the project.

(a) (b)

Figure 7.22: Collision avoidance paths from simulation where in (a) the UAVs are
in a head on situation, and in b) one UAV is approaching from the side of the other.

The logic for both the cooperation and the collision avoidance was thoroughly
tested in simulations and appeared to function well. The main uncertainties laid in
the correlation between simulated and real maneuvers of the gliders, and whether
everything would function exactly the same in reality as it had been in the simula-
tions.

As a first step, one glider was undertaking real flight while the second glider was
kept on the ground feeding a simulated flight path into the system. The gliders were
forced into various conflicting flight paths and the results examined. In the final
step both the gliders were airborne flying waypoint navigation where the routes
were laid out so that they would end up triggering the collision avoidance. To be
on the safe side , the paths were slightly separated in altitude so that if something
malfunctioned it would end up being “only” a near miss. Both these steps in the
trials showed expected outcomes and the distances for avoidance triggering were
adjusted slightly based on the results.
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The cooperation trial

In July 2010 everything was finally set, and it was time to try the whole system as
it was supposed to work, without a safety net. There was still a bit of extra safety
in place by the means of keeping the separation of the two gliders to a somewhat
more conservative level than perhaps was necessary. This was done by increasing
the trigger distances for the collision avoidance slightly. The trigger distances used
during the test were set to 40 meters in altitude and 150 meters lateral separation.

From earlier flights the same day the thermals appeared to produce usable lift to
an altitude of approximately 600-650 m MSL, which translates to about 300-350 m
AGL. This agreed with the information that I previously had received, that during
the summer an inversion layer often is present at around 300 m AGL at the test
location.

With more than one glider in the air it is difficult to constantly monitor and
keep track of that everything is working properly with both the aircraft. To give
enough reaction time if manual control had to be retained, the hard deck (where
the motor automatically would engage) was set to 410 m MSL which corresponds
to around 100-130 m AGL. The altitude band that was available for working the
thermals then ended up being a merely 200 m. Additionally the minimum allowed
altitude separation (40 m), when the gliders were in the vicinity of each other,
further ate into the workable altitude span for the cooperation (Figure 7.23). In
short, the existing conditions together with the set up of limitations in altitude and
separation, were far from ideal for the upcoming cooperative soaring test.

Figure 7.23: Altitude and separation limitations for the coop soaring test.

After the preflight checklist had been conducted for both the vehicles, the gliders
were launched in succession after each other. Unfortunately shortly after take off
of the second glider its computer stopped responding. It was brought back down to
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land and the computer was rebooted and then launched again. With both gliders
back in the air, the cooperative auto soaring algorithm was now switched on. As
expected, when one of the gliders found an updraft, the cooperation mode got
triggered for the other glider and it started flying towards the estimated location
for the same updraft at its current altitude. Reaching the estimated entry point
for the updraft, one of two things happened. Either the approaching glider found
the updraft, switched to soaring mode and begun climbing in the same updraft,
as desired, or the second glider reached the climbing one with too little altitude
separation (<40 m) between the gliders so that collision avoidance instead got
triggered. In that case not only the adjoining glider yielded, but both the gliders
performed their avoidance maneuvers, which effectively disturbed the glider that
already was climbing in the thermal.

Figure 7.24 shows a top view plot of the tracks of the gliders for one of the
successful cooperation instances and it can be seen how one glider finds an updraft
and the other glider adjoins it to use the same thermal. In Figure 7.24 a) the first
glider recently found the updraft and the second glider has turned and is heading
over to join in. In Figure 7.24 b) (about 30 seconds later) the second glider has
barely reached the estimated location of the updraft and switched to soaring mode.
Figure 7.25 shows the altitude profile during the same cooperation. The distance
between the gliders when the 1st glider finds the updraft is approx. 850 m.

Because of what was explained above regarding the altitude restrains, both the
gliders were often flying at a similar altitude. Hence, at several of the cooperation
occurrences the gliders ended up triggering the collision avoidance mode. At those
occasions either both the gliders got “kicked out” of the thermal and they resumed
searching for new ones, or they kept interfering each other trying to stay in the same,
which consequently prevented effective use of the updraft. Figure 7.26 displays a top
view of the flightpaths of the two gliders during an attempt to climb in an updraft,
but since they are too close in altitude collision avoidance keeps triggering. The
colors of the arrows indicate the corresponding triggerings for the two.

However at some instances the “cooperating” glider entered the updraft of the
thermalling glider with enough separation to not interfere, and the two gliders were
beautifully climbing together on top of each other in the same thermal (Figure
7.27).

Conclusion and suggested improvements on cooperative soaring

The trial verified the viability of cooperate soaring in the way described in this
work, and the cooperative behavior functioned as it was expected. Even so, some
issues were also found that needed further improvement.

The trial pointed out a few simple features listed below that could be incorpo-
rated in the algorithm to possibly improve the effectiveness of the cooperation.

1) Include an attraction/rejection rule when the gliders are in search mode. This
could be designed so that it keeps the gliders apart enough to make the search more
effective by forcing them to seek in different areas. At the same time the rule should
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(a) (b)

Figure 7.24: Flight-paths of the gliders during cooperation. In a) the 1st glider has
found a thermal and the 2nd glider is flying towards the location (grid-size 100m x
100m). In b) the 2nd glider has just reached the thermal and switched to soaring
(grid-size 50m x 50m)

make them stay close enough to each other so that when an updraft is found by one
glider, the other should be close enough to be able to benefit from the finding. The
spacing rule should probably be based on the thermal conditions at the time and
place it is performed. Reason being that depending on the conditions, thermals
might be spaced far apart but providing lift to relatively high altitudes, whereas in
other cases updrafts are more plentiful but only providing lift in a comparatively
narrow altitude-span.

2) When cooperation is triggered the glider already climbing in an updraft
should be given priority or right of way, and only the arriving glider should avoid
or yield until enough altitude separation is achieved. This would prevent the gliders
from interfering when cooperating when using the collision avoidance rules applied
in this work.

3) After a glider reached the top of the thermal and a second glider is climbing
below it should temporarily disable the cooperation mode to prevent getting called
back in by the glider below and instead give room for the second glider to reach the
top as well. The cooperation mode can for example be reenabled when the altitude
falls below that of the second glider.

4) When an inbound cooperating glider reaches the estimated entry point for
the thermal it should be given a time limit to find it. If no lift is found within the
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Figure 7.25: The altitude profile of the two gliders during successful cooperation.

time limit, the position should be cancelled and search resumed. The reason for
this is that the thermal might be of the “bubble” type, and a continuing search in
that location will, in that case, not gain access to the thermal. An exception would
be if the incoming glider is at a higher altitude than the climbing glider. In that
case the thermal bubble eventually will also reach the incoming glider. There could
also be a “new” bubble arriving from below, therefore the time limit needs to be
wisely chosen.

5) A grace period before coop mode trigger is necessary. This to make sure that
a triggering of soaring is due to a “real” updraft worth calling in the other glider.
There is a chance the soaring briefly got triggered by a temporary gust or other
turbulence. The total energy calculation is not able to distinguish an increase in
energy linked to an updraft from one that is caused by a temporary lateral gust,
the difference is that the energy gained from a gust will be lost again when the gust
is over.
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Figure 7.26: Flightpaths of the gliders interfering with eachother during ther-
malling. The corresponding collision avoidance instances are marked by being in
the same color

7.3 Conclusions and findings from the flight trials

To summarize the major findings from the flight trials the following can be said.
The trials clearly showed that by employing autonomous soaring, substantial

gains in extending endurance can be achieved. The gains were realized even though
the search for updrafts was done randomly without any guidance towards favorable
thermal regions. It ought to be noted though that energy for powering avionics
still consumes battery. Further it became clear that soaring can work over a fairly
wide span of seasons and weather conditions. It was also indicated that updrafts
are present in conditions that appear to be non favorable for thermal formation.



7.3. CONCLUSIONS AND FINDINGS FROM THE FLIGHT TRIALS 91

Figure 7.27: The gliders climbing in the same updraft.

Still it should be mentioned that the results reported in this work represent a fairly
limited set of conditions and geographical locations.

The function of the centering controller incorporated in the soaring algorithm
was verified to work and proved its performance in tracking updrafts throughout a
variety of wind and thermal conditions.

To prevent getting pushed downwind, especially in windier conditions, it would
be advantageous to direct the search for new thermals in the upwind direction.
Additionally adding “speed to fly” theory would make primarily headwind prop-
agation more efficient on windy days. As a side note it was also recognized that
attention need to be paid to antenna propagation patterns to avoid interruption in
communications.

In addition to what is already said about the part including two cooperating
gliders it became evident that one factor affecting the effectiveness of cooperative
soaring is depending on current vertical extent of the updrafts when it is performed.

An illustrative example on how autonomous soaring can be applied is presented
in the following chapter. In the example, trials were performed where autonomous
soaring was employed in support of a communications relay mission.





Chapter 8

Application of autonomous soaring
to operational scenarios

To extend endurance or range by means of autonomous soaring could be benefi-
cial for many types of missions. This chapter first presents the proof of concept
trials done in this work to show how autonomous soaring can be applied to a
common UAV task, namely communications relay. Thereafter, the development
of this concept into a hybrid system where autonomous soaring is combined with
autonomously finding the optimal relay position for connecting two nodes, is pre-
sented.

Proof of concept

Even though autonomous soaring could be applied as a performance booster for
several types of assignments, applying it on a mission where the exact location of
the task to be performed is not important would be ideal. One such mission is
acting as a communications- or data relay. For a task like that, a general area can
be assigned where the duty can be accomplished with good or satisfying result, and
the relay UAV can be “allowed” to freely roam in search for lift within this area.

As a part of the trials this function was employed as support to another research
project at NPS in which UAVs were conducting autonomous road-following while
simultaneously sending imagery of the road back to the GCS. These tasks were
often performed too far away, or where mountains would block the signal between
the UAVs and the GCS (i.e. BLOS) and hence the communication would in these
cases be lost. To remedy the situation the autonomous soaring gliders were em-
ployed to act as data relay. A defined area located between the imagery-sending
UAVs and the GCS was assigned to the glider where it could loiter and search for
thermals. From this area the glider could at the same time act as a data relay to
maintain the communication between the road following UAVs and the GCS, when
the communication otherwise would be lost. Figure 8.1 displays an example of this
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concept. Also to allocate an area more or less right above the GCS was tried, to
have the glider act as an raised antenna or “antenna in the sky”.

Figure 8.1: The concept of using an autonomous glider as a communications relay
that was tested and proved to function very well.

Since the “Wave Relay” card already installed in the UAV provided access to a
self configuring ad hoc network, no extra equipment than what already was present
in the glider and the other UAVs was needed to set up the relay function.

The experiment proved to work very well and relay missions appear to be an
excellent example of where autonomous soaring could be applied. However, as men-
tioned earlier no commercial or military operational systems have yet implemented
such functions.

Figure 8.2 shows a picture of the gliders together with the two imagery sending
UAVs that were used to perform the experiment.

A second purpose of the comms-relay experiment was to serve as an exercise
in launching and have multiple aircrafts in the air simultaneously, which can be a
quite demanding task when the resources are limited.
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Figure 8.2: The gliders together with the powered UAVs used for the comms relay
trials.

Hybrid control with autonomous optimal relay positioning

A further development of the communications relay was to not only assign an area
where the relay task could be performed. Instead it would be desirable to have
the relaying UAV autonomously seek out a location that would be optimal for the
purpose of maximizing the possible throughput of data that it could provide. The
relay glider would then stay in the vicinity of that location and search for updrafts.
When the signal quality fell below a threshold value it would repeat the search
for and update the optimal relay location based on how the signal quality changed
depending on the movement of the nodes being connected.

The finding of the optimal relay position was accomplished by using the Signal to
Noise Ratio of the connected nodes as a figure of merit and using a peak seeking, hill
climbing function to follow the steepest gradient to seek out the optimal location.

In Paper D included in Part II, the described system is presented in more detail.
The system was developed, tested in simulations and partially flight tested.





Chapter 9

Solar Hybrid

Before the auto soaring flights were initiated the endurance that could be achieved
was anticipated to be limited by the available capacity of the propulsion battery.
However early during the flight trials it became evident that the autonomous soaring
worked so well and added flight time to such an extent that the battery capacity for
the onboard electronics (computer, wave-relay, servos, and autopilot) instead ended
up being the limiting factor for how long the glider could stay aloft. As a first step
the battery was upgraded to one with a larger capacity and some attempts were
made to reduce the onboard power consumption. Still the available energy of this
battery ended up being almost exclusively the reason the auto soaring flights had to
be terminated prematurely, primarily because the auto soaring functioned better
than what initially was expected. Hence to match the endurance of the glider,
achieved with help of the autonomous soaring, a different solution was needed. Of
course the size of the battery could be increased further, but with the experience
we had gained it was evident that it would need to be significantly bigger to be
able to explore the full scope of the auto-soaring concept.

Instead the focus was turned towards solar power. It was estimated that the
power needed to run the avionics could be covered by adding photovoltaic (PV)
solar-cells to parts of the upper surfaces of the wing panels. If more power than
was needed was produced, the supplemental power could be used to top off the
propulsion battery and thereby extend the endurance even further into the end of
the day when the thermal activity subsides. A natural next step was therefore to
try to add this feature to the gliders.

The type of thin-film flexible solar panels (see Figure 9.1) that easily could be
made to conform to bent surfaces appeared to be the most suitable solution. These
could be laminated to the surface of the existing wing, adding minimal weight and
being thin enough not to pose any significant aerodynamical drawbacks.

At the time this type of thin-film solar panels were in very high demand. Nu-
merous manufactures of this type of solar cells were contacted to try to acquire a
few in order to be able to continue with the idea. However due to the booming solar
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Figure 9.1: “Paper-thin” photo-voltaic solar cells.

farm expansion etc. all the producers of these types of panels were backordered for
several years, and none of them were interest in selling a few hundred watts worth
of solar cells to a small academic research project.

At the end a few panels from another research project at NPS were donated to
our project. By then my time with the project was getting to the end and there was
not enough time left to finish the idea. The ball was set in motion though, and the
hybrid solar-power/soaring idea was picked up and developed over the next couple
of years into a functioning system.

In 2014 Nahum Camacho [Camacho 2014] tested the developed system that em-
ployed PV solar-cells, a maximum power point tracking (MPPT) unit, and recharge-
able batteries with balancing circuits. The solar-cells had been changed from the
original thin-film copper indium gallium selenide (CIGS) flexible solar panels, to
better performing semi-rigid mono-crystalline silicon cells. These had an advertised
efficiency of 22.5%, which is almost twice the efficiency of the original thin film cells.
The disadvantage of these cells is that they are less flexible, but still barely bend-
able enough to be able to conform to the upper parts of the wing where they were
integrated. With the higher efficiency, the original design in which about 50% of
the top of the wing required to be covered, could now be reduced to a considerably
smaller area. Figure 9.2 shows the glider with and without the new cells installed.

The system was tested in a laboratory prototype setup in a multi-day data
acquisition. And also as an installed system for a shorter period with the glider
sitting on the ground.

Later in 2015 the system was improved further by Robert Fauci [Fauci 2015].
He examined the power management system and the results drove the design and
development of a compact single circuit that optimally integrates the sub-systems
into a lightweight module. He also looked into the required energy storage to be
able to stay aloft over night for the ultimate goal to perform 24/7 operations.

The conclusion was that, even though the system is capable of operating the
avionics continuously thru the night, the major challenge still is to store sufficient
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Figure 9.2: Original glider on the left and the solar panel equipped glider to the
right

energy for propulsion to be able to stay aloft over night with current battery tech-
nology.

The system is still awaiting further flight testing to verify the functionality and
further explore the benefits of autonomous soaring.





Chapter 10

Future/Suggested work

The trials, regarding autonomous soaring, performed during this project were done
in such a way that additional functions were kept to a fairly basic level. This was a
deliberate decision and the main reason that functions, that easily could have been
added were left out, was that they would have made it more difficult to evaluate
the results of the trials. It would have been harder to distinguish the reason for a
certain behavior or occurrence if too many factors were involved. The positive side
of this is that the concept still showed great benefits when it comes to extending
endurance, and there should be potential for fairly substantial improvements in
the performance by adding and/or combining energy saving features to improve
effectiveness. Examples of functions that could be included, and which all more or
less could influence the performance positively are:

• Speed-to-fly, to maximize the glide ratio in sinking/rising air and head/tail
wind conditions.

• Extending flaps when thermalling to lower the speed, so smaller turn-radius
without excessive banking can be achieved and also a decrease in minimum
sink-rate.

• Optimal thermalling turn-rate to maximize climb rate depending on thermal
size and strength.

• Initial turn direction towards the center of the thermal when soaring is trig-
gered.

• Guided search patterns to favorable locations based on experience, sun inci-
dence, IR-temperature of ground etc.

• Apply strategy for small/low thermals when regular centered circle path will
not work (e.g. figure-8 or off-centered paths)
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All the above represent excellent examples of features to be further explored in
order to increase performance. Also combining thermal soaring with soaring in
ridge lift, when available, could prove advantageous.

In order to gain a better understanding for the potential of autonomous soaring
as a feature to be used in a broader sense, further research is also required on statis-
tics on number of thermal days or conditions good enough for soaring (especially
at low altitude and poor conditions) in a variety of climate zones and locations.
The experience from the manned glider community is in this respect limited to
places where it is done, further it generally deals with higher altitudes and bigger
thermals (since full size gliders cannot circle as tightly as a smaller/slower UAV).
Observations of birds suggest however, that a wider set of conditions would allow
for thermal soaring.

A comparative test of the effectiveness between a variety of controllers under
different environmental conditions (size, strength, drift etc.) would additionally be
valuable.

The above represents a handful of examples suggested for future work, and
there are many more that could be mentioned. Still, since there have been so few
full scale trials, more projects performing flight tests is probably something the
field would benefit largely from.

Figure 10.1: The author searching for soaring opportunities over Big Sur, California.



Chapter 11

Press

A fun little tidbit is that the project has actually attracted some attention in the
media. Articles were found in Aviation-week, The Economist and a Chinese daily
newspaper and from which clips are displayed below.
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