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ABSTRACT 

The use of atmospheric updrafts as an energy source for long endurance flight has proven 

to be extremely advantageous for birds, remote control sailplanes, and manned soaring vehicles. 

Recent research conducted by Michael Allen at NASA and Dr. Dan Edwards at North Carolina 

State University has demonstrated the viability of using a UAV to search for, detect, and gain 

altitude using thermal updrafts. This approach can be taken a step further by introducing multiple 

cooperating vehicles to reduce the time spent searching for thermal lift while simultaneously 

increasing the time spent in thermal lift gaining altitude and/or saving fuel. UAV missions 

calling for multiple vehicles can use this approach to reduce the demand for on board energy 

storage by using environmental energy more effectively than a vehicle flying alone. 

This research aims to complement existing autonomous soaring efforts by developing a 

low cost thermal soaring system that is capable of working with single or multiple cooperating 

vehicles to find and utilize thermal updrafts. Early simulations developed to validate this idea 

have given rise to further analysis and experimentation with two custom airframes, each 

equipped with instruments to detect updrafts and autonomous capabilities to test cooperative 

soaring algorithms in the real world. The system developed used a sub $1000 commercial off-

the-shelf autopilot and custom ground control software to achieve many autonomous soaring 

flights with a single vehicle.  Several flights with two autonomous vehicles were also performed 

and cooperative behavior was demonstrated.  
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CHAPTER 1  

BACKGROUND 

Energy Demands on Small UAVs 

The performance of a small UAV is gauged in a variety of ways for a variety of missions 

but normally relies heavily on processing enough energy to carry and operate payload or meet 

range, speed, or endurance requirements.  Light weight on-board energy storage and efficient 

energy usage, both aerodynamic and propulsive, improve nearly all aspects of small UAV flight 

performance, including the endurance and range.  Besides efficient energy storage and usage, 

several mechanisms of harvesting energy in flight and on the ground have been proposed and/or 

tested, some of which have been listed in Table 1.  These include solar power, perching on power 

lines in urban areas, and extracting energy from the local air mass statically or dynamically.  

Dynamic energy extraction, also called dynamic soaring, involves extracting energy by moving 

between two air masses of different velocities.  Static soaring involves finding and staying within 

a single air mass.  This work focuses on static thermal soaring, more commonly referred to as 

thermal soaring.   

Each strategy of extracting energy from the flight environment comes with its own 

advantages and drawbacks.  In general, each strategy includes specific requirements of the flight 

environment such as useful amounts of sunlight for solar cells, thermal soaring conditions for 

autonomous soaring, strong velocity gradients for dynamic soaring, or adequate sensing and 

control for perching on an energy source such as a power line in an urban area.  Table 1 

summarizes some of the pros and cons associated with four strategies for gathering energy to 

improve small UAV endurance. 
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TABLE 1 - ENERGY GENERATION STRATEGIES TO IMPROVE THE USEFULNESS OF SMALL 

UAVS 

Strategy Pros Cons Example 

Urban Electric 
Energy 
Extraction 

High charge rates, 
abundant source in 
populated areas 

Access to electrical grid 
requires costly additions to 
standard UAV features 
such as perching on 
electrical lines, accessing 
wall outlets 

“DevilRay unmanned aerial 
vehicle will feature the 
ability to dock to and 
recharge from power lines” 
(1) 

Dynamic 
Soaring 

Wind gradients present 
very reliably over oceans, 
high altitudes 

Dynamic soaring 
maneuvers present 
maneuverability/precision 
flight challenge and limit 
mission type 

An Albotross covers 
1000km per day over open 
ocean without flapping its 
wings (2), NASA plans to 
do the same with a UAV (3) 

Photovoltaic 
Power 

Without clouds, solar 
energy is very reliable 

Solar cell efficiency and 
environmental factors limit 
energy extraction rates 

Solar Impulse flies over 
Europe on solar energy 
alone (4).   

Static Soaring 

Thermals present in many 
areas of UAV operation, 
utilization possible with 
benign maneuvers, no 
extra equipment/ airframe 
requirements 

Thermal soaring conditions 
can be unavailable due to a 
myriad of environmental 
factors, making their use 
less reliable 

Dan Edwards sets 
unofficial world record for 
cross country distance with 
an unpowered UAV using 
autonomous thermal 
soaring (5) 

 

This work focuses on the strategy of static soaring in thermal updrafts.  Thermal soaring 

presents a highly accessible means of extracting energy from the atmosphere because it requires 

no specialized on-board systems integration such as solar cells, sensor packages to allow for 

precision dynamic soaring, or perching equipment to snag power lines in flight.  Thermal soaring 

algorithms can be used by many UAVs by altering only their behavior, using the sensor packages 

already present for basic guidance and control.  Thermal soaring is possible in many areas where 

UAV operations are common, especially in arid regions with ample solar radiation. 
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Thermal Soaring in Manned Aircraft and Nature 

 One of the more common ways environmental energy is harvested from the atmosphere 

by aircraft, birds, and plant seeds is by thermal soaring.  Thermals are rising air currents that 

serve to transfer heat between the ground, which receives radiation heating from the sun, and the 

air, which receives convective heating from the ground.  This transfer of energy from sun to 

ground and ground to air occurs in an altitude range known as the convective boundary layer 

(CBL).  This altitude range spans from the ground to a height where the temperature of the air is 

no longer affected by the temperature of the ground.  This altitude, the top of the CBL, can vary 

between hundreds and tens of thousands of feet and depends on several environmental factors 

(6).  The height of the CBL has a strong effect on the potential for successful thermal soaring. 

Soaring pilots in competition rely heavily upon tracking other gliders to locate thermal 

lift quickly. While these pilots ultimately desire to out fly their competitors, this cooperative 

behavior is ultimately the result of occupying the same airspace with the same goals. In the 

absence of clear environmental signs such as cumulus clouds, groups of sailplanes, commonly 

referred to as gaggles, have been known to launch into competition together, knowing that flying 

alone will reduce their ability to quickly find thermal lift and judge the most efficient course of 

flight.  
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FIGURE 1 - 3 PARAGLIDERS WORK COOPERATIVELY TO CORE A THERMAL (7) 

 

In purely cooperative soaring efforts, birds are very often seen flying in thermal lift in 

groups. With their livelihood at risk, each individual bird of a soaring flock benefits from the 

enhanced ability of the group to find thermal lift quickly. In this way, the duration of the entire 

flock is much greater than the sum of its members’ abilities.  

Whether the goal is cross country speed or conservation of calories in nature, cooperative 

thermal soaring greatly enhances the ability of soaring animals or vehicles to fly more 

effectively. 

 

Previous Work in UAV Thermal Soaring  
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Several autonomous thermal soaring projects have successfully completed both 

endurance and cross country tasks.  In 2005, Michael Allen from NASA conducted experiments 

with autonomous thermal soaring and achieved an average thermal climb of 567 ft over 23 

thermals during 17 flights (8). In 2008, Dr. Edwards from North Carolina State University 

completed a 48.6 km cross country soaring course with an autonomous sailplane powered only 

by thermal updrafts (5). Critical to the success of both projects was the UAV’s ability to balance 

the detection and utilization of thermal updrafts with the actions required to achieve other 

mission goals, such as a cross country race course. Later, research performed in 2009 at the 

Naval Postgraduate School studied the benefits of cooperative thermal soaring (9).  These 

projects all used Piccolo autopilots and competition composite airframes such as the SBXC.  

Table 2 compares the airframes and autopilots used for existing work in autonomous soaring. 

 

TABLE 2 - COMPARISON OF AIRFRAMES AND AUTOPILOTS AMONG AUTONOMOUS 

SOARING PROJECTS 

Project Autopilot Autopilot Cost Airframe Airframe Cost 

NC State ALOFT (10) Piccolo 
Plus 

Approx $6,000 
USD (2005 AUVSI 

Price List) 
SBXC 

Approx $1,300 
USD 

NASA Autonomous Soaring 
(8) 

Piccolo 
Plus 

Approx $6,000 
USD (2005 AUVSI 

Price List) 
SBXC 

Approx $1,300 
USD 

Naval Postgraduate 
Experiments in Cooperative 

Thermal Soaring (9) 

Piccolo 
Plus 

Approx $6,000 
USD (2005 AUVSI 

Price List) 
SBXC 

Approx $1,300 
USD 

Wichita State University 
CoSoar 

AttoPilot 
(11) 

$700 USD (2009 
Price) Custom 

Approx $300 
Materials + 20 

hrs labor 
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As shown in Table 2, one of the unique aspects of the CoSoar project was its inclusion of 

a relatively new and cheap autopilot combined with a custom airframe.  The Attopilot autopilot is 

an autopilot that costs less than $1000 and is capable of navigating an aircraft via GPS, receiving 

uplink commands from a radio modem such as “bank 20 degrees” or “come home”.  During the 

course of this project, the AttoPilot was modified somewhat successfully to use pitch to control 

airspeed, which is necessary for autonomous unpowered flight.  By default, the AttoPilot was 

designed with throttle airspeed control and pitch altitude control.  
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CHAPTER 2 

AUTONOMOUS SOARING IN SIMULATION 

Motivation 

While the benefits of soaring in manned aircraft and nature seem obvious, application 

specific benefits for UAV missions are less apparent.  A UAV thermal soaring simulation was 

developed in the summer of 2009 to identify the application specific benefits associated with 

using multiple cooperative vehicles to extract energy from the atmosphere more effectively.  The 

approach of the study was to model all aspects of cooperative soaring in a software environment 

where cooperative strategies could be implemented and critical performance variables could be 

tracked.  The simulation was written to accommodate between 1 and 5 vehicles with varying 

atmospheric conditions including wind and variable thermal strength.  To facilitate the 

observation of the swarm behavior, the simulation was animated with simple graphics 

representing the vehicles and thermal updrafts. 

 

Simulation Architecture  

Several models were developed to simulate cooperating aircraft in airspace with thermal 

thermal lift present.  An atmospheric model was built to define the local air mass velocity vector, 

which is affected by wind that varies at different altitudes and updrafts/downdrafts.  A simple 

sailplane model was used to model relevant aircraft characteristics such as glide slope, sink rate, 

mass, and maneuvering capabilities.  Finally, a high level “autopilot” was modeled to complete 

sailplane navigation tasks and govern thermal and cooperative control logic.  A software flow 
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chart is shown in Figure 2 that outlines the flow of information between the aforementioned 

components of the simulation.  

 
FIGURE 2 - SIMULATION ARCHITECTURE 

 

Modeling the Convective Boundary Layer  

The most challenging aspect of a thermal soaring simulation is modeling the thermals 

themselves.  Thermals are giant invisible columns of rising air that exist in the convective 

boundary layer.  They are assumed to have a roughly circular or oval cross section with the 

strongest thermal lift near the thermal center.  The edges of a thermal have been experienced by 

pilots as being turbulent, though accounts vary greatly.  LIDAR imaging and CFD information 

about convective updrafts is difficult to use for simulation work. Fortunately, a practical thermal 

updraft model that characterizes the size, area density, and strength of thermals based on a 

number of studies has been developed and made available by Michael Allen and NASA (6).  

This thermal model was used in the development of the soaring controller that successfully flew 
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Michael Allen’s autonomous soaring aircraft successfully in 2005.  A sample thermal field is 

shown in Figure 3 to illustrate the atmosphere produced by this model.  

 

FIGURE 3 - THERMAL FIELD PRODUCED USING THE NASA THERMAL MODEL 

 

In the thermal field, dark red indicates the strongest updraft strength, which typically 

occurs at the center of thermals at altitudes of about 25% of the total thermal height.  The NASA 

model also provides estimates of the convective boundary layer height and the convective 

strength of thermals measured and averaged over all 12 months for one year at a test site in 

Desert Rock, Nevada.  With this data, simulations can be run in both summer and winter months, 

with a few large strong thermals or many small weak thermals.   

Several modifications and additions were made to the NASA model for the simulation.  

The thermal parameters produced by the NASA model were varied randomly to more closely 
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model naturally occurring thermals.  Table 3 summarizes these modifications and additions to 

the NASA model, which were empirically based on full scale and RC pilot experiences.  

TABLE 3 -THERMAL MODEL PARAMETERS 

Attribute Process 

Thermal Radius NASA model + 30% random deviation 

# Thermals/Area NASA model with random birthplace for new thermals to replace ones that 
have drifted out of bounds or expired 

Thermal Strength NASA model + 30% random deviation 

Thermal Lifespan Randomly chosen between 10 and 30 minutes 

Thermal Drift Velocity Thermals drift downwind at the average wind speed over their height + 
1m/s velocity at random direction 

 

The thermal radius produced by the NASA model is constant, while in experience this is 

not the case.  The radius predicted by the NASA model was randomly scaled either up or down 

by up to 30% of predicted size.  The number of thermals for a given area of ground was kept 

mostly constant by replacing thermals which had expired or drifted out of the flight area.  The 

constant thermal strength predicted by the NASA model for a given convective boundary layer 

height and updraft strength was also varied randomly by up to 30% to produce less predictable 

thermals over the course of a simulated flight.  The lifespan of a given thermal, which is not 

explicitly predicted by the NASA model, was chosen to be between 10 and 30 minutes.  This 

attribute was chosen based on manned pilot observations and ensures that the ability of the 

vehicles to find new thermals is tested.  Finally, the speed and direction at which the thermals 

drift over the ground, which is not predicted in the NASA model, was estimated to be mostly 

down wind, with a random deviation to the speed and direction of the thermal.  In practice, it is a 

subject of debate among pilots and varies greatly from account to account.  For the purposes of 

this simulation, including thermal drift was necessary to capture behaviors which depend on 
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vehicles staying within a specified flight or mission area, as is usually the case with UAV 

operations.  These modifications were introduced with the expectation that the resulting findings 

of the simulation would be more relevant to real-world thermals than static, constant 

size/strength columns of rising air. 

Modeling the UAV and Autopilot  

Because thermal soaring was the main type of flying to be tested, a basic glider model 

was developed.  There was no need to capture dynamic flight modes or specific control surface 

response, so a 6DOF model was not necessary.  The most important variables in thermal soaring 

are defined by a combination of sink rate and forward air speed, which is described by a speed 

polar.  It is also important to capture the turning characteristics of an aircraft.  Sailplane pilots 

must strike a balance between high bank angles, which minimize turning radius and allow a 

glider to stay within the core of the thermal, and low bank angles, which minimize sink rate 

through the air mass.   

The UAV speed characteristics were based on a study conducted by Dr. Dan Edwards 

(10), who used a Piccolo autopilot to characterize the gliding performance of the SBXC thermal 

sailplane model.  Figure 4 shows the result of this study, which was used in the cooperative 

autonomous soaring simulation to define the gliding characteristics of the UAVs. 
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FIGURE 4 - SBXC SPEED POLAR AS MEASURED BY DAN EDWARDS 

 

Figure 5 shows an image of the model sailplane used in simulation.  It has a wingspan of 

170 inches and an aspect ratio of nearly 20. 

 

 
FIGURE 5 - THE SBXC, WHICH WAS MODELED IN SIMULATION 
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Turning characteristics of the glider were captured by increasing the sink rate as a 

function of bank angle.  For a given thermal radius, an optimum bank angle exists that will result 

in the best climb rate by turning tightly enough to use the strongest portion of the updraft while 

turning flat enough to retain a reasonable sink rate.  Equation 1 gives the relationship between 

sink rate, Si, forward speed V, load factor nz, and the thermal lift to drag ratio L/D.  Equation 2 

defines load factor nz. 

    
      

  

  
 

 
 

 (1) 

   
 

    
 (2) 

At each time step in the simulation, the vehicle moved forward and downward through 

the air mass as a function of the set airspeed (approximately 24 fps).  If the autopilot model had 

commanded a bank angle to navigate to a waypoint or center in a thermal, then Equation 1 would 

be used to account for the increased sink rate due to maneuvering.  By integrating the forward 

and vertical velocities of the glider relative to the air mass, and then taking into account the 

velocity of the air mass with respect to the ground, a new position at each time step was 

computed and the process was repeated at 5 Hz.  At the time of the simulation development, the 

downlink frequency expected for future experiments was 5 Hz.   

 

Thermal Soaring Controller Development  

The aircraft flight controller was modeled to control both navigation and thermal soaring 

algorithms.  To model the capabilities of a commercial autopilot system, basic waypoint 

navigation was programmed into the aircraft model.  A list of waypoints could be loaded into the 
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autopilot model in the same way as a list of waypoints is often loaded to a commercial autopilot.  

A thermal search grid as carried out by three vehicles is shown in Figure 6.  A slightly curved 

path in between waypoints is the result of the basic heading controller attempting to navigate a 

waypoint course in crosswind.   

 
FIGURE 6 - THERMAL SEARCH GRID IN WIND 

 

Aircraft heading was controlled with a PID controller that was programmed to reduce 

heading error.  At each time step, a bank rate would be commanded by the autopilot to steer the 

vehicle on course.  The bank rate would be integrated to solve for bank angle.  In combination 

with airspeed, bank angle would be used to compute heading rate, which would be integrated to 

solve for heading.  This process was then repeated at 5 Hz as the vehicle position was updated in 

the simulation. 

Thermals were detected by tracking total energy changes.  Kinetic and potential energy 

were tracked at each time step of the simulation.  During unpowered flight in the absence of 



15 
 

thermal lift, potential energy (altitude) is traded for kinetic energy (airspeed) at some cost, 

yielding a net energy loss.  For a sailplane holding a fixed airspeed in calm air, this energy loss 

will be equal to the potential energy loss due to altitude loss.  If a pilot attempted to hold altitude 

in a glider, this energy loss would come as a result of the glider slowing down, which would 

inevitably lead to a stall.  In either case, without thermal lift present, gliding flight is always a 

process in which the sum of potential and kinetic energy is decreasing due to drag.  In 

simulation, thermals were detected by monitoring the rate at which total energy was changing 

and triggering thermal mode if the average energy rate rose above a threshold value.  Likewise, 

thermal mode could be disengaged by a drop in the rate of total energy over a period of time.  

Figure 7 shows a time history of the rate of total energy in Watts of a vehicle as it makes turns, 

as indicated by sharp troughs, and flies through weak thermal lift and sink. 

 
FIGURE 7 - TRACKING TOTAL ENERGY DURING TURNS AND WEAK THERMAL LIFT 
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Once a thermal had been detected in simulation, the navigation algorithm was stopped 

and the desired bank angle of the glider was governed by the thermal centering algorithm.  

Roughly based on thermal centering techniques used by manned soaring pilots, the thermal 

centering algorithm flattens the bank angle of the aircraft when the climb rate of the vehicle is 

increasing (indicating the vehicle is moving towards the core of the thermal and needs to hold 

heading) and increases the bank of the vehicle when the rate of climb is decreasing (indicating 

the glider is moving away from the thermal and needs to turn around).  Figure 8 shows an 

illustration of this thermal centering strategy for the same thermal encounter with two turn 

directions initiated. 

 
FIGURE 8 - THERMAL CENTERING ALGORITHM 

This thermal centering algorithm is an attractive approach for several reasons.  First, it 

optimizes the vehicle’s turn radius to strike a balance between flat efficient turns and tight turns 

near the core of the thermal.  Second, by driving desired bank angle as a function of rate of 

energy gain or loss (climb or sink), it does not rely on ground-based loiter circles such as a GPS 

coordinate estimate as to where the thermal is.  Because thermals drift and move with respect to 
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the ground, it is easier to core thermals in an air-referenced controller than a ground-referenced 

controller. 

The cooperative control for a flock of soaring UAVs was made as simple as possible for 

the simulation.  While the problem of optimally controlling several cooperating vehicles to best 

utilize thermal updrafts holds potential for very fascinating  control strategies, a simplified set of 

control laws sets a baseline flock performance and allows for rapid development of the 

simulation.  Simple cooperative control strategies were also expected to be more easily 

implemented into commercial autopilots for field testing.  With that in mind, Table 4 summarizes 

the control laws for cooperative thermal sharing behavior. 

TABLE 4 - COOPERATIVE CONTROL LOGIC 

State Action 

No vehicles have detected thermal lift Follow search grid waypoints 

One vehicle has detected thermal lift Follow the vehicle in thermal lift until thermal lift 
is directly detected, then begin centering 
algorithm 

Multiple vehicles have detected thermal lift Follow closest vehicle in thermal lift until 
thermal lift is directly detected, then begin 
centering algorithm 

Thermal lift is detected while en route to 
thermal discovered by other vehicle 

Stop chasing other vehicle and begin centering 
algorithm 

Thermal lift has expired or drifted out of bounds Chase other vehicle in thermal lift or resume 
search grid pattern 

 

Figure 9 shows a 3D view of flight paths of 3 cooperating UAVs utilizing the 

aforementioned control laws.  The starting position and initial search grid flight path form an “E” 

at the bottom of the figure.  When the middle UAV finds a thermal, the other two UAVs swarm 

to the thermal and all three vehicles then climb approximately 1200m while drifting with the 

thermal downwind, sharing the discovery of thermal lift for the benefit of the flock.  After the 
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main thermal climb expires, the search grid is resumed at much higher altitude and several weak 

areas of thermal lift are utilized.  In the NASA thermal model, thermal lift grows very weak near 

the top of the convective boundary layer and warm air cools and loses buoyancy.  Dark red areas 

indicate very high climb rates while blue areas represent sink. 

 
FIGURE 9 - FLIGHT PATH OF 3 COOPERATING UAVS 
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Simulation Parameters and Results  

The simulation developed enables studying the effect of a large number of variables.  

Vehicle flock size, aircraft performance, thermal centering algorithms, cooperation algorithms, 

and atmospheric conditions can be varied and the results gathered and studied.  This research 

was focused on answering the question of what types of performance benefits could be gained by 

increasing the number of UAVs in a soaring mission from 1 to multiple vehicles.  For this 

reason, several parameters were held constant to facilitate the derivation of meaningful results 

from the simulation runs.  Table 5 summarizes the conditions for which the simulation was run. 

TABLE 5 - SIMULATION PARAMETERS 

Simulation Parameter Value 

Atmospheric conditions All 12 months of published thermal data from 
NASA model, random breeze direction of 1 m/s  

Vehicle starting altitude 300m 

flight area 2km x 2km x Height of Boundary Layer 

Simulation stop rules Stop simulation if a glider has reached ground 
level or if 120 minutes have passed 

flock size Between 1 and 5 vehicles with identical centering 
algorithms 

Simulation runs per month per flock size 100 

Total number of runs (5 flock sizes)(12 months)(100 runs) = 6,000 runs 

 

Because thermal location, strength, and size depend on random variables, 100 simulations 

for each flock size for each month of the year were performed and the average performance was 

recorded.  Performance was tracked in two ways: duration and soaring ratio.   

Duration, in the case that a glider lands during simulation due to inability to find and/or 

use thermal lift, is simply measured as the flight time after launch from starting altitude.  

Duration was found to often be maximized at the 2 hour time limit imposed on simulation.  It 
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was found that simulations that had flocks exceed 2 hours could almost always fly indefinitely, 

as such successful runs gained enough altitude to ensure that subsequent thermals could be found 

on the descending glide down, continuing the process forever.  Time of day was not a variable in 

the simulation, so the 2 hour limit assumes relatively consistent atmospheric conditions for a 

given day. 

The soaring ratio is defined as the ratio of time spent utilizing thermal lift to the time 

spent searching for thermals.  With the goal of environmental energy extraction in mind, 

autonomous soaring systems consisting of one or more UAVs are desired to maximize time 

extracting energy from the atmosphere.  In cross country races, for example, gliders which can 

quickly gain altitude without wandering far from course spend more time traveling over the 

course and subsequently win the race.  In this way, the soaring ratio is a preferred performance 

metric for gauging the relative success of one soaring system against another.   

Figure 10 shows the mean duration for each flock size and for each month of the year 

over 100 simulation runs.  In the months of November through February, the combination of 

atmospheric conditions, vehicle performance, and thermal centering algorithms make winter 

thermal soaring very difficult.  Winter soaring is possible in practice and, therefore, presents an 

opportunity to improve the system modeled in this simulation.  The rest of the months show the 

flocks and single vehicle performing very well.  In April, for example, a vehicle acting alone 

averaged over 100 minutes duration from a 300m launch with no motor.  Flocks of 2-5 vehicles 

averaged slightly better, with flocks of 5 UAVs nearly always achieving the simulation 

maximum duration.  However, the performance gains of flocks of UAVs are not obvious when 

studying gliding duration alone.  The overall non-uniformity of the data shows the effects of 

running a simulation that has several random parameters which affect atmospheric conditions. 
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FIGURE 10 – DURATION 
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Figure 11 shows the soaring ratio averaged over 100 runs for the same flock sizes and 

atmospheric conditions used to study duration.  Like the duration plot of Figure 10, an overall 

lack of soaring performance is seen in the colder months.  For all flock sizes, two interesting 

peaks appear in March and October, where the vehicles show improved soaring ratio.  To 

examine this phenomenon, animated simulations were observed during those months.  March 

and October soaring conditions are “sweet spots” for the performance metric of soaring ratio.  

The thermals are strong enough to sustain a slow climb, but not so strong as to thermal lift the 

vehicles into higher altitudes where the thermal lift dies off.  Note that in both the simulation 

thermal model and in real-life thermals, convective thermal lift decreases as it nears the top of 

the CBL.  During these months, the vehicles were observed to spend most of their time barely 

gaining altitude for the duration of the thermal lifespan as opposed to climbing out of large 

powerful summer thermals.  During the strongest thermal conditions, the flocks were observed 

spending a large amount of time entering and quickly leaving weak high altitude thermal lift, 

decreasing the soaring ratio.  For all months, it is apparent that the flocks of UAVs outperform 

the single soaring vehicle, with the biggest gains coming from an increase in flock size from 2 to 

3 while the benefit of using 4 or 5 vehicles is less dramatic for the area used, which was 2 square 

km.     
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FIGURE 11 - SOARING RATIO 

  

1 2 3 4 5 6 7 8 9 10 11 12

0.5

1

1.5

2

2.5

3

3.5

month

M
ea

n 
S

oa
rin

g/
S

ea
rc

hi
ng

 R
at

io
 o

ve
r 1

00
 ru

ns

Soaring Ratio vs. Time of Year

 

 1 UAV
2 UAVs
3 UAVs
4 UAVs
5 UAVs



24 
 

Figure 12 highlights the performance benefit of flocks vs. single vehicle soaring.  The left 

axis is a percentage increase in soaring ratio over a single vehicle, which is defined by 

Equation 3. 

(Flock Soaring Ratio - Single Vehicle Soaring Ratio) / (Single Vehicle Soaring Ratio) * 100 (3) 

For example a flock of two vehicles shows approximately a 50% performance benefit 

over a single vehicle in soaring ratio during November.  This means that on average, a flock of 

two vehicles was found to spend 50% more time climbing in thermal lift than a single vehicle.  

For a flock of 5 UAVs in the same month, the flock spends roughly 150% more time using 

thermal lift than a single vehicle.  Overall performance gains were found to vary greatly with 

atmospheric conditions.  

 

 
FIGURE 12 - PERFORMANCE BENEFIT FOR FLOCKS VS. SINGLE VEHICLE 
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  In general, it appears for the conditions used for this simulation, increasing the flock 

size from one to 2 to 3 vehicles has a greater performance benefit than increasing the flock from 

4 to 5 vehicles.  The conditions of the simulations must be considered when studying the results.  

The affect of the number of vehicles in the simulation is highly dependent on the simulation area 

of 2 square km and it may be helpful to also consider the vehicle area density (vehicles/area) 

when forming hypothesis about optimum flock size. 

Overall, the basic premise of cooperative soaring holds.  When looking for thermal lift in 

teams of vehicles, the discovery of a thermal updraft may be shared to the benefit of the entire 

system of vehicles.  Like a flock of birds or a manned soaring competition, sharing information 

about thermal locations greatly aids in the efficient extraction of environmental energy.   

The way in which vehicles cooperate could be expected to greatly vary this result.  For 

these simulations, cooperative behavior was simplified as much as possible in order to obtain a 

baseline performance gain.  The rule of “if vehicle A is climbing, chase vehicle A’s location” is 

surely far from optimal and is not the strategy employed by the pilots of soaring vehicles such as 

sailplanes, hang gliders, and paragliders.  The decision to pursue another vehicle is most 

effectively made by weighing factors such as distance to vehicle, heading of vehicle, probability 

of finding other thermal lift, current altitude, and most importantly, the mission at hand.  The 

optimum flock control strategy to govern a flock which is trying to cross a large distance would 

be expected to be different than the optimal flock control strategy for a flock which is simply 

trying to maintain fuel while acting as a communications relay or surveillance team.  With this in 

mind, it is noteworthy that even the most basic of flock control strategies produces noticeable 

improvements by utilizing cooperation in this simulation.   
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CHAPTER 3  

AUTONOMOUS SOARING IN PRACTICE  

Experiment Goals and Limitations  

While simulation provides a nearly limitless framework for exploring autonomous 

soaring behavior for single and groups of vehicles, the decision was made to pursue an 

experiment, called CoSoar (Cooperative Soaring).  Benefits include discovering limitations not 

realized in simulation, practical systems integration experience, and adding to the existing body 

of work of autonomous soaring in a unique way through the use of low cost components and 

multiple vehicles. 

The transition from simulation to real experiment introduces several challenges involving 

system design and integration.  Furthermore, practical constraints on such a system include both 

budget and time.  The CoSoar project was intended to be a Master’s Thesis project for two 

semesters, for one student with potential undergraduate help.  An experiment in cooperative 

soaring involves at least two autonomous airframes, with some method of controlling their 

behavior to work together.  Careful selection of cheap and easily integrated commercial off the 

shelf products were chosen along with a custom RC aircraft design.  A high level overview is 

shown in Figure 13. 
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FIGURE 13 - HIGH LEVEL EXPERIMENT ARCHITECTURE  
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Hardware Selection  

The CoSoar system consists of several components.  Two custom designed and built 

flying wing RC planes are outfitted with a commercially available AttoPilot thermopile autopilot.  

Unlike accelerometer/gyro autopilots, thermopile systems detect far field temperature differences 

in the infrared spectrum for horizon sensing.  They are not affected by vibration and tend to be 

cheaper than their IMU counterparts.  However, they can only be flown during the day, with a 

clear view of the horizon (cannot fly in fog/clouds).  These autopilots have two-way 

communications with a laptop, which runs a Matlab graphical user interface used to direct 

missions.  The various components are discussed in further detail below.   

CoSoar Remote Control Aircraft 

The choice of RC vehicle for the project involved several factors, often conflicting.  

These factors include, in no particular order: 

 High L/D and low sink rate  

 Large internal volume for avionics integration (easier to find in large models) 

 Easily transportable from the lab to the field (demand for small size or modular 

parts) 

 Visible from the ground at high altitudes (demand for large size) 

 Easily repairable and/or replaceable (demand for cheap or custom made aircraft) 

The final choice was made to develop a custom airframe for the task.  While the CoSoar 

project is inherently not an aircraft design project, previous RC modeling and building skills 

presented the opportunity to develop a cheap airframe that is customized to better meet the needs 
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of the project.  Built in a repeatable way from cheap materials, the custom airframe also 

presented undergraduates with an opportunity to become involved with the build process.  In the 

interest of paper length and focus on the overall system integration, the aircraft design will only 

be described briefly.   

The design of the CoSoar motor glider utilized several design tools such as XFOIL, AVL, 

SolidWorks, and general aircraft theory. Figure 14 shows the final design of the CoSoar motor 

glider as shown from the analysis program XFLR5 which lists key geometric dimensions and 

aerodynamic performance estimates for its design cruise coefficient of thermal lift of  

approximately 0.5.  

 

FIGURE 14 - COSOAR MOTOR GLIDER AND KEY GEOMETRIC PARAMETERS 
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The CoSoar motor glider benefits from several key features.  Its 10 ft. wingspan is large 

enough to remain visible at very high altitudes, but its detachable 55” wings still fit inside a 

compact car used to travel from the field to the lab and vice versa.  The simple 2 servo elevon 

control surface flying wing design keeps the part count low, and the build time low.  The zero lift 

drag is kept low by virtue of having no fuselage or tail surfaces.  The low sweep angle allows for 

straight telescoping carbon tubes to be used as both a wing spar and wing attachment system, but 

also allows for the aerodynamic center to be placed aft enough to achieve an acceptable static 

margin (approximately 5%) without the need for a fuselage.  The airfoil is an MH60, which been 

used with great success in flying wing soaring competition models in the US and Germany.  The 

root section has been thickened from 10.8% to 12% to increase the payload volume, and improve 

low speed performance at high lift coefficient conditions such as thermal turns.  The thick center 

profile also carries root-bending loads more easily than a thin profile.  A 5 amp-hour battery 

placed in the nose balances the aircraft longitudinally and also provides for long endurance 

flying.  The winglets improve both span efficiency and yaw stability.  A 12x6 folding propeller 

provides enough thrust to climb to altitude quickly and then fold back for reduced drag during 

thermal soaring.  The low taper ratio (root chord 14 inch, tip 10 inch) reduces the local pressure 

demands on the outboard sections of the wing, reducing the risk of tip stall, but also 

approximates an optimal low speed lift distribution, which is not elliptic for flying wings with 

winglets.  The structural efficiency allows the CoSoar wing to have a wing loading below most 

model aircraft motor gliders (below 7ounces per square foot).  The aircraft are launched with a 

small amount of surgical tubing to act as a bungee, and skid to a stop upon landing in a grass, 

hay, or snow covered field, as shown in Figure 15. 
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FIGURE 15 - THE COSOAR 1 AFTER A WINTER SOARING FLIGHT 

 

Flight testing with the CoSoar motor glider shows that it achieved its design goals, 

though challenges have been encountered.  The aircraft has been found to be very efficient in 

slow speed flight, and can carve a very small diameter, low sink rate thermal turn.  High speed 

flight testing has revealed a flutter speed that is lower than desired.  Due to this drawback, care 

must be taken when flying the CoSoar vehicles to avoid exceeding this critical flight speed.  

Flutter speed was found to be approximately double the design cruise speed, so small dives, 

cautious loops, and some high speed flying is possible with careful airspeed control.  Ideally, the 

autopilot avoids flutter by precisely controlling airspeed via pitch.  Figure 15 shows the airframe 

with fiberglass tape added to the foam and laminate wings to improve wing stiffness and increase 

flutter speed.  Cruise airspeed for the CoSoar motor gliders is approximately 35 km/hr with a 

stall speed of approximately 28km/hr while the flutter was found to occur at approximately 60 
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km/hr, or roughly twice stall speed.  The vehicle center structure was later reinforced with a 

secondary wing spar system to be able to fly at speeds up to 80 km/hr without flutter.  In 

practice, avoiding this airspeed in RC mode was not challenging.  In autonomous mode, 

however, rare but severe autopilot failures to control vehicle airspeed resulted in serious flutter 

events and even vehicle damage in several instances.  The autopilot software and control 

architecture, especially the pitch-airspeed controller, was modified heavily over the course of the 

project and the CoSoar motor glider was not an ideal test bed for the new control development 

due to its speed limitation. 

Despite the fact that the first flights of the CoSoar glider were over frozen ground with 

temperatures in the 40s, strong thermal lift was present, presumably due to the heating of a 

nearby parking lot.  This was first observed unexpectedly during autopilot gain tuning on 

February 11, 2010.  After the vehicle completed some autonomous flying at an altitude of 100m 

AGL, manual flight was engaged with the throttle off to bring the vehicle down to inspect the 

flight log.  It took six minutes of manual flying to bring the vehicle down without exceeding 

flutter speed.  No effort was made to fly efficiently or utilize the thermal.   

 

RC and Autopilot Avionics 

While the CoSoar gliders are mainly controlled remotely via a human pilot, they have 

autonomous capability with a relatively new cheap commercial autopilot called AttoPilot in order 

to fly thermal soaring missions.  Autonomous mode is controlled via a switch on the transmitter, 

giving the pilot the ability to quickly take control of the aircraft at any time.  In the event of a 

low battery or if the aircraft flies outside of a user defined radius, the aircraft will return to the 

launch point and await RC control takeover in a large loiter circle.  If no RC control is given and 
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the propulsion battery reaches a discharged state, the vehicle will loiter down and land within a 

loiter circle’s radius of where it took off.   In this sense, the autopilot enabled vehicles allow for 

several fail-safes and are arguably safer to operate than a purely RC aircraft. 

The AttoPilot autopilot is a relatively inexpensive ($700) autopilot when compared to 

other systems which cost several thousand dollars or more.  It uses thermopiles to detect the 

horizon in the infrared spectrum instead of using a 6DOF gyro/accelerometer with Kalman filter.  

By filtering the thermopile readings from 6 horizon sensors, pitch and roll can be estimated to +/- 

2 degrees.  GPS gives position data and a differential pressure sensor estimates air speed within 1 

km/hr and altitude with sub-meter precision.  It has output telemetry at up to 5 Hz including 

several parameters used to sense updrafts, such as sink rate and airspeed.  Uplink commands 

allow for a wide variety of direction such as “fly to GPS position and altitude,” “loiter at current 

location,” and “return to launch”.  The on board processor controls the left and right servos along 

with the throttle to achieve desired pitch, roll, and airspeed using PID control.  The autopilot logs 

66 parameters such as altitude, airspeed, battery voltage, GPS position, and many others to a SD 

memory card at 5 Hz that can be analyzed after a flight.  The 2 GB SD card used is capable of 

recording over 10 hours of flight data.  The autopilot uses changes in GPS position to determine 

ground speed and ground heading.  This requires the airframe to have at least approximately 10 

mph ground speed for acceptable navigation.  This requirement presents challenges in practice 

on days with winds much stronger than 10 to 12 mph.  

Other than the autopilot, the remainder of the aircraft is much like a traditional electric 

RC plane.  A brushless AXI 2814 motor provides high torque, low rpm power to the folding 

prop.  A 36 Amp electric speed control (ESC) regulates power to the rest of the aircraft and acts 

as a throttle control to the motor.  To reduce high frequency electromagnetic interference (EMI) 
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from the speed controller, the ESC, and servo wires are wrapped around noise reducing ferrite 

beads.  A 2.4 GHz Futaba transmitter/receiver pair make possible all of the manual flying, and 

provide sufficient range and mixing options for the project. Figure 16 shows all of the avionics 

installed in a center section of one of the CoSoar aircraft.  The wings plug into the right and left 

side of this center section and the wing control surfaces are connected before flight. 

 

FIGURE 16 - AVIONICS BAY LAYOUT 

Two pairs of xBee XSC 900 MHz radio modems handle the two-way telemetry.  With a 

lightweight wire whip antenna installed in the vehicle and an RPSMA antenna connected via 

USB to a laptop, the manufacturer claims a 2 mile range at an over-the-air baud rate of 9600 bps.  

Initially, telemetry was planned to involve one laptop antenna for receiving, identifying, and 

sending commands to/from each aircraft, but the decision was made to simply use two radio 

networks on separate channels due to the affordability of the modems ($150 for a development 
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kit).  To operate with only one ground-based antenna, the ground system would need to identify 

the sender of each packet of data it received.  The system would also need to switch sender 

addresses each time it transmitted a packet, since instructions for one vehicle should not be 

received by the other.  While research into the products and discussion with the manufacturer 

predicted this would be successful, a dual-network system was chosen due to ease of 

implementation.  Each vehicle has its own radio channel and the laptop ground control system 

has a receiving modem for each channel.  From the perspective of the ground station, the 

identification of the incoming telemetry packet can simply be determined from which USB COM 

port is it received from. 

 

Software Development  

The autonomous soaring algorithms are processed with a “laptop in the loop” strategy as 

opposed to on board autopilot programming, which is not available for commercial products and 

often suffer from computational limitations.  The ground control system constantly receives 

telemetry from the vehicles in flight and sends commands to each vehicle based on their flight 

state.  For example, if one vehicle sends telemetry down that indicates thermal lift (such as a 

sustained climb rate without losing airspeed), it will be commanded to attempt to circle and core 

the thermal.  If the vehicle successfully cores the thermal, a command will be sent to the other 

aircraft to fly to the thermal GPS position which is updated during the course of the “chase” and 

attempt to thermal it as well.  This strategy of always flying to the nearest known thermal is 

likely far from optimal control for cooperation and represents the most basic solution.  It is also 

the same control strategy used in the simulation results.  It is easy to implement 
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programmatically, and provides a good baseline cooperative soaring performance that can be 

used to gauge future results with more advanced cooperation algorithms.   

The ground control system software (GCS) was written in the Matlab programming 

language using a graphical user interface design tool known as GUIDE.  It allows the user to 

connect to the aircraft to receive and display telemetry in a graphical user interface, as well as 

send commands using mouse clicks.  A text readout at the bottom of the screen displays all of the 

actions taken by the autonomous soaring algorithms.  Text boxes display battery information, 

flight mode (autonomous, manual, thermal, search), and allow the user to select a single aircraft 

to specify the recipient of such commands as “come home”, or “resume soaring.”  A large 

overview map displays the aircraft position and altitude.  A variometer moving graph on the right 

side of the screen helps indicate thermal lift to the user. Figure 17 shows a screenshot of an early 

build of the GCS, which was successfully tested to display flight data and send basic commands 

to the autopilot.   
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FIGURE 17 - GROUND CONTROL SOFTWARE SCREENSHOT 

 

Figure 18 shows a later build of the GCS.  At this stage in the project, the GCS had been 

developed to include the ability to click anywhere on the map to send one or both vehicles to the 

corresponding GPS coordinates, command vehicles to climb to a specified altitude to begin 

another glide down to search for thermal lift, and to playback flight data files to study the flights.   
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FIGURE 18 - SCREENSHOT OF LATER BUILD OF GCS 
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CHAPTER 4  

RESULTS 

Single Vehicle Soaring  

Multiple successful autonomous soaring flights were made with several different vehicles 

in various locations during the CoSoar experiments.  The thermal detection and utilization 

control laws used were demonstrated successfully with different vehicles in various atmospheric 

conditions.  See Appendix A for a complete test flight history that highlights the major successes 

and setbacks of the CoSoar test flight program over its nearly 2 year span.  Key examples are 

discussed below. 

May 8, 2010 is a noteworthy example of a single vehicle (The Osprey) extracting energy 

from the atmosphere using very simple but effective thermal centering algorithms. This flight 

was driven via a ground-based PC controller uplinking waypoint and target bank commands as a 

reaction to telemetry data from the vehicle that indicated the presence of thermal lift. 

Figure 19 shows altitude, both barometric and GPS, as a function of time during the 

autonomous portion of this flight.  Launch and landings were performed manually via RC 

control and the remainder of the 46-minute flight was flown autonomously, guided by the ground 

station computer via radio modem communication with the vehicle in the air.  The ground 

control station was used to terminate the flight by sending a “come home” command before the 

vehicle could reach altitudes that compromised visual contact.   
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FIGURE 19 - SINGLE VEHICLE AUTONOMOUS SOARING FLIGHT 

 

Table 6 summarizes some of the key characteristics of this example flight.  Over a long 

period of time where the average airspeed of the vehicle can be considered constant, net energy 

rate (as given in the table below) for a motor glider with the motor off includes losses due to 

aerodynamic drag and energy gains due to atmospheric energy extraction (increasing potential 

energy by climbing in thermal lift).   
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TABLE 6 - NOTEWORTHY ATTRIBUTES OF MAY 8TH 2010 AUTONOMOUS SOARING FLIGHT 

Duration 46 Minutes 

Maximum Altitude 660 m AGL (2,165 ft) 

Number of Thermal Climbs 3 major climbs, 3 less distinct climbs 

Net Energy Rate, Major Climb 1 (400s < t < 500s) 36.3 Watts (364 ft/min avg. climb rate) 

Net Energy Rate, Major Climb 2 (1700s < t < 1440s) 22.3 Watts (224 ft/min avg. climb rate) 

Net Energy Rate, Major Climb 3 (2362s < t < 2229s) 36.5 Watts (366 ft/min avg. climb rate) 

Net Energy Rate, Descent Glide  (2362 < t < 2605) - 44.5 Watts (-450 ft/min avg. sink rate) 

 

Figure 20 shows a top view of the same flight so that thermal circling, waypoint 

following, and loiter circle holding can be more easily seen.  The dark red areas of the flight path 

indicate high climb rates with net energy gain while the dark blue areas of the flight path indicate 

high sink rates and net energy loss.  The bottom of the graph displays a series of climbing 

thermals turns drifting with the thermal and the prevailing North wind.  Near the center of the 

image, a blue circle shows the glider losing altitude as it descended in its hold pattern over the 

launch and landing zone.  Finally, at the top of the graph, long semi-straight line segments mark 

waypoint following.  Two legs of the programmed waypoint path can be seen.  First, the vehicle 

flew West after launch to waypoint #1, then it turned South to waypoint #2, and then the ground 

station was used to turn soaring mode on.  Before the vehicle reached waypoint #2, thermal lift 

was encountered and bank angle commands were sent to the vehicle to core the thermal lift.  

After this first thermal, the vehicle spent time latching in and out of thermal mode as it spent 

time climbing and descending until the ground station was used to command the vehicle to loiter 

around the home position with thermal mode disabled so that altitude could be lost and the 

vehicle could be ultimately be landed via manual control.   
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FIGURE 20 - OVERHEAD VIEW OF SINGLE VEHICLE AUTONOMOUS SOARING 
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Another example flight occurred on November 18, 2010 with the CoSoar II motor glider 

taking flight over an agricultural area in Hollister, California.  Hollister is close enough to the 

Pacific Ocean to be affected by a relatively low convective boundary layer and therefore produce 

small, light thermals.  Often, there will be no thermal activity in Hollister.  These conditions 

proved much more challenging than sites flown previously in Wichita, Kansas, where very large 

and powerful thermals were often present, as shown in the previous example. 

Figure 21 shows several interesting results of soaring in light thermal lift.  First, the 

autonomous search pattern starting with an altitude of only approximately 175m AGL proved to 

find only weak thermal lift, which was difficult to utilize for useful periods of time.  Two low-

level thermals are shown at the beginning of the flight where the CoSoar vehicle detected an 

updraft and began to circle, but did not climb very quickly or stay in thermal mode very long.   

Secondly, the flight demonstrates a form of cooperative soaring.  After the first few weak 

thermals, the vehicle was commanded (at around t = 1200s) to climb to an altitude of around 200 

meters AGL in the vicinity of a circling hawk spotted by the ground station operator.  After the 

motor shut off at the top of the climb and the vehicle began its gliding descent in search of 

thermal lift, it successfully detected and utilized the thermal indicated by the hawk.  The hawk 

and the CoSoar II climbed together in the same thermal for the only significant thermal climb of 

the afternoon at a reasonable 260 fpm average climb rate.  This result demonstrates the value of 

using multiple vehicles to find updrafts.  Without the indication of the thermal made by the 

hawk, the day’s flights may have not yielded any significant altitude gains. 
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FIGURE 21 - LIGHT THERMAL LIFT AND COOPERATIVE SOARING WITH HAWK NOV 18, 2010 

 

Another flight made over Hollister in weak thermal conditions with significant horizontal 

winds demonstrates the thermal centering control laws’ ability to drift with the wind to utilize 

updrafts. Figure 22 shows the overhead view of this flight with the dark red areas indicating the 

highest climb rates and the blue areas indicating descending glides.  Also note the large loiter 

circle path the vehicle flies after being commanded to “come home.”  This circle is not affected 

by prevailing winds due to heading compensation made by the autopilot.  All of the thermal 

climbs made on this day were very modest at less than 1000 feet AGL and the climb rates were 

somewhat weak, but climbs were nevertheless made and sustained.  The vehicle was often 

commanded to return home before it drifted significantly downwind.   
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FIGURE 22 - COSOAR II DRIFTING DOWNWIND IN THERMALS ON OCTOBER 9, 2010 

 

Cooperative Soaring  

As mentioned in earlier sections of this report, all of the experimental hardware and 

software was designed from the beginning to work with one or multiple vehicles. Over the 

course of the CoSoar project, several cooperative soaring flights were attempted using two motor 

gliders and one ground station computer commanding the “flock.”  Successful autonomous 

soaring requires operation of two autonomous motor gliders in the same airspace with reliable 

radio communication, good hardware performance, and the presence of thermal lift.  

Unfortunately, the combination of vehicle operators, pilots and ground station operator, and 
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weather never yielded a successful instance of two vehicles utilizing the same thermal to make 

significant altitude gains in the way a single vehicle did in the previous examples.  Most attempts 

at cooperative autonomous soaring were successful in that the vehicles successfully 

communicated with and could be commanded by the ground station computer.  Demonstrating 

operation of two UAVs simultaneously from one ground station was an important step towards 

further soaring efforts.  

Data was collected during cooperative soaring attempts to demonstrate that all of the 

prerequisites for cooperative soaring were achieved.  These included thermal detection and 

utilization, proven with single vehicle soaring, and communication from one vehicle to another 

about the location of a thermal updraft.  In the absence of strong thermal lift, experiments were 

conducted where one vehicle was flown with the motor on.  The second vehicle would “see” the 

first vehicle climbing, as indicated by the positive energy rate, triggering a “chase” mode, and 

proceed to fly to the position of the climbing vehicle.  One instance of successful chase behavior 

was demonstrated on April 3, 2011, as shown in Figure 23.  During this flight, one vehicle was 

commanded to climb from the ground control station while the second vehicle was occupied with 

its thermal search grid pattern a in a different portion of the flying site.  The second vehicle 

exited its waypoint following mode and crossed a significant portion of the field to chase the first 

vehicle, which was climbing under throttle.  The cooperative control logic governing the second 

vehicle in chase mode only “saw” that the first vehicle was climbing without losing airspeed, and 

inherently assumes no throttle as the system was nominally designed for gliding soaring flight, as 

demonstrated in the single vehicle examples.  Figure 23 shows the two vehicles as seen by the 

ground control software at the time of arrival of the second vehicle to the first vehicle’s position.  
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FIGURE 23 - ONE VEHICLE CHASING ANOTHER DURING AN AUTONOMOUS SOARING 

ATTEMPT 

 

The second vehicle never switched into thermal mode itself because no thermal lift was 

detected, but this successful chase behavior helped to test the key feature of a cooperative 

soaring system: the ability of one vehicle to chase another vehicle to the location of presumed 

atmospheric energy.  When the first vehicle’s motor was turned off and the vehicle’s mode 

switched back to autonomous glide, the second vehicle eventually “saw” that the first vehicle 

was now failing to maintain a 10 second average positive energy gain rate and returned to its 

waypoint pattern near the other edge of the field.  The red and blue lines on the map overlay 

show the paths of the two vehicles during the chase experiment.  The vehicle flight mode, battery 
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state of capacity, and airspeed are displayed in a list box which is also used to specify which 

vehicle to send commands to, such as “resume waypoints”, “come home”, etc. 

Given that both vehicles demonstrated the ability to detect and utilize thermal updrafts, 

and in cooperation chase a vehicle which has a positive energy rate due to sustained climb, it is 

reasonable to postulate that the system is capable of achieving successful soaring flights with 

multiple vehicles working together to gain altitude if the right atmospheric conditions were 

present when ground crew personnel were available to operate the vehicles.  Table 7  

summarizes the key requirements for successful cooperative autonomous soaring and the 

corresponding results achieved during the CoSoar flight test phase. 

TABLE 7 - SUMMARY OF REQUIREMENTS AND RESULTS OF COOPERATIVE SOARING 

EXPERIMENTS 

Requirement Result 

System Capability: Detect and utilize thermal 
updrafts with laptop-in-the-loop control 

architecture and ground control station user 
interface 

Demonstrated in both weak and strong thermal 
lift, with and without prevailing winds, and with 

several different motor gliders. 

System Capability: Control multiple aircraft 
simultaneously from one ground control station, 

respecting flight boundaries and line of sight 
requirements 

Demonstrated with live re-tasking of each glider 
including climbs to soaring altitude, glides to user 
specified GPS coordinates, and holding patterns 

System Capability: One vehicle detects the other 
vehicle has found a thermal, and changes its 

course to intercept the thermal. 

Demonstrated by flying one vehicle manually in a 
powered climb, and observing the autonomous 
arrival of the second aircraft to the GPS location 

of the first. 

Atmospheric Condition: Thermals present of 
sufficient strength and size to be used by RC 
motor gliders.  Wind speeds below 10 mph. 

Strong and weak thermal lift encountered during 
single vehicle soaring tests.  No substantial 
thermal lift encountered during multi-vehicle 

soaring tests. 
Personnel Requirement: At least one spotter for 

each vehicle and one ground station operator/RC 
pilot available for testing 

Student assistance available during tests in 
Wichita, Kansas.  Assistance rarely available 

during tests in California. 

Test Site Requirement: Large field away from 
developed areas, general aviation activity, 

conducive to thermal generation. 

Several nearby, appropriate test sites in Kansas 
challenged by high winds.  Several sites in 

California challenged by poor thermals and travel 
times over 1 hour by car. 

Vehicle Capability: Large enough for autopilot and 
sensor integration, efficient, transportable, robust. 

CoSoar motor gliders log an L/D of at least 19, 
break down into a compact car, house avionics 

with ample room.  Built with impact resistant foam. 
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CHAPTER 5  

CONCLUSIONS 

Review of Major Findings  

Autonomous soaring with one and multiple cooperating autonomous vehicles was 

explored through simulation and experiment.  Simulations were used to develop basic thermal 

detection and utilization vehicle controls that used energy rate to control bank angle.  With 

effective thermal control laws in place for a single vehicle, multiple cooperating vehicles were 

introduced to study the effect on system performance.  Single and flocks of multiple soaring 

vehicles were found to be able to greatly extend their flight year round.  The time spent searching 

for thermals was found to decrease with flock size while the time spent climbing in thermal lift 

was found to increase with flock size.  For the glider performance, atmospheric model, and flight 

boundaries assumed for these simulations, the greatest gains in system soaring performance were 

found to be achieved by increasing the flock size from 1 to 3 vehicles, while less significant yet 

positive gains were seen by increasing the flock size to 4 or 5 cooperating vehicles.  The greatest 

soaring performance was found with a flock of 5 vehicles.  The cooperative logic used serves as 

a simple and effective baseline control strategy which leaves ample room for future 

improvement. 

In experiment, a system consisting of custom ground station software, radio modems, 

autopilots, and custom motor gliders was developed and tested in an attempt to achieve thermal 

soaring with one and two cooperating vehicles.  Single vehicle soaring was successful on several 

occasions in varying conditions including climbs exceeding 2,000 feet in altitude gain.  Attempts 

with two cooperating vehicles were made, and successful cooperative behavior was 
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demonstrated in flight.  All of the requirements for cooperative autonomous soaring were 

demonstrated individually on various occasions and it is reasonable to expect that the 

simultaneous occurrence of ground crew and favorable weather would yield cooperative soaring 

where two vehicles ultimately extract energy from the same thermal.  The ground control 

software, communication hardware, and autonomous vehicles were shown to be effective in 

making the simultaneous operation of two vehicles possible including chase behavior, re-tasking, 

and thermal detection and utilization.  Several challenges were encountered over 2 plus years and 

more than 200 flight tests including troublesome airspeed control, vehicle structural problems 

related to exceeding flutter speed, and difficult atmospheric conditions that often rendered 

soaring impossible when flight test personnel were available for multiple vehicle flight testing.      

Future Work 

Further work in cooperative soaring simulations presents an opportunity for improvement 

in flock effectiveness through the development of task-specific behavior such as duration and 

distance.  Such improvements in system soaring performance should improve upon the baseline 

cooperation laws used in this baseline study.  Some of these include: 

 Thermalling near the downwind boundary of a flight area severely limits the time 

a vehicle can spend working thermal lift.  Behavior which favors upwind 

thermals should improve soaring performance. 

 Vehicles with excessive altitude should behave differently than vehicles with 

relatively low altitude.  A risk-reward decision making control law could help to 

most efficiently task individual vehicles to be of the most use to the flock. 
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 Vehicles that fly at a constant airspeed are flying too slowly in sink and too 

quickly in thermal lift.  Cross country speed-to-fly logic, especially for time 

sensitive tasks, could greatly improve system performance. 

 Flock size is strongly suspected to have severe effects on the optimal control 

policy.  The best control policy for a pair of vehicles is likely different than the 

best policy for a flock of 3-5 vehicles. 

Future work with cooperative vehicle experiments should strive to simplify overall 

system complexity.  Vehicles that are reliable, cheap, transportable, and robust should be used in 

a flight test area which routinely produces good thermal soaring conditions.  An autopilot with 

effective airspeed control should be used, preferably with the ability to change the target airspeed 

between minimum sink, best glide, and high speed cruise/escape sink modes.  While this 

project’s system architecture tasked a ground station computer to detect thermals and control 

vehicle bank angle via uplink and downlink telemetry, future projects could improve on both 

thermal detection and utilization by letting the onboard autopilot handle thermalling control.  

This change would eliminate lag in the system introduced by radio modems and filtering 

telemetry, and free up the ground control station to focus on the task of directing vehicles to the 

locations of thermals found by other vehicles. 

Future work could also use cooperative soaring infrastructure to contribute to the field of 

boundary layer meteorology.  Flocks of vehicles which can sensitively detect updrafts could be 

used to map out the size, strength, movement, and spacing of thermal updrafts. 
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Lessons Learned  

The CoSoar project served as a project/resource management exercise as much as it 

served as an engineering challenge and academic endeavor.  Appendix A shows several of the 

major fabrication and flight test events over the projects two year span.  Key takeaways from this 

timeline include: 

 The challenges encountered when working with a 3rd party to develop and 

implement flight control software additions such as a pitch-airspeed controller for 

gliding flight.  From early March 2010 through the completion of the project in 

late Spring of 2011, several versions of airspeed via pitch control were developed 

and tested with various levels of success, never resulting in a reliable guard 

against exceeding flutter speed or failing to maintain airspeed above stall in 

autonomous mode, especially in turbulent air often encountered during thermal 

soaring. 

 The challenges involved with depending on favorable weather conditions for 

successful system testing and concept proving.  Strong thermals in Kansas test 

sites through May of 2010 were easy to utilize when present and not too windy or 

rainy, while weak thermal conditions in Northern California test sites from 

August of 2010 through early Spring 2011 made it difficult to demonstrate 

soaring (especially cooperative soaring) behavior.  Over 200 flight tests were 

performed throughout the CoSoar project.  Most of these involved testing 

components of the system such as ground control software, telemetry, data 

logging, vehicle performance, autopilot gain tuning, operator training, and vehicle 

flight envelope definition.  Very few of these flights actually tested the soaring 
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system as a whole, though several successful single vehicle soaring flights were 

made, and flights involving multiple vehicles cooperating to fly towards a “fake 

thermal” by utilizing the motor of one vehicle demonstrated all of the key 

capabilities necessary for cooperative autonomous soaring flight. 

 The challenges involved with beginning a new professional endeavor while 

simultaneously attempting an ambitious academic experiment, and finishing 

documentation of said experiment while working extended hours as a professional 

engineer, from July 2010 to January 2012. 

 The importance of having capable and available ground crew.  All of the 

projects’ successes were made directly possible from support from Wichita State 

University undergraduates from January 2010 through June 2010 as both aircraft 

fabricators and ground station operators during flight tests.  From August of 2010 

through April of 2011, ground crew support was sparse when it was needed the 

most for cooperative testing. 
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