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Abstract	
Soaring is an action that can be readily seen in nature. Birds have long been known to stay aloft 
by using the naturally occurring lift sources generated in the environment. These sources, such as 
thermals and terrain fluctuations, create a region of up-drafting air which affords a natural 
increase in the lift produced by wings. Utilizing these environmental lift sources has great 
technical advantage. Unmanned aerial vehicles (UAVs) are limited in range only by their power 
source; whether that may be battery or fuel, the UAV will eventually need to land to recharge its 
energy source. Due to limited payload constraints, UAVs often are implemented in short-range 
and low-endurance missions. These constraints can be relaxed significantly if the UAV is 
capable of autonomously extracting this energy from the environment. Accomplishing this task 
requires advanced control algorithms which are capable of executing decision making strategies 
to cope with the uncertain variability of the environment. This project will address the need for 
this system as well as experimentally show its application via computer aided simulation and 
radio controlled model flight testing using an autopilot on board the aircraft. 



Motivation	
The motivation for this project is simple: extract costless energy from the environment to 
prolong flight time and increase efficiency. All aircraft are limited in range and endurance by the 
amount of fuel or battery weight they can carry, therefore if the main power source could be 
temporarily turned off and enter a soaring phase, the efficiency and longevity of any aircraft will 
increase dramatically. For example, if we imagine a UAV that is electrically powered containing 
solar panels on its wings, the motor could be used when necessary and enter a soaring mode to 
charge the batteries thereby limitlessly increasing flight time, which saves enormous amounts of 
time and money. 
 
In order to do this potential energy sources need to be identified. Using glider pilots as 
inspiration, thermals and other naturally occurring lift can be seen as a potential energy sources. 
However, for simplicity this project will only focus on the identification and use of thermal 
disturbances in the environment. Since thermals will create an updraft of air, the aircraft can 
utilize this updraft to gain extra lift and altitude. Glider pilots can feel the thermals by the 
instability that the aircraft experiences when traveling through a thermal. An instrument called a 
variometer is also used to give an audible tone when the aircraft crosses through a region of good 
lift. Using these techniques, coupled with the topographical landscape, they are able to locate 
thermals and use them for their lift. A UAV is unable to feel thermals in the same manner so 
sensors must be used to detect instabilities that correspond with a thermal. One sensor in 
particular, a TEK probe, is much like a pitot tube with the exception that it measures the total 
moving energy of a given mass of air; the greater the up drafting velocity the greater the total 
energy of the air. Using topography of the local landscape and data from various sensors, the 
ArduPilot will be able to use the environment to prolong its mission goals. 
 

Purpose	
The primary objective of this project is to implement soaring techniques into an unmanned aerial 
vehicle (UAV). This includes having the UAV able to locate thermals and other updraft areas, 
and utilize them in order to gain lift and extend mission duration. The use of sensors and control 
systems will be extensive in order to locate lift sources and extract energy in the most efficient 
manner. A flight controller will be developed using the framework set up by Edwards in [3], 
utilizing the thermal estimation given in [1]. Once this is established, extensive simulation and 
indoor testing will be done to validate any controllers or soaring strategies in a safe and 
repeatable working environment. After a stable, repeatable strategy is decided upon, actual 
autonomous flight testing will be conducted to show the system in action and to experimentally 
verify the controller and strategy in a real environment. 
 



This autonomous airframe will utilize the capabilities of the open source Arduino autopilot 
called ArduPilot. Since the platform is open source, the autopilot source code can be changed 
and re-written to be tailored to the individual needs of the project. Coupling the ArduPilot with 
various arrays of sensors and a strong soaring control algorithm should afford an autonomous 
gliding unmanned platform capable of carrying out waypoint missions in a highly efficient 
manner. 

Theory	

Energy	Estimation	
There are various methods to detect thermals, most of which revolve around determining the 
energy in the air. One way is to use a total energy probe, or TEK probe as it is commonly called, 
and a variometer, which are devices combined to measure the amount of updrafting lift produced 
by the environment. Due to the choice in autopilot and the limited space in the airframe, this is 
not an option for this project. In Edwards’ paper, he presents a method for estimating the energy 
of the updrafting air by using the airspeed and GPS sensors already onboard the aircraft. 

The airspeed sensor and the GPS are utilized to obtain the airspeed and the vertical velocity of 
the aircraft. The airspeed of the aircraft is in the flight direction. If the plane were level, this 
would be equivalent to the horizontal speed of the aircraft. However, if the plane is pitched up or 
down the airspeed is not necessarily the same as the horizontal speed. Therefore, the horizontal 
speed is calculated using the following equation. 

vhorz  vairspeed
2  vvert

2      (1) 

where vhorz is the horizontal velocity, vairspeed is the airspeed measured the airspeed sensor, and 
vvert is the vertical velocity measured by the GPS. This equation assumes that the plane is at zero 
angle of attack with respect to the free stream flow. Although, the GPS is capable of producing 
the horizontal velocity as well, this does not take into account any wind that may be present.  

The glide polar is necessary for each specific airframe. In this case, the glide polar will be 
determined experimentally. Using the horizontal velocity calculated in equation (1), the 
theoretical vertical velocity is calculated from the glide polar. The general form of the quadratic 
glide polar is shown below. 

              (2) 

where a, b, and c are constants. These constants are also important parameters needed for the 
soaring algorithm, integral in determining things such as the speed to fly in and between 
thermals. 



The theoretical kinetic energy in the vertical direction and the actual kinetic energy in the 
vertical direction are calculated by the following equations. 

   KEgp 
1

2
mvvert ,gp

2      (3) 

   KEact 
1

2
mvvert,act

2      (4) 

where KE is the kinetic energy, m is the mass, v is the velocity, gp denotes the glide polar, and 
act denotes the actual value from the GPS. These values are compared to determine the energy in 
the air surrounding the aircraft.  

  gpact KEKEE       (5) 

If E is positive, then the aircraft is in a region of lift, but if E is negative, then the aircraft is in a 
region of sink. This expression only gives the current conditions. Air that surrounds thermals is 
often turbulent leading to inconsistencies between the estimated energy and the true energy of 
the surrounding air.  

In order to utilize the energy estimation, a bigger picture is needed. To do this, previous data 
points are observed and the derivative is formed producing the change in energy with time as 
seen below. 

         
t

E
E




      (6) 

where  is the change in energy with respect to time. If  is positive, the aircraft is flying into 

greater lift or less sink. If  is negative, the aircraft is flying into greater sink or less lift. In order 
to determine the location of thermals, the goal is for the aircraft to always fly in the direction of 
increasing lift.  

For autonomous soaring, multiple decisions need to be made by the autopilot. If the aircraft is at 

a substantial altitude to reach the next waypoint comfortably, then the  estimation can be 
ignored and waypoint tracking can be continued as normal. If the aircraft is unable to reach the 

waypoint, the autopilot should begin searching for thermals and other sources of lift using the  
estimation. A middle option can be implemented in which the autopilot continues to perform 
waypoint tracking, but is allowed to deviate from the path a restricted amount. This case would 
be used if the aircraft is capable of flying a majority of the distance from the current altitude or if 
the aircraft can reach the waypoint but with a minimal margin of error. 

For autonomous UAVs, where the main goal is not to fly without power, but rather simply 
lengthen the time and distance of missions, the third case can be utilized almost exclusively in 



which the autopilot searches for the optimal path in which maximum lift, or minimal sink, is 
obtained from atmospheric conditions. 

Approximation of Thermal Center Location 
In order to calculate optimal paths to utilize the thermals effectively, the location of the center of 
a thermal must be determined. There are many methods by which glider pilots have been known 
to center their aircraft in a thermal. The method that will be used by this project is a statistical 
estimation of the center of the thermal using a center of mass calculation that is modified to 
accept the air energies calculated by the energy estimation. 

Utilizing the same energy approximation method outlined above, the total measured energy of 
the aircraft is calculated. Following the thermal center approximation algorithm given in [3], we 
have the total energy of the aircraft is the sum of its kinetic and potential energies 

               (7)  

Where  is the mass of the aircraft,  is the gravitational constant,  is the aircraft’s altitude 
(measured via GPS), and  is the aircrafts airspeed, as measured by the airspeed sensor. If the 
glide polar for the particular aircraft is know, the expected energy of the aircraft in soaring at a 
particular velocity can be estimated as a function of velocity, let this theoretical energy that the 
aircraft “should” have at this given state  be denoted by . To calculate the rate of change 
of the energy, the simple discrete derivative approach that was seen above is utilized. To 
estimate the energy of the air the difference is taken 

             (8) 

The units of the above equation are standardized simply by dividing by the weight of the aircraft, 
i.e. 

     (9) 

In order to approximate the thermal center, a “history” of previous energies is stored in a queue 
that has the following form 

                   …      (10) 

An energy modified center of mass approximation for the location of the center of the thermal 
trying to be centered is given by 

                                            
∑

∑

∑

∑
	   (11) 

Where  and  are the current latitude and longitude of the aircraft as given by the GPS. At 
this stage, a grid of nodes is created around the center of mass approximated thermal location. 



This grid can be as dense as the user would like, though this process is slightly computationally 
heavy, so a minimalist approach should be utilized when determining grid densities. With a grid 
size determined, the nonlinear form for an idealized thermal as discussed by Wharington, which 
is presented in [1], 

                                                          ,     (12) 

Where  is the distance from the aircrafts current location to the approximated center of the 
thermal using standard Euclidian techniques,  is the strength of the thermal, and  is the 
approximate radius of the thermal. 

                                    ,     (13) 

Linearizing using log-log gives 

                                                       ln ln     (14) 

This equation is of the standard form used in linear regression that is 

                                                                       (15) 

Which allows the solution of both the strength and the radius of the thermal via the linear 
regression relationships of 

                                                          
∑ ∑ ∑

∑ ∑
     (16) 

                                                              
∑ ∑

     (17) 

From these coefficients, the strength and radius are determined via 

                                                                             (18) 

                                                                    √      (19) 

The statistical correlation coefficient is then calculated using the following form 

                                             
∑ ∑ ∑

∑ ∑ ∑ ∑ 	 	
    (20) 

This process of linearizing the Wharington thermal equation and calculating the correlation 
coefficient  is carried out at each of the nodes in the grid. The node location with the largest 
value of  then becomes the new location of the thermal center. The process is repeated for 
each new source of lift that the aircraft “decides” to explore.  



Soaring	Techniques	
Soaring is a skill that has been mastered by birds in nature and learned by humans. There are 
many types of lift that are utilized while soaring, including: ridge lift, wave lift, and thermals. 
Pilots have a distinct advantage over a computer when it comes to soaring. Pilots not only are 
able to sense minor movements in the aircraft, but have eyes to examine the surrounding terrain. 
Variations in ground color, ridges in the distance, or meteorological formations give the pilot 
clues as to where areas of lift may be present. Detecting the thermal using an autopilot will 
initially be completed using solely the energy estimation technique described above; however, 
there are nuances that can be learned from pilots that will prove advantageous later in better 
detecting and centering a thermal. 

There are numerous clues that the aircraft is approaching an area of good lift that pilots can 
easily detect. Due to the shear layers in the atmosphere caused by rising air, turbulence is 
common near thermals. A pilot can feel the movement of the aircraft due to this turbulence and 
sensors, such as accelerometers, theoretically would be able to sense these movements as well. 
However, analyzing the senor data to determine whether the turbulence is due to a nearing 
thermal or to general aerodynamic turbulence is more difficult. Additionally, there are areas of 
sink that surround an area of lift. This is easier to detect using the energy estimation technique; 
however, instrumentation is known to give false readings regarding the lift around the aircraft. 
Horizontal airflow can cause a variometer to report an area of lift where there is insignificant lift. 
It is important to have multiple instruments that agree that there is or is not lift before beginning 
to circle in the thermal under the soaring algorithm. 

Once an area of good lift has been identified, pilots use several techniques to center themselves 
within the thermal to harness a maximum amount of energy. Generally, pilots have two rules of 
thumb that they use when they fly [2]: 

1. Never fly through the same patch of bad air twice, 
2. Shift circle towards the stronger side of the thermal. 

Flying through the same patch of bad air lengthens the time the airframe experiences sink. If an 
area is already determined to contain sink, then it can be avoided in a search for further lift. 
While this is necessary for soaring, if a UAV is simply trying to find the optimal path between 
waypoints, there is no reason for it to fly through the same patch of air more than once. For 
soaring, it may be useful to maintain a general idea of where lift or sink has occurred throughout 
the flight.  

Shifting the circle to the stronger side of the thermal is important to collect as much energy from 
the surrounding air as possible. This requires flying through the air that contains the most lift. 
The problem is determining where this area of maximum lift occurs. 



There are two main methods in determining the location of maximum lift. First, airframe 
response can be used to determine on which side of the aircraft greater lift is being generated. 
For example, if the aircraft banks to the right without pilot input, there is more lift on the left 
which implies that the strongest portion, or center, of the thermal is to the left of the aircraft. The 
idea would then be to turn into this area of greater lift. While this bank is generally small, 
between one and three degrees, it would be easy for the inertial measurement unit (IMU) to 
detect this change since they can normally resolve minute fractions of rotations. In order to 
further center the aircraft in the thermal, the bank angle should be changed based on the 
conditions. In areas of increasing lift, the aircraft should maintain a shallower bank angle. 
However, in areas of decreasing lift, the aircraft should maintain a steeper bank angle. This 
ensures that the plane exits areas of sink faster than it exits areas of lift.  

Hobby‐Lobby	Super	Dimona	2400	Aircraft	(Legacy)	

Work	Done	on	Airframe	
The airframe used in this design project was damaged beyond flight-readiness, due to previous 
mishandling and neglect while in storage, and had to be repaired before any testing on it could 
occur. The nose of the airframe was cracked through the fuselage and the motor mounting 
position was shattered and crumbling. This became a severe structural weak point. Due to this 
weakness the motor was able to vibrate violently, causing more damage to the airframe. An 
unsteady motor is unacceptable as this will completely degrade flight performance. This was 
repaired by reinforcing the nose with fiberglass. The inside of the nose was layered with three 
strips of fiberglass along the lateral axis of the nose as well as one larger strip down the 
longitudinal axis of the nose. The engine mounting hardware that was previously installed was 
removed to be properly installed after the structure of the nose was repaired. The engine 
mounting kit consists of a circular piece of wood that attaches the motor to the nose of the 
aircraft for support. The wood mounting bracket was epoxied into the interior portion of the 
nose. Once this was dry the interior nose received one more layer of fiberglass to reinforce the 
mounting plate. Along the exterior of the nose section, another circular piece of fiberglass was 
placed to ensure complete rigidity of the nose section. These reinforcements significantly 
improved the structural integrity of the airframe and eliminated the vibrations of the motor. The 
repairs also increased the total thickness of the nose and required the use of longer screws than 
the factory supplied screws to mount the motor to the nose. The extra thickness also caused the 
nose to weigh more than before the repairs which is beneficial since the airframe is typically tail-
heavy, but for stability purposes should be slightly nose heavy if not perfectly balanced. 
 
Upon inspection of the airframe when it was delivered a severe problem was noticed. The two 
main body servos which control the rudder, elevator, and nose gear were installed incorrectly. 
Normally the servo body is aligned parallel to the control rod; the previous team had installed the 
servos perpendicular to the control rods, rendering them useless for all intents and purposes. An 



effort was made to remove the servos from the plate by unscrewing them (the normal process of 
servo removal/insertion), but it was discovered that the servos had been glued into the plate, as 
well as screwed in. To remove the servos, the plate had to be cut using a Dremel tool and a cut 
off wheel. So much material of the servo plate had to be removed to excise the incorrectly 
mounted servos that a new one needed to be built. To do this a 0.100 inch thick aluminum plate 
was machined to fit the dimensions and proper orientation of the servos. The plate contained 
slots for the servos to slide into and were then properly tapped for #1-72 screws to properly seat 
the servos onto the plate. The aluminum, though a heavier alternative to the stock laminated 
wood servo tray, offered an outstanding increase in the strength of the plate. To attach the plate 
to the airframe, the original wood servo tray was wetted, than covered with Gorilla Glue. which 
was used due to its expanding characteristics as it cures. The plate was clamped into the fuselage 
and allowed to dry overnight resulting in an incredibly strong bond between the servo plate and 
the fuselage. 
 
The mount for the battery was also not secured to the aircraft. The battery mount consisted of a 
laminated wood mount with two Velcro straps that held the battery to the aircraft. This allows for 
the battery to be easily removed for charging but when mounted creates a rigid system that 
prevents the battery from moving. As per the manuals suggestions, the battery mount was 
epoxied to the fuselage directly in front of the servo plate. The mount was epoxied in this 
location since it helps move the center of gravity to about 58 mm from the leading edge of the 
wing along the root chord, which is the ideal location for this particular airframe according to the 
instruction manual. The autopilot battery (since it was small) was mounted on the right side of 
the plane between the motor and the main flight battery. 
 
The MonoKote covering was found to be delaminating and bubbling in some areas. This is 
disadvantageous for several reasons. One reason is the MonoKote is actually an integral 
structural component to the plane since it is built as a monocoqued structure which helps the 
lifting surfaces retain their shape. With the MonoKote bubbling this gives a better chance for 
warping. The MonoKote also provides the crucial smoothness that the lifting surfaces need in 
order to provide decent lifting from the flow. An advantage of MonoKote is that it is very 
responsive to heat, therefore to fix this bubbling we simply heated it up again and smoothed it 
out with a special covering iron. 
 
The IMU mount that was initially in the airframe was a Styrofoam box with a strip of Velcro on 
it. This caused the IMU to not be rigid in the aircraft and would produce inaccurate results. The 
new mount was constructed out of a light wood that was machined precisely for the IMU which 
created a very rigid surface for the IMU to be mounted. The wood mount was then screwed to 
the servo plate through a counter bored through hole (to ensure no electrical interference between 
IMU and screw) with a rubber spacer between the mount and the servo plate to ensure that it was 
securely in place. The IMU was still mounted to the plate using Velcro since it allows the IMU 



to be easily removed for use in other projects. The ridge of the mounting plate still contained the 
IMU so that the slop from the Velcro has mostly been eliminated while still retaining the 
removability of the Velcro system. 

 
 

Figure 1 Modifications to Interior of Plane  

In the initial configuration of the airframe, there was no designated place for the ArduPilot to be 
mounted. The seat that sits directly under the canopy was modified to hold the telemetry 
components of the autopilot as well as the antenna for the GPS. These components are attached 
to the seat using Velcro. The wires connecting each component to the autopilot and IMU were 
run through an opening in the bottom of the seat. The GPS and XBee (telemetry transceiver) 
were placed in the seat under the canopy to offer the least obstructed view in the plane, as the 
only item above them is the clear, plastic canopy. The eight input/output pins on the ArduPilot 
were extended into the back of the seat to offer a more accessible method for attaching 
components to the autopilot, for example the IMU and the FTDI cable (what is used to 
reprogram the autopilot board). This is important because it allowed for little tampering when 
changing the autopilot configuration from a normal flight mode, with the IMU attached, to a 
simulation mode where the FTDI cable must be connected to a computer. The uBlox wires that 
connected the GPS to the IMU were too short to reach the IMU from the GPS mounted in the 
cockpit seat and therefore needed to be extended. The wires were spliced and then soldered 
together to create a longer cable that allowed for the IMU to be rigidly mounted above the servo 
plate and the GPS to be mounted in the seat. This also served to allow easier access to the 
components under the seat since the GPS cable ran through the seat and blocked some motion. 
 



 
 

Figure 2 GPS and XBee Mounted in Seat  

The previous year’s teams used another autopilot called Paparazzi. This autopilot is much less 
user friendly, which is why the ArduPilot is currently being implemented. The Paparazzi, and 
older models of the ArduPilot receive their attitude information from a device called a 
thermopile. Three thermopiles were mounted on the plane (one in each of the coordinate 
directions). These devices work by measuring the minute temperature change between the front 
and back of the device and thereby extrapolating at which angle the aircraft is oriented. The first 
team had run the thermopile cables through the tail of the aircraft and out a small hole between 
the elevator and the rudder on the vertical stabilizer and up to a very bulky, not aerodynamic 
mount where the thermopiles were simply Velcroed. Thermopiles must be rigidly attached to the 
body that they are measuring and exposed Velcro was not a wise decision. Since an IMU was 
going to be used to gather orientation data, the thermopiles were removed. Another benefit of 
this was that the cables for the thermopiles were ran in such a way that they would affect the 
aerodynamics of the tail and also impinged on elevator movement. 
 
The servo linkage arm on the right side of the airframe that controls the rudder and landing nose 
gear was too short. This caused the linkage for the rudder to bind and limited its movement. This 
limited range of motion hinders the control surfaces and created a less controllable aircraft. The 
required servo linkage is an X-bar linkage and was not available for purchase in the size and gear 
teething that was required by the servo. To compensate two different linkages were glued 
together to create a servo linkage of the right gear teething and length to prevent binding of the 
rudder arm. After many experiments with the glued linkage it was found that the glue could not 
handle the torsion created by the particular forms of stress it sees when completing a circuit with 
the servo. It was found that a single long bar servo arm could be used if the nose wheel and 
rudder control arms were attached in the correct places to prevent the binding of the servo. After 
much iteration of control rod linkage locations, a successful configuration was decided upon. 



 
To obtain airspeed data, it was necessary to install pitot tubes in the aircraft. The pitot tubes that 
came with the ArduPilot were around three inches long. It is advantageous to have pitot tubes as 
long as possible to avoid interaction with the changing flow behavior as the free stream 
approaches the wing. The basic rule is that the pitot tube should be about a quarter chord distance 
away from the leading edge of the wing. Since this is more important in the static tube case the 
static tube was extended and protrudes the furthest from the wing. It should also be noted that it 
is disadvantageous to have both the static and dynamic pressure tubes running at the same 
distance since the aerodynamic effects caused by one tube would adversely affect the reading 
produced by the other which is why the tubes are different lengths. The initial tube was used but 
was placed inside a longer hollow tube and then epoxied in place. The two pitot tubes were then 
installed on the right wing at half span. These were installed by cutting a hole in the bottom of 
the wing and then drilling two holes for the tubes in the leading edge of the wing. The tubes were 
then run through the two holes and all of the tubing was connected via the hole on the bottom of 
the wing. The tubes were then epoxied in place to ensure a rigid connection so to avoid pressure 
leaks and achieve as good of data as possible. The factory tubing was too short to reach the 
ArduPilot and required extension. Most who use this system often have simple gliders or planes 
with pusher motors so the pitot tubes are often run close to the autopilot through the nose of the 
aircraft. With our large motor in the front, it was impossible to do this, so the pitot tubes had to 
be mounted in the wing. This was done by running the tube into a slightly larger diameter tube 
and sealing the gap to prevent any pressure release at the connection. The bottom hole in the 
wing was then patched by MonoKote. 

 
 

Figure 3 Pitot Tube Installation 

A new main battery, ArduPilot battery, and propeller were purchased to replace nonfunctioning, 
nonexistent, or incorrect parts. The main battery purchased was an 11.1 V, 4000 mAh lithium 
polymer battery. This would provide a reasonable flight time for testing. Additionally, this 



battery came with adapters to convert to the connector on the ESC, eliminating the need to solder 
the leads, as was necessary on the previous battery. The ArduPilot battery is a 7.4 V, 800 mAh 
lithium polymer battery. A voltage regulator was used to lower the voltage of the 7.4V battery to 
5V range required by the ArduPilot. The propeller was purchased to match the recommended 
specifications, 11x8 (11 in. diameter, 8 degrees of pitch), given by the motor manufacturer. It 
was necessary to drill the center bore of the propeller to accommodate the shaft of the motor 
since there are no standard sizes for electric aircraft propulsion accessories. 
 

 
 

Figure 4 New Propeller Installed 

In order to simplify the power system, the ArduPilot was configured such that it was powered 
from the main flight battery through the servo headers. This eliminates the need for the dedicated 
ArduPilot battery. An additional flight battery was added in order to lengthen flight tests without 
needing to land the plane and switch batteries. The two batteries were wired together in parallel 
to increase total power output while maintaining an 11.1V output. Additionally, it provided 
ballast in order to correctly set the center of gravity. This weight is needed regardless of the 
source; however, the additional battery was useful.  

Work	Done	on	ArduPilot	
Before testing could be done using the ArduPilot, the battery connecter was soldered and 
wrapped in order to be safely handled. The original connecter was bare wires that were wrapped 
around exposed metal pins. This was later changed such that battery cables were no longer 
needed and the ArduPilot was powered from the main flight battery through the servo headers. 



 

Figure 5 Legacy ArduPilot 

Next, we became familiar with the Arduino software package. It was necessary to understand 
how the software works and how to change parameters based on the flight mode needed and 
flight parameters. Additionally, different source codes were tried to obtain better simulation 
results. The source code with the most information in the online forums, and that provided the 
best simulations was the ArduPilot source code created by Jean Louis-Naudin (JLN). Parameters 
were set to use the GPS Emulator for simulations and then the code was loaded to the ArduPilot 
board. The following codes were changed to utilized different ArduPilot modes. 

 

ArduPilot Mode Settings 

Normal Flight Mode 

Shield=1 (Shield V2: Blue) 
Airspeed=1 

GPS Protocol=3 (ArduIMU) 
GCS Protocol=0 (Normal ArduPilot) 

GPS Emulator Simulations 

Shield=-1 (No shield) 
Airspeed=0 

GPS Protocol=0 (NMEA) 
GCS Protocol=6 (GPS Emulator) 

 

Additionally, experience was gained using the Config Tool to set the waypoints for flight. The 
home location was set manually using latitude and longitude. Next, the waypoints are selected in 
order using a point-and-click method on a window downloaded from Google Maps. The 
waypoints were changed manually using the latitude and longitude of each waypoint or by 
selecting the waypoint and dragging to the desired location. These waypoints were then loaded to 
the ArduPilot board for use in the simulations through the FTDI cable. 

The GPS Emulator was used to conduct simulations. After the source code and waypoints are 
loaded to the board, the GPS Emulator sent simulated GPS data to the autopilot board. The board 
then used the data and simulated control surface changes which were sent to the GPS Emulator 



to update the GPS information. The GPS Emulator was also able to map the flight path of the 
plane as it went through the simulations. 

 

Figure 6 Simple Hexagon Flight Plan 

 

Figure 7 Simple Flight Plan around Campus 

The blue dots are the waypoints, and the blue lines are the straight vectors between waypoints; 
the purple path is the trajectory of the plane from the simulation. The simulations done using the 
GPS Emulator used the standard source codes with minor modifications. These modifications 



simply put the ArduPilot in a mode suitable for the simlations. The simple flight path is the 
standard flight path in the source code. No optimization to this flight path has been implemented 
in these simulations. 

It should be noted that there may have been a hardware problem with the XBee onboard the 
plane (the one with the wire antenna). During several experiments the board stopped sending 
data. This was seen visually when the red light is illuminated on the XBee base board. To fix this 
problem the firmware settings were read off of the ground station XBee (the one with the solid 
plastic antenna) using the program X-CTU. The wire antenna XBee was then hooked up to the 
laptop to have the firmware written to it. Initially this process reset the XBee and threw a 
connection error. Once this process has been completed the baud rate was changed to 9600 and 
the “Test/Query” button was pressed to see if the XBee had been reset correctly and was now 
responsive. Once this test was successful, the baud rate on the firmware side was checked to see 
if it was still set to position 5 which is 38400, then the firmware was re-uploaded to the XBee 
board. Once this was successful, the baud rate on the PC settings tab was again reset to 38400 
and the Test/Query button was pushed to see if the now reset XBee is function at the correct 
frequency. With this process complete, the wire antenna XBee module was placed back inside 
the plane, and worked well. It was determined that adding a delay to the ArduPilot code would 
prevent this error from occurring. Once the delay was included, no further issues occurred with 
the XBee and the reset was no longer needed. 

An anomaly occurred during flight-testing that resulted in substantial crash. During analysis of 
this crash, it was determined that an ArduPilot malfunction prevented the pilot from regaining 
control from the autopilot. The source of this could have been a power surge through the 
ArduPilot that caused it to malfunction or an internal failure that had the same result. Regardless 
of the source, it is believed that when the ArduPilot malfunctioned, the airspeed sensor was lost. 
When an autopilot airspeed sensor fails, it gets data that would lead it to believe it is not moving. 
In this instance, the autopilot deflects the elevator to full down and throttles up in an attempt to 
regain airspeed. When the ArduPilot “locked out” the transmitter, there was no way to regain 
control and the plane crashed. As a result of this crash, it was decided to upgrade to the 
“ArduPilot Mega” due to forum posts online in which similar events occurred.  

Flight	Performance	Testing	
A test flight was performed on Saturday, December 3rd, 2011. The main purpose of this flight 
was to test the structural integrity of the airframe and collect flight data, specifically a glide 
polar. We were concerned with the structural integrity because the pilot had warned us that the 
wings of this particular aircraft were quite flexible and we may run the risk of breaking the wings 
or spar on the takeoff roll. It was with great relief that the aircraft successfully completed all 
aspects of the test flight with flying colors. However there were the usual glitches associated 
with any maiden test flight. Upon arriving at the test location, the servo wire connected to the left 
aileron was somehow removed from the wing. In order to reinstall this wire, it was necessary to 



cut slits into the MonoKote to manually feed the wire through the small slits in the wing ribs. 
Once the wires were run, clear packing tape was used to cover and smooth these holes. 

 

Figure 8 Servo Cable Reinstalled in Wing  

The wings were then attached using the included spar, a 4x20 mm screw and a 4x20 
polycarbonate dowel. Next, the ArduPilot was connected and the telemetry and ground station 
were tested. Upon initial startup of the autopilot, the XBee needed to be reset following the 
strategies mentioned above. Once this was completed the telemetry system was up and running 
smoothly. The canopy was then secured into place using clear packing tape. After the airframe 
was assembled, preliminary flight checks were performed. Upon approval of our pilot, Chris 
Poole, the test flight could begin. 

 

Figure 9 Aircraft in Powered Flyby after Successful Gliding Runs 



Once off the ground, the structural integrity was confirmed. The ground station was used to 
collect real time flight data. After climbing to an appropriate altitude, glide tests were performed. 
Flying a simple oval flight path with no throttle produced sink rate and airspeed data. Several 
passes were made at varying speeds providing an averaged value for airspeed and sink rate. 
Plotted together, these values produce a glide polar.  

 

Figure 10 Calculated Experimental Glide Polar  

The measured airspeed was quite unsteady due to the changing winds that were present when the 
test flight was being conducted. This caused the data for each run to be quite scattered. To 
combat this issue an average was taken of the data, and each of the test runs received one point 
characterizing the glide slope at that particular speed. Three out of the five points corresponded 
to the correct glide polar concavity. The last two runs had high wind and therefore the data could 
not be used to conduct create the polar. This averaged polar, using MATALB, was found to have 

the following formula: 0.0766 1.895 12.82. This formula is necessary 
to begin working on the soaring controllers. The speed to fly between thermals and other 
characteristic gliding controls are based upon the quadratic glide polar equation. Though this 
formula was created using data from a windy day, it gives us an approximated start to begin 
working on a first iteration of soaring control algorithms. 

An additional test flight was attempted to begin testing the functionality of the ArduPilot. The 
intent was to test the stabilize feature, in which the desired roll and pitch are set to zero so the 
plane maintains straight and level flight. The pilot on the ground still controls the throttle and 
general direction of flight, but when the environment or the pilot disturbs the airframe, it will 
return to straight and level flight. The plane was flown under the pilot control until it reached a 



substantial altitude at which point the stabilize function was initiated. The plane seemed to be 
functioning stably until it began to dutch rool. During this portion of the test flight, an anomaly 
occurred in the ArduPilot that resulted in a crash. The pilot attempted to regain control, but was 
unable to maintain communication with the aircraft. The plane dove from about 300 ft into the 
ground, at which point it was destroyed beyond repair. Lost in the crash were the airframe, the 
motor, the servos, the pitot tube, the static tube, and the flight batteries. The autopilot was 
salvageable, however, it was eventually switched for an updated platform as discussed in the 
“Work Done on ArduPilot” section. 

	
Figure 11 Super Dimona Crashed After Autopilot Malfunction 

Hobby	King	Phoenix	2000	Aircraft	(Current	System)	

Work	Done	on	Airframe	
The Hobby King Phoenix 2000 is produced as an almost ready to fly kit, in which all of the 
components come in the box (except transmitter, receiver, and battery), but assembly is required. 
Because the plane was new, the construction went smoothly, and required minimal 
modifications. For example, all of the plastic servo clevice rods were reinstalled with new metal 
clevice rods. The wiring was rerouted in order to provide room for the ArduPilot Mega. 
Additionally, the pitot tubes were ran through the spar to reduce the potential drag. The pitot 
tubes were then glued and taped to the wing and connected to the airspeed sensor which was 
attached to the underside of the wing structure.  



 

Figure 12 Hobby King Phoenix 2000 

Work	Done	on	ArduPilot	Mega	
The ArduPilot Mega is the next generation in the ArduPilot product line. There are many 
benefits in switching to the ArduPilot Mega including an active open source community. Many 
of the legacy ArduPilot users had switched to the ArduPilot Mega, leaving the previous forums 
abandoned. If any questions arose, it took many weeks to receive a response, if a response was 
even given. Also, the shield on the ArduPilot Mega includes many of the sensors that were either 
not present or on separate boards on the legacy ArduPilot. The inertial measurement unit is one 
of these sensors that were integrated into the shield, as well as a barometer. This minimizes the 
necessary space and internal structure to mount the autopilot in the plane. 

 

Figure 13 ArduPilot Mega 

Significant simulations and testing were done with the ArduPilot to fully understand its 
functionality and the code modification process. The X-Plane simulations were performed using 
the Arduino Mission Planner (APM) that can be readily downloaded online. The APM version 
that was used is v.1.0.6. There are several more recent version of this software but they are not 
compatible for the goals of this project. The reasoning will be further explained within the 
challenges and hurdles. Before any simulations could begin the settings in X-Plane had to be 
changed to be able to transmit and receive data with the APM. In X-Plane under the settings tab, 
data input and output can be selected and will open a menu to select the data to be imported and 
exported. The options highlighted in the figure below are the options required for X-Plane to 



communicate fully with APM. The UDP rate must be changed from its default value of 1 to 5 as 
well.  

 

Figure 14 X-Plane Configuration for Communication with ArduPilot Mega 

Next, the Ardupilot Mega must be connected to the computer via the mini-USB port on the 
board. With APM Planner open, the correct COM port must be selected such that it directs the 
APM Planner to the Mega. Once the board is successfully connected via the APM Planner the 
hardware in the loop (HIL) code must be loaded onto the board. The ArduPilot Mega (Xplane 
simulator) code is selected as shown below. This code will allow for GPS and IMU data to be 
produced by X-Plane and transmitted to the Mega rather than the Mega itself generating this data 
from its onboard GPS and IMU.  

 

Figure 15 Upload ArduPilot Mega (HIL) Code 



Alternatively, the code can be manually loaded onto the Mega using the Arduino code editor. To 
do this the code must first be downloaded from the code repository online. The version that was 
used for this project was ArduPlane v.2.32. This was the most recent release at the time of 
development and was selected as such. Since the code is too large for the standard Arduino code 
editor to parse normally, a relax patch must be downloaded. This patch known as the Arudino 
1.00- Relax Patch, can be found on the code repository as well. Once the patch is installed the 
libraries from the ArduPlane v.2.32 folder must be copied into the Arudino relax patch's library 
folder. Now all of the libraries include within the Arduino relax patch's library folder will need to 
be copied and moved to the sketchbook location of the Arduino code editor. This is by default in 
C:Users/Admin/My Documents/Arduino but can be changed to any directory via the preferences 
tab in the Arduino code editor. The ArudPlane v.2.32 code folder must be moved to the 
sketchbook directory as well. If everything was done correctly the code can be opened via the 
Arduino relaxed patched code editor from the sketchbook location and will successfully compile. 
To change the code to be used for simulation the code simply needs to be uncommented in the 
params.h section of the code to allow for HIL simulation. This can be uploaded to the board and 
connected to the APM Planner to allow for simulations.  

 

Figure 16 X-Plane 9 During a Simulation 

The significant issues that were encountered were initial compiling errors that were encountered 
from using the standard Arduino code editor. These errors were fixed with the relax patch and 
the proper moving of libraries. The next issue was the lack of throttle in autonomous flight mode 
in X-Plane. This was due to the later versions of the APM Planner disabling the throttle in 
autonomous mode for safety reasons. That is the primary reason for the switch back to older 
version of the APM Planner. The last issue that was encountered was the reversal of control 



surfaces within X-Plane. Simply checking the reverse surfaces boxes in the simulation tab of the 
APM Planner can change this. 

The APM Planner includes a ground station for monitoring the aircraft during flight. It contains a 
heads up display (HUD), which displays the aircraft’s current attitude, altitude, and airspeed, as 
well as many other flight health telemetry values. It also contains a map that, when connected to 
the Internet, syncs with Google maps and displays the flight path over the Google map. The 
ground station is seen below. 

 

Figure 17 ArduPilot Mega Ground Station 

Flight	Performance	Testing	
A flight test was conducted with the Phoenix 2000 with the ArduPilot Mega onboard to record 
data on April 21st, 2012. Initially, the flight was used as a general airworthiness test. 
Additionally, the flight test was used to test the data collection system included with the 
ArduPilot Mega. Utilizing this data, glide runs were conducted to begin to develop a glide polar 
for this aircraft. 



 

Figure 18 Phoenix 2000 Test Flight 

Once the pilot was satisfied with the structural integrity of the aircraft and the ground station was 
confirmed to be working, the plane climbed to a substantial altitude to begin glide runs. During 
these runs, the plane was run with no power in order to obtain glide polar data. The airspeed 
sensor failed to collect data so a glide polar is unable to be constructed.  

During landing, it was noticed that the motor, which is usually motionless with zero throttle, was 
continuing to spin. Initially, it was believed that the battery was simply two low on charge to 
actuate the brake. However, upon further inspection, it was seen that the ESC had failed. One 
issue with using the components out of the box is they occasionally lack the quality of more 
expensive parts. Because the aircraft is a glider, losing the throttle control was not catastrophic 
and the aircraft landed successfully. It was determined in the lab after the flight that the cause of 
the brake failure was a short in the motor which caused the ESC to fail. A replacement motor and 
speed controller will be installed in the aircraft for future flights. 

Future	Work	
A functioning test apparatus has been built and a general understanding of the soaring algorithm, 
and the autopilot system has been displayed. Future work can now focus on the integration of 
these components. The integration of these components would lead to a final product that is 
capable of autonomous soaring and open the door to the research of more advanced control 
techniques. 

First, the autopilot and the soaring algorithm will need to be integrated. This will involve a large 
amount of computer coding and testing to ensure complete functionality. Additionally, the basic 
autopilot functions, such as stabilize and auto, should be tested in the airframe. These steps 



verify that the soaring code is functioning in the autopilot and that the autopilot is functioning 
with the airframe. This is an important step to insure that autonomous soaring is implemented 
smoothly without major setbacks. In order to better implement the soaring algorithm, Jean Louis-
Naudin (JLN), may be a good source of information. Jean Louis-Naudin has experience 
implementing a soaring algorithm into an ArduPilot Mega and has conducted test flights to 
verify his source code, he can be contacted through his DIY Drones webpage. 

A major portion of validating the soaring algorithm will be computer simulation. The atmosphere 
can be an unpredictable environment, especially when dealing with the instabilities that are 
involved with thermals. Testing the code in a repeatable environment, computer simulations with 
the location of the thermals set, will verify that the autopilot is reacting as expected. This 
includes the detection and the utilization of the thermal. A good method of doing this would be 
using the hardware in the loop (HIL) simulations built into the ArduPilot Mega. The HIL 
simulations utilize X-Plane to simulate the aircraft dynamics while also simulating 
environmental effects including thermals.  

Once the autopilot code and soaring algorithm are verified in the simulations, test flights can 
begin. A certain amount of tuning will be necessary in order to get ultimate performance from 
the system. An important aspect of the test flights will be analyzing where improvements can be 
made based on real airframe reaction, for example, whether or not the IMU can be used to detect 
a roll indicating the direction of stronger lift.  

After general soaring is capable, more advanced soaring techniques and controllers can be 
implemented and tested. As more advanced techniques are used, more advanced equipment may 
be needed. For example, instead of using the total energy estimation, a TEK probe and 
variometer can be used to provide this data. As Edwards’ techniques became more advanced, he 
also added the TEK probe and variometer [4]. This project has created the foundation for future 
success by solidifying the test apparatus and hardware, as well as conducting the initial research 
into general soaring and the autonomous soaring algorithm. 
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