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Abstract

Robotic airplanes have been proposed as a tool for surveying Mars. A Mars exploration
airplane could bridge the scale and resolution gaps between orbiters and surface missions.
Flight testing a prototype Mars airplane may be conducted at a very high altitude over the

Earth, where the air density and temperature are representative of the conditions on Mars.

This research investigates the challenges of flight testing a Mars airplane prototype at
high altitude and presents the design of a system and concept of operations that will
deliver the required flight test data. The system transmits flight data to the ground via a

wireless data link during the flight and records the data onboard the aircraft.

Subsystems that support the flight test system have been validated by tests on the ground
and on high altitude balloons flights. Preliminary flight test data are presented to

demonstrate the feasibility of this flight test operation.
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1 Introduction

Among NASA’s top goals is continued exploration of Mars. Some missions using robotic
exploration by orbiter and ground rover have been successful. An airborne robotic
explorer is being designed that would be able to survey large regions at higher resolution

than rovers and orbiters (Levine, et al., 2003).

Figure 1-1: NASA Concept for a Mars Exploration Airplane

(ARES - A Proposed Mars Scout Mission, 2007)

Levine, et al., referring specifically to the ARES (Aerial Regional-scale Environmental

1



Survey of Mars) airplane design shown in Figure 1-1, say:

ARES bridges the scale and resolution measurement gaps between
the global-scale, lower resolution provided by orbiters and small-
scale, higher spatial resolution provided by landers and rovers.
Moreover, ARES can survey scientifically interesting terrain that is
inaccessible to both landers and rovers. The three ARES scientific
themes are: crustal magnetism, the underlying crustal mineralogy

and geology and near-surface atmospheric chemistry.

Other Mars airplane designs will seek to provide similar services to the scientific
community. Flight testing a Mars airplane prototype requires special considerations

because the Mars environment is so different from the Earth’s.

Mars’ atmosphere is thin compared to Earth’s. The surface of Mars has large variations
in elevation, from 8.2 km below to 21.2 km above the average radius of 3,396 km (Carr,
2007). The atmospheric pressure ranges from 0.7 mbar at the peak of Olympus Mons to
14 mbar at the deepest part of Hellas (Carr, 2007). The pressure also varies up to 25%
depending on the season, as more of the atmosphere condenses during the longer, colder
southern winter (Carr, 2007). At the landing site of Viking I the atmospheric pressure,
about 7 mbar, is less than 1% of the Earth's atmosphere at sea level (Carr, 2007).
However, at an altitude of about 34 km (110,000 ft) above the Earth, the air density is
similar to that near the average surface of Mars (U.S. Standard Atmosphere, 1976).

Designing an aircraft for this extreme environment is a challenge. Unconventional



design approaches and solutions are necessary for a successful mission.

Due to the low density of the Mars atmosphere, exploration aircraft will be designed for
low Reynolds number flight more similar to birds and insects than to manned aircraft
engineered for Earth. That is, for a Mars airplane the ratio of the inertia forces to viscous
forces in the flow is similar to that of a bird. This ratio, called the Reynolds number, is
“one of the most powerful parameters in fluid mechanics” (Anderson, Fundamentals of
Aerodynamics, 2001). Just as dissimilar Reynolds numbers lead to scale effect problems
between wind tunnel models and full size aircraft (Anderson, A History of Aerodynamics
and Its Impact on Flying Machines, 1997), a Mars airplane designer can expect scale
effect problems if flight testing of the Mars airplane is conducted at low-altitude on Earth.
Many aircraft design tools have been developed based on successful aircraft for operation
within the Earth’s atmosphere (typically Re > 107); however, above Mars an airborne
robotic explorer would encounter flow phenomena in the region of Re = 10*. These flows
are not as well-understood as those occurring at high Reynolds numbers. The
performance of airfoils at low Reynolds numbers is poorly understood and generally
results in unfavorable aerodynamics characteristics (Lee, Pang, Srigrarom, Wang, &
Hsiao, 2006). Design and simulation tools for the low Reynolds number Martian
environment would also be applicable to the development of Micro Aerial Vehicles

(MAVs) for use on Earth.

Since a Mars airplane must be autonomous on its first flight on Mars, there is a need for a

surrogate environment on Earth for flight testing. One method, used by NASA’s ARES



(Aerial Regional-scale Environmental Survey of Mars) team and others, is to carry a
prototype UAYV to a high altitude above the Earth, approximately 34 km (110,000 ft),
where the air density and temperature are representative of the flight conditions on Mars
(ARES - A Proposed Mars Scout Mission, 2007). The ARES 50% scale model aircraft
was lifted by a meteorological balloon. More information about the development of the
ARES aircraft is described in the paper Evolution of a Mars Airplane Concept for the

ARES Mars Scout Mission (Guynn, Croom, Smith, Parks, & Gelhausen, 2003).

Another important difference between the Mars and Earth environments is acceleration
due to gravity; where Mars’ gravity is roughly one-third of Earth’s (Carr, 2007). The
prototype Mars flyer will have no need for scientific payloads and therefore can be made
less-massive than the actual Mars airplane it represents. Furthermore, the mass of
additional batteries, fuel cells, or other energy sources should be greater on Mars in order
to increase the endurance of the survey aircraft. Since the high altitude demonstrator
aircraft can fly with less mass for a shorter demonstration flight, a total aircraft mass can
be chosen that offsets the difference in gravitational acceleration so that the total force
due to gravity acting on the airframe is similar to the actual Mars exploration aircraft.
However, the flight test analysis will need to compensate for differences in inertia. While
there is no suitable flight test region on Earth where the flight condition will exactly
match that on Mars, high altitude flight testing is a valuable tool for validating a Mars

airplane design.

A team of graduate students at the University of Kansas (KU) have designed a UAV for



the purpose of validating their design approaches through a series of flight tests. A
rendering of the design is shown in Figure 1-2. After separating from the balloon, the
aircraft conducts a pre-programmed series of maneuvers designed to investigate the

dynamics of the aircraft.

Figure 1-2: KU Mars Exploration Airplane Concept

Since the aircraft will be too far away to be seen, remote piloting would be difficult and
would require a low-latency, high-bandwidth link. There would also be a significant risk
of losing the link, even momentarily, that could cause the entire flight test to fail.
Therefore, this aircraft will use an autonomous flight control system. This would be

consistent with Mars operation.

The University of Kansas graduate student team developed the airframe design and a
rough outline of the flight test. The design team produced drawings and analysis in a

paper report. The author of this thesis started with that airframe design and continued



above and beyond with the development and implementation of the flight test system, a
detailed method and process for flight testing, and data accumulated during the testing of
the subsystems. The results of this research will aid the continued development of the

Mars exploration airplane.

1.1 Problem Statement

The overall goal of the flight test system is to deliver high-quality data that demonstrates
the dynamics of the subject aircraft. Since the data must be collected within low density
air, the system must execute a complex process to reach high altitude, control the aircraft,

and safely return the aircraft to the ground for recovery, as illustrated in Figure 1-3.

The flight test system is composed of several subsystems, including sensors, computers,
digital radio modems, motor controller, control actuators, ground stations, and others.
These subsystems also contain software onboard the aircraft and on the ground stations,
for real time processing (flight management) and for analysis after the flight (post-
processing). The flight management software is a combination of new customized code
for this system and open source code available freely on the Internet (Jang, MNAV
Autopilot, 2006). The post-processing software consists of original code interfaced with

MATLAB and Simulink (MATLAB and Simulink, 1994-2007).

The cut-down from the lifting balloon must be triggered at the correct altitude. Since the
release from the balloon may not occur immediately, the aircraft control system must be

able to detect when the separation is complete.
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Figure 1-3: High Altitude Flight Test Summary

One method used to cut-down payloads from this type of balloon relies on a heated wire
coiled around the cord connecting the payload to the balloon. When current is applied to
the wire, the cord melts and breaks. The actual separation can lag a minute or more after

the cut-down command is issued.

After separation from the balloon, the UAV will accelerate downward until the dynamic

pressure is high enough to achieve adequate control authority. Immediately the aircraft



will begin to pull out of the dive, climb to reduce airspeed, and settle into steady level

flight.

After the cruise trim condition is attained, the aircraft must execute doublets, frequency
sweeps, and other open-loop maneuvers designed to excite the natural modes of the
aircraft. Sensors must detect key vehicle states such as linear accelerations and rotational
rates, which will be filtered to create an estimate of the position, velocity, and attitude of
the aircraft during the maneuvers. Oscillations in the response to the doublet commands
will demonstrate the natural frequencies and damping ratios or the major modes. These
parameters will help refine the dynamic model of the aircraft and improve the analytical

tools for predicting the dynamics of future Mars airplane designs.

During the flight test the sensor data will be recorded onboard the UAV on solid state
media and also sent via radio link to one or more ground stations. The position, velocity,
accelerations, angles, angular rates, air data, and control surface deflections will be
communicated to the ground stations. The ground stations will display visualizations of
the aircraft’s trajectory and store the data for post processing after the flight test. The live
data will be used to update predictions for the landing site so that the UAV can be

recovered shortly after landing.

After the doublets and other demonstration maneuvers, the UAV will begin a gliding
descent. A parachute will deploy and the UAV will gradually descend to the ground.
The telemetry data must continue to stream to the ground stations all the way to the

ground.



Analytical tools are used to predict the dynamics of the aircraft, and subsequently design
a controller that maintains the desired trajectory and executes the required maneuvers.
The controller must be implemented in software to be run on an embedded computer

onboard the UAV.

Confidence in the flight test system will depend on evidence that the subsystems have
sufficient performance to achieve the requirements for the mission. The subsystems must
be tested to demonstrate performance in conditions similar to those expected during the

high altitude flight test.

1.2 Research

The goal of this research is to integrate and implement the systems necessary to
autonomously control a UAV for the purposes of flight testing. This includes gaining
control of the aircraft after separation from a balloon, stabilizing flight to trim conditions,
executing pre-programmed maneuvers such as doublets and frequency sweeps,

transmitting flight data to the ground station, and safely recovering the aircraft.

The system consists of sensors, actuators, communications transceivers, embedded
computers, and power supply. All of these components are inexpensive, commercial-oftf-
the-shelf devices. The integrated airborne system is linked to two or more ground
stations. Each ground station is independently capable of receiving and processing the

telemetry data during the flight test.

During the development of the flight test system, various subsystems were validated with

9



ground tests and airborne tests. Three airborne tests were conducted. The first test
demonstrated the functionality of the avionics and sensors at high altitude and proved that
temperatures inside the avionics compartment could be maintained within the required
range. The second test demonstrated the range and robustness of the communications
system and utilized a mockup of the exterior shape of the aircraft to investigate the

effects of gusts on the balloon, electronics modules, and aircraft prior to separation.

4

Figure 1-4: Low-Altitude Demonstrator Aircraft

The third airborne test utilized a hand-launched electric UAV, shown in Figure 1-4. This
aircraft is a modified Bird of Time model sailplane. Among the modifications, an electric
motor was added at the nose, and the wing was raised approximately 30 mm vertically to
create additional payload volume near the c.g. (center of gravity). According to model
airplane enthusiasts, the planform of this aircraft was inspired by the Thermic 100 free

flight model airplane designed by Frank Zaic in 1940.
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1.3 Results

The research discussed in this thesis resulted in knowledge and tools that will be useful
for the continued development of a Mars exploration aircraft. The flight test system was
flown to altitude to demonstrate that it provided reliable high altitude flight data
acquisition. A long range telemetry system was set up, tested, and verified to provide
communication over the distances required for the UAV flight test. The heat
management system was confirmed to be sufficient for maintaining the temperatures
required for the effective operation of the flight test system. A low altitude testbed
aircraft was developed to support testing of various systems, including autopilots for
autonomous flight. Through the implementation and testing of these systems, data sets

were generated that will aid in the design revision of the high altitude UAV demonstrator.
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2 Background and Related Projects

The design and testing of the high altitude flight test systems discussed in this thesis are
related to other research work being done at the University of Kansas and at other
institutions. Some of the most relevant related work is outlined here. Later sections

make reference to these related projects.

2.1 KU Mars Airplane Design

As briefly referenced in the Introduction, during the fall semester of 2006 a team of
graduate students at the University of Kansas, Department of Aerospace Engineering
(KUAE) designed an aircraft for a regional survey of Mars. The author of this thesis was
the chief engineer on this project. The design team partnered with Pittsburg State
University to take advantage of their significant rapid-prototyping capabilities and with
Kansas State University for their experience with embedded control systems. Also, the
design team attained support from Eagle Picher in Joplin, Missouri and Lockheed Martin
in Palmdale, California. With this wider team, a proposal was made in response to a
NASA solicitation for state-wide aerospace design projects through the Kansas Space
Grant Consortium (KSGC). The proposal won a NASA grant award, which made
possible the acquisition of equipment for the construction of a high altitude UAV to

demonstrate the Mars airplane design.

The final design, shown in Figure 2-1, would weigh about 44 N (10 lbs) on Earth. The

total weight of the aircraft and the supporting balloon systems must not exceed Federal

12



Aviation Administration (FAA) regulated limits discussed in more detail on page 27.
The Mars airplane conceptual design would have roughly triple the mass due to scientific
instruments for survey and additional batteries for endurance, which leads to a similar
weight on Mars. The design featured a variable incidence angle canard, and twin tail
boom vertical tails. The tail booms connected to the release mechanism attached to the
lifting balloon. The design team created a detailed report covering all aspects of the

aircraft design, which is reference (Brown et al., 2006).
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Figure 2-1: Mars Exploration UAV Demonstrator

During the design of the Mars aircraft and its Earth atmosphere high altitude

demonstrator, many questions were raised about the feasibility of the flight test of the

13



aircraft. The team was uncertain that sufficiently lightweight batteries could provide
enough energy for the entire flight test in the presence of very cold temperatures. While
the advertized performance of radio modems indicated the flight test was feasible, the
team was unable to test the range on the Earth’s surface at representative ranges. During
design reviews, the team learned of a phenomenon affecting electronics in very low
density air called multipaction. It was unknown if this phenomenon would negatively
affect the operation of the avionics at high altitude. Finally, besides a few rough
simulations of the balloon drop, the design team had very little information about forward
speed and load factors reached during the transition to normal flight. At the end of the
semester, many of these questions were still unaddressed. This thesis picks up where the
airplane design team finished. Multiple tests were conducted to address those questions.
The results from these tests are discussed in Section 8. Also, the design team focused on
the airframe and did not design the flight test procedure in detail. This thesis presents a
detailed account of the flight test process, especially as it relates to the operation of the

flight test systems.

2.2 High Altitude Flight Testing at NASA

A flight test program called APEX at NASA Dryden Flight Research Center aimed to lift
a modified sailplane to high altitude to conduct low Reynolds number testing of airfoils.
The NASA team concluded that the trajectory of the transition to normal flight was a
risky component of the flight test (Lee, Bjarke, Greer, Tatineni, Zhong, & Jacobson,
March 25-26, 1998). The NASA team considered the use of a drag parachute or a rocket

to bring the aircraft into level flight after separation from the lifting balloon, as shown in
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Figure 2-2. They found that without parachute or rocket assistance, the aircraft might
accelerate in the dive to transonic speeds, or if the pull-out is too severe the load factor

may exceed the limits of the structure.
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Figure 2-2: Predicted Trajectories for NASA's APEX Flight Test

(Murray et al., 1992)

High altitude, subsonic airplanes like the U-2, and likely Mars airplanes as well, run the
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risk of entering a flight condition in the so-called “coffin corner.” Due to the cold
temperature, the speed of sound is slower. Meanwhile, due to the lower low Reynolds
numbers airfoil performance is reduced and stall speeds are faster. The “coffin corner”
exists where the stall speed gets close to the transonic range. In this condition, if the
airplane pitches down slightly, it will speed up into the transonic range. This could be
disastrous for aircraft with no wing sweep. On the other hand, if the airplane pitches up
slightly, it will stall. The stall will cause it to pitch down, speed up, and again achieve
transonic speed. A similar situation could cause problems for the propeller of the high

altitude UAV, which is a realistic problem for the actual Mars airplane.

Some work has been done on low Reynolds number propeller design. Colozza designed
a propeller for the APEX vehicle at NASA (Colozza, APEX 3D Propeller Test
Preliminary Design, Sept. 2002). Colozza discusses the relevance to Mars airplane
design and also presents the motor and battery design. Hall, Parks, and Morris have
documented a detailed design of a propeller for a Mars airplane using optimization
software (Hall, Parks, & Morris, 1997). Both reports state that very little data is available
on this topic, and extensive testing is required. This is an interesting direction for wind

tunnel research, which is discussed in Section 9.

2.3 UAV Flight Testing at KU

As part of the Center for the Remote Sensing of Ice Sheets (CReSIS) at the University of
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Kansas, a team has designed a UAV for the survey of terrestrial ice sheets in Greenland
and Antarctica using ground penetrating radar and other instruments. This UAV, called
the Meridian, will use a commercial-off-the-shelf autopilot and satellite radio over-the-
horizon communications for autonomous operations in polar regions. A rendering of the

design is shown in Figure 2-3.

Figure 2-3: Meridian UAYV for the Remote Sensing of Ice Sheets

The CReSIS team utilizes model aircraft kits, such as the scale model Yak-54 in Figure

2-4, in the development of the avionics system for the full size Meridian UAV. The
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experiences from UAV flight testing for the CReSIS program have significantly
influenced the design of the Mars airplane demonstrator flight test system and concept of

operations.

Figure 2-4: Yak-54 Model as a Test Platform for UAV Avionics

2.4 High Altitude Balloon Operations

The High Altitude Balloon System (HABS) was developed by Nikhil Paruchuri at the
University of Kansas as a master’s thesis (Paruchuri, 2006). Figure 2-5 shows a balloon

with the HABS slung below, just prior to launch.

This system is operated by the University of Kansas Experimental Balloon Society (XBS),
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which is an extracurricular club that engages undergraduate and graduate students. Most
of the participants are aerospace engineering or electrical engineering/computer science
students. The balloon team lifts the HABS module and other payloads to high altitudes

with meteorological balloons filled with helium.

Figure 2-5: High Altitude Balloon with Payloads

An example of a typical balloon flight profile is shown in Figure 2-6, copied from the

HABS-14 Flight Report (Sorensen & Stiles, 2006). The summary of the HABS-14 flight
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is quoted here, but the complete details are contained in HABS-14 Flight Report
(Sorensen & Stiles, 2006). This particular flight on May 6, 2006 utilized a 1,500 g
balloon, inflated to produce 70 N (16 lbs) of lift. The rate of ascent is nearly constant at
about 6.8 m/s (1,330 ft/min), as the balloon expands from a diameter of about 2 m to
more than 10 m, the buoyancy of the helium relative to the surrounding air remains the

same.

Altitude Profile
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Figure 2-6: Typical Flight Profile of a High Altitude Balloon

(Sorensen & Stiles, 2006)

The highest recorded altitude was 30,268 m (99,304 ft). The ground crew issued a radio
command to cut-down the HABS module from the balloon at 10:01 AM, and the module
parachuted safely back to the Earth. The decent rate, dependent on the drag of the

parachute, was initially fast and gradually slowed in the denser air at lower altitude. The

average rate of decent rate was 7.5 m/s (1,485 ft/min).
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3 Flight Test Plan

The design of the high altitude UAV flight test system includes complex systems that
must be prepared and managed by a team of skilled individuals. The flight test plan
describes the necessary coordinated actions of the UAV flight test team and their
interaction with the XBS team. This flight test plan establishes a baseline for the

operation of the flight test that defines requirements for all of the subsystems.

3.1 Concept of Operations

The flight test team will need a flight test engineer, an equipment engineer, and a safety
officer. Two of these individuals will also be ground station operators during the flight

test.

The University of Kansas Experimental Balloon Society (XBS) has been a valuable
partner in the development of this high altitude flight test system. When the high altitude
UAV final design is complete, the flight test team must coordinate with the XBS officers
to facilitate the balloon launch and recovery of the UAV. XBS officers are familiar with
the Federal Aviation Administration’s regulations and procedures for unmanned free
balloon operations. The balloon team has flown multiple flights with special FAA
waivers to exceed the standard payload limitations. XBS has a good safety record and
their reputation with the FAA 1is valuable to the completion of the high altitude flight test

of a UAV.

For the high altitude UAV flight test, the flight test team must meet the requirements of
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the XBS readiness reviews. At the Final Readiness Review (FRR), the XBS team will
present the current weather forecast and the simulated trajectory of the balloon flight and

payload recovery.

The team follows the balloon in chase vehicles. Usually the team uses two passenger
vans rented from the University’s Motor Pool. Vehicle Rental is a part of Facilities

Operations at KU. Information is available online at http://www2.ku.edu/~kufo/. For the

high altitude UAV flight test, an additional chase vehicle will be required to recover the
UAV since it will land at a different location from the HABS. The Motor Pool requires
the name of the department and the research grant, as vehicles are only available for
official state business. The cost of renting a vehicle varies with fuel costs, and should be
checked in advance of the flight test. The equipment engineer should reserve the vehicles
a week in advance of the flight test. The drivers must be employees of the State of
Kansas, such as graduate research assistants. Since the Motor Pool office is closed over
the weekend, the equipment engineer will need to go to the Motor Pool office on Friday
to complete the paperwork and pick up the keys. After the flight test, the keys and

follow-up paperwork can be returned to a drop box at the Motor Pool.

Balloon flights are generally conducted on Saturday or Sunday mornings. The team
prepares prior to the launch by charging batteries and sealing the payload containers.
After the payloads are sealed, they are weighed. The balloon team calculated the
required lifting force of the balloon to meet the required ascent rate. Typical ascent rates

vary between 5 and 7 m/s (1,000 and 1,400 ft/min). The XBS payloads, such as HABS,
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are sealed with silicone caulk to prevent water damage in the event the payload lands in
water. Identification and contact information are clearly labeled on the outside of all

payloads, as shown in Figure 3-1.

Figure 3-1: Balloon Payload Module External Label

Some payloads once thought lost have been returned to the team after other people
discovered them. The balloon payload modules frequently land on private property, so
clear markings are often important for recovery.

On the evening before the launch, the XBS radio technician will conduct tests of the
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HABS telemetry and cut-down systems. If all the systems perform correctly, the launch

is approved.

On the morning of the launch, the team meets at 5:00 AM to prepare the balloon,
parachute, payloads, and chase vehicles. The equipment is moved from the lab to the
launch site. The payloads are arranged vertically on a rack for the XBS team to string-
through the cord that connects them. The high altitude UAV will be placed on a separate
adjacent rack, so the aircraft can be connected to the cut-down mechanism below the
HABS module. The XBS team unfolds the HABS parachute. The XBS team begins
inflation of the balloon and checks the lifting force with a hand-held fish scale. The

balloon team will calculate the correct lifting force required for the ascent.

The equipment engineer will prepare each chase vehicle prior to the launch. The XBS
team will have a 144 MHz radio and laptop computer to record and display the telemetry
data received from the HABS as well as aid in navigating rural highways. The UAV
flight test team will supply two of the chase vehicles with a 900 MHz radio and an
additional laptop to receive, record, and display the telemetry data from the UAV. XBS
also equips the chase vehicles with power inverters connected to the vehicles’ DC power.
The inverter provides power to the radio modems and extends the operating time of the
laptop computers. Most laptop computers currently available are not capable of
operating for more than three hours on batteries, so external power is necessary to keep
the computers running for the duration of the flight test. The equipment engineer should

verify that the vehicle power supply is sufficient for the additional demands of the UAV
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ground station computer and modem. The rugged laptops used for the UAV ground
stations have longer battery life than standard laptops. Testing may reveal that vehicle
power is not necessary for the rugged laptops. Each battery’s performance will vary, and

should be verified prior to the flight test.

Both the XBS team and UAV team will mount antennas on top of the chase vehicles.
These antennas have magnetic mounts that attach to the roof of the vehicle. The antenna
cables are usually fed through the left window of the van behind the driver’s seat,
because the right window is part of the sliding van door. The installation of the antennas
and cables should be coordinated with the XBS team. During the chase of HABS-15, the
144 MHz radio’s power cable was kicked loose, and several data packets were missed
before the radio was back online. The antenna cables, power cables, and data cables

should be carefully routed so they will not tangle in the crew’s feet.

The XBS team has tray tables for laptops that attach to the rear of a van’s front seats.
Each chase vehicle will need a tray table for each laptop in that vehicle. The equipment
engineer should coordinate with XBS to ensure that enough tray tables are available for

the UAV flight test.

At least four team members are needed in each chase vehicle. Both ground station
operators sit in the middle row of the van. One ground station operator will monitor
HABS, while the other will monitor the UAV flight test. The ground station operators
will provide information to the driver and the spotter. For the vast majority of the flight,

the HABS and the UAV will be too high to be seen from the ground, and the ground
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station operator will provide the navigation instructions to the driver based on telemetry
data and updated software predictions of the landing site. When the HABS or UAV nears
the ground at the end of the flight, the spotter will be looking skyward to see the
parachute and will be giving instructions to the driver. However, for most of the chase,
the spotter is responsible for operating the chase vehicle’s GPS device, communicating
with the base and other chase vehicles, and assisting the driver in spotting road signs,

landmarks, and mile-markers.

The chase teams are likely to be driving for several hours in remote areas. Therefore,
each team should prepare with plenty of drinking water, a first-aid kit, and other supplies.
The high altitude UAV will likely use one or more lithium-ion or lithium-polymer
batteries. If the landing causes a short circuit, these batteries have a risk of bursting and
starting a fire. While the UAV will be designed to mitigate this risk, the chase team
should be prepared with a fire extinguisher. Immediately after recovering the HABS or

UAYV, the team should turn off the system power with an external switch.

Since the HABS and UAYV are likely to land on private property, the chase team should
obtain permission to enter the property from the owners before attempting to recover the
device. Entering private areas without permission may be considered trespassing, and
could potentially be dangerous or unlawful. The chase teams should become familiar
with the laws in both the states of Kansas and Missouri, as the jet stream tends to carry

the balloon eastward.

The flight test team should also read and become familiar with FAA regulations. Within
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the Code of Federal Regulations, Title 14: Aeronautics and Space, Part 101, Subparts A
and D specifically relate to operations such as this balloon launch (GPO Access, 2007).
Part 101 regulates the operation of moored balloons, kites, unmanned rockets, or
unmanned free balloons. This flight test is designed to utilize an unmanned free balloon.
Since the aircraft is the balloon’s payload, an FAA waiver will be required to exceed the
6 lbs limitation (GPO Access, 2007). The UAV flight test is designed for winged flight
only above 18,300 m (60,000 ft) altitude. The aircraft will deploy a parachute and
descend to the ground just like the HABS and other high altitude balloon experimental
payloads. FAA rules for visibility and radar reflectance should be observed in the design

of the high altitude UAV in the parachute-descent configuration.

The usual cut-down mechanism used by the XBS team consists of a wire coiled around
the cord connecting HABS to the balloon. When the radio command is received at
HABS, a microcontroller switches on current to the wire coil. The coil heats up, and
melts the cord. The cut-down is not immediate, and the delay between the issuance of the
command and the drop of HABS is unpredictable. As an alternative or backup, the UAV
could make use of special servos. Remote control aircraft hobbyists often actuate
retractable landing gear with special servos that turn 180 deg. The Futaba S136G and
Hitec HS-75BB are two examples of retract servos. These are “bang-bang” actuators that
may only be commanded to full-up or full-down positions unlike typical proportional
servos. The advantage of a retract servo in this application is that energy consumption in
the held position should be considerably less than a proportional servo. The capability of

a retract servo to hold position without drawing current was reported by RC hobbyists,
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but could not be confirmed or denied based on manufacturer documentation or other
published sources. The UAV team should test retract servos for torque, rise time, and

energy usage.

Retract servos may also perform well for other tasks during the flight test. A retract

servo may be a good choice as a primary or secondary method for triggering the
deployment of the parachute after the UAV descends to about 18,300 m (60,000 ft). Also,
an alternative concept for the transition from the balloon drop to normal flight calls for
the UAV to enter and recover from a controlled deep stall. It is proposed here that a
proportional servo be combined with a retract servo using a mechanical mixer mechanism
to allow the stabilator to reach large negative incidence angles during the deep stall and
return to normal incidence angles for normal flight. Research into controlled deep stall
flight is discussed on page 44. Details about the implementation of the retract servo are

discussed on page 47.

Each of the participants in the flight test will follow detailed steps described in the flight
test “dance cards.” These cards provide a common procedure to improve safety and help
ensure that useful data is gathered during the flight test. Table 3-1 summarizes the dance
cards for the high-altitude flight test of the Mars UAV demonstrator. The complete set of

flight test dance cards is contained in Appendix B.
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Table 3-1: Flight Test Dance Cards Summary

Card Number Test Phase Description
1 Prelim Line-Up
2 Prelim Mission Limits
3 Prelim Preflight Tests
4 Ascent Balloon Prep / Chase 1
5 Ascent Balloon Launch
6 Ascent Chase2/3
7 Cut-Down Drop / Pull-Up
8 Test Maneuvers Test Maneuvers
9 Descent Begin Descent
10 Descent Parachute Deploy
11 Recovery Track / Recover

3.2 Subsystems Tests

The complete flight test system depends on the successful implementation of several
interdependent subsystems. In order to build confidence in the design of these
subsystems, a series of specific tests were designed to be conducted on the ground and at
high altitude. The high altitude tests were added as supplemental payloads on the
HABS-15 and HABS-16b balloon flights. These tests are discussed in detail in the Flight

Tests chapter beginning on page 74. The XBS account of the HABS-15 flight is

described in the HABS-15 Flight Report (Sorensen & Stiles, 2007).
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3.3 Flight Test System Requirements

The flight test must ultimately deliver high quality data that validates the aircraft design.
All of the components of the flight test system contribute in some way to the safe

operation of the aircraft or the collection and storage of the flight data.

The aircraft must ascend to high altitude where the flight conditions are representative of
Martian conditions. The altitude must be approximately 33,000 m (110,000 ft) after the

aircraft transitions to level flight.

The aircraft must fly under power long enough to execute the open-loop maneuvers and
stabilize between them. This required endurance determines the size of the battery for

the motor. The battery must be kept warm in order to maintain performance.

The UAV must be fully autonomous from the balloon launch to the parachute landing.

Therefore, the avionics must have power for up to four hours of flight time.

The flight test system must have a wireless communications system that transmits all of
the pertinent flight data from the UAV to the ground stations throughout the balloon
ascent, flight test maneuvers, and descent. The experience of the XBS team shows that a
typical balloon payload may land up to 142 km (88 mi) from the launch site (Sorensen &
Stiles, HABS-14 Flight Report, 2006), (Sorensen & Stiles, HABS-15 Flight Report,
2007), (Paruchuri, 2006). Similar ranges have also been documented by the Edge of
Space Society (Glahn, 2007). However, the first XBS chase vehicle leaves the launch
site before the balloon begins its ascent, and the chase vehicle generally keeps a lateral
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separation of less than 54 km (34 mi) from the balloon. Considering the vertical
separation increases to an apex of about 35 km (22 mi), the worst-case hypotenuse is
estimated to be 64 km (40 mi), ignoring the curvature of the Earth. Therefore, the radio
modems are required to have a line-of-sight range of over 64 km (40 mi). It is also
important that the chase vehicle receiver be near the landing site as the UAV descends to

a low altitude, as the line-of-sight will become obfuscated by trees, buildings, and terrain.

The data stream must have bandwidth allowing for two 32-bit channels for latitude and
longitude, and fourteen 16-bit channels for states at a sample rate of 50 Hz. This stream

totals 14.4 kbps, but additional allowance must be made for error-correction overhead.

The high altitude UAV’s autopilot must control the transition from the balloon drop to
steady, level flight, execute doublet maneuvers to excite the natural modes of the aircraft,
and glide the aircraft down to 18,300 m (60,000 ft) where the recovery parachute is

deployed.

The recovery parachute must have two independent mechanisms that trigger its release.
The primary trigger should be based on the autopilot’s estimation of the aircraft’s altitude,
which is based on GPS and inertial sensors. The secondary trigger should be based on a
separate altimeter switch. A system fitting these criteria was designed by the graduate

student team at the University of Kansas (Brown et al., 2006).
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4 Model Development

The success of the high altitude UAV flight test will depend upon the successful
development and implementation of an autonomous control system. The design of the
control system begins with a mathematical model of the forces and moments acting on
the aircraft. A complete dynamic model of the aircraft for the entire flight envelope
would be complex, but by focusing on a specific flight condition and assuming a number
of simplifications, separate individual models can be used to evaluate certain key periods

of the aircraft’s mission.

The method proposed here is an iterative process. First, a reasonable trajectory is
estimated. Second, the aerodynamic coefficients and derivatives are estimated with
methods similar to DARcorporation’s Advanced Aircraft Analysis (AAA) software or the
USAF Stability and Control DATCOM (Data Compendium) for several points along the
predicted trajectory. These parameters are suited to a linear model that is only valid for a
small region around trim at that specific point on the trajectory. For the initial pull-out
after the UAV is cut down from the balloon, a constant pull-up maneuver should be
assumed. That is, the pitch rate ¢ should be positive and constant. Third, using classical
root-locus methods, a simple controller is designed with a gain schedule matching the
time of the predicted trajectory. Fourth, a numerical simulation is run using a Simulink
model that uses table look-up routine to find the scheduled gains. Finally, the trajectory
is revised whenever it varies from the simulation by a significant amount. The allowable

variation from the prediction is dictated by the validity of the linearized model at that
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point. Many of the coefficients and derivatives relevant to the UAV’s transition from
nose-dive to level flight vary significantly as functions of angle-of-attack and Mach
number. These steps must be repeated until the simulated trajectory closely matches the

points used for linearization.

The first controller to be developed will be for a low-altitude UAV that will demonstrate
the autonomous launch from a balloon, pull-out, flight test maneuvers, and parachute
recovery. The model development process for this low-altitude aircraft is similar to the
process that will be used on the high altitude Mars airplane demonstrator. Basic

parameters for the low-altitude demonstrator are given in Table 4-1.

Table 4-1: Properties of the Low-Altitude Demonstrator Aircraft

Property Symbol | Value Units
Mass m 1.51 kg
Wing Reference Area S 0.67 m?
Stabilizer Reference Area Sh 0.10 m’
Longitudinal Reference Length (chord) c 0.20 m
Lateral Reference Length (span) b 3.00 m

The low-altitude demonstrator uses an Eppler 205 airfoil for the wings. The contour of
this airfoil is shown in Figure 4-1. This airfoil is very similar to the Eppler airfoils used
by the Rascal 110 UAV described by Jodeh, Blue, and Waldron (Jodeh, Blue, & Waldron,

2006). Reference (Jodeh, Blue, & Waldron, 2006) contains additional information about
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the performance of this airfoil at low Reynolds numbers, as well as flight test data.
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Figure 4-1: E205 Airfoil Contour

A similar Eppler airfoil, E387, was wind tunnel tested at low Reynolds numbers at NASA
Langley Research Center in research related to the ARES Mars airplane (Re, Odis C.

Pendergraft, & Campbell, 2006). Re et al. tested several additional candidate airfoils in a
variety of configurations. Data from these wind tunnel tests should be useful to designers

of Mars airplanes and their control systems.

4.1 Measuring Moments of Inertia

The mass polar moments of inertia of the aircraft will be measured with a simple three-
string torsional pendulum, using the method described by Wagner and Cooney (Wagner
& Cooney, 1979). The aircraft is placed on a triangular platform suspended by three

cables, each equally spaced from the center of the platform. In Figure 4-2, foam blocks
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are used to cradle the aircraft vertically so that the c.g. is directly above the center of the
platform and the x-axis is plumb. The period of oscillation is measured by timing 50
cycles. The process should be repeated until three consecutive trials result in similar

times, within a small percentage.

Figure 4-2: Pendulum Test Measuring Roll Moment of Inertia of a Helicopter UAV

Using the apparatus shown in Figure 4-3, the moment of inertia J is given by (Wagner &

Cooney, 1979):

_ R*W
)= 4 2],
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where R is the radius from the center of the platform to the string, ¥ is the weight of the
test object and platform combined, f;, is the frequency in Hz, and L is the length of each

string.

Figure 4-3: Three-String Torsional Pendulum

Table 4-2 gives the mass and location of the components of the modified model sailplane
used in low altitude flight testing. Locations are given relative to a reference point,
located 100 mm ahead of the nose and 500 mm below the center of the spinner. These
component mass and location data are useful in software applications such as Advanced

Aircraft Analysis (DARcorporation, 2006).
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Table 4-2: Mass and Location of Components of the Low Altitude Test Aircraft

Distance from Reference Point (mm)
Component Mass (g)

X Y | z
Modem 95 531 0 540
Battery (4000 mAh) 265 319 0 487
Computer/ Sensors 125 478 0 496
Spinner and Props 35 119 0 496
Wing/Fuselage Fasteners 60 531 0 540
Airfoils 410 - - -
Wing Joiners 5 - - -
Aileron Servo 20 540 845 593
Aileron Servo 20 540 -845 593
Elevator Servo 22 593 27 473
Rudder Servo 22 593 -27 473
Fairings 9 327 0 549
Speed Controller / Wiring 40 310 0 496
Motor 181 150 0 496
Receiver 15 354 0 504
Battery (2100 mAh) 140 310 0 540

4.2 Parameter Estimation

In order to develop a useful and meaningful mathematical model and computer
simulation of an aircraft, key parameters that describe the forces and moments acting on
the aircraft must be measured or estimated with reasonable accuracy. Tools such as the
U.S. Air Force’s Stability and Control Digital DATCOM (Hoak & Fink, 1979) and
DARCcorporation’s Advanced Aircraft Analysis software (DARcorporation, 2006) will be
useful for estimating stability and control derivatives and coefficients based on the
aircraft’s geometry, c.g. location, and flight condition. However, the validity of those
estimations remains a question. Both DATCOM and AAA rely on empirical data

collected primarily from manned aircraft that are much larger, heavier, and operate at
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lower altitudes compared with the UAV in this project. Low Reynolds numbers can have
a significant impact on flight characteristics, as observed by Sim (Sim, 1984), Greer et al.
(Brion, Aki, & Shkarayev, 2006), Selig (Selig & Guglielmo, 1997), and many other
researchers. Also, both DATCOM and AAA require the user to simplify and
approximate the actual aircraft parameters as inputs to the software. These simplification

assumptions and approximations result in errors in the output.

Designers of small and micro UAV control systems anticipate errors in the estimated
parameters, as shown in the following three examples. As the first example, Jodeh, Blue,
and Waldron (Jodeh, Blue, & Waldron, 2006) relied on open-loop flight testing to verify

and refine the output of DATCOM for their Rascal 110 UAV, shown in Figure 4-4.

Figure 4-4: USAF Small UAV Research Platform, Rascall 110

(Jodeh, Blue, & Waldron, 2006)

Their research indicated that the “simulations tended to have less damped oscillations as
compared to the flight test results” (Jodeh, Blue, & Waldron, 2006). An example of their

flight test results compared to their simulation is shown in Figure 4-5. It is also noted
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that the estimated period of oscillation differed from the flight test data.
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Figure 4-5: Flight Test Data vs. Simulation of the Rascal 110 UAV
(Jodeh, Blue, & Waldron, 2006)
As a second example, Krashanitsa et al. used AAA software to determine the
aerodynamic derivative coefficients for the Zagi MAV from an input of airfoil and
geometric data, as well as center of gravity location (Krashanitsa, Platanitis, Silin, &

Shkarayev, 2006).
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Table 4-3: Zagi MAYV Specifications

(Krashanitsa, Platanitis, Silin, & Shkarayev, 2006)

Parameter Zagi MAV
Wingspan (cm) 59
Length (cm) 31
Height (cm) 6
Wing area (sz) 885
Elevon area (cmz) 300
Winglet area (cmz) 80

Elevator area (sz) -
Fin area (cmz) -
Rudder area (cmz) -
CG location from apex (cm) 12.7

An image of the Zagi MAYV is shown in Figure 4-6. This aircraft flies at very low
Reynolds numbers in the neighborhood of 1.2 x 10° when operating at a velocity of

approximately 9 m/s (30 ft/s) (Platanitis & Shkarayev, 2005).

RC Receiver  Motor

Elevon  Autopilot Board

Figure 4-6: Components of the Zagi MAV

(Krashanitsa, Platanitis, Silin, & Shkarayev, 2006)

This paper (Krashanitsa, Platanitis, Silin, & Shkarayev, 2006), also contains a valuable
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discussion of several other MAV controller development projects by a variety of teams
that utilize low cost avionics systems. Anticipating discrepancies between the AAA
estimates and the actual performance of their MAV, the research team also utilized
vortex-lattice computational methods and Tornado software (Melin, 2001), (Krashanitsa,

Platanitis, Silin, & Shkarayev, 2006).

In similar research, Platanitis and Shkarayev predicted longitudinal stability and control
derivatives for a Zagi MAV using AAA software and compared those results to wind
tunnel tests (Platanitis & Shkarayev, 2005). The results of the Platanitis and Shkarayev

experiments are shown in Table 4-4.

Table 4-4: AAA Predictions vs. Wind Tunnel Tests of a MAV

(Platanitis & Shkarayev, 2005)

Parameter Experimental Value Predicted Value [Exp. (?)PF;'I(;I(‘](.)EPre d.
i 0.02812 0.01631 72
C,, 0.07245 0.2108 66
C,. 0.009368 0.3045 97
C . 0.1696 0.09167 85
C, 3.5722 3.5016 2.02
C 0.6238 0.2724 129

Lée

They conclude: “The large errors between the measured and predicted values of the
aerodynamic coefficients clearly show that refinements in the experimental procedure are
needed” (Platanitis & Shkarayev, 2005). Some possible sources of error in this

experiment include wind tunnel experimental methods, geometry measurements, inertia
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estimations, and assumptions made in the AAA software design.

As the third example, the APEX program at NASA’s Dryden Flight Research Center
designed a UAV to drop from a balloon at high altitude for the test and evaluation of low
Reynolds number airfoils, propellers, and other technologies (Murray et al., 1992), (Greer,
Hamory, Krake, & Drela, 1999), (Past Projects - APEX, 2006), (Lee, Bjarke, Greer,
Tatineni, Zhong, & Jacobson, March 25-26, 1998), (Colozza, APEX 3D Propeller Test
Preliminary Design, Sept. 2002). The APEX project aimed to lift a modified sailplane to

high altitude using a balloon; the flight profile is depicted in Figure 4-7.

The APEX team developed an aerodynamic model using “a combination of
computational techniques, wind-tunnel test results..., flight test results, and handbook
methods” (Murray et al., 1992). The NASA team used software and a panel model,

shown in Figure 4-8, of the APEX aircraft to estimate its longitudinal parameters.

The longitudinal model is most significant in this case due to the critical pull-out
maneuver that immediately follows separation of the aircraft from the lifting balloon.
Fixed wing airplanes generally experience two primary oscillations. These are well-
known as the phugoid and the short period modes. The phugoid mode affects speed and
pitch angle while angle-of-attack is constant. The short period mode affects mostly

angle-of-attack and pitch angle while speed is constant.

The phugoid mode trades speed with altitude in a cycle between kinetic and potential

energy. The phugoid can be estimated from speed alone. Both the high altitude Mars
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demonstrator and the low-altitude avionics test aircraft have high L/D, which indicates
that the phugoid will be lightly damped (Roskam, 1991). The short period undamped

natural frequency of an airplane depends primarily on the distance from the AC to the c.g.

(Roskam, 1991).

Aerodynamic research

maneuvers
95,000 ft
............