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Designing a safe and reliable platform requires teing safety into consideration from the
very beginning of the system design. In addition,agly integration of safety considerations
into the system development process allows maximusafety with minimal cost and time
requirements. However, since COTS components do notome with detailed safety
specifications, the task of building a safe systefrom possibly unsafe components becomes
increasingly challenging. Two key aspects of ensng airborne safety are avoiding midair
collisions, and guarding against ground impact. Thé paper focuses on the mitigating the
ground impact hazard in one of the most elementarynodes: a lack, or incorrect estimate, of
fuel in the aircraft.

|. Introduction

S of 2007, there are over 600 Uninhabited Aerigt&ys (UAS), of various sizes, being manufacturedg9

companies in 42 nations; and these comprise sotetymercial and government endeavorshe technology
required to build a small UAV has matured, and UA&re no longer primarily experimental vehicles feddy
military research projects. Basic autopilots, sensairframes, and embedded computing platformsaadable in
the commercial off-the-shelf (COTS) market. Hoee\there are still many barriers in the coursevinfespread
UAV use, acceptance, and integration into the natiairspace system. Currently, all UAVs must opeera
restricted airspace, or at extremely low altitudi® model R/C airplanes, where they can be sabplgrated by
human pilots. The great desire to integrate UAVs into theaval airspace (NAS) is hindered by the inability to
guarantee, verify and/or certify that autonomousiales will not harm the general public, or otheceft’. If these
two primary obstacles can be overcome, there ieaoth of applications to which UAVs can be apgfied

Mitigation is necessary to achieve the requirectyafevels for UAVs, because the probability oflfee or
mishap per flight hour is not sufficiently low wheonmpared to manned aircraft due to the relatividesdence of
UAV technologie¥’. Mitigating faults and failures in UAVs is nottdvial task. Two key aspects of ensuring
airborne safety are avoiding midair collisions, aparding against ground imp&ctThis paper focuses on the
mitigating the ground impact hazard in one of thestrelementary modes, that of a lack of fuel inatieraft. The
mitigation of the loss of power due to insufficiefuel fault was addressed in depth because proesdamnd
technology to prevent this simple failure were lagkin current UAV systems. Ensuring the safetyeafch
individual platform will be integral to promotingrerall system safety.

In addition, early integration of safety considemas into the system development process allowsirmar
safety with minimal cost and time requireméntdowever, since COTS components do not come wéttaild
safety specifications, the task of building a ssfstem from possibly unsafe components becomesasirgly
challenging. The next section outlines the use€COTS in UAV development, and the influence of NGATS
requirements on overall UAV specifications and COddnposition. The third section describes vehftght
safety systems, several of which were applied ¢ol4AV, in the attempt of mitigating the lack of fuezard. The
fourth section relates the technical details of theC UAV, along with design rationale. The fuelnsumption
model and experimental calibration and testing @doces are outlined in section 5. Results of #stirtg are
discussed in section 6, and conclusions are drawadtion 7.

! Research Assistant, Department of Aerospace Eegitgg UIUC, AIAA Student Member.
2 Research Assistant, Department of Aerospace Eegitee UIUC, AIAA Student Member.
3 Assistant Professor, Department of Aerospace Eeging, UIUC, AIAA Member.

1
American Institute of Aeronautics and Astronautics



II. Commercial Off-the-Shelf Software (COTS) and Unmanned AeriaVehicles (UAVS)

A. UAVs and COTS

Unmanned Aerial Vehicle (UAV) technology is setglay a major role in the future of the aerospackigtry.
Early unmanned aircraft, like Aerovironment’'s Pattér and General Atomics’ Predator, have proveiir thalue
in commercial and military applications. The problevith many commercial and military systems is,cofirse,
cost, especially for academic institutions. Howeusgcause of the maturing state of the UAV indysitryhas
become possible to build a UAV platform using Comeiad Off-The-Shelf (COTS) technology. Companideeli
Cloud Cap Technology, Athena Controls, and Micrapsiell autopilots with the ability to coordinatveral aircraft
from a single ground station. Standard PC-104 baeetbuters can be bought and interfaced with thesapilots
to provide onboard computing and coordinate necgssansors. Various universities have even dematestr
success using COTS IEEE 802.11 hardware for UAWors as well as UAV to ground communications.

Even with UAV technology becoming more cost effitieand readily available a primary roadblock to
deployment is safety. While UAVs eliminate the ssio onboard personnel, accidents involving UAVs still
dangerous because they can harm other aircrafieimair, and people as well as property on the gro&tight
related organizations and the public are sensitivdangers within UAV operations. The Aircraft Owsand Pilots
Association is trying to limit UAV operations in USrspace until UAVs demonstrate better safety ratiebility”.
USA TODAY recently covered UAV safety and the growiconcern of crashes within the United States\V
operations outside of restricted military airspadébecome difficult if UAVs continue to carry digma of danger.
The danger is not just a perception; it is a faat Air Force UAVs have a significantly higher losse than manned
aircraft. Researchers in the field believe the lowast requirements are causing designers to limittysa
requirements, and that increased safety and rktjalsi needed to ensure UAVs are trusted to penftasks. It is
therefore vital that steps be taken to ensuredafeaperation of UAV platforms in order for theseuto proliferate.

Numerous university research groups have built Uf/gsse as test-beds. Some test-beds are bugtifoarily
research purposes in collaboration with militarygorernment organizations, such as the UAV fleg¢hatVehicle
Dynamics Lab at University of California at Berkgleinder the direction of Prof. K Hedrick. Others a result of
a University’'s entry into a UAV design competitisuch as Polytechnic University’'s Athena or Univisrof
Arizona’s Sig Rascal 110, built for the 2006 Studelmmanned Aerial Vehicles Competition and Inteiozl
Aerial Robotics Competition respectively. Generallgese UAVs are based on commercially availabldida
Control (R/C) hobby kit airframes, contain a Piacdbr similar) autopilot, a small onboard computand an
imaging sensor; i.e. a variety of COTS compone€rig. other aspect in common with many of these Uaffgrms
is the eventual loss of one or many aircraft. Tdmearch papers produced by many of these instisuticscuss the
setup and functionality of their aircraft and tlystems inside, and mention some of the failsafetgded into the
UAV*>® They make little mention however of the lessareied from their mishaps and how to engineerysafet
and reliability from the project inception.

B. UAVs and NGATS

Many future planned UAVs are in fact based on pnoserrent UAV designs. These designs are upgradid w
better sensors, avionics, and other componentsderdo add functionality. The Next Generation Anansport
System (NGATS) is the vision of a future air tramgption system that is capable of moving a largmiper of
people and goods in a safe, efficient, and relialgner. The current goal is to effect a transfdionaof the air
transport system by the year 2025. In the courglisftransformation, developments in UAV techngi@nd the
implementation of NGATS will be closely coupled. Mawill not only serve as the research and tegpilagforms
for future aircraft operations and safety and penénce metric developments, but also as sensorslaiadrelay
stations providing vital information in the commdtNGATS system. The current vision of NGAT,Sand the
relationships it will have with emergent UAV devpioent is discussed below.

The objective of NGATS is to be more of a self-gggy user focused system, rather than the current
administration and service provider based one. $hif towards a user-centric system will removenynaf the
inherent constraints in the current system andwatloe air-transport system to grow and adapt tadleafuture
capacity, safety, and security requirements. Ireoffdr this shift to happen, a majority of the démn-making
capability must be moved from ATC/TRACON towerslie aircraft systems. This requires that aircraftigation
systems become advanced enough to plan out adagjeetories in real-time using the data availabléhem. (It
will not do to simply transfer the RADAR, weathand other data to the aircraft, because burdemiagiot/co-
pilot with extra information is detrimental to inguing the overall safety and functionality of thestem.) Many of
the enabling technologies for these advanced naergaystems are the focus of UAV research at niastjtutions.
This is because the goals of UAV operation oftectade that the aircraft posses some degree of anntous
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decision-making capability. Since human operatoesadten in remote locations, or not present atlating UAV
operations, the avionics systems onboard are dasitnadapt to unknown situations by using logarahumerical
metrics to make the appropriate decisions.

Two key subelements of performance based navigaienarea navigation (RNAV) and required navigation
performance (RNP); both of which are already baisgd by select commercial aviation aircraft at sahéhe
busiest airports in the nation. Eventually, NGAT8yneven promote UAV integration into the Nationatispace
(NAS) because any aircraft that is able to meetélgeired performance and safety metrics couldrdmsparently
integrated.

Net-enabled information access will be a key cdjgbiequired for NGATS. This capability will allow
information about the state of the system to algland usable system-wide in real time so decisiaking and
surveillance can be performed by the appropriatugs. Aircraft operating in the system become detdes;
capable of transmitting information to interesteditigs and capturing necessary information fronir in sensors
as well as other aircraft, and routing messagesir#dnation from other aircraft or ground sourcAgcraft will
also constantly transmit their position, flight Ipahtent, and other useful parameters to createoparative air
traffic surveillance system. This will be augmenteda separate sensor-based non-cooperative rlateoarity
surveillance system to create a complete pictuthehappenings in the NAS.

Safety in the NGATS will be addressed in a progoasither than diagnostic manner. The goal is telaset
of prognostic risk based (instead of reactive,dnisal data based) management methods, processdsais which
will serve as decision aids. This system-wide ti@mmsation of the current air transport system waiquire
incorporating many new technologies and innovathgnge in many key areas. In order for NGATS tdrboky
successful, it must not only transform the Unitddt& Air Transport System but also simultaneoursiiyence
change in the North American continent and globalkransport operations. UAVs will not only operate the
transformed NGATS, but will also play key roleshinnging about this transformation.

lll.  Vehicle Flight Safety Systems

The traditional purpose of a flight safety systdr$$) is to protect people and property in the eHseff-
nominal vehicle flight'. More recent flight safety systems additionallatpt to prevent catastrophic destruction of
the flight vehicle. There are two major types ddlit safety systems, range-centric and vehiclereertategorized
respectively based on whether the decision makitigity and source of decision data originates gtaund station
or the flight vehicle's systems. This categorizati® not exclusive, and range-centric FSS may lwaveponents
onboard the vehicle andceversaSeveral flight safety methodologies are detaiihetthis section.

The primary range-centric flight safety methodoésgiare range-containment and vehicle-destruct. &kang
containment involves choosing the locations an@dtaries of the flight vehicle such that the védi@r debris) can
be contained in a specific area in the case ofyepessible malfunction. This type of FSS is the agest to
implement, but can severely limit desired functidiggi.e. UAVs cannot fly in the NAS). Range-containment is
useful when dealing with experimental flight vebilor infrequent flight events (i.e. space shutilerocket
launches), but hardly ideal for routine aircrafemgtions. The second range-centric methodologyickeeHestruct,
simply involves destroying the vehicle with an eettcommand should it stray outside of, or beconstalote within
some predetermined boundaries. The vehicle isfeaatiso that it may not harm people, propertyothier vehicles.
Due to the destructive nature of this methodoldgig not always an acceptable choice and makesrmating the
cause of failure is much harder.

Thrust-termination and flight-termination are twimple vehicle-centric flight safety methodologigshrust-
termination, as the name implies, involves turrifigthe vehicle's thrust producing system with dmion of also
dumping fuel. The idea is to decrease the kinetergy of the flight vehicle so that the severitytioé impact is
reduced. Thrust-termination is not a stand-aloighfflsafety methodology; it is generally used imbdnation with
flight-termination to safely end flight activitie®\ flight-termination system (FTS), also referrexlds a vehicle
recovery system (VRS) to highlight its non-destiecinature, allows the vehicle to come tsddt landing. A soft
landing is described as one after which the vehielaains relatively intact, and requires only medkerrepairs
before returning flight-worthy status. In commelcidAVs, where it makes sense logistically and ficiafly,
parachutes and airbags are often used. In studevitaRd UAV competitions, throttle closed, full uleeator, full
right (or left) rudder, full right (or left) ailerg and full flaps down is a commonly used fail$af® bring the
airplane back to the ground quickly but not fordigfu

Flight-Safing is another vehicle-centric flight eaf methodology and is based on the principldoho harm if
you do not know what to dét is used when the Command and Control linkoist,l and the level of flight-safing
employed depends on the airplane's autonomy. Amadirwith a very basic autopilot may simply ceflgeng its
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course, and loiter on the spot or around a prerahited point. A slightly more advanced UAV woulg firound a
few fixed points or pre-programmed path in an apteto reestablish its Command and Control link.tihé most
advanced level, the aircraft would be capable yihfl to a pre-determined waypoint or location, audo-land or
terminate flight. Even in a fully-autonomous UAWet loss of the GPS link can further complicate eraft
requiring the aircraft to fall back to a lower I&eé flight-safing than it would be normally capatif.

Autonomous collision-avoidance is a developing tetbgy, and an attempt to emulate and improve upen
see-and-avoid principle used by human pilots. Hawet can still be classified as flight safety neblogy
because its main purpose is to protect people,gptppand flight vehicles by avoiding a collisioAutonomous
collision-avoidance needs to work not only in apemtive environment, where all aircraft are udiagsponders
or other means of transmitting their position, higo in a non-cooperative theater. Early tests t&nmvn some
success with cooperative collision avoidance sclseimet the technology still requires a lot worksarve as a key
FSS in the aerospace industry. In unmanned vehtblesautonomous collision-avoidance will ensuret tine
aircraft does cause an accident by blindly folloyviits preprogrammed route, and in manned vehidlesili
enhance the pilot's ability to avoid an accidenttohomous collision-avoidance is also a prime exaropvehicle-
centric FSS that can use significant ground basences for decision data, like radar data for awngichon-
cooperative aircraft.

In the last few years, integrated vehicle healtmagement (IVHM) systems have evolved into a rolaatively
managing a vehicle's health instead of simply naoimig it. The two major categories of IVHM are pdigiht and
in-flight. Advanced IVHM systems can require lotk technology, but may not necessarily add a whoteof
functionality. Their main purpose is to promote esgf by monitoring specific subsystems, and assisthie
diagnosis, and possibly prediction, of failure.

Post-flight IVHM systems simply record data in-fiig This data can then be used post-flight for nesiance
purposes. State of the art IVHM, like that in theeg 777, is capable of determining which spedfibsystem or
component was responsible for the fault using tméyonboard systems.

IV. ALEAS UAV Platform

The UIUC UAV, like the UAV platforms put together bmany research institutions, was assembled in the
Aerospace Laboratory for Autonomous Embedded SystéiEAS) from a carefully chosen set of COTS
components. This was necessary because of thebfirnadinature of developing a custom solution withiversity
research budgets, and possible because of theingatitate of the UAV autopilot industry. From aetgforiented
system design viewpoint, this is not ideal. Howewedoes not mean engineering a safe system ipasstible. The
components chosen, the safety oriented procedwess, the testing performed, and the emergent tpsalif the
UAYV platform that was developed are detailed i3 ggction.

A. Airframe Model

The base UIUC UAV platform consisted of two subeyst: a standard hobby model aircraft, and a simple
autopilot. The model aircraft chosen was a quastaie Extra 300S, and the autopilot used was aoRidelus
manufactured by Cloud Cap Technologies. Additianddsystems (e.g. the video camera, auxiliary coimguand
communications packages) were integrated into #se Iplatform as necessary to provide the desinectifunality.
Naturally, throughout the development and testihthe UIUC UAV, many modifications were made to thase
platform (see figure 1).
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Figure 1. Patty Wagstaff Extra 300S ALEAS UAV Platfam

The quarter-scale the Extra 300S is a popular spgdbatic hobby aircraft. The specific model usgdhe lab
is manufactured by Great Planes, a company locateally in the city of Champaign. The choice of pos
aerobatic airframe for a UAV platform is not comm@mless the goal is to perform autonomous aerobati
maneuvers) because the airplane tends to be rgustable. This is of course a desired characterishen
performing aerobatic maneuvers because the airpldherefer to maintain its attitude and orientatirather than
attempt return to level flight. The general prefexe when choosing a UAV platform tends to be towadvery
positively stable aircraft: one that has a high-med wing with a decent degree of dihedral. Howekieraerobatic
platform does not suffer from a lack of stabiliBather, its stability comes from its large tailfage areas and their
associated moment artisOf course, this requires that these tail surfaeeactively controlled to keep the airplane
in steady-level flight, but this is a task the auimt is more than capable of performing. In aduitito being
neutrally stable, the aerobatic airframe is mod#dgoupled in its control. This means that commamdiryaw input
using the rudder does not induce a bank angle eraitplane owiceversa This decoupled nature of the control
made debugging and tuning the autopilot contropfoeasier.

The aerobatic UAV platform also provided a largasiky-accessible payload bay, and generous winigeir
area in an airplane with a small 80 inch wingspEme wing could be disassembled into two pieceghedUAV
could be easily transported, but did not need tinl@der to gain access to any of the componesiglé airplane.
After observing previous UAV and RPV designs antdimgpthe difficulties in accessing the payload heithout
removing the wing, and integrating avionics andiléany components into the airframe, the payloag dasign of
our Extra 300S was seen as a valuable advantage.

B. Avionics and Engine Selection

Another reason for choosing an aerobatic aircraf$ whe knowledge that the airframe was designedke
aerodynamic and structural loads well beyond whatlldv be necessary for the UAV. This ensured thatettwas
ample safety margin for making rapid maneuvers auiththe risk of inadequate control authority odueg-level
stresses on the airframe, even with 10-15 Ib. m@&ight onboard than nominal.

The powerplant used on the UAV platform was an EX glow engine, spinning an APC 16x8 propeller.
generated approximately 16 pounds of static thewiétill throttle. With the stock, 24 oz. fuel tartkjs powerplant
allowed for a maximum flight time of approximatel$ minutes. This configuration is the one mostrofteed by
R/C hobby pilots with a quarter-scale aerobatic ehdebcause of its incredible reliabififty Over the course of the
platform's development, the 24 oz. fuel tank wadamed with a 40 0z. one to increase the aircrdfttation. The
larger fuel tank provided maximum flight time ofpapximately 22 minutes. The change in flight timasanot
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exactly proportional to the change in fuel tankwoé due to the increased initial takeoff weighttaf aircraft, the
slightly different geometry of the new tank, and #ffect of the greater volume on engine's fuekoamption rate.

The Piccolo Plus autopilot manufactured by Cloug Ga&chnology served as the main avionics unit & th
UIUC UAV. It was chosen due to its proven trackartin government UAV applications, wide spread irse
academia, and its highly configurable interfaceThe Piccolo performs its navigation based onimartial
measurement unit, and corrects for senor driftleeps track of its position using a 1Hz GPS systepitot-static
probe is used to measure true airspeed and altitudet of closed loop controls are used to mamnsability,
navigate waypoints, and perform other basic autbfiinctions. Real time communications between Riezolo
Plus and the ground station occur over a 900 Midiormmodem link. The radio link provided the ability modify
the UAV platform's autopilot parameters, and tramtgmd remote pilot commands when in manual comrotie.
The ground station was used to display and receleimietry, and provided an interface to make chamngedbke
autopilot in-flight.

A Futaba T9CAP R/C transmitter is connected tograund station to enable a pilot to take manuatrobiof
the aircraft without disabling the Piccolo Plus.eThutaba T9CAP is also capable of directly trarsmgitservo
signals to the airplane over the 72 MHz frequentyemvused with an R/C receiver. During early flighdting, a
Futaba R138DP 8-Channel R/C receiver was usednnamd the servos and provide RPV capability tadisébed
airplane. Once the Piccolo Plus was integrated timoplatform, the R/C receiver was removed sithee gervos
were directly connected to the autopilot.

V. Fuel Gauge Testing and Model

Almost all small UAVs, whether they are intended dommercial, military, or educational use, do have gas
gauges. A major reason for this is because R/C hzdeaft do not have gas gauges, and both atrtypés of are
based on similar technology. The people operatmegd UAV platforms go strictly by flying time to téemine
when the airplane should be brought back for lagiflirA similar situation also exists for general aigiataircraft.
Although these aircraft have fuel gauges, the fisiges are required by federal aviation regulatmmy to be
accurate when the needle is reading empty. Pisdysmainly on timers to know when to switch tanksl @&stimate
how much fuel they have us€d Commercial and military aircraft have been usimgre accurate capacitance type
fuel monitoring systems for many ye&rsThese systems are less affected by fuel sloshimjcan provide a more
accurate fuel tank reading than traditional floasdd fuel gauges, but have not been implementsdchall UAV
platform airplanes.

Unfortunately, loss of engine power resulting fraimning out fuel is a common hazard encounteredemneral
aviation pilots®, as well as R/C airplane pilots. The ALEAS flighsting group encountered this particular hazard
three times. Fortunately, on all occasions thelaig had enough altitude, and was able to safetfoqme a
controlled landing. However, encountering this mdzaultiple times made evident the need for a sysi® guard
against the fault of running out of fuel. This whs motivation behind developing software, groutatien based
fuel gauge, to provide better situational awarertesthe ground crew. Another display running on greund
station computer can inform the ground crew whes tilme to land the airplane. A simple stopwattdly serve the
same function. However, inaccuracies resultingnfrghen dealing with a UAS with multiple airplanegbarne at
the same time, the stopwatch approach can be cember Inaccuracies can result if the crew doesoobunt for
the different fuel consumption rates aboard difi¢@@rcraft, leading to incorrect estimates of rammay flight times
that then occur if there is nothing more advanaed rliable than a human with a stopwatch to gaaainst the
fault of running out of fuel. This section desedbthe general setup for the fuel consumption @@y, details
experiments performed on the UAV testbed airceait] shows that a software fuel gauge can in fdpt indigate
the ground impact hazard.

A. The Two-Stroke Glow Engine and Factors that AffecFuel Consumption}

The OS 1.60 FX engine used on the UAV platformrisoff-the-shelf hobby glow engine (figure 1). Itsha
displacement of 1.6 (26 cc), and produces a peak power of 3.7HP a ®IPM. The type 60F carburetor, also
manufactured by OS, is a two-needle throttle catouy with a remote high-end needle.

When compared to a four-stoke engine, a two-steigine is designed to be simpler to build, maintaimd
operate. It provides a generous amount of powethfair size, and does not require a computer arathntrol until
in order to function. In the specific case of avglengine, even an ignition unit to fire the spalligpis not needed
once the engine has been started. However, tmeplisity and power-to-weight ratio advantage coratthe price
of efficiency. The typical premixed-charge two-&&oengine (the kind most frequently used in UAV ari@V
applications) consumes more fuel not only becaosabastion takes place on every upward stroke, [sotlzecause
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the gas exchange phase of the engine cycle has dfemtened. The exhaust and charging processes occu
concurrently, with the burned gases being pushedypthe entering fresh air-fuel charge. Approxiemat20\% of

the fresh charge is immediately lost through théaest, since both the intake and exhaust portsopem
simultaneously for a short tifffe In addition, the complex chemical and physicactions taking place in the
cylinder chamber during this combined phase, reqgtirel-to-air ratios that are higher than stoichétrcally
correct values.

A simple throttle carburetor, consisting of a venta rotating throttle barrel, and a spray-bar hasism
(comprising of a jet and a secondary needle valgedesponsible for providing the correct fuel-aiixture to the
engine. The carburetor venturi, along with the ragi crankcase, produces a partial vacuum at tlag-bar. The
difference between the positively pressured fuek @riven by muffler pressure) and the low pressatrthe spray-
bar jet causes fuel to flow into the carburetor amxl with the incoming air. Fuel flow is controllddy both low-end
and high-end adjustment mechanisms. In the spexdfiburetor used on the OS 1.60 FX engine, an G5 the
low-end screw changes the distance between thg-bprajet and the secondary needle valve to cotitrelidle
mixture. As the throttle body is opened by the ttheoservo, the secondary needle valve moves away the
spray-bar jet orifice, allowing more fuel to flomtod the carburetor. The high-end on the OS 60Hljigsted by a
remote needle valve that controls the flow ratevben the fuel tank and the spray-bar mechanism.rétrote
needle design, allows high-end adjustments to béenmehile the engine is running without getting ose the
propelle:?;2 High-end adjustments control the engimeaximum speed, and transition from low to higkeesb
operation®.

B. Experimental Setup

The static fuel consumption readings for the O E& engine spinning an APC 16x8 propeller, wekema
with the engine mounted on the airframe. This wasedto ensure that the system that was measureih &g the
one that flew, and also to try to understand howirenmental factors, like wind and temperature, Imigffect the
fuel consumption. A Glow Bee Intellitach was usedrteasure the RPM of the propeller, and theretoeeshgine
since no gearing was used between the engine ahdfipropeller. The throttle servo was controlledabyexa
Control ServoXciter EF, capable of commanding aaligulse width between 1 ms and 2 ms, with anracguwf 1

S.

The fully closed and fully open throttle positionsrrespond to pulse widths of 2.000 ms and 1.320 ms
respectively. Pulse widths outside this range oadylt in the servo unnecessarily pushing the tllerbtirrel against
the mechanical stops inside the carburetor bodg.ldWest throttle setting at which the engine wapérate was at
1850 ms. A slightly faster position, usually betweE800 ms and 1750 ms, was used as the idle settirigg
testing to avoid unintentionally shutting off thegine. The maximum RPM for the propulsion systers aehieved
at approximately 1400 ms. Commanding a higher tlersetting did not significantly change the engipeed.

The high end needle on the carburetor was setstydianing out the mixture (by tightening the Hedd restrict
fuel flow to the carburetor) until the maximum ambable RPM at the wide-open throttle was achieVéeé. mixture
was then richened until the RPM at full throttl®piped by approximately 200, to 9700 RPM. The mixtwas
richened to avoid overheating the engine by notidiog adequate lubrication and running it for lastgetches at a
time. This procedure also gave us a consistertirgigooint for the data measurements. The engirethen taken
through its range of operation to ensure that it wansitioning properly. The low end needle on ¢heburetor,
which affects how the engine idles and transitimas set one-eighth of a turn richer than optimalc®again, this
ensured that the engine did not overheat even glpriolonged periods of static testing. The low arddle was not
adjusted after the engine was initially installedtie airframe and the engine subsequently braken i

7
American Institute of Aeronautics and Astronautics



Figure 2. Throttle Servo versus Propeller RPM Caliration Curve

The OS 1.60 FX, like all glow fuel engines, doesmave an integrated tachometer because it isegpiined for
engine operation. When testing the engine on thargt, a simple tachometer can be used to takestamtaneous
propeller RPM reading. However, throttle servoisgtiversus RPM data had to be obtained in orderstomate
engine speed in-flight. This data was also usethbyPiccolo autopilot when the airplane was equippith a glow
fuel engine. The propeller RPM corresponding tavemthrottle servo setting can be seen in figureTRe scatter
in the data that can be seen near 4000 RPM isodile increased vibrations the propulsion systesdyees around
this throttle setting while on the ground, and tkeulting hysteresis in response due to vigoroadkisQ of the
throttle control arm. These higher than normal afilens do not cause any problems once airborneubectne
airplane's movement is not rigidly fixed. Also, thieplane is not flown around the 4000 RPM throsiidting, since
the propulsion system does not produce enoughttfousormal flight.

The Brillelli 46GT engine has an integrated hafeefs sensor to measure the engine's RPM, so ttioiy
module can properly adjust the spark plug timing.

VI. Results

Five separate days of testing were necessary heigahough data to properly observe the propulsystem's
static-fuel consumption behavior. However, only diag of flight testing was feasible due to the teaxd and time
required. The atmospheric conditions for all thgsdduring which fuel consumption data was can le@ $e table 1.

Day Temperature (°F) Pressure (mm Hg) Winds [Steady, Gusts]
(mph)

Static 1 70 30.32 0-3

Static 2 86 30.15 22, G30

Static 3 73 29.56 17, G23

Static 4 74 29.79 9

Static 5 75 29.89 15, G25

Flight Test 78 29.76 5-10

Table 1. Atmospheric Conditions During Fuel Consumfion Measurements
Static fuel consumption tests with the OS 1.60 R¥ve a somewhat linear correlation of fuel consumptio
propeller RPM, as seen in figure 3. However there great deal of scatter in the data. The liekhd estimating
fuel consumption for a given throttle setting i®wi in figure 4. This line is linear for the 1808 to 1400 s
range.
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Figure 3. Ounces of fuel burned per minute as a fution of Propeller RPM

Figure 4. Ounces of fuel burned per minute as a fution of Throttle Servo Setting
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C. Flight Test Validation

In order to see how the static thrust fuel consimnpmeasurements would correspond to actual itflfgel
usage, four controlled flight tests were perform€ke throttle servo profiles of all of the tesgfit can be seen in
figure 5. Three flights were constant throttle isettflights that lasted for approximately three antialf minutes.
The first fifteen seconds of each flight was aédtfor a full-throttle takeoff and climb. Afterwasda fixed throttle
servo setting was commanded, and the airplane laags fn constant altitude ovals for three minutésthe end of
the allotted flight time, the engine was broughtvdoto idle, and airplane was positioned over theway for a
landing approach. Once the airplane began its aliedr descent, the engine was shutoff by complatklging the
throttle. The fourth flight was a varying throttetting flight, intended to simulate the actuaitili conditions under
autopilot control. Once again, fifteen seconds wahstted for a full-throttle takeoff and climb. Aftwards, the
airplane was flown at approximately a constant gdspeed for three minutes, using a higher thretténg for the
upwind leg of the oval than the downwind leg. Thiéial intention was to pick two specific throtgesitions, using
one for the upwind leg and the other for the downlalieg, in order to see if the total fuel consumptivas in fact a
linear combination of fuel consumption at the twavér settings. However, observing the throttle fimsidata post-
flight showed a much more complex throttle profiléne data from the forth flight therefore could bet correlated
to a single throttle setting, but was used latardiaate the software gas gauge written for tleeigd station.

Figure 5. Throttle Profiles for the Four Fuel Consumption Flight

The software fuel gauge is a C++/MFC program desigio run on the ground station computer alongsdide
Piccolo Operator Interface. It connects to the déteam between the Operator Interface and thel ggoit being
used by the Piccolo Ground Station Unit, via thenpater's loopback ethernet interface, and is capabteading
all of the data packets that are being transmitedl received over the link. This approach was ahoiselieu of
connecting directly to the aircraft's autopilot tunio avoid burdening the radio communications linith
unnecessary traffic. This method also ensuredttietsoftware fuel gauge could be utilized to armaligdemetry
files post-flight, and with hardware and softwamnethie-loop simulations in the lab, in addition &k world flight
testing situations. The fuel gauge records theeotirthrottle servo setting and its correspondingestamp,
whenever the correct autopilot data packet is veckiThese two values from the two most recent patkets are
used to estimate how much fuel has been consuntea niodel utilized to estimate fuel consumption fatea
given throttle servo setting was based on sta&t ¢onsumption data, and can be seen as the biteddme in
figure 4. Using static FC data ensured that theas avsuitable safety margin built into the softwfaied gauge. The
results of using the software fuel gauge to analjeetelemetry files from the flight tests conducte measure fuel
consumption are shown in table 2.

10
American Institute of Aeronautics and Astronautics



Flight Actual Fuel Used (0z) Estimated Fuel Used ) | Safety Margin (%)
Full Throttle 5.08 5.44 7.1

Medium-High Throttle 4.37 4.81 10.1

Half Throttle 4.05 4.57 6.3

Takeoff & Climb Only 0.49 0.5 2.0

Table 2. Actual and Estimated Fuel Consumption foAircraft with OS 1.60 FX Glow Engine and APC 16x 8
Propellers

VIlI. Conclusion

The UAV is a system of systems composed to accem@utonomous airborne tasks that are too unsafe or
arduous for human operators. The UAS is usually mtsad of many advanced technologies, with complex
interactions, combined to provide specific funcéility. Guaranteeing that all these systems fungicperly, and
enhance overall system safety is non-trivial, lrdessary.

The fuel consumption tests performed were not #&®| but sufficient to highlight the behavior o thngine,
and develop a reasonably accurate fuel consumgfiGh model. Fuel consumption was found to correliatarly
with engine speed, and can be estimated closelyngldlight, using static FC data and the commantedttle
setting. The increased situational awareness pedvid the ground crew as a result of utilizing &veare fuel
gauge will further mitigate the ground impact haizeor the UAV platform.

Acknowledgments

The authors wish to acknowledge funding providedanrgrants CCR 0311616 and CCR 0325716 by the N.S.F
The authors wish to thank Dr. Helen Gill for heppart. The authors wish to thank the Boeing Corponaand the
Office of Naval Research for their support. Thehaw also thank the R/C pilots, Jeremy Sebens aigieVl
Frontera, for their professional guidance and etigeer

References

[1] Aircraft Owners and Pilots Association, MarcB, 2006, “AOPA alerts Congress to UAV threat to @Gperations,”
http://www.aopa.org/whatsnew/newsitems/2006/06032ml

[2] Levin, Alan, August 6, 2006, “Crash stirs deban drone safety,” USA TODAY.

[3] Clough, Bruce, 2003, “Unmanned Aerial Vehicléaitonomous Control Challenges, A Researcher'sgeets/e,” 2nd
AIAA "Unmanned Unlimited" Systems, Technologiesgddperations, AIAA 2003-6504.

[4] Brock, Keith, Jessica Dooley, Frank ManningPD20“Development of an Autonomous Aerial Reconraaise System”
http://clubs.engr.arizona.edu/arc/0405site/ TEAM_ERB/UniversityofArizona2004.pdf

[5] Yeung, Wai Shing, Pedro Placido Jr., Eric TaBhafqat Wasi, Anthony Genova, David Wigley, Fadsknorrami,
2006, “The Anatomy of Athena: The Engineering Behifolytechnic University's UAV”, Journal Paper fine Fourth Annual
Student Unmanned Aerial Vehicles (UAV) Competition.

[6] Miller, Jodi A., Paul D. Minear, Albert F. Nisger, Jr., Anthony M. DeLullo, Brian R. Geiger LWe Long, and Joseph
F. Horn, 2005, “Intelligent Unmanned Air Vehicleadtt Systems,” Infotech@Aerospace, AIAA 2005-7081.

[7] Leveson, NancySafeware Addison-Wesley Publishing Company Inc, 1995, p@-151.

[8] Vaglienti, Bill and Ross Hoag, April 10, 2003 highly integrated UAV avionics system” Cloud Capchnology.

[9] Hughes, David, February 12, 2007, “File-and-Akannabes,” Aviation Week and Space Technology4p6p9.

[10] Hughes, David, February 12, 2007, “A SeconttylHawk?” Aviation Week and Space Technology, 4§-55.

[11] Academy of Model Aeronautics pubscademy of Model Aeronautics Membership Mandlncie, IN USA,
http://www.modelaircraft.org/PDF-files/Memanual.PBfecessed July 2007

[12] Weibel, R., and Hansman, R. J., “Safety Cossitions for Operation of Different Classes of UAXshe NAS,” 3rd
AIAA "Unmanned Unlimited" Technical Conference, WWshop, and Exhibit, September 2004, Vol. 1, pp-381.

[13] Sullivan, B., and Roberts, INGATS 2025 Concept v4.8°DO Working Document (Technical Preview), Aug2G®5.

[14] Fudge, M., Stagliano, T., and Tsiao, Slon-Traditional Flight Safety Systems and Integiadehicle Health
Management SystemBinal Technical Report, ITT Industries, Advandedgineering and Sciences Division, 2560 Huntington
Avenue, Alexandria, VA 22303, August 2003.

[15] 2006/07 Rules and Vehicle Design for AIAA DesigiteBely Competiton
http://www.ae.uiuc.edu/aiaadbf/2007_rules.htatdcessed February 2007

[16] Simons, MartinModel Aircraft AerodynamicsSpecial Interest Model Books" £dition, Poole, Dorset, UK.

[17] O.S. Engines 1.60 EX1anufacturer's Specifications, 1999.
http://www.osengines.com/engines/osmg0660.hattessed 23 February 2007

[18] Underwood, D.Phone Interviews with Senior Engineering Techni@a&loud Cap Technologypril 2006.

[19] Landsberg, Bruce, “Dry Tank Disaster&OPA Pilot Journal, August, 2001.

[20] SkySport Fuel Monitor System Instructipklanufacturer’s Specifications,

11
American Institute of Aeronautics and Astronautics



http://www.airstuff.com/fuelmon.htmhccessed April 2007

[21] Heywood, John B., and Sher, Erdhe Two-Stroke Cycle Engine: Its Development, Qmeraand DesignSociety of
Automotive Engineers, Inc., Warrendale, PA., US899

[22] Gierke, C. D.2-Stroke Glow Engines for R/C Aircratir Age Media Inc., Ridgefield, CT, 1994.

12
American Institute of Aeronautics and Astronautics



