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AbstractNthis paper describesthe characterisation of
infrared sensorsusedin the attitude control of unmanned
aerial vehiclesunder a range of earth-sky temperature
differences.

Index TermsNUnmanned Aerial Vehicle, absolute
attitude measurement, infrared sensors.

[. INTRODUCTION

HE use of Infrared (IR) sensorsfor attitude
measuremenof spacecraftwas first published by
researcherat NASA andelsewherd1-6]. Thereis at
leastone commercialaircraftlevelerbasedon IR sensors
[7].

Note that the principal ideaunderpinningthe work of
theseresearcherss that we may use the earth-sky
temperaturalifferential, particularlywith referenceo the
horizon,to maintainor restoretrimmedor level flight.

We now haveseveralyearsof flight experienceusing
IR sensorasedattitudecontrolin our VMC autopilots
with this work first being presentedn [8]. This paper
builds uponthe introductionin [9] to showhow the IR
sensorsusedmay be characteriseénd how the aircraft
attitude may be determinedunder a range of weather
conditions and earth-sky temperature relationships.

If control of the aircraftis to be maintainedthenit is
very importantthatthe pitch androll anglesof the aircraft
arenot underestimated particularlyif we wish to adopt
reasonable roll and pitch angles (*¥45

II. IR SENSORS

The IR sensorswe have usedare manufacturedby
Melexis. Thereare,however,a numberof other similar
sensorsavailableincluding thosefrom Dexter Research
andRoithnerLaserTechnik. They may havea rangeof
fields of view (FOV), bandwidthand underlying sensor
configurations and aperture lenses/diffusers. Moshede
aspects can be ignored [9].

To measureghe ground-skytemperatureadifferencethe
sensorsare arrangedin pairs back-to-backfacing
outwards. For this paperwe havechosento use sensor
headsfrom FMA Direct [7] becauseof their convenient
packaging. The head containstwo sensor-pairsand
generate®utputwhich correspondsgo the differencein
temperature seen by the two sensors.
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Figurel Melexis SensorField of View

. SKY TEMPERATUREPROFILE

A nasveview is thatthe earthOsurfaceis at closeto
the ambienttemperaturendthe sky is alwaysvery cold
relative to the earthOs temperature. This is reasdioalzle
spacecraftabove the atmospherebut a little more
complicated for aircraft within the atmosphere,
particularlythoseflying at relatively low altitudesor in
the presencef scattereccumulouscloud wherethe FOV
intermittentlyincludescold sky or warmer nearbycloud
patches.
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Figure2 Therelationbetweensky temperaturend elevationangle of
the radiometemwith differentwindow materials.Ambient conditionsin
Namibia: night time7’ = 16jC, RH 41%; Durham: afternoon, 7 = 5;C,
RH (70+ 10)%[10].

Figure2 from [10] showshow sky IR temperaturecan
vary with elevation under different conditions. The



sensousedhada FOV of 2.9; anda bandwidthof 8 to
14um (89;C to -66jC). At first the higher night sky
temperaturein Namibia seemsat odds with that of
Durhamhoweverwe speculatethat high humidity from
the Atlantic Ocean may be the cause.

Other researchers [11] observe that: OThe
improvementsin the infrared and sub-millimetre
observingconditionscomparedto temperatesites are
surmisedto arise from three principal effects: low
temperaturelow watervapourcontentandlow levels of
particulatesThelow temperatureesultsin a reductionof
the backgroundsky emission.The low water vapour
improves the atmospheric transmission and
correspondinglydecreasests emissivity. The reduced
particulatecontentof the atmospherealso reducesits
emissivitycomparedo a mid-latitudesiteO.

Our own measurementm a relatively dry and warm
part of Australia confirm that the sky is colder when
humidity is low. In fact dry summernights have very
cold sky temperaturesvhile humid daysor nights show a
much warmer sky.

The datafor the graphsof Figure 2 wastakenusing a
RaytekMT-2 Minitemp with a wider FOV of 20%.The
form of thesegraphsaccordwith thosein [10]. It is
importantto note that hot spotson the ground depart
significantly from ambienttemperaturesindthat the sky
temperatureis seriously affected by clouds. The
synthesizeautputof sensor-pairshownin Figure 4 also
assumesa sensorwith a FOV of 20°. Fortunatelythe
wider 100° FOV of the actual IR sensorsusedin the
aircraft servedo averageout the peakscausedby ground
hot spotsandsmall clouds.

IV. ATTITUDE ESTIMATION

From the measurementm [12] the authorsformed a
working conclusion that the differential temperature
(attitudeangle)for the sensorpair may be approximated
asshownin Figure5. In what follows we will presenta
better means of estimating the aircraftOs attitude.

A. A better estimation

While we could attemptto determineformally the
function describinghe variation of sky temperaturavith
elevation,we observefrom Figure 6 and simple curve
fitting thatit is closeto exponential The sky temperature
for a given elevation, maximum sky temperatureand
ambient/ground temperature can be expressed as:

Sky=SkyMax*exp(-Elevation/90*5.5)-(SkyMax-Grout

Figure 6 showsthe sky temperaturegor two curves
from Figure 2 and the exponentialapproximation.
Integratingover the FOV of eachsensorin a sensor-pair
we obtain their individual outputsand the difference;
Figure7 showsthe resultsfor the Namibiacase.

The sensor-paioutputfor both casesof Figure 6 are
givenin Figure8. We observethat whenthe temperature
difference between the sky and groundiiigh, the output
of the sensor-pairapproximatesa sinusoid. If the
temperature difference is relativdlyw asit may be on a
cloudy daythenthe outputis partially flattened.

The sinusoidalapproximationin both casesand more
generally overestimates tledevationakaroll/pitch angle.
In what follows the temperature difference for sengora
pair should be viewed as synonymouswith roll/pitch
angle.

Atmospheric thermal data acquisition
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Figure3 Sky andGroundtemperaturefor varying attitude,timesandweatherconditions[10]
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Figure5 Approximatetemperaturalifferencewith elevationangle[10]

1) The weakness

Unfortunatelythe maximumground-skydifferenceis
not constantvaryingsignificantly over periodsof seconds
to hours.As will be seenlaterthe situation canbe further
complicated by terrain and clouds.

If the maximum differenceis obtainedby simply
rolling the aircraft befordaunchto 90° and recordingthe
maximum value of roll sensor-pairoutput to use for
scaling then a decreasettre maximum differenceduring
flight mayleadto seriouslyunderestimatinghe roll/pitch
angle.Turningthrougha largeheadingchangethe aircraft
will attemptto roll to the maximum roll angle as
previously measured which is never reached.

If the initial measured maximum differentelow then
the angleswill be overestimatedesulting in safe but
woefully inadequateoll andpitch angles.

2) A solution

Fortunatelythe simple addition of a third sensor-pair
orientedvertically provides continuousmonitoring and
scalingof the estimatedroll/pitch angle. A degreeof
cautionis requiredasthe sensorsnay not seeexclusively
ground and sky and the maximum sky/ground range
shouldbefiltered with a time constantof a few seconds.
If the time constantis too long it is possible to
underestimatéhe attitudeangles For exampleif we have

beenflying for a long time under a clear sky then
suddenly fly under a cloud the attitude will be
underestimatedif we do not reasonablyquickly take
into accountthe rangenow seenby the vertical sensor-
pair. Converselyif we makethe time constanttoo small
thenwe may introduceundesirablenoiseinto the control
loops.

Thethird sensor-paiis usedby othersto bring aircraft
safelyto non-invertedtrimmed level flight quickly [7].
Full overlapping FOV coveragein all directions,
including vertically, addsthe prospectof full 3D control
[14].

B. Scheme used

While it is simpleto constructa lookuptablebasedon
theassumptionsf constanggroundtemperatur@ndan
exponential sky temperature profile we have elected to
dateto usea sinusoidalapproximationA lookuptable
for theinversesineis usedwith appropriatescalingbased
on the maximumoutputof the vertical sensor-pairlt can
be seen(Figures8 & 9) thatthis will undernormal
circumstancesverestimatethe roll/pitch angle. We also
limit the maximumavailableroll to 45°.
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V. SITUATIONS LIKELY TO CAUSEFAILURE

This sectionintroducessomethoughtson the limitations
of this otherwiseattractiveschemeof directly measuring
aircraft pose.In most casestheselimitations may be
overcomeby modestalgorithmic changego qualify the
pitch androll indicationsup to and including ignoring
them and relying upon the intrinsic stability of the
aircraft. The positive aspectto theselimitations is that
they serve to provide a modest degree of temaithcloud
avoidance.We observethis behaviourclearly in practice
asthe aircraft attemptsto bank away from encroaching
ridgesandclouds.

The outputof the sensor-pairsn thesecircumstances
candepartfrom a simple sinusoidalassumptionbut are
beyondthe scopeof this paperandwill be reportedlater
[14].

1) False roll determination

If theaircraftis flying parallelwith rising ground or
cloudswhich are abovethe aircraftOsltitude then the
computedoll anglewill beincorrect.

Assumethe ridge/cloudis at 1000M and that the
horizonis not obscuredin the oppositedirection. The
horizonwill beata distanceof approximatelyl50Km. If
the aircraftis flying on the line betweenridge/cloudtop
and horizon then there will be a roll error of
approximately0.4°; the computedroll will be zerowhen
the aircraft is in fact banked away from thege/cloudby
0.#°. Thiserroris of little concern.

If theaircraftis flying below this line thenthe output
of theroll sensor-paiwill belower for a given roll angle
asthe FOV for both sensorss partially obscured.The
roll will beunderestimated

If the aircraftis flying below the rim of a valley the
roll of the aircraftwill be underestimated If the valley
walls arerising at an anglegreaterthanhalf the FOV of
the roll sensorsaandthe aircraftis flying level there will
be no roll indication; both sensorssee ground only and
thereis no roll control. The vertical sensor-paiwill also
havethe upwardlooking sensorOBOV partially obscured
andthusthe sensomgainswill be increasedUnfortunately
the gain is also increasedfor the pitch sensor-pair
resultingin overestimatingpitch althoughthis may only
beanissueif flying downa valley which hasa deadend!

The inclusion of a yaw gyro andthe useof GPSdata

can disambiguatehe above situations usually without
recourseto Kalman Filters or other computationally
complexsolutions.

2) False pitch determination

If the aircraftis flying directly towardsrising ground
or clouds then the pitch sensorwill indicate positive
pitch when the aircraft is in fact level. The same
computatiorasfor roll determinatiorapplieswith a pitch
up of 0.4° beingindicatedwhen the pitch from trim is
zero.

If the aircraftis belowthe line connectingthe horizon
aft of the aircraftto the ridge/cloudaheadthen the pitch,
while still being indicated as pitch up, will be
underestimated with the output of the sensor-pailagain
falling asthe sensor(BOV is partially obscured.

Assumethe autopilot strategyis to control airspeed
throughpitch andaltitudefrom throttle. The aircraft will
attemptto correctthe falling airspeedoy selectingdown
pitch. Thethrottlewill beincreasedo maintainaltitude.
If the aircraft has adequapmwerto achievethe necessary
rate of climb (ROC) then the aircraft may clear the
obstacle.Unfortunately the pitch down available to
control airspeedis usually limited to around 10° with
pitch up limited to slightly lessthan is possiblewith the
aircraftOsnaximumROC. Thisis 10° down on indicated
pitch and so the airspeedmay continueto fall if thereis
insufficient powerto maintainaltitude at what will be a
high and increasingangle of attack as the aircraft
approaches the ridge/cloud.

Ideally the waypointswill have beenprogrammedso
thatthe aircraft hasclimbedto an altitude that will clear
the obstacle! If notthe bestone may hopefor is that the
aircraftwill stall androll awayfrom the ridge at which
point the roll sensor-paimwill exaggeratehe roll thus
perhaps avoiding the obstacle.

3) Weather issues

Raincanbeaproblemasa film of waterover a sensor
will dominatewhat that sensorsees. An IR transparent
polythenefairing is requiredto shedany such water.
Evenwith sensorsshieldedfrom direct wateran air-mass
within the FOV which has significant rain in it will
distortthe temperatureprofile. Our worst observeceffect
was immediatelyfollowing a brief hailstormwherethe
suddenarrival of very cold hailstonesat ground level



caused the ground to temporarily appear coldan the sky.
This effect was observedin conditionsof light fog with
horizontal visibility around 1000M. The measured
temperaturesvere a groundtemperatureof 3C and sky
temperatureof B2C. It is surmiseda much higher level
cloud containingthe cold hailstoneswas obscuredby the
warmerlower cloud. The hailstonesthen fell throughthe
lower cloud makingthe ground temperaturesuddenlydrop
to -4C while the sky remainedat-2. The effect persistedior
about15 minutesandthe generabisibility was hardly equal
to VMC conditions.

VI. CONCLUSIONS

The paperhas reportedon improvementsthat may be
madeto the pitch/roll estimatesprovidedby an IR sensor
basedattitude measuremenscheme.This very simple
schemeto directly measureaircraft attitudeto within a few
degreeshas attractions over the more usual inertial
measuremerttasedschemesand has beenshownto work
well in practice[13]. The applicationof IR sensorgo 3D
flight controlwill be presentedater[14].
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