A Simulator Based Approach to DT& E of Small UAVs

by

Warren R Williams

BEng, Grad Dip Mngt, ADip Mech Eng, MIEAust, MRAeS, CPEng

Minor Thesis submitted
to the University of South Australia
for the Degree of

Master of Engineeringin Test and Evaluation

System Engineering and Evaluation Centre (SEEC)
School of Electrical and Information Engineering
Building F, Mawson Lakes Campus
University of South Australia
Mawson Lakes, South Australia 5095

23 December, 2002



Contents

(IS IO T i o 1 0 1 v
[ IS IO T i I = 1 V
R S I =10 O T U 1 I VI
ABBREV I AT IONS . ..ttt ettt e ettt e e et e e s —etereeeree s s e reteeereerrrarreees VI
RSN 17/ 1 ] IX
S LY A /2 X
ACKNOW L ED GM ENT Sttt ettt s et e e e e e ea e s e reaerers s e reaereer s reres XI1
I VI I O 5 10 L I 1 ] 1
0 R = 7N e =T U N] o 1 1
1.2 UAYV PROGRAM OVERVIEW ...ueeiviitietieeteisessseessessteessssssssssssesssessssessssssssesssesssesssesssesssssssssssssesssesssesnns 2
1.3 IMPORTANCE OF STUDY ..oueiiuiiitieetietietessesssesssesstessssssssssssesssessssesssssssssesssesssesssesssesssssssssssssesssesssesnns 3
1.4  FLYING QUALITIESAND PERFORMANCE .....cocotiteiteeteeteeseestestestsstessesseesesssessessessessssssssessssssessensesssssessesns 4

2. RESEARCH PROBLEM ..ooottiiii ittt ettt tiies s s e e s et eraaaiss s s s s sesesesssssssesssesesssnnns 5
2.1 STATEMENT OF PROBLEM.....ccitiiitiittitsettesttetsetssseestesstesssssssssessssssssssssssssssssssesssesssesssesssssessessseessesnns 5
2.2 STATEMENT OF SUB-PROBLEMS......ciiiiitiiitietieeteeseestessteesteestssessssssssssssssssssssssesssesstesssesssssssssesssesssesnns 5
G T o A= == [T 5
2.4 DELIMITATIONS OF STUDY ...ttitiiitiiesieiesteestteteestsssesssesssessssssssssssssssssssssssssssssssssesssesssessssssssssesssesssesnns 6

3. LITERATURE REVIEW ..ottt ettt e ettt s s s e e ne e e aansss s e s s eeeenannnan 8
3.1 UAV FLYING AND OPERATIONS . ....uviitiiitiesttettestesseestesstessssesssssssssssssssssssssssssssesssesssesssesssssssssesssesssesnns 8
3.2 UAV FLIGHT TESTING...cteiiteeitieeteiesstsettesttetsestsssesstesssessssssessaesssesssessssssssssssssesssessbesssessssssesssessseessesnns 9
3.3 UAV FLYING QUALITIES ..cvicteeteeteeteeteeseeseestestestestessessesssessesssasessessessesssssssssesesssssessessessssnsesessessessesns 10
3.4 UAY PERFORMANGCE ....ccuviitieitieitieeteseessessteestessteetssstsssesstessbesssssssssessaessseesseestessssssssssessbesstessteesessnes 10
3.5 UAY FLIGHT DISPLAY S...teiiteeitee ettt stesee st e steeeteetssatesseesbessbessbesstesaessaessbeesbeesbesntssseesbessbessbeesteeessneas 11

4, SYSTEM DESCRIPTION oottt eeee ettt s e te e e e eesasassssesssesssssnssssssssessssssnns 12
41 DESCRIPTION OF UAY SYSTEM ..cuiiciiiiiiieiieestiesteesteestssiessessatssttastsstssstsssessseestesstsssssssesssssssesssesssesnns 12
N R N LY < o 1T < 12

I € 101U 2 To W OXo g 1o IS 7111 [ 14

4.2 DESCRIPTION OF GEOPHYSICAL SURVEY MISSION....cccuiieuiiieiuieitiestieteetesseesseesteestesssssessnesssesssessseenns 19

5. DESCRIPTION OF FLIGHT SIMULATOR ..ottt ettt e e e e e 20
LTt R 1 N = R 20
5.2  X-PLANE FLIGHT SIMULATOR OVERVIEW ...ccvtitiietiieeeiseesteesteesteestsssesssessseesssesssssssssssssesssesssesssssssssnnes 20
5.3 PLANE IMAKER IMODULE ...cvviitiiitiiete st stee st e bt tssatssaeestessbeestestesaessaessaeassesntssassssessressbessbesstesessnees 21
54  AIRFOIL MAKER MODULE ...veiitiiitiiete it st stee st e steetssatssressbassbesstsstsssessaessbeesssssbasnssssesssessbessbesstesnessnees 21
5.5 FLIGHT DYNAMIC SOLUTION PROCESS.......ceiitieitiitiieeiseesteesteesteestssesssesssesssessssssssssssssesssesssesssesssssnnes 21
5.6  FLIGHT SIMULATOR HARDWARE SETUP .....ueeitiitictiietesteesteesteestesstssesssessaeesssstssntsssesssessresstesssessssnns 22
LN A = = = [ N L)) 24



6. OPERATIONAL & TECHNICAL REQUIREMENTS......cccooiiiriieeceeeen 25

(ST R € N = = R 25
6.2 REQUIRED OPERATIONAL CHARACTERISTICS ....cciictttiiieeiiiiiitreieeseesssiasseeesessssssssssssesssssssssssesssesssnses 25
6.3 REQUIRED TECHNICAL CHARACTERISTICS ..ceiiiiiiiiititeieeeeeeiiibrsiessesssssssseessessssssssssssssssssssssssssssesssnes 25
0.4 CRITICAL TEE ISSUES .uviiiiiii ittt ettt e e e e e s bbb e e e e e s s s bbb e e e s e s s aaabbbbeeeeesssesasbbeseeassessanres 25
B.4.1  CritiCal DT&E ISSUES.......ceeieiittiee ettt e et e s et e s st e e s et e e e s st e e s sebbeessesbeeesssenesssseneeas 26
B0.4.2  CritiCAl OT&E ISSUES........ueieiiteiee ettt ettt e s et e s s ettt e s s et a e e s sba e e s sebbeessesbaaessbenasssseneeas 26

7. EXPERIMENTAL DESIGN ...t 29
7.1  TEST MATRIX STRUCTURE ......ttttiiiieiiiiiittetteesssssibassteesssasssssssessssssssssssssssessssssssssssssssssssssssssesssessssses 29
A I =S B\ 2D R 30
7.3 TEST IMIEASURANDS ....utttiiiieiiiiittttiitee e s eesatbeteeesssesabasaeeesseasabbsaeeasesssasbbsbeeesessaassbbbasesesseasssbbnseeassessnres 31
7.4 TEST LIMITATIONS AND TOLERANCES. ... .uttttiieiiiiiittrtieeeeesiiitsssiessssssssssssesesessssssssssssssssssssssssssesssesssses 31
7.5 TEST CONFIGURATION ...utiiiiiiiiiittttitteeeesassssestessssssissssstessssssssssssessssssasssssssssesssssssssssssssssssssssssesssessssses 32
7.6 TEST IMIETHODOLOGY ..uttviiiiiiiiiituttieieesisisisssestessssssissssstessssssssssssesssssssssssssssssssssssssssssssssssssssssssessssssssses 32
8. FLIGHT TEST TECHNIQUES........oeee et et 34
S TR R € N = Y SRR 34
8.2 FLYING QUALITIES .eeiitteetieeitesteeesteesuteesteesstesssseesstessnseessbesssseeassessnseesateesnseessteesnseesnseeansensnsensnsensnsens 34
TR T = = U= 0 = Y Y N R 35
9. DATA REDUCTION . ..o 36
9.1 FLYING QUALITIES .eetitteeteeiteestesssteestessteesatesssseesssessnseesssessssessssessnseesssessnseesssessnsessssessnsensssesssensnsens 36
0.2 PERFORMANCE ...t i itttttiee et e ettt ittt e e e s s e abb e et eesseesabaeaeeeeseasab b s aeeaeeessasbbbbeeesessaassbbbesesesssasssbbnsaeassessnres 36
B0, RESUL T S iiiiiiiiiiiiititttteueteterararererererererareserereeerererersresssssssssssssssssssssssssssssssssssssssssssnses 38
10.1 FLYING QUALITIES ..ottt s bbb s s bbb bbb bbb s 38
10.2 PERFORMANCE ..ottt sttt e e e a bbb e b bbb bbb s a s e 57
10.3 FLIGHT MODEL VALIDATION ...ccitiiiiiitiieiisie it 63
T1. DISCUSSION ...oiiiieeieeeriiuueirtersrerersrererererarererereeere.——————..—..—...—.——————————————————————... 65
T1.1 MISSION BASED ANALY SIS, .. uuuttiiiiiiiiiiitiieieestiesiatretsessessissssteessesssbbssteassssssssassseassssssssssssesssssssssrsnsses 65
1111 Low Altitude Survey Tracking TASK .......cceceieeerieeiereesie et 65
11.1.2  Takeoff @and Landing TASKS........ccuereruerirererieetieieeee e ste sttt se e e e e see e see e sne e e eneeseeseesae e 68

11.2 PILOTING REQUIREMENTS ...uutttiiiiiiiiiiiittiiteesssesssseetssssssssssssesassssssssssssessssssssssssssssssssssssssssssssssssssssnnees 70
11.2.1 Effect of Control FOrce FEEADACK............ooi ittt e e e e 70
A @ 1 o= gl [T g O SR 71

R I 1Y TNy @) N ES S U= T 71
11.4 AV AERODYNAMIC/INERTIAL SCALE EFFECTS. . .uttiiiieieeeetiiee et e s steiessstteesssstesessssaeesssseesssnsnsessnnns 72
11.5 FUTURE UAYV OPERATIONAL ASSESSMENTS. .. uuuuttiiieeiiiiiirreieeeseisisssseeessssssssssssessssssssssssssssssssssssssees 72
12, CONCLUSIONS . ...cceeeeeeeeeieittetetteerereteterareterarsterar—r————er——e—————.———————.—rrerrrrr—r.—.r.r...———... 74
13. RECOMMENDATIONS.....ooteitteteitiettteeetetesrtersrersssrersrererererere.—r.——.————————————————.———————. 78
14, REFERENGCES........ oottt taveteaatsassasssssasassssssssssssssssssssssssssssssssssssssssssrsres 80
APPENDIX A —TRAINER UAV FLIGHT MODEL DETAILS......ouvieeeiieieeeeeeeieieeenns 83
ALl TRAINER UAY FLIGHT IMODEL ....cciiuttiiiiii ittt e e ettt e s s s s sbbaae e s s s s s sabbassea s s s s saabbaasessssssnbasaneesssans 83
APPENDIX B—FLIGHT MODEL VALIDATION.....uuttttititeiiiiiiiieeieeeeeeeeeeseeeessseeesneene. 85
Bl PIPERARCHER I FLIGHT IMODEL ....ccccuutiiiiiiiiiiiiteii e e e esibat e e e e s e e sibbaae e e s s s s ssbbab e e e s s s s sabbbbaesessssasssranneas 85
B2 PIPER ARCHER || FLIGHT MODEL COMPARISON ...uctiiiiiiiiittetieeeseisibssseeessssssssssseessssssssssssssessssssssssssses 88



APPENDIX C -FLYING QUALITIESSTANDARDS & CRITERIA ..o 92

CL  PILOT RATINGS. .. .tiiiiiteie e eteee e ettt e ee et e e et ee e e ettt e e eebeeeeaaaseeeeaabeeaaaasseasaaasesasasseeasansseeeaasseeesassaeasasseananns 92
C2  PILOTING TASKS. . ittt e ettt e ettt e ee et e e et e e e ettt e e eeteeeeeaaseeasaabeeeaaatseaeaassesasasseeasansseeesasseeasassaeesasseenanns 92
C3 LONGITUDINAL STATIC STABILITY REQUIREMENTS....ciiiiiiiiitttiiieeeeisiiirteiesessssisssesssssssessssssssssssesssnnes 94
C4 LATERAL/DIRECTIONAL STABILITY REQUIREMENTS .....uuviieiittiieceteiessieeessssseesssssessssssssssssssnessessenessnns 94
C5  PHUGOID REQUIREMENTS. ...t iiittttiiiieeiiiiitttettesssessiabasstessssssssbsssseasssssassssssssessasssssssssssssssssssssssesssesssses 94
CB  SHORT PERIOD REQUIREMENTS. . .uitiiiiiiiitttitiieeseisibsssiesssessisssssesssssssssssssssssssssssssssssssssssssssssssesssessssses 95
C7  DUTCH ROLL REQUIREMENTS ...uuttiiiiiiiiiittietieessessibsseiessssssssssssessssssssssssssssssssssssssssssssssssssssssesssesssnses 95
C8  SPIRAL STABILITY REQUIREMENTS......ccititttitiieeiiiiittreiee e s e s sibbsseeasssssssasseessesssssssssssssesssssssssssesssesssses 96
CI9  ROLL CONTROL REQUIREMENTS ...ciiiiiiiiiittiiiieeeeesibteetessssssissssseesssssssssssssssessssssssssssssssssssssssssesssesssses 96
APPENDIX D —FLIGHT TEST TECHNIQUES ... 97
D1 FLYING QUALITIES FLIGHT TEST TECHNIQUES......ccciitteitteesteeesiteesieeesseeessesessessssesssssssssessssessssessssessssesans 97
D2 PERFORMANCE FLIGHT TEST TECHNIQUES .......coiitttiiieeiiiiitrreieeeseesibbasesessssssbssseeassssssssssssssssssssssssnses 99
APPENDIX E—-SAMPLE SIMULATION OUTPUT FILE ..c..coooiiiiiieee e, 101



List of Figures

FIGURE 1: PROTOTYPE TRAINER UAY SEGMENT . ..vtiiiiiieieeiireeeeiisteeeesisteeessasresessassesessassesesssssenessns 12
FIGURE 2: AIR VEHICLE SEGMENT SCHEMATIC. ..iittetiiiiteieeiireeeesiteeeesssteeesssstesesssssesessassesessassenessns 14
FIGURE 3: GROUND CONTROL STATION — INTERNAL VIEW ..uveeiiiiieieeiireeeeeiteeeeessreeessssreeessssrenessnns 15
FIGURE 4. GROUND CONTROL STATION — EXTERNAL VIEW SHOWING TRAILER.....c.ccivveeeiireeeeenns 15
FIGURE 5: GROUND CONTROL STATION SEGMENT SCHEMATIC ....uvvviiiiteieeiireeeeeireeeesssreeesssssenessns 16
FIGURE 6: GROUND CONTROL STATION — HDD SCREEN. ......cetiiiiiiieeiiteeeeciireee e senteeesssnreeessssveeesenns 17
FIGURE 7: GROUND CONTROL STATION — INFLIGHT VIDEO SCREEN. ....veeeiiiiteieeiiteeeeeisreeeeessveeeeenns 18
FIGURE 8: GROUND CONTROL STATION — MOVING MAP WINDOW. ....ccvveeeiireeeeiireeeeeisreeeeessveeeeenns 18
FIGURE 9: TYPICAL GEOPHYSICAL SURVEY MISSION PROFILE.......cccciiiiiieiiiieieeciieeeeesreeeessnveeee s 19
FIGURE 10: ‘TRAINER UAV’ FLIGHT SIMULATOR HARDWARE SCHEMATIC...cccciiivvieeiireeeeeireeeeenns 23
FIGURE 11: STATIC LONGITUDINAL STABILITY . ceitiittieiiiteeeeiireeeeiisreeeesisreressassesessasesessassesessassesessns 38
FIGURE 12: LONGITUDINAL MANOEUVRE STABILITY = CL. oo 39
FIGURE 13: LONGITUDINAL MANOEUVRE STABILITY =Nz ..o 40
FIGURE 14: LATERAL DIRECTIONAL STABILITY — AILERON DEFLECTION. ...uvevieveeiirieeinreeesreeeseeens 41
FIGURE 15: LATERAL DIRECTIONAL STABILITY — BANK ANGLE......ccouiiiitieeitiee e eereecsteeesveeeseee s 42
FIGURE 16: LATERAL DIRECTIONAL STABILITY — RUDDER DEFLECTION. ...c.vvveeiiieeeeiinreeeeeisveeeeenns 42
FIGURE 17: PHUGOID RESPONSE. ....ueeiiiiteieeiiteeeeiiteeeesisteressastesessastesessasesessassesessassesessassesessassesessans 43
FIGURE 18: SHORT PERIOD RESPONSE. ....ccciiitiieeiiteeeeiiteeeesisreeessasteressasseressassesessassesessassesessassesessans 44
FIGURE 19: LONGITUDINAL STEP INPUT RESPONSE. ......vviiiiiieeeeiiieeeeiiteeeesisreeessassesessssresesssssesessns 45
FIGURE 20: DUTCH ROLL RESPONSE — DAMPER ON.......uuiiiiiiiieeiiieeeeiireeeesisreeessasreeessssreeesssssesessns 46
FIGURE 21: DUTCH ROLL RESPONSE — DAMPER OFF.....uuoiiiiiiieiiiieeeeiiteeeesisteeessssteeessssreeessasvesessns 47
FIGURE 22: SPIRAL STABILITY —LH TURN. ..uttiii ittt seiree e esate e e sente e e s senbeeessanreneseans 48
FIGURE 23: SPIRAL STABILITY — RH TURN. .. uttiiiiitiei ittt estteee et e e seireee s seateeesssnbeeessanbeeessanbenessnns 48
FIGURE 24: ENGINE POWER EFFECTS. ...uttiiiiitiieeiiieee e iiteeeesssteeessisteeessesteeessastesessastesessassenessassenessns 49
FIGURE 25: CLOSED LOOP SURVEY LINE TRACKING — AUTOPILOT OFF. ....cciueeeiiieeeeeireeeeeireeee s 50
FIGURE 26: CLOSED LOOP SURVEY LINE TRACKING — AUTOPILOT ON. ...ccovivieeiiiieeeeiinreeeeeinreeee s 51
FIGURE 27: CONVENTIONAL APPROACH AND LANDING COMMENT CARD.......cccovvvveeeiirieeeiireeeeenns 53
FIGURE 28: SAMPLE NORMAL & AXIAL ACCELERATION CURVES— DROGUE DEPLOYMENT......... 54
FIGURE 29: SAMPLE ALTITUDE AND AIRSPEED DECAY — DROGUE CHUTE DEPLOYMENT. ............ 55
FIGURE 30: DROGUE CHUTE ACCELERATION ENVELOPE. ......vvtiiiiiiieeiiteeeecsiteee e eeiteee s ssnreeesssnveees e 56
FIGURE 31: DRAG POLAR. ... itttiee ittt ceteee ettt ettt e ettt e s s ettt e e s aate e e s saabaeessasbaeessanbesessasbenessanbenessans 58
FIGURE 32: LIFT/DRAG RATIO CHARACTERISTICS. ..eiiitiiiitieeitteeeiteeesteesstesesstesstessssesssstessssessssessns 59
FIGURE 33: SPECIFIC AIR RANGE. ....eiiiiitiieeiiteee et eteee e seatee e e saateeeesesteeessasbeeessasbesessasbesessasbenessasbenessns 60
FIGURE 34: FUEL FLOW FOR BEST RANGE & ENDURANCE. ....cccciiiiiieiiitieeeeiireeeeesiteeeesssreeeesssveees e 60
FIGURE 35: LEVEL ACCELERATION MANOEUVRE. .....cciitttieiiieieeiiteeeesiteeessistesesssstesessassenessassenessns 61
FIGURE 36: STALL SPEED — POWER OFF......ccttiiiiiiiee ittt eettee e seataee s ssateeessanbeeessasbaeessanbenessans 62
FIGURE 37: STALL SPEED — POWER ON. ..eciiiiiiieiiitieee ittt stteee e eeitee e seatee e s seateeessanbeeessanbaeessanbenessans 63



List of Tables

TABLE 1. REQUIRED OPERATIONAL CHARACTERISTICS. ....ccteieeiitieeeeeitteeeseirteeesesnteeesesresssssaesssennees 27
TABLE 2. REQUIRED TECHNICAL CHARACTERISTICS ...veiiiiitiiieecitieeeeesitee e s ertee e s eiatesessnresssssresssennees 28
TABLE 3: FLIGHT TEST MATRIX SUMMARY . ¢eiiiiitiieiiiieee e eitieee e eitteeesessteeesebtesessstessssnssessssnssesssensens 30
TABLE 4. MEASURAND LIST. ceiiiiitiieiiiieie ettt e e sttee e et e e s e ate e e s e ebbe s e senbbe e e s ebaeessenbaeessenbaeessennens 31
TABLES: STEADY HEADING SIDE-SLIP (SHSS) AND SKID RESPONSE. .......cooveitieeeieiteeee e 41
TABLE 6. DUTCH ROLL CHARACTERISTICS. wveiiiiitieieeiitieeeeeitteeeeeistesesssstesssessesssssssesssssssesssssssesssensens 47
TABLE 7. ROLL RATE TIME CONSTANTS. ..ctteieiiitieeeeiitteeeesstteeessssteeesssstesssestesssssssesssssssesssssssnsssensens 49
TABLE 8. DROGUE CHUTE INFLIGHT DEPLOYMENT ENVELOPE. ....ccceiitiieievieee ettt 56
TABLE 9: TAKEOFF AND LANDING PERFORMANCE. .....veiiiiitiiieiiitieeeeeitteeesesteeessssteesssssesssessesssensens 62



System of Units

The Imperia Unit system is used in preference to the Sl unit system in this document as
this maintains commonality with aeronautical systems of measures as determined by the
International Civil Aviation Organisation (ICAO).
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Summary

Traditional geophysical surveys are conducted using manned aircraft flown at low altitudes
and low airspeeds. Thisis an extremely dangerous activity and the logical progression is to
employ UAVs. The Industry partner in this study, Newmont Australia, is developing a

range of UAVsfor this purpose.

The concept is to use very low cost air vehicles controlled by a modest ground segment.
As part of the development program, there was a need to test and evaluate the flying
qualities and performance of the Trainer UAV under development. This project addressed
the important issues within a simulated DT&E framework. The method employed was to
couple the prototype ground control station to a flight simulator, and to run a series of
carefully selected simulated flight tests performed by a qualified test pilot.

The study found that this is a promising technique for evaluating the flying qualities and
performance of smal UAVs under development, and it has aso identified the relevant

flight test parameters for the geophysical survey mission.

Once the system is complete, further work is planned by the Industry partner to compare
the simulator results with actual flight test data, and to further validate the methodol ogy.
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1. INTRODUCTION

“To design one is nothing;
To build oneis easy;
To fly oneis everything.”

Otto Lilienthal (1848-96)

1.1  Background

The application of Unmanned Air Vehicle (UAV) technology to airborne geophysical
surveys is a logical progression from the traditional exploration methods employing
manned fixed-wing aircraft and helicopter-based systems. The survey missions typically
flown by fixed-wing aircraft and helicopters are inherently dangerous due to a requirement

to conduct such flights at low atitudes and low airspeeds.

A UAYV for geophysical survey purposes presents special challenges not addressed by other
systems developed for other markets. This particular vehicle is designed for a low-level
mission (altitudes below 400 ft) where turbulence, ground obstacle clearance and radio
Line of Sight (LOS) communications are a chalenge. Furthermore the necessary
requirements to provide an airframe layout that has minima adverse effect on the
magnetometer sensor, is robust and simple in design to cope with harsh operating
environment, and has the necessary stall-proof flying qualities, have determined the tandem
wing configuration (referred to as Explorer 1). This tandem wing UAV configuration has
been successfully flown as a Remotely Piloted Vehicle (RPV) and comprises the platform
for a magnetometer-based payload. However, the next phase of the project involves
integration of the payload and avionics and the testing of these systems. The tandem wing
configuration will not be used for this project phase. Rather a purpose-built testbed
‘Trainer UAV’ will be used in thisrole. The Trainer UAV is alow value asset compared
with the related tandem wing UAV. Therefore the Trainer UAV will be used to undertake

the ‘riskier’ components of the DT& E program

The flight test challenge relates to the degree to which manned aircraft flight test
techniques can be applied to unmanned aircraft. In the case of unmanned aircraft there is
an absence of control stick force feedback, absence of vibration and buffet response, higher
longitudinal and lateral control sensitivities due to the small size of the air vehicle (AV),

and an absence of ‘seat-of-the-pants normal and lateral acceleration flight cues.



Furthermore the provision of flight display formats may not completely follow
conventional aeronautical practice due to the nature of the instrumentation and the display
technology constraints. In the absence of these flight cues and the inherent control
sengitivities due to small physical size, it is necessary to determine whether the AV
possesses satisfactory flying qualities and performance. In addition the magnetometer
payload is sensitive to pitch and yaw rate disturbances, which can induce magnetic field
disturbances. Therefore longitudinal and lateral-directiona flying qualities have a

significant effect on magnetometer performance and hence mission effectiveness.

1.2  UAV Program Overview

This study has been conducted to determine whether UAV flying qualities & performance
can be evaluated using a ssimulated ground control station setup. The study is undertaken
with respect to alow-altitude geophysical survey mission.

The study adopted a systems engineering approach to the problem, with the complete

program comprising four phases as follows:

Phase 1 - Development and preliminary flight testing of the tandem wing Explorer |
concept demonstrator AV. This phase has been completed.

Phase 2 — Development of the AV avionics and Ground Control Station (GCS)
segments and development of the simulator-based test and evaluation methods.

The simulator-based component of these tasks comprises the basis of this study
outlined in this document, and is the current phase. The DT&E phase detailed in
this study was conducted using a ‘ Trainer UAV’ air vehicle flight model based on
the actual hardware of the same. Note that the Trainer UAV air vehicle has not

flown at the time of writing.

Phase 3 - Integration of the AV avionics and GCS segments into the tandem wing
Explorer | AV. DT&E flight testing of this system, and Initial Operational Test &
Evaluation (IOT&E) using areal magnetometer installation.



Phase 4 — Development of the Explorer | ground launch and recovery segments,
including DT&E and Follow-On Test & Evaluation (FOT&E) of the complete
UAV system.

The Phase 2 component considered here in this study involves only DT&E. Incorporated
in this evaluation of flying qualities and performance is an investigation into the
appropriate level of autopilot implementation with respect to the mission requirements, and

also areview the landing drogue chute piloting requirements.

1.3 Importance of Study
As mentioned above, the missions typically flown by fixed-wing aircraft and helicopters

are inherently dangerous due to a necessary requirement to conduct such flights at low
atitudes and low airspeeds and the risks associated with an engine failure or systems
malfunction. In the case of helicopter platforms, auto-rotative landings cannot be made at
the relatively low forward airspeeds and at low altitude. In the case of fixed-wing
platforms low altitude and low airspeed severely restrict selection of a safe forced landing
area. Therefore engine failures in either platform can result in severe damage to the
aircraft, and/or fatal injuries of the aircrew. Furthermore the risks associated with collision
with ground obstacles such as powerlines and trees are greatly increased at low altitudes.

Collision with powerlines or other obstacles is one of the greatest risks associated with
low-level geophysical surveys, and these usually result in severe damage to the aircraft and
loss of life. Interviews held with several operators in the mining exploration industry
(Mathews et a., 2002) have cited severa cases where death, injury and damage have
occurred in the conduct of these airborne survey missions. In 1998, a New Zealand pilot
and operator were killed during a helicopter towed magnetometer survey accident in
Indonesia.  While in 1996, the pilot of a Cessna 206 conducting a low atitude
magnetometer-based survey was killed during a calibration run whilst flying over the
Spencer Gulf in South Australia. The observer suffered near fatal injuries and to this day
suffers ongoing physical disability due to the accident. Also in 1996, a Bell Jetranger
snagged a towed magnetometer pod in trees during operations in Africa  This caused
major structural damage to the helicopter, although no injuries were sustained to the crew.

In Queensland, a Rockwell Aerocommander aircraft crashed into high terrain during low
altitude magnetometer operations in non-VFR conditions. The pilot was killed. 1n 1992, a
Bell Jetranger snagged a towed magnetometer pod in trees during operations in Tasmania.

The tow cable snapped and entangled around the main rotor head, causing magjor structural
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damage. These accidents and incidents are examples that can be cited for the operations of
one mining company over the last ten years. In that time, three pilots and an operator were
killed, an operator sustained permanent injuries, three aircraft were written-off, and major
damage occurred to another two. Clearly this is a high price to pay for airborne

geophysical data.

1.4  Flying Qualities and Performance

Flying qualities are those characteristics that determine the ease or difficulty involved in
accomplishing a particular mission task with the air vehicle. The other important air
vehicle attribute is that of performance, and this relates to the questions ‘how much

payload?, ‘how far?, *how fast?, ‘how slow? and ‘how economical? .

Flying qualities flight testing involves the air vehicles static and dynamic stability and its
control characteristics. It is these characteristics that profoundly influence the
accomplishment of the mission task, whether with ‘man-in-the-loop’ control, or some level
of autopilot augmentation. Furthermore the importance of flying qualities and the adoption
of appropriate standards takes on increased importance if multiple air vehicle types are
operated using a common GCS. Indeed the situation can arise when two air vehicles
carrying the same payload type can comprise a completely different aerodynamic
configuration based on the mission profile. In this instance it is important that the flying
gualities are consistent between the two air vehicles to maintain interoperability and also

reduce operator re-training requirements.

Air vehicle performance is the characteristic that sells the UAV concept. As an example, a
UAYV that has inadequate range or climb performance can be severely compromised
operationally.  An air vehicle with inadequate range will require more frequent
mobilisation (assembly-disassembly and transportation) than a longer range system.
Inadequate climb performance will limit the areas where takeoff and landing activities can

be undertaken because of an inability to ‘clear’ surrounding obstacles.

UAV flying qualities and performance characteristics have an important role in
determining operational effectiveness of the system. Therefore it is these two
characteristics and the associated test and evaluation methods that form the focus of this
study.



2. RESEARCH PROBLEM

“ The laws of aerodynamics are unforgiving and the ground is hard”

Michael Collins (1987)

21 Statement of Problem

This research set out to determine whether UAV flying qualities and performance can be
evaluated using a simulated ground control station (GCS).

2.2 Statement of Sub-Problems

The sub-problems were addressed by undertaking a research program comprised DT&E, as
detailed below. The DT&E phase covered the AV flying qualities and performance.

Developmental Test & Evaluation Sub-Problems

What UAV flying quality parameters are necessary to evaluate geophysical survey

mission effectiveness?
How can UAV flying qualities be evaluated?

What UAYV flight performance parameters are necessary to evaluate geophysical

survey mission effectiveness?
How can UAYV flight performance be evaluated?

What standards or criteria can be applied to assess the acceptability of UAV flying

gualities and performance?

What degree of pilot autonomy is required to undertake a UAV -based geophysical

survey mission?

What combination of AV airspeed and altitude provide an acceptable landing

touchdown condition during drogue chute deployment?

2.3  Hypothesis

This research project challenges current UAV research, which has in general focussed on
the development of fully autonomous air vehicles (AV). Current research in this area has
centred on UAV systems that are able to conduct an entire mission, from take-off through

to landing, with minimal or no intervention from a human operator. The system
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development objectives in these cases involve de-skilling the piloting requirements
therefore providing greater operational flexibility. The resulting UAV systems are
therefore relatively sophisticated with complex fault and error handling software and
multiple redundant systems. The addition of these systems, which need to be able to
handle awide range of operational scenarios drives up acquisition cost without necessarily
improving reliability when compared with a combination of manually flown/autopilot-

assisted systems.

The hypothesis therefore states that for a typical magnetometer geophysical survey mission,
flown by a particular UAV of certain performance and flying qualities, there is an optimum
combination of autopilot mode, flight display and operator training that can effectively

achieve the mission.

It is postulated that an autopilot consisting of wings level hold, airspeed hold and heading
hold functions will be sufficient to conduct a low atitude typical geophysical survey

mission flown by a semi-skilled operator.

24  Ddimitations of Study

This study did not use the tandem wing configuration Explorer | UAV for this evaluation
due to the high-risk nature of the actua flight test program. Instead this project used the
UAYV Trainer which is a purpose built re-configurable payload testbed and is the intended
vehicle planned for use in the dedicated flight test program. Nevertheless the same flight
test techniques can be applied irrespective of the AV used, and additionally the airframe
configuration served as a baseline for flying qualities evaluations as discussed later. Note
that the Trainer UAV has not flown at the time of writing. Therefore this study is
conducted as ‘open-loop’, until such time actual Trainer UAV flight test data becomes

available.

The project did not assess the adequacy of arange of ground control flight display formats.
Although it is acknowledged that the flight display format and associated data rate may
affect AV flying qualities, the study was restricted to evaluate of air vehicle flying qualities
and performance related quantities only. As discussed in the previous section, evaluation
of the ground control flight display has been addressed by Hare (August 2002). Therefore
this study did not conduct an in-depth evaluation of ‘man-machine’ interface effects of
various display configurations apart from those areas that have a direct relationship to

flying qualities or performance.



This project evaluated one implementation of the autopilot only. That is, the study did not
attempt to research or optimise autopilot control systems apart from the correction of
obvious deficiencies. Rather this paper evaluated two autopilot conditional states as part of
the flying qualities assessment. That is, with an autopilot system on (pilot flying with
autopilot assisted control) or off (pilot manua control). The main focus is the level of
autopilot assistance necessary to conduct the low altitude survey mission task element
within tolerances. Here the study considered both manually flown and autopilot assisted

mission tasks.

It should be noted that the ‘hands-on’ flight testing component was conducted by the author
who is also the designer of the AV. This raises the issue of objectivity in the evaluation of
flying qualities and performance where some bias may be evident whether intentional or
not. In most flight test programs of this type the usual experimental setup would involve
more than one pilot, and all being ‘blind’ to the configuration being tested. However
budget and time limitations prevent adoption of this approach. Therefore this study was

limited to asingle test pilot evaluation with its inherent limitations.

This project was restricted to smulated DT&E only, noting that a thorough investigation
would need to incorporate an initial operational assessment. Although an initia
operational assessment together with IOT& E would ideally be conducted with this DT& E
phase, it was not possible to do so because of time constraints imposed with this minor
thesis. Rather this study choose to focus on the ssimulated DT& E elements of UAV flying
gualities and performance, with the plan to address initia operational assessment and
IOT&E in alater study.



3. LITERATURE REVIEW

3.1  UAV Flying and Operations

There are relatively few technical articles dealing with UAV flight and flying operations. A
keynote paper by Mitchell (Dec 2000/ Jan 2001) discusses the parallels of manned aircraft
flight control development with current UAV developments. This paper describes the
development of fly-by-wire systems used in the F-16 Falcon and those used in the Global
Hawk UAV. Although this paper provides an interesting insight into the paralels and
similarities of these systems, it does not go into any great depth on any particular topic. It
should be noted that the geophysical survey UAV considered in this study also comprises
fly-by-wire architecture. As such, it possesses that the same challenges of irreversible
control systems development and evaluation as that described in the F-16 and Global Hawk
examples. The differences however, are those associated with the level of system
redundancy, software implementation and the degree of autonomy. Shiner (April-May
2001) provides a technical insight into the operational experiences associated with the
Predator tactical UAV system. The article describes the Predator air vehicle, the flight
crew and operators, and the mode of operation. The Predator system involves two-crew, the
pilot and the sensor operator. It isinteresting to note that current United States Air Force
(USAF) policy isto have active aircrew posted to UAV operations to act as command pilot.
The rationale behind this USAF policy is that aircrew have the background and training in
airspace management, military airborne tactics and overall better situational awareness
(SA). In contrast, current United States Navy (USN) policy is to have USN technicians
trained as UAV pilots to operate UAV systems. The rationale behind USN policy is that
technicians have much better systems knowledge and can be trained in airspace
management, tactics, and SA. However, it is interesting to note (Shiner, April-May 2001)
that current tactical UAV policy currently involves a ‘man-in-the-loop’ operation. The
Predator AV is flown manually during take-off and landing phases of flight and a ‘hand-
over’ takes place during the cruise phase. The tracking of a target in the cruise phase can
also be flown manually or automatically depending on mission requirements. The landing
and take-off phases are conducted ‘heads-down’ using onboard forward-looking video
system similar to that presented here in this study. In addition it is noted from CASA
publications, AC 101-1(0) (October 2001a), and Amendment to Civil Aviation Regulations



Part 101 (October 2001b), that the person responsible for the operation of a UAV system
must possess appropriate training in the flight operation and maintenance of the system, a
flight radio licence, and a CASA aircrew licence or equivalent experience. Therefore,
irrespective of system autonomy, a trained operator is required to oversee control and
navigation of the UAV in Australian airspace, make the appropriate advisory radio cals,
and also oversee airworthiness and maintenance issues. Further to tactical UAV man-in-
the-loop operations, NASA have operated severa unmanned research vehicles in a remote
video camera plus telemetered flight data mode. Hunley (Dec 2000 — Jan 2001) describes
several unmanned research vehicles that have been operated in this mode, with the latest
being the X-36, atailless unmanned aircraft configuration. Given that a human operator is
required to oversee some part of the UAV operation, typical UAV failures including those
attributable to pilot error are listed by an online article (Body Shop - List of UAV failures
from Jul 1991 - Nov 2000, accessed Nov 2001). Although this list is by no means
complete, it does provide a reasonable oversight of system failures and those caused by the

action or inaction on the part of the human operator.

3.2  UAV Flight Testing

Jones et a. (2001), Hallberg, Kaminer and Pascoal (1999), and Hallberg et a. (1999) are
papers that outline UAV systems very similar in concept to that considered here in this
study. The paper by Jones et a. (2001) details a UAV development undertaken at
Cranfield in the United Kingdom. This AV is developed for a surveillance mission and the
payload consists of a stabilised camera platform, which can also be used as a means of
attitude reference for autopilot assisted flight. Various levels of autopilot implementation
were trialled, ranging from wings level stabilisation, to full three-axis control with multi-
mode auto-pilot functions. The papers by Hallberg, Kaminer and Pascoa (1999) and
Hallberg et a. (1999) are related, which again detail a similar UAV system developed for
academic research into flight control systems. Hallberg, Kaminer and Pascoa (1999)
focuses on the necessary airborne and ground-based instrumentation required to undertake
research into UAV guidance, navigation and control algorithms. While Hallberg et al.
(1999) describes a rapid prototyping system for flight testing of the same algorithms on the
same UAV system. A paper by Simpson and Wisnowski, (Nov — Dec 2001) provides a
structured approach to manned flight-testing which can be applied equally to sub-scale
UAYV testing. This approach can reduce the number of test points and hence the testing
time, has the potential of improving the quality of the data, and provide additional insight



into system performance. Although it was proposed that the method outlined in this paper
be adopted to reduce the number of test points, the broadness of scope and the type of test
program prevented this approach.

3.3  UAV Flying Qualities

Fixed-wing flight test manuals for manned aircraft have been produced by the National
Test Pilot School (1995), United States Navy Test Pilot School (November 1991) and
Federal Aviation Administration (February 1989). These manuals detail the flight test
techniques associated with flying quality evaluations in manned aircraft. Although these
manuals provide a useful insight into the applicable flight test techniques, the differencesin
pilot feedback as previously discussed, the mission profile, control sensitivities, and the
sensitivity of the magnetometer payload to pitch and yaw rate, comprise some of the
challenges to be addressed in this study. Furthermore, other issues relate to defining the
appropriate acceptable flying qualities standards for unmanned systems where none appear
to exist at this time. Although the flight test techniques are adequately described by the
publications produced by the National Test Pilot School (1995), United States Navy Test
Pilot School (November 1991) and Federal Aviation Administration (February 1989), the
particular problems associated with flying qualities assessment of small (low inertia)
aircraft is addressed by Stinton (1996). Stinton (1996) describes the issues associated with
flying quality evaluation where the AV aerodynamics dominate inertial characteristics
causing overly sensitive control in al axes. This effect is applicable to small aircraft
travelling at relatively high speeds, and is equally applicable to UAVs. It appears that very
little research has been done in the UAV application, which are generally the same physical
size or smaller, and travel at similar speeds. An in-depth account of aircraft flight dynamic
characteristics, autopilots and the theory of flight controls are dealt with by Roskam (1995).
Roskam (1995) provides details of the proposed Trainer UAV autopilot modes, comprising
wings level hold, airspeed hold and heading hold.

34 UAV Performance

As indicated earlier the United States Navy Test Pilot School (November 1991) flight test
manual provides insight into fixed-wing flight test techniques for manned aircraft. While
the text by Eshelby (2000) covers the theory associated with aircraft performance flight

tests. Asdiscussed in previous sections, these references provide a useful insight into the
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applicable flight test techniques and methods, but do not provide any advice on acceptable

performance standards for unmanned AV systems.

3.5 UAV Flight Displays

The text by Newman (1999), and the paper by Loegering and Evans (1999) provide detail
of avionics and flight display information related to UAV systems. As stated earlier the
UAV system as proposed here has adopted a head down display (HDD) format. This
format is very similar to typical head up display (HUD) formats, which are discussed in the
text by Newman (1999).

A United States Air Force study into the experience requirements for UAV pilots is
detailed in a paper by Schreiber et al. (February 2002). In a similar way the University of
South Australia has completed a study which evaluated the ground control flight display of
the same configuration as discussed in this paper. This study undertaken by Hare (August
2002), involved the evauation of the UAV head down display (HDD) for particular
geosurvey mission task elements. This research involved six pilots from the University of
South Australia School of Aviation Studies who flew a series of mission tasks comprising
landings and takeoffs, basic airspeed and altitude hold tasks, selected sub-system failures,
unusual attitude recovery manoeuvres and a low-level survey tracking task. The
recommendations from this evaluation included an audible aarm for the relative signa
strength indicator (RSSI), arework to the rate of climb (ROC) indicator to make it easier to
read, and increasing the size of altitude, heading and airspeed indications.
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4. SYSTEM DESCRIPTION

“ Form follows Function”

Leroy Randle of Grumman Aircraft

4.1  Description of UAV System

The Trainer UAV system was designed as a test-bed platform, purpose-built to test the
avionics, recovery parachute systems and ground control station for the tandem wing UAV.
This Trainer UAV comprises two maor segments: the air vehicle (AV) and the ground
control station (GCS).

411 Air Vehicle

The AV requirements called for a simple-to-construct and easy-to-repair air vehicle capable
of 55 kts cruise speed, and able to deploy a landing drogue chute for recovery tests. These
requirements resulted in a conventiona airframe configuration fabricated from composite
materials and plywood. The air vehicle will be 2.2m in length, have a wingspan of 3.3m, a
maximum takeoff weight of 25 kg and an 8 kg payload. The prototype Trainer UAV

segment is shown in Figure 1.

Figure 1: Prototype Trainer UAV Segment.
(Yet to be flown at the time of writing)
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The fuselage and empennage are fabricated from a built-up plywood and balsa structure,
and the wings are fabricated using foam-core fibreglass/carbon fibre composite. The
fuselage houses three payload bays, comprising a primary bay located at the centre-of-
gravity (CG), aforward power generator bay, and an aft main parachute bay. Furthermore,
a drogue chute bay is located in the aft empennage to provide additiona braking forces
during the landing manoeuvre. The drogue chute deploys from this aft bay in the same way
abraking drogue chute is deployed in jet fighter aircraft. However, in this case, the drogue
chute is deployed at a predetermined height above the ground thus aleviating the
requirement for the pilot to conduct a flare and round-out manoeuvre. The UAV Trainer is
fitted with a Zenoah G62 internal combustion engine nominally rated at 4.7 HP at 6000
RPM.

The flight control system attitude reference was based on rate gyro augmentation via real-
time Global Positioning System (GPS) reference. In addition to wings-leveling and
heading hold functions, the autopilot aso provided an airspeed hold function via the air
data system (ADS). A rate gyro provided yaw rate feedback to the flight control system
(described here in this study as a yaw damper) to move the rudder in the opposite direction
and damp the Dutch roll motion. The avionics subsystem is shown schematically by

Figure 2.

Other instrumentation included a video camera system, a laser atimeter which provided
altitude above ground level, a power generator and regulator driven from the engine, engine
tachometer, a fuel flowmeter/ totaliser, a norma ‘g’ accelerometer, and the ADS as
indicated above providing airspeed and altitude information. The video camera was
mounted on the upper fuselage facing forward, and provided the primary pitch and roll
attitude reference for all phases of flight.
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Figure 2: Air Vehicle Segment Schematic.

4.1.2 Ground Control Station

The ground control segment, shown in Figure 3, provides the ground-based command and
control of the air vehicle through a pilot flight station arrangement. The ground control
station (GCS) consisted of aflight display, avideo display, flight controls, uplink/downlink
communications, a data processing computer, and power supplies. Furthermore, the
system also had an option to include VHF Air voice communications and a video/data
recorder. A schematic of the ground based control segment and associated subsystems, is

shown at Figures 4 and Figure 5.
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Figure 3: Ground Control Station — Interna View

Figure 4. Ground Control Station — Externa View Showing Trailer
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Figure 5: Ground Control Station Segment Schematic

Note that the layout of the simulator GCS flight displays and associated hardware is
identical to the actual flight hardware. The two systems share the same mounting and
accommaodation arrangements within the CGStrailer.

The HDD format consisted of airspeed, heading, altitude and rate-of-climb ‘tapes, a
central command bar indicator and map display window, and various UAV avionics
condition monitoring information. The information derived from these displays is
measured from the various onboard systems, including the air data, the LASER altimeter,
the GPS system, and the video camera system. Figure 6, Figure 7 and Figure 8 show
screen captures from the HDD, the Inflight Video and the Moving Map display
respectively. Note that the moving map screen was accessed through a momentary switch
activation on the joystick which opened a pop-up window in the HDD screen. The
‘rainbow chart indicators shown in the lower portion of the HDD display engine RPM,

fuel quantity, bus volts, ignition volts, and relative signal strength.

The central horizontal and vertical black lines comprise the command bars and were used
to show deviation from the survey line. These command bars operate in much the same
way as an instrument landing system (ILS), where the indication shown Figure 5 would

require a“‘fly up’ and ‘fly right’ control input to intersect the nominal line. This system is
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the same as that flown on helicopter-based displays used in the mining exploration
industry.

The airspeed, heading, atitude and rate-of-climb flight tapes, in addition to the central

command bars, and the system warning ‘rainbow chart indicators’, comprise the total
display.

Note that this HDD was custom developed for this UAV application by the Newmont R&D
Laboratory.

Figure 6: Ground Control Station—HDD Screen.
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Figure 7. Ground Control Station — Inflight Video Screen.

Figure 8: Ground Control Station —Moving Map Window.
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4.2  Description of Geophysical Survey Mission

The magnetometer-based geophysical survey mission comprised a ‘high-low-high’ atitude
profile with a maximum flight duration of one hour for the actual flight tests. The test
geophysical survey mission profile is shown schematically by Figure 9. Transits to and
from the survey area were conducted at 400 ft AGL, and the survey segment was conducted
between 200 and 400 ft AGL depending on terrain profile. The survey legs were assumed
to be no more than 15 km, and the transit legs no more than 2 km in these tests. The survey
segments were flown at a cruise speed of 55 KIAS, while transits were flown at
approximately 60 KIAS.

Transit Transit
200-400 ft
AGL Circuit

Approach

Takeoff

Landing

Figure 9: Typica Geophysical Survey Mission Profile.

The actual geophysical survey missions were flown to the same profile, with the major
difference being the length and number of survey segments, and the transit distances. It is
expected that the survey grids as flown by the tandem wing AV will be about 15 km, the

transits being a maximum of 5 km, with atypical mission duration up to 4 hours.
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5. Description of Flight Simulator

“ Srive for design simplicity: you never have to fix anything you leave out.”

Bill Lear (1903-1978) of Gates Learjet Corporation

51 General

The X-Planed flight simulator was a general purpose software package which was used to
model AV performance and flying qualities. This package was divided into four modules
comprising the X-Plane flight simulator, Plane Maker, Airfoil Maker and Terrain Maker,
which were installed on a PC based Pentium IV platform. This study used all X-Plane

flight ssmulator modul es.

Note that the X-Plane simulation software has been certificated for use in single-engine and
twin-engine flight ssmulators by the US Federal Aviation Administration (February 2002).
The basis of certification was for a Flight Training Device to Level 2 standards. Although
the application is different from this study, it does lend credibility to the use of this
software for the purposes as outlined here. Furthermore the X-Plane software interfaces
with a professional AirplanePDQO aircraft design package, the latter having been used to
design the Trainer UAV.

5.2  X-PlaneFlight Simulator Overview

The X-Plane flight simulator provided a real-time simulation of the modelled aircraft. It
was set up with a conventional joystick, throttle and rudder pedal controls. The default
cockpit flight displays included typical conventional cockpit layouts based on the aircraft
type, or aternatively was customised to reflect any instrument or display layout of the air
vehicle being studied. Furthermore various view options existed including cockpit view,

chase aircraft view, external spot view and control tower view.

The output was captured in rea-time using the flight test data output option, or was
aternatively presented as data strip charts (traditionally in the flight test discipline).
Approximately 70 flight parameters could be selected and displayed using this option.

The X-Plane simulator has a detailed failure-modelling capability, with 35 systems that

could be failed manually or randomly.
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Other features included a capability to set up the required meteorological conditions such

as cloud base, winds at various sub-levels, turbulence, precipitation and visibility.

The X-Plane flight model could model basic fly-by-wire systems and included such
autopilot functions such as altitude, heading and airspeed hold.

5.3 Plane Maker Module

The plane maker module was used to define the air vehicle size and geometry, cockpit
layout, powerplant characteristics, component weights including payload fractions, and
advanced functions such as autopilot functions. This information was stored in the aircraft

subdirectory for usein the X-Plane simulation.

54 Airfoil Maker Module

The airfoil maker module defined the airfoil aerodynamic characteristics for use in the X-
Plane simulation. These characteristics were defined for a particular Reynolds number

range, lift curve slope, and lift, drag and pitching moment coefficient.

5.5  Flight Dynamic Solution Process

The X-Plane flight simulation modelled air vehicle aerodynamics through an engineering
process referred to as ‘blade element theory’. This process involved breaking the aircraft
down into many small elements which were then used to determine the aerodynamic forces
on each element for each time increment. These forces were solved to provide
accelerations, which were then integrated to velocities and positions. The solution process
is described below.

1. Element Break-Down
This step is carried out once during initialisation. The air vehicle wing(s), horizontal
stabiliser, vertical stabiliser(s), and propeller(s) (if equipped) down into a finite number

of elements.

2. Velocity Determination

Velocity determination was undertaken twice per cycle. The aircraft linear and angular
velocities, aong with the longitudinal, lateral, and vertical arms of each element were
considered to find the velocity vector of each element. Downwash, propeller wash, and
induced angle of attack from lift-augmentation devices were considered when the

velocity vector of each element was found.
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Propeller wash was found by looking at the area of each propeller disk, and the thrust
of each propeller. Using local air density, X-Plane determined the propeller wash
required for momentum to be conserved.

Downwash was determined by the wing aspect ratio, taper ratio, and wingsweep, and
the horizontal and vertical distance of the ‘washed surface’ (normally the horizontal
stabiliser) from the ‘washing surface’ (normally thewing). An empirical look-up table

was used to determine the degrees of downwash generated per coefficient of lift.

3. Coefficient Determination

The airfoil dataentered in Airfoil-Maker was two-dimensional, so X-Plane applied
finite wing lift-slope reduction, finite-wing C, .., reduction, finite-wing induced drag,
and finite-wing moment reduction appropriate to the aspect ratio, taper ratio, and sweep
of the wing, horizontal stabiliser, vertical stabiliser, or propeller blade in question.
Compressible flow effects were considered using Prandtl-Glauert relationships,
however transonic effects were not simulated other than an empirical mach-divergent

drag increase.

4. ForceBuild-Up

Using the coefficients determined in step 3, areas determined during step 1, and
dynamic pressures (determined separately for each element based on aircraft speed,
altitude, temperature, propeller wash and wing sweep), the forces were found and
summed for the entire aircraft. Forces were then divided by the aircraft mass for linear

accelerations, and moments of inertiafor angular accel erations.

5. Solution
The solution process was repeated 15 times per second by going back through step 2 at

arate of 15 times per second.

Flight Simulator Har dwar e Setup

A schematic showing detail of the flight smulator hardware is shown in Figure 10. It is

important to note that this setup adopted the same configuration as the actual GCS

hardware, and is installed in the same GCS trailer as shown in Figure 4. The simulator

hardware consisted of two displays, two computers, and associated control stick, throttle

and rudder pedals. The primary computer hosted the X-Plane simulation including the
Trainer UAV flight model. This flight simulator generated the required data for the
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forward looking camera view, and the HDD incorporating the moving map display on a
second computer. Both computers were networked using a Universal Data Protocol (UDP)
cable This arrangement provides flight information on two screens as shown in Figure 3
and Figure 5. The moving map display was toggled on from the control stick as a
background window appearing within the HDD screen as required. This moving map
display was based on commercialy available navigation software and is shown in Figure 8.
The HDD software is developed for this UAV application was based on a similar display
format to that currently used in helicopter-based mining exploration operations.

Flight data was captured using an output file by selecting the required parameters within

the X-Plane simulation.

>
> X-Plane
L‘!AV simulator
flight
Model
| In-Flight |}
Pl camera '
i Moving E

L——p{ Flight data for

analysis

Figure 10: ‘Trainer UAV’ Flight Simulator Hardware Schematic.
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5.7 Terrain Modd

The flight ssmulation also included a detailed model of the Lameroo flight test area. A
worldwide 3D terrain database was used to provide terrain elevation and features
representing the actual vegetation of the surrounding area. Using 1:250000 scale maps it
was possible to insert such features as railway lines, roads, power-lines and surrounding
houses and towns (including the Lameroo township) as they appeared in the actual

environment.

Additionally the X-Plane simulation alowed modelling of runways and airstrips, including
width, length, runway heading and surface type. In this case the proposed flight test airstrip
was surveyed using a handheld GPS and each runway modelled with a grass-type runway
surface corresponding to the actua airstrip. Adjacent buildings and windsocks were also
modelled.

A full-size airstrip located on a property approximately 2 km North East was also
modelled. Thisairstrip was an alternate runway for actua flight tests.

The profile of the terrain was such that there was a dlight increase in terrain elevation of
about 200 ft when flying south from the flight test airstrip. This feature was incorporated
in the low altitude flight line survey task to ascertain any difficulties associated with this

terrain profile.
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6. OPERATIONAL & TECHNICAL REQUIREMENTS

“ Safe=airworthy=meeting the requirements.”

David P. Davies, former Chief Test Pilot, Airworthiness Division of the Civil Aviation
Authority.

6.1 General

Although this study focused on the DT&E aspects of UAV flying qualities and
performance, details of key operationa effectiveness characteristics is included here for
completeness. These operationa characteristics provide insight into key operational and
suitability parameters, which are in addition into the technical characteristics as evaluated
in this study.

6.2 Required Operational Characteristics

The key operational effectiveness, suitability and thresholds are summarised in Table 1.
These operational characteristics cover such parameters as UAV system reliability,

transportability, mobility, maintainability, acquisition costs and operating costs.

6.3  Required Technical Characteristics

The key technical characteristics including parameters and thresholds are listed in Table 2.
Note that the thresholds associated with AV flying qualities and performance are those that
are applied here in this study. These thresholds are further detailed in following sections
and are further discussed in Appendix C.

6.4 Critical T& E |ssues

Although this study focused on the DT&E aspects of UAV flying qualities and
performance, the criticadl OT&E issues are presented here for completeness as stated

earlier.
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6.4.1 Critical DT&E Issues

The critical DT&E issues are presented as questions as follows:

Will the AV possess satisfactory flying qualities and performance with respect to a
typical mining survey mission?
Can stable flight test points be achieved?

Will the flight display data update rate have an adverse effect on the conduct of the
flight tests?

6.4.2 Critical OT&E Issues

The critical OT&E items are presented as questions as follows:

What will be the typical take-off and landing phase skill level requirements?
Can the AV be easily navigated?
Can the AV be easily controlled within tolerances on the low altitude survey tracking

task?

As noted earlier these critical OT& E issues are not addressed in this study.
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CHARACTERISTIC

PARAMETER

THRESHOLD

OPERATIONAL
EFFECTIVENESS

RF range

Kilometres

RF range sufficient to cover a distance of
15 km over undulating terrain at an altitude
of 400 ft

Support team

Number of crew

< 2 personsto operatein field

M obility

Time

Less than 4 hours pack equipment for
redeployment

Transportability

Stowed volume

System to be transported on two 4WD
vehicles

OPERATIONAL SUITABILITY

System reliability

Mean time between
maintenance

M ean time between failures

25 hours

50 hours per airframe

System maintainability

Mean time to repair

2.5 hours

System acquisition costs

Dollar cost

Cost $10000 per AV airframe including
avionics
Cost $5000 for the GCS

System operating cost

Dollar per line kilometre

Proprietary Information

Table 1. Required Operational Characteristics.
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CHARACTERISTIC

PARAMETER

THRESHOLD

TECHNICAL

AV flying qualities-

Longitudina static stability
Longitudina manoeuvre stability
Lateral-directional static stability
Aircraft dynamics

Engine power effects

Closed loop handling

Stick fixed stability

Stick fixed manoeuvring stability

Stick fixed lateral/directional stability

Short period, phugoid, Dutch roll & spird
Pitch response

Cooper-Harper scale

Positive slope - linearity

Positive slope — linearity
Appropriate slopes - linearities
Comparable or better than Archer 11
No pitch up tendencies

2

Stall/Spin Wing drop-definition <30° AOB, defined stall warning
AV performance-
Range/endurance kilometres — hours Range 30 nm-Endurance 0.5 hour
Takeoff & landing ground roll feet 300 ft/400 ft
“  “B0ft obstacle feet 450 ft/750 ft
Cruise knots 55 kt
Climb rate feet/minute 800 ft/min
Stall speed knots <20 kt
Payload Ibs 17.6 lbs
System physical size and weight Wingspan (ft) <10 ft
Takeoff weight (Ibs) <55 1bs

Magnetic signature

Minimum distance between magnetometer
and major metallic parts (engine)

Proprietary Information

Metallic parts count Number Minimised
Temperature range deg C +0to +50° C
Relative humidity % RH 98% RH

Table 2: Required Technical Characteristics
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/. EXPERIMENTAL DESIGN

“ The scientists explore what is, the engineers create what has never been”

Theodore Von Karman (1881-1963)

7.1 Test Matrix Structure

This section details the underlying theory behind the design of the flight test matrix. It
identifies the factors that effect flying qualities including stability and control, and air
vehicle performance and will specify the test variables (i.e. what will be held constant and

what will varied).

For a mining exploration survey mission it is expected that air vehicle CG position will
remain afunction of fuel load only, and not change due to varying payload locations. This
is different from a typical manned aircraft operation where the payload may take on many
configurations depending on the number of passengers and accompanying baggage carried.
Both the Tandem wing and the UAV Trainer have the fuel tanks located very close to the
CG, and payloads that will have fixed locations. Therefore the CG position can be located
to provide adequate flying qualities and performance depending on the mission
requirements. However in this study it was necessary to vary CG location to evaluate static
and manoeuvre longitudinal stability. In this study three test CG positions were used

eguating to aforward, mid range and an aft CG location.

A typica survey was flown at various airspeeds depending on the mission phase (e.g.
landing, takeoff, climb, transit and cruise during the survey lines). However a mgority of
the mission duration was spent at one cruise airspeed (Vi) €quating to the trimmed
condition flown on the survey lines. The flying qualities and performance at this speed is
important. Therefore the focus of the test program was at this speed and corresponding
aircraft CG configuration. In this case atrimmed airspeed corresponding to 55 KIAS and a
CG location at 25% MAC was selected. However other airspeeds selected in these tests
were dependent on the test requirements and these equated to V (stall speed), V, (best

climb speed), and V| 5.« (Speed for best L/D ratio).

29



7.2 Test Matrix

The test matrix used in this study is summarised in Table 3 below. The simulator sessions
were grouped broadly in the areas of flying qualities and performance flights. In general
one simulated flight was conducted for each of the flight test techniques (FTT) shown in
the right-hand column of Table 3. Test cards were produced in accordance with the Flight
Test Plan prepared by Williams (August 2002). Details of the particular test conditions,
CG configuration and setup for each flight were presented in these cards along with

handwritten annotated flight test results.

Flt Air CG Trim Description FTT
Vehicle | Positions | Airspeed
Id Config. % MAC

DT&E Clean 20% 55 KIAS Flying quality |- Long static stab
1 flights © Manstab

25% - Lat/dir stab
Phugoid
30% - Short period
Spiral mode
Dutch roll
Power effects
Closed loop handling
qualities
DT&E Clean 25% 55 KIAS Performance | -  Level-acceleration

2 flights - Cruise

- Climb

Takeoff and landing
distance

Range & endurance

Stall speed
Spin Characteristics
DT&E Clean 25% 29KIAS Landing - drogue | - Landing drogue
hute deol deployment tests —
3 chute deployment landing
35KIAS :
flights

Table 3: Flight Test Matrix Summary.
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7.3 Test Measurands

The measurand list used in these tests is shown in Table 4. These measurands were derived
as standard output from the X-Plane simulation. In most cases it was not possible to select
all measurands due to file size limitations. However the basis of measurand selection was
firstly to satisfy the requirements of the particular test, then to select related measurands.
These related measurands served as an additional measure with which to cross-check and
verify the validity of the flight test results.

Measurand Units
Local time hours
Pressure, temp, wind inches Hg, °C,

knots/degrees M

a,b degrees
Horizontal & vertical paths degrees
Flight ctrl position ail/elev/rud %
Vtrue, Vindicated knots
Vertical speed feet/minute
G loads— axial, normal and side g
Pitch and roll degrees
L atitude, longitude & altitude degrees, feet
Heading degrees true/magnetic
Propeller RPM RPM
Fuel flow Ibs/hour
Aerodynamic forces Ibs
Engine forces Ibs
Propeller efficiency %
Aileron deflection degrees
Elevator deflection degrees
Rudder deflection degrees
Total weights & CG Ibs, % MAC

Table4: Measurand List.

74 Test Limitations and Tolerances

The test limitations relate to the limitations associated with the design flight manoeuvre
envelope of the Trainer UAV. These limitations relate to the physical design constraints
imposed on the Trainer UAV airframe and include the never exceed airspeed limit given by
the term V. = 75 KIAS, and the design limit load envelope given by N, = +4g and — 1g.
Every attempt was made in this study to stay within these limitations during flight testing.

Note that no engine red-line limitation was provided by the engine manufacturer.
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Flight test tolerances related to the accurate control of airspeed, altitude, g-load and All Up
Weight (AUW) parameters. In al simulated flight tests every attempt was made to keep
airspeed within £ 1 KIAS, altitude within £ 50 ft, g-load within + 0.2 g and AUW within
+0.1 Ib. Obvioudly there is scatter of data around a nomina test condition. Therefore
sampling of flight test data at a particular test point ensured that it fell within the tolerances
indicated above, and that the acquired data was at a stable flight condition. Checking for a
stable test point was achieved by observing the data trends around a particular test point
and noting any significant variations. Variations outside the airspeed, atitude, and g-load

tolerances over atime period of two seconds were rej ected.

7.5  Test Configuration

The Trainer UAV and the tandem wing air vehicles do not include flaps, landing gear or
other devices that change the inflight configuration. Therefore only one configuration

relating to the ‘clean’ or cruise flight was tested in this study.

7.6  Test Methodology

As introduced in the delimitation section, this study was conducted with a single test pilot
who was also the designer of the AV. Thisraised an issue of objectivity in the evaluation of
flying qualities and performance, where some bias may be evident whether intentional or
not. In aflight test program of this type the traditional experimental setup would involve
more than one pilot, and all being ‘blind’ to the configuration being tested. As indicated
earlier, this was not possible in this study. However it should stated that the traditional
simulator-based flying qualities programs as referred by Hodgkinson (1998) are quite
different in scope than that presented here. These traditional programs involve the
evauation of many different configurations and modes to enable a statistical treatment of
the data using the Cooper-Harper rating scale (refer Appendix C). In this study only two
autopilot states were evaluated, and the focus was on airframe flight dynamic response

rather than assigning Cooper-Harper scale ratings.
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Hodgkinson (1998) states that the evaluation of handling qualities should follow the
accepted randomisation principle in experimental design. Where possible this has been
adopted here. Hodgkinson (1998) also suggested a ‘long look’ two minute initial
evauation with three repetitions to produce adequate results. This was indeed the
approach taken in this study where the flight tests were preceded with an initial exploratory

phase followed by the second eval uative phase where data were gathered.
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8. FLIGHT TEST TECHNIQUES

“ Do not let yourself be forced into anything before you are ready”

Wilbur Wright (August 1908)

8.1 General

The flight test methods used in this program comprised a mix of qualitative and
quantitative approaches depending on particular flight requirements. The flights could be
broadly categorised into flying qualities and performance evaluations.

The methods are described briefly below. However amore detailed account of the methods

employed is given in Appendix D.

8.2  Flying Qualities

The flying qualities flight test techniques (FTT) comprised static longitudinal and
manoeuvre stability, lateral-directional stability, short period, phugoid, spiral, Dutch rall,
stall characteristics, configuration effects, and closed loop dynamics. Although these FTTs
are based on standard techniques used in manned aircraft, some variations were
incorporated to take into account the sub-scale dynamics of the platform. One such
variation was the omission of stick force gradient measurement in both longitudinal
stability FTTs. In this case stick force was not measurable as the control system was an
irreversible ‘fly-by-wire’ type. The analogous equivalent was servo current. However this

was not available using this simulation software.

A modification of the short-period response was made which differed from standard flight
test practice. In this modified flight test technique, longitudinal short period damping was
evauated by introducing a single displacement step pitch input followed by release of the
control stick. The control stick was free to oscillate after release at the natural frequency of
the internal spring centering system. This modified FTT assessed the possibility of a
coupled stick mode and air vehicle longitudinal mode when the control stick is displaced in
this manner.

Note that spin characteristics were not evaluated in this study as the air vehicle was found
to be unspinnable with CG at 25% MAC and gross weight. Thisis further discussed in the

results chapter.
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8.3 Performance

These flight test techniques (FTT) comprised cruise, climb, take-off and landing, stall
speed and drogue chute performance. Although al of these techniques were based on
standard practice as used in manned aircraft, some minor changes were incorporated to
account for the limited airspace and limited RF range available to UAVs, and that it was
not necessary to undertake the pressure error correction (PEC) flight. In this latter case the
simulation provided airspeed data without position error. Therefore it was not necessary to
apply this correction. In many cases a number of FTT options are available to achieve the
same performance data. Therefore the performance FTTs used in this study were selected
on basis of airspace and RF range restrictions, or alternatively changed the way the UAV
was operated within this airspace. For example, the level acceleration FTT was used in
preference to the saw tooth climb technique because the method could be completed within
a short period, and not requiring a long straight track that would take the air vehicle
potentially outside RF range. Note the actual RF range boundary for the UAV is unknown.

The design range of 10 km was used for the purpose of these simulations.

The cruise performance flight test technique was also modified and flown using a
‘racetrack’ pattern to ensure that the air vehicle was kept within the RF range. One straight
leg of the racetrack pattern was flown to trim and stabilise the flight condition, while the

other was used to record the actual test data point.

The drogue chute deployment FTT was a specifically developed technique based on the
unique design configuration. This technique was relatively ssmple to achieve, and involved
flying a particular approach airspeed, and then deploying the drogue chute at the
appropriate height. A matrix of different approach airspeeds and chute deployment heights

were flown to derive an operating envelope for this landing recovery system.
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9. DATA REDUCTION

“...that Tristar was lucky to get home with all but one hydraulic pipe cut by
that errant centre-engine fan. Except that such a*“ 107" failure was postulated
long ago by a British airworthiness engineer who said at some meeting “ we' d
better have one of those pipes over there, justin case” ... Weowealot to
airworthiness engineers — and to the airworthiness test pilots. Thank them for
the crashes that didn’t and won't happen.... A test pilot’sjob isto produce an
aircraft that doesn’'t need a test pilot to fly it”

Roger Bacon, Straight & Level, Flight International, 9 January 1982

9.1  Flying Qualities

The methods used to process the X-Plane flight simulation data were the same or very
similar to that employed in standard flight test practice. These methods are summarised in
the test plan prepared by Williams (2002), Appendix A. In the case of simulated results,
the processing was made easier through not having to calibrate flight test instrumentation
to derive such parameters as servo currents, or to apply corrections for pitot static error.

Given that ISA conditions were selected within the ssmulation, then corrections for non-
ISA temperature and atmospheric pressure effects were not necessary. A list of these
measurands provided as an output of the simulation is shown in Table 4. The simulation
measurands that were directly available without further processing included static,
manoeuvre and lateral/directional stability, control surface deflection, normal acceleration,

angle-of-sideslip and angle-of bank data. Values of coefficient of lift, C, at the test point

were computed from air vehicle weight, wing area, airspeed and air density.

The damping ratio and natura frequency data for air vehicle short period, phugoid and
Dutch roll responses were computed directly from the plotted results. The methods used
here include a peak to peak measurement for a particular time period and the transient peak
ratio (TPR) method as presented in flight test manual prepared by the National Test Pilot
School (1995). Again the data used in these plots was derived directly from the simulation

output without processing.

9.2 Performance

The methods used to reduce the performance data followed standard flight test practice as
summarised in the flight test manual prepared by the National Test Pilot School (1995).
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Rather than proceed through a lengthy processing procedure to derive the drag polar and
related range and endurance performance information, total drag, lift, and fuel flow
measurands were directly computed by the X-Plane simulation. Therefore with an
additional processing step it was possible to extract drag and lift coefficient data as well as

specific air range (SAR) which is presented in the next chapter.

Landing and takeoff performance data were extracted directly from the X-Plane simulation
again by using the available horizontal displacement outputs and altitude data. Takeoff
ground-roll was derived by measuring the displaced distance from the time of the takeoff
(i.e. application of full throttle and brake release) to the point where the air vehicle was
shown to break ground contact. Takeoff ‘over a 50 ft obstacle’ performance data were
extracted in much the same way. However the distance was related to the point were the
air vehicle passed through an atitude of 50 ft AGL. Landing performance data was

processed using the same procedure.

The reduction of landing drogue chute flight test data involved extraction of maximum
norma and axia accelerations at the point of ground contact as well as airspeed and
altitude decay during the deployment manoeuvre. This information was available directly
from the X-Plane output. The effect of landing drogue deployment was illustrated by
plotting airspeed and altitude display data versus time. The operationa flight envelope for
the drogue chute landing manoeuvre was presented as normal and axial acceleration datain
combination with the altitude/airspeed test points.
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10. RESULTS

“We shall use results as long as they have not been refuted.”

Professor Dietrich K iichemann.

10.1 Flying Qualities

Figures 11 through 37 show the plotted results of Trainer UAV flying qualities, covering
such areas as static and manoeuvre stability, lateral directional stability, Phugoid and short
period longitudinal dynamics, Dutch roll response, spira stability, engine power effects
and an evaluation of the landing drogue chute-based technique. The data is presented as a
function of CG location, usualy at 20%, 25% and 30% mean aerodynamic chord (MAC),
and at atrim airspeed of 55 KIAS. Although the Trainer UAV will be flown at asingle CG
location, the three CG locations presented here in these figures were used to illustrate the

effect of this change. In normal operation, it is expected that the Trainer UAV will be

flown at afixed 25% MAC CG location.

Static longitudinal stability
Trim airspeed 55 KIAS
MODEL: Trainer UAV ENGINE: ZENOAH G62
DATA AS OF: 17 AUG 02 PROP: 22"x14"
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Coefficient of Lift, C_

Figure 11: Static Longitudinal Stability.

38




Note that the trim airspeed equating to 55 KIAS was selected on the basis that this will be
the nomina airspeed flown during the low altitude survey lines. Furthermore the test
points shown in Figure 10 include the free return speed (FRS) trim conditions for each CG

position. In all cases the air vehicle returned to the origina trim condition after each test

series was compl eted.

In flying qualities evaluations it is traditional to present stick force slope data associated
with static, manoeuvre and lateral/directional stability. Inthe case of UAVsthis datais not
applicable as there is no direct coupling between the control surface (aileron, elevator or
rudder) and the controls. In essence the UAV control system is a ‘fly-by-wire’ control
system with no force feedback (i.e. an irreversible control system). However the stick and
rudder force feedback in this system is provided by the internal spring centering system.
Thisisdiscussed in detail later.

Longitudinal manoeuvre stability
Trim airspeed - 55 KIAS
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Figure 12: Longitudinal Manoeuvre Stability - C, .

The analogous quantity in this UAV application is servo current which is used to derive
servo power which is proportional to the aerodynamic control surface hinge moment. The
servo current slope which is proportional; to the curves shown at Figure 11 through Figure
13, and Figure 14, would determine the power requirements for the servo system, and

indirectly effect the reliability of the servo. Unfortunately servo current is not predicted by
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the flight simulator. However it can be measured through actual hardware flight test.
Nevertheless general trends can be observed with a change in CG location and as function

of control surface deflection.

The flying qualities data is presented here in this format, rather than reduce the data to
derive stick-fixed neutral point (h,), stick fixed manoeuvre point (h,) or the aerodynamic
derivatives (C,, C,,, and C,;). Although this approach is generaly taken in manned

aircraft flight testing, the rationale here was to characterise stability relationships at this
intermediate level. Although this additional information alluded to above can help design

and optimise the autopilot, this analysis was outside the scope of this study.

Longitudinal manoeuvre stability
Trim speed - 55 KIAS

MODEL: Trainer UAV ENGINE: ZENOAH G62
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Figure 13: Longitudina Manoeuvre Stability — N,

Therefore the lateral directional stability curves shown in Figure 14 through Figure 16 are
presented here without further analysis. The curves are presented to illustrate the linearity
of alleron and rudder deflection with increasing and decreasing sideslip angle as well as the

inter-relationship between bank angle and sidedlip.

In addition to the results presented in these figures, a series of qualitative tests were
conducted to evaluate and verify the secondary effect of rudder and aileron. The results of

these tests are shown in Table 5.
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L eft bank Right Bank Right Skid L eft skid
SHSS SHSS
Aircraft rolls right | Aircraft rolls left | Aircraft Aircraft
Response when alleron | when aileron is | weathervanes weathervanes
released released when peda | when pedd
released released

Table5: Steady Heading Side-Slip (SHSS) and Skid Response.

Lateral Directional Stability
Trim airspeed - 55 KIAS
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Figure 14: Latera Directional Stability — Aileron Deflection.

41




Lateral Directional Stability
Trim airspeed - 55 KIAS
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Figure 15: Lateral Directiona Stability — Bank Angle.
Lateral Directional Stability
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Figure 16: Lateral Directional Stability — Rudder Deflection.
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The phugoid is the long period longitudinal response to a pitch input involving a 10 knot
disturbance off the trim airspeed condition. The Trainer UAV phugoid response is shown
by Figure 17. The three quantities of interest are phugoid damped natura frequency, the
damping ratio and the undamped natural frequency. These quantities are determined using

the traditional transient peak ratio (TPR) method as detailed in the earlier section.
Using this method, we note the following phugoid mode characteristics.
Phugoid damped natural frequency, wy = 0.29 rad/s or f, = 0.048 Hz
Phugoid damping ratio, z, = 0.21
Undamped natural frequency, w,, = 0.34 rad/s or f, = 0.054 Hz

From Figure 17 it can be seen that the air vehicle exhibits a stable, damped, long period
oscillation showing convergence back to trim airspeed within 3 cycles. The period of this

oscillation is about 20 seconds which is easily controlled manually.

Phugoid response - 25% MAC
Trim speed - 55 KIAS
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Figure 17: Phugoid Response.



Figure 18 and Figure 19 show the short period response to a steady pitch control input at
the longitudinal natural frequency and the result of a step pitch control input respectively.
From Figure 18 and Figure 19 it can be determined that the short period, damped, natural

frequency and the approximate damping ratio is as follows:

Short period damped natural frequency, wyg, = 9.42 rad/s or fug, = 1.5 Hz
Short period damping ratio, zg, = 0.5

These results are discussed fully in Section 8. However it is interesting to note from Figure
19 that a full longitudina control step input produces a normal load factor of
approximately 4.5g. This exceeds the limit load factor of 4.0g by 0.5g at a trim airspeed of
55 KIAS. With any airframe there is a manoeuvre speed limitation which specifies the
maximum airspeed where afull elevator control input can be entered without exceeding the
limit design load of the airframe. Although this is outside the scope of this study it is
possible to determine the manoeuvre speed limitations using the relationship shown in

Figure 19.

Short period response - 25% MAC
Trim speed - 55 KIAS
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Figure 18: Short Period Response.



Longitudinal response - 25% MAC
Trim airspeed - 55 KIAS

Full aft stick - then release
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Figure 19: Longitudina Step Input Response.

Figure 20 and Figure 21 show the Dutch roll response at a trim airspeed of 55 KIAS and a
CG location of 25% MAC. This Dutch roll mode is the air vehicle lateral directional
response characterised by the oscillatory change in heading which is due to five rudder
deflection inputs as shown. The damped nature of the heading response can be seen at the
completion of the rudder deflection cycle and the number of overshoots seen after this
point equates to the damping. In the case of Figure 20, with yaw damper on, the number of
overshootsis 2. While in Figure 21, with the yaw damper off, the number of overshoots is
found to be 3.
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Dutch roll response
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Figure 20: Dutch Roll Response — Damper On.

Using similar methods as before, the Dutch roll damped frequency can be determined by
counting the number cycles and the total time interval. In the case of Figure 20, with yaw
damper on, the Dutch roll damped frequency is 0.64 Hz. While in Figure 21, with the yaw
damper off, the Dutch roll damped frequency is 0.83 Hz. Table 6 below shows a summary

of Dutch roll characteristics with respect to yaw damper on and off states.
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Figure 21: Dutch Roll Response — Damper Off.

Yaw damper ON Yaw damper OFF
Dutch roll damped frequency, fy, 0.64 Hz 0.83Hz
Dutch roll damped frequency, wy, 4.0rad/s 5.2radls
Number of dutch roll overshoots 2 3
Approximate damping ratio, z 0.5 04
Dutch roll natural frequency, w, 4.6 rad/s 5.7 radls

Table 6: Dutch Roll Characteristics.

Figure 22 and Figure 23 show the spiral stability response for both left and right turning
manoeuvres conducted at a trim airspeed of 55 KIAS and a CG location of 25% MAC. In
both cases the bank angle increased by a maximum of 10 degrees in both left and right
turns after 20 seconds. There is a small asymmetry between left and right turns which can

be attributed to propeller slipstream effects, which made the air vehicle slightly more stable

in left turns.
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Spiral Stability - 25% MAC
Trim speed 55 KIAS - LH Turn
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Figure 22: Spiral Stability — LH turn.
Spiral Stability - 25% MAC
Trim speed 55 KIAS - RH Turn
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Figure 23: Spiral Stability — RH turn.
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Figure 24 shows the effect of an engine power reduction on pitch response for a trim
airspeed of 55 KIAS and a CG location of 25% MAC. It can be seen here that a reduction

of engine power produces a favourable nose-down pitch attitude change.

Pitch response due engine power reduction
Trim speed - 55 KIAS
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Figure 24: Engine Power Effects.

Table 7 shows the averaged results of roll rate tests conducted for 30° to 30° angle of bank.

A total of six rolling manoeuvres were carried out to both the left and right to obtain these

time constant data.

Conditions L eft Roll Right Rall

30° to 30° angle of bank roll
Full stick deflection
Altitude - 500 ft PA

Trim airspeed — 55 KIAS
CG - 25% MAC

0.9 secs 0.85 secs

Table 7: Roll Rate Time Constants.
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Figure 25 and Figure 26 show the results of a closed-loop flying qualities task involving
flight at low atitude over a survey line. This tracking task was undertaken with the
autopilot on and off. The *Autopilot off’ mode comprised full manual control (*man-in-
loop’), while *Autopilot on” comprised a combined heading hold, wings leveller and yaw
damper based autopilot. The two tasks were flown over aline length of approximately 22
km which took approximately 15 minutes. A survey line duration of 15 minutes was
chosen as this comprised the upper bound on the longest lines flown in similar helicopter
based operations. Furthermore prior flight simulation experience had shown that survey
lines of this duration were chalenging from a pilot concentration viewpoint, noting that

this mission task was as demanding as flying an instrument approach procedure.

The two test lines were flown over identical terrain located in the simulated Lameroo flight
test area. The survey task terrain was generaly flat with the exception of a small hill of
approximately 200 ft elevation.

Survey line tracking
Autopilot Off
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Figure 25: Closed Loop Survey Line Tracking — Autopilot Off.
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Survey line tracking
Autopilot On
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Figure 26: Closed Loop Survey Line Tracking — Autopilot On.

Figure 25 shows the atitude and track deviation results for a low atitude tracking task
flown manually at 400 ft AGL, and on a constant track equating to 180° M (magnetic).

The manual mode, as opposed to the autopilot assisted mode, required control from the
pilot to maintain the survey line within the necessary tolerances. The tolerances equated to
+ 130 ft for track, and + 40 ft for atitude. These are shown as the dark lines either side of
the nominal track and atitude on Figure 25 and Figure 26. In the manual mode these
tolerances were achieved via pitch and roll axis control inputs based on the HDD central
command bars as shown by Figure 6. Note that the manual control mode required only
pitch and roll inputs for the terrain type flown. Rudder and throttle inputs were not

necessary.

In general it was found that it was possible to fly the line within tolerances, in the manual
mode, equating to an average of £ 50 ft in track and + 20 ft in altitude. However, it should
be noted that the task demanded considerable attention and concentration to achieve these
results even though the skill level required was not overly high. The line flying technique
can be mastered to this level with about two hours flying practice. However, once

mastered, the task is extremely boring. It istherefore possible that an operator will quickly

51



become bored and disinterested in thistask in real life and this needs to be factored into the
selection criteria of potential UAV pilots.

Figure 26 shows the same altitude and track deviation results flown using autopilot
assistance comprising heading hold, wings leveller and the yaw damper function. The
remaining manual input required from the pilot involved maintaining a constant atitude

where directional and roll axes were controlled viathe autopilot.

In genera it was found that it was possible to fly the line using the autopilot within
tolerances equating to an average of + 50 ft in track and £ 10 ft in atitude. However, it
was necessary to periodically update the heading autopilot to account for ‘great circle
produced ‘drift’. This effect produced the ramp changes in the heading shown in Figure
26. This effect could be reduced by performing heading updates more frequently during
the flight. In this case this update was performed manually, whereas in actua hardware
this update will be performed as a GPS system software function at a frequency of 1 Hz.

This control method was much easier to fly compared with the manual mode which
alowed dtitude to be controlled to a dighter better tolerance. However, this did not
aleviate the boredom associated with this task, athough it did allow time to undertake
other activities such as navigation via the moving map, and more frequent checking of the

‘rainbow performance indicators' .

The pilot comments for a conventiona approach and landing are shown in Figure 27. This
comment card is the same as that shown in Appendix C and uses the Cooper-Harper rating
scale along with qualitative comments to evaluate the ease or difficulty in conducting this
mission task. In general the air vehicle was easily flown during the approach and landing
phases of flight. Those areas that made for specia comment included the need for
coordinated rudder input below 35 KIAS to reduce apparent adverse yaw, and specia
attention was required of airspeed control during the approach phase of flight. This latter
requirement was made easier by active use of longitudinal trim to ensure accurate speed
control during the approach. An interesting observation was that of a weak (low
amplitude) Dutch roll mode which occurred at approach power (engine idle) and airspeeds
below 32 KIAS. This Dutch roll mode was particularly apparent if coordinated rudder

inputs were not used in turns.
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Figure 27: Conventional Approach and Landing Comment Card.

The drogue chute landing technique was intended to make the landing task easier through
eliminating the need for the final round-out and flare manoeuvre. This final part of the
landing manoeuvre typicaly is the most difficult piloting task to master. Therefore
decreasing the skill level requirements can potentially reduce the number of landing
accidents, increase landing touchdown point accuracy, and decrease operator training
overheads.
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Note also that the added advantage of this landing technique is a reduction of landing
distance. Thiswas not measured in the simulations presented here as the intention was to
show that the technique was feasible, rather than conduct a detailed analysis of associated
landing distance performance. It isintended that this activity will be conducted as part of
the actual flight test program, where drogue chute deployment time (dependent on the
hatch operating mechanism, airspeed and attitude) can be measured aong with the

associated landing distances.

Figure 28 was used to determine the flight envelope for the drogue chute landing technique
in terms of altitude and airspeed limits. The altitude and airspeed limits were determined
from the peak normal (vertical) and axial accelerations of the air vehicle during the drogue
chute deployment. These peak accelerations were tabulated for a matrix of airspeed and
deployment altitudes. These results are shown plotted in Figure 30. Note that Figure 29
shows the airspeed and altitude decay characteristics for the drogue chute deployment and

isincluded here for completeness.

Normal & Axial Acceleration
Drogue chute deployment -5 ft AGL & Vapp = 29 KIAS
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Figure 28: Sample Normal & Axia Acceleration Curves — Drogue Chute Deployment.

Figure 30 shows that normal (vertical) acceleration (N,) is significantly reduced if chute
deployment is conducted at an approach airspeed of 35 KIAS. This airspeed resultsin an

acceleration of about 1 g (or less), which is obviously within the structural limits of the
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arframe. However at this higher approach airspeed, the axial acceleration (N,) was
accordingly higher. At 35 KIAS the axial acceleration was about —2 g. This acceleration
can be accommodated by the airframe with special provision made to ensure that avionics

or any other internal systems can withstand the corresponding axial loads.

In a similar way if the drogue chute is deployed at altitudes less than 3 ft at approach
speeds of 29 KIAS, then normal accelerations can be kept within the 3 g limit load of the

arframe.

Therefore if drogue chute deployment is within the flight envelope detailed in Table 8 then
structural loads could be kept within acceptable levels.

Altitude & airspeed decay
Drogue chute deployment - 5 ft AGL & Vapp = 29 KIAS
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Figure 29: Sample Altitude and Airspeed Decay — Drogue Chute Deployment.
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Drogue chute deployment

Normal and axial accelleration
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Figure 30: Drogue Chute Acceleration Envelope.

Airspeed Altitude Range
Drogue Chute Deployment

29 KIAS 1-3ft

35KIAS 1-5ft

Table 8: Drogue Chute Inflight Deployment Envelope.

In general it was found that landings using the landing drogue chute technique were
significantly easier to perform than a traditional landing. This was due to severa reasons
as discussed below:

The required airspeed and altitude flight deployment envelope is relatively easy
to achieve, with higher airspeeds being easier to maintain as a consequence of

favourable speed stability (i.e. positive slope on total drag curve).

It was not necessary to provide any coordinated elevator input with throttle to
conduct a landing round-out and flare manoeuvre. The landing required only

identification of the drogue chute deployment altitude which is easily achieved.
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Although no quantitative data are available, it appeared easier to achieve
accurate repeatable touchdown points by using the elevator to fly to the am-
point and deploying the chute at the appropriate altitude. This may prove to be

auseful feature when operating out of short airstrips.

Note that a series of stall and spin tests were conducted but have not been reported here. It
was found that the stall characteristics were generally benign with no significant wing drop
behaviour occurring. Furthermore, the air vehicle did not spin a the 25% MAC CG
position and at the 54.5 Ib gross weight. Although every attempt was made to enter a spin
by using crossed controls (aileron and rudder), only a spiral dive resulted, which was easily
recovered. This anti-spin characteristic could be attributed to the relatively forward CG
location (high static margin), the wing planform and benign airfoil stall characteristics.
However, these observations should be considered with caution, as the accurate prediction
of stal/spin characteristics is made difficult through variations in the wing ‘as
manufactured’ airfoil profile. This is particularly a problem with laminar flow airfoils,
which was the case here. An inspection of the actual AV wing showed small changes in
the airfoil section due to the underlying spar cap. Therefore it is expected that the stall/spin
characteristics will be different from the simulation due to non-uniform spanwise laminar
boundary layer separation. Actual flight testing will therefore be required to determine the
‘rea’ stall spin characteristics.

10.2 Performance

Figure 31 through Figure 37 show the plotted results of Trainer UAV performance tests
covering such areas as the drag polar, lift/drag ratio, range, endurance, climb performance,
takeoff and landing, stall speed and landing drogue chute deployment envelope. The data
are presented at 25% MAC unless otherwise noted, and at a standard operating weight of
54.51b.

The drag polar for the Trainer UAV is presented in Figure 31. The drag polar displays
traditional coefficient of lift trends with increasing coefficient of drag. Plotting of these

data as a linearised drag polar (given by C, 2 vs. Cp) which is not shown here, gives a zero

lift drag coefficient Cp of 0.035. This value of Cp appears to be reasonable for an air

vehicle of this size, geometry and configuration.
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Drag Polar
Clean configuration
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Figure 31: Drag Polar.

Although the drag polar is an important measure of air vehicle aerodynamics, it is aso the
major parameter that determines specific air range (SAR), endurance, climb rate, takeoff

and landing performance.

The airspeed for maximum lift/drag (L/D,,,,) rétio, given by the point X in Figure 32, is

important as it is at this speed that maximum range occurs, and aso the best climb speed.
This airspeed is approximately 38 KIAS as given by Figure 32 and corresponds to a L/D,,

of 11. A L/D,, ratio of this value is reasonable for an air vehicle of this size,

configuration and geometry.
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Lift/drag ratio
Clean configuration
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Figure 32: Lift/Drag Ratio Characteristics.

Figure 33 shows the SAR characteristics as a function of airspeed. This figure shows that
maximum range will occur at an airspeed of 38 KIAS as shown by point B. This gives a
maximum range of 142 nm (nautical miles) for a 1.6lb total fuel load. For a cruise speed of
55 KIAS this range is reduced to approximately 120 nm for a 1.6lb fuel load with nil

reserves.

In a similar way endurance is derived from point A on Figure 34. The maximum
endurance is given by minimum fuel flow at an airspeed of approximately 28 KIAS. This
gives a maximum endurance of approximately 4 hours with nil reserves. As a cross-check,
the airspeed at maximum range can be determined by point B, again at an airspeed of 38
KIAS.
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Figure 34: Fuel Flow for Best Range & Endurance.
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The level acceleration manoeuvre shown in Figure 35 is used to determine maximum rate
of climb performance. Maximum rate of climb performance is determined by measuring
the maximum gradient of the curve given by the replicated line segments numbered 1
through 6. From this curve it can be seen that the maximum gradient occurs at segment 2
corresponding to a speed of approximately 38 KIAS. Inspection of corresponding flight
test data at this airspeed (at standard weight) gives a maximum rate of climb of 960 fpm.

Level acceleration
Altitude 960 ft PA
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Figure 35: Level Acceleration Manoeuvre.

Landing and takeoff performance data is shown in Table 9. This data covers both ground
roll and takeoff distance over a 50 ft obstacle flight conditions. The datais presented for 6
takeoff and landings, and is averaged for each flight condition. Although takeoff and
landing ground roll met the technical performance requirements shown in Table 2,
‘clearance over a 50 ft obstacle’ is much greater than that desired. This can be attributed to
pilot technique in the takeoff, and also the lack of flaps in the landing, which act to increase

the glide path angle.
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Takeoff Landing Comment
Run # Ground roll 50 ft obstacle | Ground roll 50 ft obstacle
1 200 881 481 683 1st attempt
2 102 438 401 1315 Long flat approach
3 98 453 318 1436
4 102 515 321 874
5 167 476 330 1342
6 89 584 346 1381 Short field T/O
126 558 366 1172

Table9: Takeoff and Landing Performance.

Figure 36 and Figure 37 show the stall speed characteristics for power off and cruise power
flight conditions at a gross weight of 54.5 |b. These figures show variation of stall speed
and wing angle of attack with respect to time. Figure 36 shows the power off stall speed to
be approximately 14 KIAS at 1600 ft AMSL. While at cruise power, Figure 37 shows stall
speed to be approximately 11 KIAS at 900 ft AMSL.

Stall speed
Power OFF - 1600 ft AMSL - Gross weight 54.5 |b
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Figure 36: Stall Speed — Power Off.

Note that there is a variation in stall speed results shown in Figure 37. Inspection of the
related angle-of-attack data shows a similar variation. It may be that with power set to
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7000 RPM (cruise power) that propeller wash effects may produce local high apparent
angle-of-attack thus causing this effect. Note that propeller wash effects are modelled in
this simulation. Nevertheless, the decrease in power-on stall speed with the corresponding
power-off flight condition follows a consistent trend, and the 3 kt difference is reasonable

for an air vehicle of thistype.

Stall Speed
Power 7000 rpm - 900 ft AMSL - Gross weight 54.5|b
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Figure 37: Stall Speed — Power On.

10.3 Flight Model Validation

Appendix B details validation of the flight smulator model using flight test and flight
manual data for a known Piper Archer I light aircraft. This validation exercise compared
data in the areas of flying qualities and performance using the test techniques and methods
in common with those presented in this study. Flying qualities measures included short
period longitudina frequency, phugoid period, spiral stability, lateral/directional damped
frequency, Dutch roll mode and engine power effects. The flight test techniques and
methods employed to derive this data from the actual aircraft were the same, or very
similar to those used in this study. Performance measures included stall speeds (flaps up

and down), takeoff over 50 ft barrier, ground roll, climb rate, best power range, landing
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over 50 ft barrier and ground roll. These performance measures were derived from the

aircraft pilots operating manual prepared by the Piper Aircraft Corporation (1976).

In summary, the X-Plane flight simulation compared closely with flight test and referenced
data of the actual aircraft. The flying qualities measures compared extremely well with
simulation, with short period frequency, phugoid period and latera directional frequency
being within £ 5%. Most performance measures also compared very well with stall speed,
takeoff ground roll, climb rate, best power range and landing over a 50 ft barrier being
within £6%. The maor areas of difference relate to takeoff performance over a 50 ft
barrier and landing distance ground roll. The former differences could be attributed to
difficulties associated with flying an accurate transition from takeoff rotation to climbout,
and the latter attributed to simulation deficiencies associated with the maximum braking
manoeuvre. Nevertheless it is expected that these two areas will not have a significant

effect or influence on the results presented in this UAV study.
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11. DISCUSSION

“ Safety begins in the mind of the aircraft designer”

J.M. Ramsden in the Safe Airline.

11.1 Mission Based Analysis

The focus of this analysis will be those key elements of the geophysical mission which are
typicaly difficult to perform, such as the takeoff and landing tasks and the mission critical
low altitude survey tracking task. Exploratory testing by the author, and the results of a
previous study undertaken by Hare (August 2002) support this approach. Therefore the
selection of these two key mission elements are accepted as those that will define the
success or failure of the geophysical survey mission. Furthermore it is obvious that the
other mission tasks such as the transit legs and associated climbs and descents shown by
Figure 9 are not critical, nor are they terminal tasks. For example it is not critical that the

climb after takeoff or the transit cruise be performed at particul ar airspeeds or altitudes.

Therefore the following two sub-sections will examine the low altitude tracking task and
the takeoff and landing tasks, firstly using a flying qualities and performance framework,
then by ‘closing the loop’ and adopting a systems approach to the other issues associated

with the conduct of these mission tasks.

11.1.1 Low Altitude Survey Tracking Task

The low atitude survey tracking task appears on the surface to be a very ssimple flight task.
However this survey task is flown to very demanding altitude and lateral track accuracy
requirements which requires the pilot to provide coordinated longitudinal and latera
control inputs for an extended time period. As can be seen by Figure 25 and Figure 26 there
was little differentiation between the results shown by autopilot on and off states apart from
the autopilot induced drift. What was apparent however is difference in the skill level, or
more importantly the level of attentiveness required for either autopilot on and off
conditions. With autopilot on it was possible to monitor other instruments or update
situational awareness through using the moving map display window. Nevertheless it is
interesting to note that it was possible to conduct this tracking task manually in an air
vehicle of thistype for an extended period of time without difficulty. In actual surveysa 20

km line length would be considered as very long and would thus occur very infrequently.
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If a manually flown line is considered within a mission based framework, it can be seen
that the task can be dissected into the classic stability, aircraft dynamics and performance
areas as considered in this study. The task includes static longitudina stability,
longitudinal manoeuvre stability (if the turn onto lines are considered), phugoid response,
short period response and spiral stability. These areas can be considered separately as
usually done in flight test. However, the problem here lies in the formulation or adoption
of suitable standards for flying qualities. Appendix C has collated information from
various civil and military standards that may be applicable to this UAV mission. However
in comparing these data to that presented in this Appendix, one must remember that a UAV
possesses significantly different physical (i.e. size and inertia) and performance (i.e. power
to weight ratio) attributes which accordingly result in a different airframe response and
system dynamics. Although the standards presented in Appendix C, and the technical
characteristics summarised in Table 2, are based on accepted flight test practice, they
should be considered as indicative only. Therefore the applicability of current manned
aircraft flying qualities standards to UAV's would be an idea topic for further study.

Furthermore, it should be emphasised that flying qualities standards provide a baseline for
stability augmented UAV's (e.g. those UAVs using yaw and pitch dampers, heading hold
and airspeed hold autopilots), and also to facilitate interoperability (i.e. multiple different

airframe configurations operated with a common GCS).

Before we evaluate the results of these flying qualities tests, it should noted that the
Trainer UAV configuration provides a convenient baseline platform to enable cross-
checking of results in relation to the adopted standards. The Trainer UAV is of a
conventional layout with a forward main wing, an aft horizontal stabiliser and a tractor
engine, resembling most certificated light aircraft flying today. Given that the Trainer
UAYV is of this conventional configuration, it is expected that some or most flying qualities
will be satisfactory. However as noted earlier, there are significant physical differences
which will of course affect airframe response. Nevertheless a conventiona airframe

configuration is agood baseline from which to start this evaluation.

If we first consider longitudinal flying qualities given by static longitudinal stability and
manoeuvre stability, the important issues here are that a positive stick gradient exists and
that curves are linear as specified in Table C 3. This means that in order to correct for an

altitude deviation, one must ‘pull’ the stick to fly slower (increasing C, ) and enable a climb

from a given trim speed, and the reverse to fly faster. Furthermore it was found that the air
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vehicle returned to the original trim airspeed when the stick was slowly returned to neutral
condition. With respect to manoeuvre stability the mission requirements are mainly driven
by the end of line turns where normal load factor increases (increasing C,) with the same
‘pull’ stick displacements required to maintain the altitude/airspeed relationship. Therefore
using the guidance presented in Table C3, the Trainer UAV is compliant in both static and

manoeuvre longitudina stability.

The phugoid is an important longitudina stability mode in relation to this low atitude
tracking task. Thislong period mode is characterised by a mild pitching motion caused by
the interchange of airspeed (kinetic energy) and altitude (potential energy) terms. It is a
characteristic of al airframes. The phugoid is important to this particular task as this
pitching motion results in a periodic change in atitude which must be corrected. Therefore
the period of the mode must not be too short, and also must be well damped to allow for
pilot compensation. In this case the damped period is about 20 seconds, and the phugoid
damping ratio (z,) is 0.21. If we consider the flying quality standards as given in Appendix
C Section C5, the quoted military requirement is for a minimum of damping ratio of 0.04.
Neither the military standard nor the civil Federal Aviation Regulation (FAR) Part 23
specify a minimum frequency requirement for the phugoid. Therefore the Trainer UAV is
compliant with respect to the phugoid mode on the basis of satisfactory damping ratio, and
that the long period frequency can be easily compensated for by the pilot.

The short period mode is al'so an important stability mode for the same reasons as outlined
above for the phugoid mode. The short period mode occurs as a result of elevator
commands correcting for deviations from the target atitude. Again the important
parameter is damping ratio (zg,) which in this case is 0.5. The military flying qualities
standards given in Appendix C specify a damping ratio range 0.35 to 1.3 for Category A
flight phases (height keeping mission element). While the civil standards specify only that
the short period damping ratio to be heavily damped. Therefore the Trainer UAV is

compliant with respect to the short period mode.

Air vehicle spira stability is important flying qualities parameter during the ‘start of line
and ‘end of line turns where constant angle-of-bank turns are employed. The military
flying qualities standard detailed in Appendix C specify that the time to double roll angle
amplitude (40° in this case) should be more than 20 seconds in the cruise configuration.

FAR Part 23 has no specific requirement for spiral mode stability. Therefore given that the
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air vehicle rolls less than 10 degrees in either direction then the Trainer UAV is compliant

with respect to the spiral stability requirements.

The Dutch roll mode is a coupled lateral/directiona response (roll and yaw) occurring as a
result of a disturbance to these axes. The Dutch roll oscillation is an annoying motion in
manned aircraft which can potentially make instrument-based flight difficult to conduct or
aternatively can make passengers airsick. However the critical issue to UAV s s the effect
this motion may have on a payload sensor. In the low altitude survey task the measured

damping ratio (z4) was 0.5 with the yaw damper on, and 0.4 with the yaw damper off. The

military requirements shown in Appendix C show a minimum damping ratio of 0.19 for a
Flight Phase A and a performance category of 1. Therefore the Trainer UAV is compliant
with respect to this standard for both yaw damper on and off states.

Air vehicle range has been determined to be 120 nm at 38 KIAS (nil reserves), and
endurance performance to be approximately 4 hrs at 28 KIAS (nil reserves). Inspection of
the required technical characteristics detailed in Table 2 shows that range and endurance

reguirements have been met.

11.1.2 Takeoff and Landing Tasks

The takeoff and landing task is also the other key element of the geophysical survey
mission. If we consider this task within a mission based framework we can dissect this
task into lateral/directional stability, takeoff and landing performance, climb rate, roll rate,
stall speed and drogue deployment characteristics.

If we first consider air vehicle lateral/directional stability characteristics, the important
issues here are that positive stick and rudder gradients exist and that curves are linear. This
stability characteristic is important as it the control power in these axes that are used to
counter P-effect on takeoff, and to provide satisfactory cross-wing landing capabilities. A
survey of military and civil flying qualities requirements did not identify any specific
requirements for lateral/directional stability which were relevant to this UAV application.

However the lateral/directiona stability results shown by Figure 14 through Figure 16
displayed satisfactory b/d,, b/f and b/d. gradients and linearities.

Takeoff and landing performance is obviously an important measure and the results
indicated by Table 9 show that the air vehicle complies with the required technical

characteristics for ground roll given in Table 2. However the takeoff and landing distances
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over a 50 ft obstacle did not meet the required performance characteristics. This could be
attributed to poor takeoff flight test technique (refer Appendix B), and that the air vehicle
did not incorporate flaps that act to steepen the approach path angle.

Climb rate performance and the associated climb gradient define the type of terrain profile
where the UAV can be operated. That is, after takeoff the UAV must be able to clear
surrounding obstacles and terrain during the climb phase of the mission. Furthermore
during the low altitude phase of the mission the UAV must be able to out-climb the
surrounding terrain. The required climb rate defined in Table 2 is 800 ft/minute. A climb
rate of 960 ft/minute was achieved at 38 KIAS thus satisfying this requirement.

Roll rate response is an important air vehicle characteristic required to counter gust induced
disturbances during the takeoff and/or the landing phases of the mission. The military
flying qualities standard detailed in Appendix C indicates that the time period to roll 60°
should be less than 1.3 seconds. In this case the average time period to roll 60° is 0.87

seconds. Therefore the Trainer UAV satisfies the military standard roll rate requirement.

The stall speed is an important parameter as it is factored into a range of operational
airspeeds such as rotation speed and approach speed. Furthermore, the rotation and
approach speeds play a role in determining takeoff and landing performance. The power
off stall speed was found to be approximately 14 KIAS at 1600 ft AMSL. While at cruise
power the stall speed was found to be approximately 11 KIAS at 900 ft AMSL. In both
cases the Trainer UAV was found to be compliant to the 22 KIAS stall speed requirement
as specified in Table 2.

In general it was found that landings using the landing drogue chute technique proved to be
significantly easier task to perform than a traditional landing. However it should be noted
that the scope of this study was limited to deriving a preliminary landing operational
envelope within the UAV airframe structural limitations. Furthermore the method of test
was limited to an evaluation by one pilot only. Although this landing technique has been
shown to potentialy de-skill the landing task, further work is required to establish the
operational benefits through testing with an actual field technician pilot and under more

representative atmospheric conditions (gusts & turbulence).
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11.2 Piloting Requirements

The differences in piloting requirements for UAVs are derived from the unusual
combination of air vehicle characteristics relating to engine power output, weight and
physical size. In an ar vehicle of this type the power loading (the ratio of engine
HP/weight) combined with wing loading (the ratio of airframe weight/wing area) and
airframe weight play an important part in defining performance and flying qualities. In this
case the air vehicle possesses a relatively high power loading, low wing loading and low
inertia which is unique to UAV applications. These combined characteristics produce an
air vehicle that is very prone to P-effect (power-effect) which produces yaw and roll on
application of power during the takeoff ground roll. Therefore ayaw damper is a necessary

autopilot function to help aleviate this P-effect on takeoff.

Another consegquence of a high power loading is the effect of the propeller slipstream at
high power settings. In the case of steady state climbs, trim must be used to compensate
for dlipstream induced yaw which must be also accompanied with nose-down pitch trim.

In addition, it was found that a reduction in engine power necessitated a corresponding trim
change which was significant.  Although this was easily compensated, the significant
change in trim with power does not occur in any other air vehicles apart from ultralight

aircraft with high power loading.

11.2.1 Effect of Control Force Feedback

The flight control setup used in this UAV system does not provide for stick and pedal force
feedback as found in conventional aircraft. A conventional system that provides tactile
feedback through the controls to the pilot is referred to as a reversible control system. This
control force feedback increases with airspeed which prevents the pilot from over-
controlling the air vehicle due to the pilots inability to make large control deflections. This
type of control system is self-protecting and thus reduces the likelihood of ‘over-stressing’

the airframe.

However, the type of flight control system implemented in this UAV is referred to as an
irreversible control system. Irreversible flight control systems lack the feedback feature of
the reversible control systems, which prevents over-controlling and over-stressing of the
airframe. In this case here the control force is provided by centreing springs which act as

an artificial feel system which gives a force gradient with stick deflection. The author
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found that this control system was satisfactory for the purposes of DT&E. However in this
case the author compensated for relatively low spring force gradients during manoeuvres to
ensure normal limit loads of the airframe were not exceeded. Therefore the lack of tactile
feedback and low spring force gradient are important issues to be addressed in the early

operational assessment.

11.2.2 Other Flight Cues

Other flight cues not represented in a UAV system are those associated with g load,
vibration, engine noise and airframe buffet response sensations. Pilots of manned aircraft
are subconsciously aware of these cues, and therefore they form a small part of the total
information assimilated by a pilot to build situational awareness. However these cues are
not available to the UAV pilot. A partial solution has been to provide a‘g’ load indicator,
synthetic engine noise, a stall warning alarm and audible warnings for low altitude and high
sink rate flight conditions as part of the ground based flight display function. Although
some relearning is required to adapt to these new presentations, in genera it has been found
that this information can be effectively assimilated by the pilot. This is reported in the
report by Hare (August 2002), where a program was undertaken to test the UAV ground-
based flight display.

11.3 Simulation Issues

As stated earlier the ssmulator setup replicated the actual flight hardware and was installed
in the trailer-mounted GCS. The HDD display used the ‘flight rated’ software with
appropriate modifications to simulate the 1 Hz data latency produced by the downlink.

Although data latency effects have been replicated, other UAV system characteristics such
as servo lag and flight control system latencies may make mission tasks more difficult to
undertake or introduce pilot induced oscillation (PIO). Preliminary flight tests (Williams,
July 2002) using the same servos and flight control hardware have indicated that this is not
the case. However a change of flight control system architecture or servos could

potentially introduce these problems.

It should be noted that this study has considered the DT&E of UAV flying qualities and
performance, and as such has adopted an approach consistent with standard flight test
practice. This standard approach to DT&E of air vehicles has always been to select ideal
atmospheric conditions to ensure that stable test points can be achieved and that gust or

turbulence induced ‘noise’ isminimised. Therefore the simulations in this study have been
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conducted in accordance with this practice and thus no turbulence, gusts or other adverse
atmospheric disturbances have been included. This raises an issue of potential poor flying
gualities performance when subjected to gusts and turbulence. Thisissue is acknowledged

and thus this area could be atopic for follow-on studies.

114 AV Aerodynamic/Inertial Scale Effects

An area that has had little attention in UAV literature is the Square-Cube Law (Stinton,
1996) which relates to control sensitivity occurring in small and very light aircraft. It is
likely that this has not had the appropriate level of attention because up until this time it
has been associated with the ‘bottom end’ of general aviation. The Square-Cube Law is
evident in such aircraft as scale replicas, small homebuilt, microlight and ultralight aircraft.
UAVs fdl into this category, particularly the small scale air vehicle considered in this
study. Small air vehicles are therefore dominated by their aerodynamics, and inertia plays
a lesser part in handling qualities. The Square-Cube Law relates to aerodynamic forces
being dependent upon area (i.e. length squared) while mass depends on density of the

material and volume which it occupies (i.e. length cubed).

Thus asthe air vehicleis built smaller, the aerodynamics increasingly dominate over inertia
and the AV becomes quick reacting and sensitive to fly. Therefore the control surfaces of
small ar vehicles have comparatively small chords to compensate for this flying
characteristic. This Square-Cube Law further manifests itself as a design problem for
UAVswhere very little or no design information is available to ‘size’ the control surfaces.

Although this design information exists for ‘full-scale’ aircraft, an empirical approach must
be taken for UAVs. Although not within the scope of this report, the approach taken in the
case of Trainer UAV control surface sizing was to use simulation techniques to provide
acceptable flying qualities. Therefore alot more can be done to provide better design data

for UAV applications, and perhaps this could be atopic for follow-on studies.

11.5 Future UAV Operational Assessments

As stated earlier simulations in this study have been conducted in accordance with
traditional DT&E practice, and therefore no turbulence, gusts or other adverse atmospheric
disturbances have been incorporated. This aspect aong with requirement to introduce a
trained field technician to conduct this mission will necessitate an initial operational
assessment. This assessment may comprise a mission-based study involving the conduct of

a geosurvey mission in various atmospheric conditions focusing on the critical takeoff and
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landing, and the low altitude tracking mission tasks. Theinitial operational assessment can
be simulator based and use a modified form of the Cooper-Harper rating scale similar to
that used in the study detailed by Hare (August 2002).
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12. CONCLUSIONS

“In my opinion, about 90 percent of your risk in a total program comes with
afirst flight. Thereisno nicein-between milestone. You have to bite it off
in one chunk.”

‘Deke Slayton — Test Pilot & Mercury Astronaut

This research has set out to determine whether UAV flying qualities & performance can be
evaluated and optimised using a simulated ground control station comprising a head down

display (HDD) along with real-time in-flight video and moving map displays.

The study used a Trainer UAV as a configuration baseline for simulated flying qualities

and performance evaluations.

This study has focussed on those key elements of the geophysical mission which are
difficult to perform, given by the takeoff and landing tasks and the low altitude survey
tracking task. In this context the study has answered the research subproblems relating to
UAV flying qualities and performance evaluation, standards applicable to UAV flying
gualities, the degree of pilot autonomy required to undertake the mission, and the definition

of an acceptable flight envel ope associated with the drogue chute-based landing task.

A mission-based approach was taken with respect to the resolution of the research problem.
Accordingly the mgor conclusions arising from this study are summarised in point form

with respect to this mission-based approach as outlined below:

Geophysical Survey Mission

The geophysical survey mission was characterised by two mission critical tasks. These

were:
a The low altitude survey line tracking task.
b. The takeoff and landing tasks.

74



Low Altitude Survey Line Tracking Task

The flight test parameters required to characterise the low altitude survey line tracking
task included static longitudinal stability, longitudinal manoeuvre stability, phugoid
response, short period response and spiral stability.

The flight test techniques required to measure these flying qualities and performance
characteristics are essentially the same as those employed in manned aircraft. However
a modification of the short period flight test technique was employed to evaluate the

interaction between control stick-free oscillation and the air vehicle short period mode.

Takeoff and Landing Tasks

The flight test parameters required to characterise the takeoff and landing tasks
included lateral/directiona stability, takeoff and landing performance climb rate, roll
rate, stall speed and drogue deployment characteristics.

The flight test techniques required to measure flying qualities and performance are
essentialy the same as those employed in manned aircraft. However, a ‘new’

technique was employed to evaluate the drogue chute-based |anding method.

It was found that an acceptable flight envelope could be defined for the drogue chute-
based |anding method based on airframe structural limitations.

The drogue chute-based method was found to be significantly easier to perform than a

traditional landing asit eliminated the need for flare and round-out manoeuvres.

UAV Autonomy and Autopilot Augmentation

The Trainer UAV can be flown to similar levels of track and altitude accuracy with the
autopilot either on or off. Note that the autopilot comprised track hold, wings leveller

and yaw damper functions.

The level of attention/skill required complete this task with the autopilot on was much
less. Therefore the benefit of autopilot assistance was to provide the pilot with more

time to undertake navigational tasks and to maintain general situational awareness.
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The air vehicle is very prone to P-effect (power-effect) which produces yaw and roll on
application of power during the takeoff ground roll. Therefore a yaw damper is a

necessary autopilot function to counter this P-effect on takeoff.
Flying Qualities Standards

The flying qualities standards adopted in this study are based on military and civil
standards for much larger manned aircraft. Therefore the standards presented here

should be considered as indicative only.

UAYV Piloting I ssues

The Trainer UAV possesses a relatively high power loading, low wing loading and low

inertia unlike conventional manned aircraft.

The small size of the air vehicle makes it subject to the Square-Cube Law, where the
aerodynamics increasingly dominate over inertial characteristics, thus making the air
vehicle quick reacting and sensitive to fly. In arelated issue the Square-Cube Law has
an effect on the sizing of control surfaces of small air vehicles, where comparatively

small chords are required compensate for this flying characteristic.

Other flight cues not represented in a UAV system are those associated with g load,
vibration, engine noise and airframe buffet response sensations. These cues were
provided through installation of a ‘g’ meter indicator, generation synthetic engine
noise, a stall warning alarm and audible warnings for low atitude and high sink rate

flight conditions as part of the ground based flight display.

The flight control setup used in this UAV system does not provide for stick and pedal
force feedback as found in conventional aircraft. In this case tested here the control
force is provided by centering springs which act as an artificial feel system which gives
aforce gradient with stick deflection. This study found that this flight control system
setup was satisfactory for the purposes of DT&E. However the spring force constant

may not be satisfactory for operational use.
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Experimental Design & Simulation

The Trainer UAV simulation flight model was validated and most flying qualities and

performance characteristics could be predicted to + 5%.

The flight simulation was based on the same or very similar hardware, software and
functionality as the actual GCS flight systems. The differences relate to the fidelity of
the flight model, as discussed above, and the terrain database.

It should be noted that the simulations presented in this study have been conducted in
accordance with traditional DT&E practice, and therefore no turbulence, gusts or other

adverse atmospheric disturbances have been incorporated.
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13. RECOMMENDATIONS

“ Always leave yourself a way out”

General Charles“Chuck” Yeager, Test Pilot.

From the discussion and conclusions presented in previous sections, the following
recommendations are provided for further analysis or investigation. These
recommendations mainly concern the mission-based early operational assessments using
simul ator-based methods.

These recommendations are summarised in point form as follows:

The low altitude survey tracking task should be flown in atmospheric conditions (gusts
and turbulence) and terrain profiles representative of that found in airborne mining
exploration missions. This activity should be flown by trained field technician
operators with the objective of evaluating the autopilot effectiveness during this flight

phase.

The drogue chute-based landing method should be evaluated using Cooper-Harper
based rating scales and should be flown by field technician operators in conditions as
stated above.

The applicability of existing manned aircraft flying qualities standards to UAV's should

be investigated with respect to airborne mining exploration missions.

Although this study found that this flight control system setup was satisfactory for the
purposes of DT&E, the spring force constant may be too low for UAV operations.

Therefore a program should be concurrently conducted to determine whether the
current centreing spring force gradient provides an adequate margin to prevent

operational over-controlling or overstressing the airframe.

The Square-Cube Law has an effect on the sizing of control surfaces of small air
vehicles, where comparatively small chords are required compensate for sensitive

flying characteristics. Little or no data exists on small air vehicle control surface sizing
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for adequate flying qualities. Therefore a program to provide control surface sizing
design datafor UAV applications should be initiated.
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Appendix A —Trainer UAV Flight Model Details

Al  Trainer UAV Flight M odel

The Trainer UAV flight model is shown in Figure A1l. This flight model has been
developed from design data and physical measurements taken on the flight test prototype.

Although most physical details can be accurately represented in the simulation
environment, the area of least confidence is engine performance characteristics. Although
some performance data exists on the Zenoah G62 interna combustion engine, it does not
guote any data on the engine/propeller/generator combination as found here. Given the
uncertainty in the power characteristics of this engine setup, the design value used in the

simulation was de-rated for conservatism by 0.75 HP at takeoff.

The aerodynamic data used to model wing airfoil characteristics were determined from
wind tunnel tests conducted by Selig et al. (1995). The work undertaken by Selig et al.
(1995) is an extensive aerodynamic database covering airfoil data for low speed, low

Reynolds number applications.

A summary of the data used in the Trainer UAV flight model is presented in Table A1.

Figure A 1: Trainer UAV X-Plane Model.
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Id Aircraft Parameter Units Value

1 Wingspan ft 10.80

2 Root chord ft 177

3 Tip chord ft 177

4 Dihedral degrees 2.00

5 Wing incidence degrees -3.00

6 Wing washout degrees 0.00

7 Wing-sweep @ 25% chord degrees 0.00

7 Horizontal stabiliser span ft 3.74

8 Horizontal stabiliser root chord ft 1.28

9 Horizontal stabiliser tip chord ft 1.28

10 Horizontal stabiliser dihedral degrees 0.00

11 Horizontal stabiliser incidence degrees -0.50

12 Sweep @ 25% chord degrees 0.00

13 Vertical stabiliser semi-length ft 1.50

14 Vertical stabiliser root chord ft 0.95

15 Vertical stabiliser tip chord ft 0.95

16 Sweep angle @ 25% chord degrees 0.00

17 Aileron/chord ratio % 0.15

18 Aileron Up/Down travel limits degrees 20 deg (up) 15 deg (down)
19 Elevator/chord ratio % 0.26

20 Stabilator Up/Down travel limits degrees 25 deg (up) 20 deg (down)
21 Rudder/chord ratio % 0.26

22 Rudder/chord Left/Right travel limits degrees 28 deg (Land R)
23 Flap type N/A No flaps

24 Flap/chord ratio % NA

25 Flaps detents degrees NA

26 Landing gear lengths ft 0.87 (nlg) & 0.87 (mlg)
27 Landing gear tire radius ft 0.22 (all)

28 Longitudinal CG location ft 0.4 datum
29 Vertical CG location ft 0.1 datum
30 FWD CG limit ft 0.30

31 AFT CG limit ft 0.50

32 Maximum Take-Off Weight Ibs 55.00

33 Fuel tank(s) CG location (X, Y, Z) ft 0.36, 0.0 & 0.08
34 Maximum fuel weight Ib 1.60

35 Vso, Vs & Vne knots 20, 75

36 Camera viewpoint (X, Y, Z) ft 0.1,0.0,04
37 Engine maximum power BHP 4,70

38 No. of propeller blades 2.00

39 Location of propeller hub (X, Y, 2) ft (-)1.5,0.0,0.1
40 Side cant degrees 0.00
41 Vertical cant degrees 0.00
42 Propeller radius ft 0.90
43 Propeller tip chord & root chord inches 1.6, 0.6
44 Wing airfoil section (root & tip) FX63-137
45 Horizontal stabiliser airfoil section (root & tip) Flat plate
46 Vertical stabiliser airfoil section (root & tip) Flat plate

Table A 1: Trainer UAV Flight Model Details.
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Appendix B — Flight Model Validation

Bl Piper Archer Il Flight Model

The Piper Archer Il aircraft flight ssmulation model was developed from the pilots
operating handbook prepared by the Piper Aircraft Corporation (1976) and a text by
McCormack (1992), and physical measurements made on the flight test aircraft of the same
type. The pilots operating handbook corresponds to a Piper Archer Il arcraft with
Australian registration VH-MHI, which was the flight test aircraft used in these validation
trials. This manua provides information on aircraft physical dimensions, weights and
geometry modelled in the X-Plane simulation, as well as P-charts (performance charts)
pertaining to stall speed, takeoff and landing, climb and range performance. Physical
measurements were made on the aircraft such as control surface dimensions (i.e. aileron,
flaps, elevator & rudder), and associated angular deflection limits which were not provided
by the pilots operating handbook. Aircraft weight and balance data was extracted from this
same handbook (date of |atest aircraft weighing 19" October 1999).

Figure B 1. PA-28 Archer Il X-Plane Model.
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McCormack (1992) provides details of wing, horizontal stabiliser and vertical stabiliser
airfoil sections and other aerodynamic properties, as well as flight test derived longitudinal
and lateral directiona stability data for a Piper Cherokee 180 aircraft. The Piper Archer 11
aircraft is derived from the Cherokee 180, differing only in cabin length, outboard wing
planform and avionics fit. However the two models share the same wing, horizonta
stabiliser and vertical stabiliser airfoil sections, and it is this aerodynamic (drag, lift and

pitching moment) data which is used in the X-Plane flight model.

A summary of the data used in the Piper Archer Il X-Plane model are presented in Table
B1.
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Id Aircraft Parameter Units Notes

1 Wingspan ft 35.00

2 Root chord ft 5.97

3 Tip chord ft 5.25

4 Dihedral degrees 7.00

5 Wing incidence degrees 2.00

6 Wing washout degrees -2.50

7 Wing-sweep @ 25% chord degrees | 12.5 deg (inner) & 3.0 deg (outer)
7 Horizontal stabiliser span ft 12.88

8 Horizontal stabiliser root chord ft 2.50

9 Horizontal stabiliser tip chord ft 2.50

10 Horizontal stabiliser dihedral degrees 0.00

11 Horizontal stabiliser incidence degrees 0.00

12 Sweep @ 25% chord degrees 0.00

13 Vertical stabiliser semi-length ft 4.65

14 Vertical stabiliser root chord ft 3.80

15 Vertical stabiliser tip chord ft 1.90

16 Sweep angle @ 25% chord degrees 25.00

17 Aileron/chord ratio % 0.20

18 Aileron Up/Down travel limits degrees 30 deg (up) 15 deg (down)
19 Elevator/chord ratio % 0 (stabilator)
20 Stabilator Up/Down travel limits degrees 25 deg (up) 5 deg (down)
21 Rudder/chord ratio % 0.27

22 Rudder/chord Left/Right travel limits degrees 27 deg (L and R)
23 Flap type N/A Plain flaps

24 Flap/chord ratio % 0.20

25 Flaps detents degrees 10, 25 & 40 deg
26 Landing gear lengths ft 2.6 (nlg) & 1.8 (mlg)
27 Landing gear tire radius ft 0.50

28 Longitudinal CG location ft 7.24

29 Vertical CG location ft -0.50

30 FWD CG limit ft 6.98

31 AFT CG limit ft 7.50

32 Maximum Take-Off Weight Ibs 2550.00

33 Fuel tank(s) CG location (X, Y, Z) ft 8.2,6.0&-14
34 Maximum fuel weight Ib 288.00

35 Vso, Vs & Vne knots 49, 55 & 154
36 Pilots viewpoint (X, Y, Z) ft 6.8,0.0,1.3
37 Engine maximum power BHP 180.00

38 No. of propeller blades 2.00

39 Location of propeller hub (X, Y, Z) ft 1.0, 0.0, -0.3
40 Side cant degrees 0.00

41 Vertical cant degrees 0.00

42 Propeller radius ft 3.20

43 Propeller tip chord & root chord inches 55,55

44 Wing airfoil section (root & tip) NACA 652 425
45 Horizontal stabiliser airfoil section (root & tip) NACA 0009
46 Vertical stabiliser airfoil section (root & tip) NACA 0009

Table B 1: Piper Archer Il Flight Model Details.
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B2 Piper Archer Il Flight Model Comparison

The approach taken to flight model validation was to take available Piper Archer 1l flying
qualities and performance data from various sources and references, and compare this with
the same derived from the X-Plane ssmulation. The selection of comparative measures and
associated data ranges has been driven by available aircraft information, limits of flight test
instrumentation and limits of the simulation. Therefore the mgor focus was to compare
flying qualities and performance data which is also the focus of this study. The question

we were attempting to answer here was:
“Does the simulation approximate real aircraft flying qualities and performance’.

Table B2, shown below compares Piper Archer Il performance data derived from the X-
Plane flight simulation with the pilots operating handbook of the same. The data derived
from the X-Plane simulation was the averaged result of six runs at each test point. The
flight test techniques employed in each case were in accordance with those presented in

Appendix D.
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Parameter

Flight Conditions

Piper Archer I1
Pilots Operating
Handbook

Piper Archer Il X-
Plane Flight
Simulation Model

Stall speed

0° flap

54 KIAS

55 KIAS

40° flap

49 KIAS

49 KIAS

Takeoff
performance over
50 ft barrier

Flaps up

Full throttle

Paved level dry runway
Weight = 2550 |bs

ISA

1850 ft

2127 ft

Takeoff ground
roll

Flaps up

Full throttle before brake
release

Paved level dry runway
Weight = 2550 |bs

ISA

1000 ft

1018 ft

Climb
performance

Flaps up

Full throttle

76 KIAS

Weight = 2550 |bs
2000 ft PA

ISA

650 ft/min

612 ft/min

Best power range

Nil wind

48 US Gal usable fuel
2000 ft PA

75% power

Weight = 2550 |bs
ISA

510 NM

506 NM

Landing
performance over
50 ft barrier

40° flap

66 KIAS

Paved level dry runway
Weight = 2550 |bs

ISA

1400 ft

1315 ft

Landing ground
roll

Power off

40° flap

Maximum braking
Paved level dry runway
Weight = 2550 |bs

ISA

920 ft

420 ft

TableB 2: Piper Archer Il Performance Data Comparison.

Table B2 shows that good agreement exists between flight manual and simulated

performance data. Those areas that differ noticeably relate to 50 ft barrier takeoff

performance and landing ground roll.

The simulated takeoff performance results were

found to be highly dependent on flight test technique, apparent as scatter between




simulated runs. This could be attributed to the transition from takeoff rotation, ground
effect acceleration and airspeed profile flown in each run. The differences in landing
ground roll could be attributed to the fidelity of the braking model implemented in the
flight smulation. It is suspected that the X-Plane simulation over-estimates maximum
braking manoeuvre effectiveness. This was considered not to have an adverse effect on
this study, as the Trainer UAV possesses no brakes, and deceleration during the landing

roll is determined by rolling friction on a grass runway.

Table B3, compares Piper Archer 11 flying qualities/aircraft dynamics data derived from the
X-Plane flight simulation to that obtained from flight test. The data derived from flight test
was an averaged result of six runs at each serial. The data derived from the X-Plane
simulation is also the averaged result of six runs at each serial. The simulated flight
conditions for each run were matched with the actual flight test conditions to allow a direct
comparison. Theflight test conditions tested here equate to atypical cruise flight condition
(clean aircraft) at maximum gross weight. No attempt was made was made here to
investigate configuration effects (i.e. flap settings), changes in CG location, or changes in
trim airspeed. This was considered not to have an adverse effect, noting that simulated
Trainer UAV results are also presented at one cruise flight trim condition (no flaps) and a

single gross weight

It is interesting to note here that the usua flight test practice is to measure phugoid
response by timing 5 overshoots. However in both flight test and simulated phugoid mode
testing only three cycles could be discerned before the disturbance was fully damped.

In general good agreement exists between flight test and simulated handling qualities data.
The area that differs most relates to spiral stability characteristics. Although the
magnitude of the spiral mode response differs between flight test and simulated results, the
overall trends are consistent with time. That is the trend for increasing or decreasing angle

of bank are seen to be consistent for both left and right hand turns.

In summary the X-Plane flight simulation compares closely with flight test and referenced
data of the actual aircraft. The areas of difference relate to takeoff performance over a 50 ft
barrier and landing distance ground roll. The former differences could be attributed to
difficulties associated with flying an accurate transition from takeoff rotation to climbout,
and the latter attributed to simulation deficiencies associated with the maximum braking
manoeuvre. Nevertheless it is expected that these two areas did not have a significant

effect or influence on this UAV study.
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Par ameter Flight Conditions Piper Archer |1 Piper Archer Il X-
Flight Test Plane Flight
10 Oct 02 Simulation Model
Short period Flaps up 2.1Hz 20Hz
longitudinal 75% Power
frequency 2500 ft PA
Weight = 2044 |bs
ISA
Phugoid period | Flaps up 32 seconds 33 seconds
75% Power
2500 ft PA
Weight = 2040 |bs
ISA
Spiral stability | Flapsup LH turn —wingsroll LH turn —wingsrall
75% Power out to level after 20 out to 10° AOB after
2500 ft PA seconds 20 seconds
Weight = 2035 Ibs | RH turn —wingsroll RH turn —wingsroll in
ISA into 25° AOB after 20 to 30° AOB after 20
seconds seconds
Lateral/directional | Flaps up 0.61 Hz 0.64 Hz
damped frequency | 75% Power
2500 ft PA

Weight = 2031 Ibs
ISA

Dutch roll mode | Flapsup # of overshoots=4 # of overshoots =4
Overshoots 75% Power

2500 ft PA

Weight = 2028 |bs

ISA

Engine power Flaps up Nose down pitch Nose down pitch
reduction 75% Power-idle response response

2500 ft PA

Weight = 2023 |bs
ISA

Table B 3: Piper Archer Il Flying Qualities/Aircraft Dynamics Comparison.
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Appendix C —Flying Qualities Standards & Criteria

Cl  Pilot Ratings

The Cooper-Harper rating scale is used universally to enable the pilot to assign a number to
an arcraft to allow comparison with other aircraft or to show compliance with a
specification. The scale has ten points, where 1 indicates excellent and 10 the worst flying
gualities possible — usually resulting in a crash. The scale is dichotomous, which means
that it is repeatable by leading the evaluation pilot through a series of decisions regarding
task performance and pilot workload. This Cooper-Harper rating scale is presented Table
C1.

C2 Piloting Tasks

The different piloting tasks are distinguished by defining Flight Phase Categories A, B and
C. Category A consists of demanding tasks such as height-keeping and survey tracking as
found here. Category B includes less demanding tasks such as transits to and from the
survey area, climbs and descents, and category C includes terminal tasks such as landing
and take-off.

Source: National Test Pilot School (1995)

Table C 1. Cooper-Harper rating scale.
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For a category C task the approach and landing comment card was used as shown in Table
C2. This approach and landing pilot comment card provides a useful framework for an
evaluation of the flying qualities in this mission phase. The relevant comments associated

with UAV approach and landing evaluations are described in the results section.

Source: Hodgkinson (1998)
Table C 2: Approach and Landing Pilot Comment Card.

In addition to the above categories there are severa air vehicle classes which range from
Class | through to Class IV. Class | covers smal, light aircraft such as utility, primary
trainers, and light observation aircraft, which best fits UAV applications as discussed here.
The other classes cover larger medium or heavy weight aircraft, or high manoeuverability
aircraft such as fighters. This definition of a Class | air vehicle is defined by the military
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standard MIL-F-8785C (United States Air Force, August 1996), however it is also has a
civilian equivaent to Joint Airworthiness Regulation (JAR)- Very Light Aircraft (VLA)
(JAR, n.d.) and Federal Airworthiness Regulation Part 23 (FAA, n.d.) category aircraft.

C3  Longitudinal Static Stability Requirements

A brief comparison of the FAA and the military specifications mostly applicable to UAV
category and class is outlined below. Note that in compiling this information, selected
parts of the specifications have been omitted as they have been deemed to be not
applicable. Hence, this is by no means the complete longitudinal static stability
requirement for aUAV. This specification summary is shown below in Table C 3.

FAR 23 (FAA, n.d.) MIL-SPEC-8785C (USAF, Aug 1996)

Air vehicle must be stable: | Aperiodic divergence not allowed:
Pull to fly slower d, gradient must be positive show linearity
Push to ﬂy faster or

d, gradient can be zero if Stability
Augmentation System (SAS) are available

Speed must return to
within £10% of trim speed
when the controls are
sowly released from any
Speed.

Table C 3: Longitudinal Static Stability.

C4  Lateral/Directional Stability Requirements

No specific standard identified requirements for lateral/directional stability which were
relevant to this UAV application. However it is sufficient to say that the air vehicle must
display appropriate b/d,, b/f and b/d, gradients and linearities.

C5  Phugoid Requirements

MIL-STD-1797A (Air Force Flight Dynamics Laboratory, 1997) has requirements for a
minimum damping ratio of 0.04 for class | flying qualities. It has no frequency
requirements. FAR Part 23 (FAA, n.d.) requirements alow unstable phugoid oscillations

aslong as they are not dangerous and do not require a high workload.
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C6  Short Period Requirements

For class | aircraft, the military standard MIL-STD-1797A (Air Force Flight Dynamics
Laboratory, 1997) for short period specifies a damping ratio range of 0.35 to 1.3 for
aggressive manoeuvres (corresponding to category A & C flight phases), and 0.3 to 2.0 for
gentle manoeuvres (corresponding to category B flight phases). FAR Part 23 only require
the short period to be ‘heavily damped’. This is open to interpretation but is generally
understood to be z 3 0.7 (FAR Part 23, paragraph 181.a).

C7  Dutch Roll Requirements

MIL-STD-1797A for controls-fixed and free requires a minimum damping dependent on
flight phase as shown in Table C 4.

Flight Phase Aircraft Class Min. z,"
A | and IV 0.19
B All 0.08
C I, 1l 'and IV 0.08

* The governing requirement is that which yields the
larger value of z,

Table C 4: Minimum Dutch Roll Damping Ratio Requirements for Level 1 Aircraft.

The civilian requirements given by FAR Part 23 and JAR-VLA specify a damping ratio of

z4> 0.052 with controls-free and controls-fixed.

Many air vehicles employ yaw stability augmentation systems to feedback yaw rate to the
flight control system (described here in this study as a yaw damper) to move the rudder in
the opposite direction and damp the Dutch roll. These systems involve electric control
devices such as rate gyros that may fail, which means the stability augmentation failure

mode must be tested as well (i.e. yaw damper off).
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C8  Spiral Stability Requirements

MIL-STD-1797A dlows for a spirally divergent aircraft as long as the time to double
amplitude (40° in this case) is more than 12 seconds in the power approach configuration
or more than 20 seconds in the cruise configuration. FAR Part 23 has no specific

requirement for spiral mode stability.

C9 Roll Control Requirements

Theroll control effectiveness for Class | military air vehicles are summarised in Table C 5.
This specification is derived from MIL-F-8785C (United States Air Force, August 1996).

Flight Phase Category
A B C
f =60 deg f =60 deg f =30deg
t t t
f =0deg f =0deg f =0deg
13 1.7 13

Table C5: Roll Effectiveness Requirements — Class | Military Aircraft — MIL-F-8785C.

The roll control effectiveness requirements for civilian aircraft meeting a typica UAV

weight range are summarised in Table C 6.

Note: All timesin seconds JAR-VLA FAR Part 23
Flight Phase | Weight (Ibs) f =30deg f =30deg
t t
f =-30deg f =-30deg
Takeoff W £ 6000 5 5
Landing W £ 6000 4 4

Table C 6: Roll Effectiveness Requirements — Civilian Aircraft.
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Appendix D —Flight Test Techniques

D1 Flying Qualities Flight Test Techniques

Longitudinal static stability — Stabilise the air vehicle at the test altitude and maintain
power for level flight at the test airspeed and trim out all the forces. Slowly change the
pitch attitude of the aircraft and wait for the airspeed to stabilise prior to taking readings

of d, and V,. With constant power the air vehicle will be either climbing or descending

using this technique. Repeat and record data within the range + 30 kts of the trim

condition.

Longitudinal manoeuvre stability - Using the wind-up turn method, stabilise the air
vehicle at the test altitude and maintain power for level flight at the test airspeed and
trim. Note the power and climb to the upper limit of the altitude band. Reset the power
to the trimmed value. Record data for trim shot. With the airspeed held constant,
slowly increase the load factor by increasing bank angle and descending. Record data

asthe aircraft stabilises at different increasing load factors.

L ateral-directional static stability — Stabilise the air vehicle in the configuration to be
tested at the test altitude, with power set for level flight, and zero lateral acceleration.
Record the data shown on the corresponding test card. Repeat the readings at various
values of b when stabilised in a steady heading sideslip. Perform the test out to the
largest side-dlips that can be generated using full rudder.

Short Period — Perform a frequency sweep by a Sinusoidal Stick Pump (SSP) to excite
the air vehicle to £0.3g at constant airspeed. Change the frequency of the oscillation
until air vehicle response is in phase with the elevator input. Excite the air vehicle
natural frequency with a +0.5g sinusoidal input. Time the period and count the number

of overshoots on the g meter.

Phugoid — From the trim condition, disturb the air vehicle in speed by about 5 to 10
knots, replace the elevator control back to the trim position and release of fix depending

on the phugoid to be recorded. Record maximum and minimum V,; and H; during the

oscillations and the VV|I reversals.
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Dutch Roll — From the trim condition, disturb the air vehicle using a sinusoidal rudder
doublet, then return the rudder to trim condition and fix or release as required. Record
the frequency of oscillations, while forcing the motion. And the number of overshoots

after the doublet. The f/b ratio can be estimated by observing the motion of the wing
tip.
Spiral — Stabilise the air vehicle in a coordinated turn to either the left or right at 20°

angle of bank. Neutralise the aileron control and release. Time the convergence or

divergence of the bank angle.

Configuration effects — Stabilise the air vehicle in cruise and trim. Cut the throttle and

note any longitudinal pitch up tendencies.

Stall characteristics - Stabilise the air vehicle at approximately 1.5 times the predicted
stall speed in the configuration to be tested. All forces are trimmed out. Then, using
pitch alone, the air vehicle speed is reduced at 1 kt/s until the air vehicle reaches the
stall. The planned configurations are:

1 Clean, power for level flight.
2. Clean, idle power.

Note pre-stall warning and stall buffet characteristics, occurrence of wing drop, l0ss of

altitude, unusual recovery characteristics.

Spin characteristics — Stabilise the air vehicle at approximately 1.5 times the predicted
stall speed. Decelerate for a 1 g power-off stall. At stall apply full rudder input in the
direction of spin and maintain full aft stick with aileron neutral. Hold until recovery.

Recovery technique — power idle, aileron neutral, rudder opposite direction of spin,

push stick forward, neutralise rudder when spinning ceases...Recover to level flight.

Drogue chute deployment landing - The drogue chute landing technique is intended to
make the landing task easier through eliminating the need for the fina round-out and
flare manoeuvre. Thisfinal part of the landing manoeuvre typically is the most difficult
piloting tasks to master. Thus any technique that can reduce the skill requirement to
conduct this task will reduce accidents in this phase of flight, make landings repeatable,
and reduce training overheads. However the constraint to conducting a drogue chute
based approach are the vertical (normal) and axial accelerations which impose high

structural loads on the landing gear and associated structure. Therefore if these
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accelerations can be kept sufficiently low then an acceptable flight envelope can be

defined for this type of approach.

This technique is relatively ssmple to achieve, and involved flying a particular approach
airspeed, and deploying the drogue chute at the appropriate height. A matrix of different
approach airspeeds and chute deployment heights were flown to derive an operating

envelope for thislanding recovery system.

Closed loop handling — Each segment of the mission is evaluated in accordance with
the standard Cooper- Harper rating scale. The major mission segments include take-off,

low altitude survey line tracking, descents and landings.
D2 Performance Flight Test Techniques

Pitot-Static Error Correction — Note that the PEC flight was not required for these
simulated flight tests. However for completeness the flight test technique is included
here. Stabilise the air vehicle at a constant atitude and constant airspeed and power for
level flight. Take the readings as listed on the test card at each stabilised level flight
condition approximately 10 kts throughout the speed range of the aircraft.

Cruise— Stabilise the air vehicle at the test atitude and airspeed by using the * backside
technique’: adjust pitch attitude to control airspeed and adjust power to zero the rate of
descent/ascent. When stable record the data on the test card. Also determine fuel state

by measuring fuel flow or fuel quantity.

Climb — The technique applied here comprise the level acceleration technique because
of vertical airspace limits. Approximately 200 feet below the test dtitude, fly the air
vehicle close to stall speed with maximum continuous power. When the air vehicle
climbs to the test atitude, push over, maintain a constant indicated altitude and record

velocity versustimeto V .

Takeoff and landing — Takeoff and landing performance is measured using the GPS
system. The air vehicle is lined up at the runway end and full power is applied
simultaneously as the event marker is activated. The event marker is used to show
‘wheels-off’, then clearance of a virtual 50 ft obstacle. The reverse is applied for
landing where clearance over the 50 ft obstacle, wheels on ground, and end of ground

roll are marked accordingly.
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Stall Speed - Stabilise the air vehicle at approximately 1.5 times the predicted stall
speed in the configuration to be tested and apply trim. Then, using pitch alone, the air
vehicle speed is reduced at 1 kt/s until the air vehicle reaches the stall. The planned

configurations are:
1. Clean, power for cruise flight.
2. Clean, idle power.

Note the pre-stall buffet speed, stall speed and height required for recovery.
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Appendix E — Sample Simulation Output File

The X-Plane simulation output file is divided fundamentally into two parts. Thefirst isa
lengthy header section which provides detail on the flight model, and the second section is
the time based flight data. An example of the header is shown in Table E1, and the output
datais shown in Table E2. Note that the output data can be varied in accordance with the
particular requirements of the test and is selected within the X-Plane simulation output data
pull-down menu. This flight datais presented in column format which is easily imported

into Excel for analysis.

X-Plane, by Austin Meyer
Simulating D:\X-SYSTEM 616\Aircraft\UAVs\Trainer\TrainerUAV 5 July 02.acf

X location positive aft ~ x force positive forwards pitch/alpha pos nose up
y location positive right y force positive right roll pos right
z location positive up z force positive up yaw/beta pos nose right

elevator, aileron, spoiler positive control surface up
rudder positive control surface right
drag-yaw positive control surface deployed
pitch cyclic prop pitch  positive request nose up

roll cyclic prop pitch  positive request nose right

Finite-Wing & Element Build-Up for propeller 1:

location : -0.58 mtrs pos aft of CG, 0.00 mtrs pos right of CG, 0.00 mtrs pos above CG.

root lo Re: alphamax= 15.20 deg, trat= 0.1000, Re= 0.0000 meg for Clark-Y (good propeller).afl.
root hi Re: alphamax= 15.20 deg, trat= 0.1000, Re=99.9000 meg for Clark-Y (good propeller).afl.
tip lo Re: alphamax= 15.20 deg, trat= 0.1000, Re= 0.0000 meg for Clark-Y (good propeller).afl.
tip hi Re: alphamax= 15.20 deg, trat= 0.1000, Re=99.9000 meg for Clark-Y (good propeller).afl.
Element # 1: s= 0.00 sqr mtrs, mac= 0.04 mtrs, radial arm=0.01 mtrs, incidence= 71.96 deg.
Element # 2: s= 0.00 sgr mtrs, mac= 0.04 mtrs, radial arm=0.04 mtrs, incidence= 45.66 deg.
Element # 3: s= 0.00 sqr mtrs, mac= 0.03 mtrs, radial arm=0.07 mtrs, incidence= 31.55 deg.
Element # 4: s= 0.00 sqgr mtrs, mac= 0.03 mtrs, radial arm=0.10 mtrs, incidence= 23.68 deg.
Element # 5: s= 0.00 sqr mtrs, mac= 0.03 mtrs, radial arm=0.12 mtrs, incidence= 18.83 deg.
Element # 6: s= 0.00 sqr mtrs, mac= 0.03 mtrs, radial arm=0.15 mtrs, incidence= 15.59 deg.
Element # 7: s= 0.00 sgr mtrs, mac= 0.02 mtrs, radial arm=0.18 mtrs, incidence= 13.29 deg.
Element # 8: s= 0.00 sqr mtrs, mac= 0.02 mtrs, radial arm=0.21 mtrs, incidence= 11.57 deg.
Element # 9: s= 0.00 sgr mtrs, mac= 0.02 mtrs, radial arm=0.23 mitrs, incidence= 10.24 deg.
Element #10: s= 0.00 sqr mtrs, mac= 0.02 mtrs, radial arm=0.26 mtrs, incidence= 9.18 deg.

(7]

(7]

(7]

After any wing-joining, our semi-length is  0.27 mtrs. (for purposes of Oswalds Efficiency and Delta-Wing factor determination only)
After any wing-joining, our root chord is  0.04 mtrs. (for purposes of Oswalds Efficiency and Delta-Wing factor determination only)
After any wing-joining, our tip chord is  0.02 mtrs. (for purposes of Oswalds Efficiency and Delta-Wing factor determination only)
After any wing-joining, our leading-edge sweep is  1.33 deg. (for purposes of Delta-Wing factor determination only)
After any wing-joining, our mean aero sweep is  0.00 deg. (for purposes of Oswalds Efficiency determination only)
After any wing-joining, our aspect ratio is 19.64.  (for purposes of Oswalds Efficiency and Delta-Wing factor determination only)
After any wing-joining, our taper ratio is 0.37. (for purposes of Oswalds Efficiency and Delta-Wing factor determination only)

Oswalds efficiency is therefore 0.7500, for lift-slope reduction to 90.07% of the 2-D value.
We will accomplish this by:
using coefficient data at an angle of attack that is 93.25% of actual (stall alpha= 16.30 deg),
and reducing airfoil lift coefficients to 96.82% of their 2-D value.
Based on AR and sweep, cm change is to 90.76% of the 2-D value.
Based on AR and TR, aerodynamic center is moved  0.02% of the way from the the 25% chord to the 50% chord.

Finite-Wing & Element Build-Up for left wing 1:
location : -0.00 mtrs pos aft of CG, 0.00 mtrs pos right of CG, 0.04 mtrs pos above CG.
root lo Re: alphamax= 16.00 deg, trat= 0.1360, Re= 0.0000 meg for FX63137.afl.
root hi Re: alphamax= 16.00 deg, trat= 0.1360, Re=99.9000 meg for FX63137.afl.
tip lo Re: alphamax= 16.00 deg, trat= 0.1360, Re= 0.0000 meg for FX63137.afl.
tip hi Re: alphamax= 16.00 deg, trat= 0.1360, Re=99.9000 meg for FX63137.afl.
Element # 1: s= 0.09 sqr mtrs, mac= 0.55 mtrs, radial arm= -0.08 mtrs, incidence= -3.00 deg.
Element # 2: s= 0.09 sgr mtrs, mac= 0.55 mtrs, radial arm= -0.25 mtrs, incidence= -3.00 deg.
Element # 3: s= 0.09 sqr mtrs, mac= 0.55 mtrs, radial arm= -0.41 mtrs, incidence= -3.00 deg.
Element # 4: s= 0.09 sgr mtrs, mac= 0.55 mtrs, radial arm= -0.58 mtrs, incidence= -3.00 deg.
Element # 5: s= 0.09 sqr mtrs, mac= 0.55 mtrs, radial arm= -0.74 mtrs, incidence= -3.00 deg.
Element # 6: s= 0.09 sgr mtrs, mac= 0.55 mtrs, radial arm= -0.91 mtrs, incidence= -3.00 deg.
Element # 7: s= 0.09 sqr mtrs, mac= 0.55 mtrs, radial arm= -1.08 mtrs, incidence= -3.00 deg.
Element # 8: s= 0.09 sqr mtrs, mac= 0.55 mtrs, radial arm= -1.24 mtrs, incidence= -3.00 deg.
Element # 9: s= 0.09 sgr mtrs, mac= 0.55 mtrs, radial arm= -1.41 mtrs, incidence= -3.00 deg.
Element #10: s= 0.09 sgr mtrs, mac= 0.55 mtrs, radial arm= -1.57 mtrs, incidence= -3.00 deg.

(7]

(7]

(7]

Table E 1: X-Plane Output File — Sample Header Section.
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Itime,__hi
12.05163
12.05167

12.0517
12.05173
12.05177

12.0518
12.05184
12.05187

12.0519

Itime,__h
12.05194
12.05197

12.052
12.05203
12.05207
12.05209
12.05213
12.05217
12.05219

Itime,__hi
12.05223
12.05226
12.05229
12.05232
12.05235
12.05239
12.05242
12.05245
12.05249

Itime,__hi
12.05252
12.05255
12.05258
12.05262
12.05264
12.05268
12.05272
12.05275
12.05278

ztime,__|
3.05164
3.05167

3.0517
3.05173
3.05177

3.0518
3.05184
3.05187

3.0519

ztime,__|
3.05194
3.05197

3.052
3.05203
3.05207
3.05209
3.05213
3.05216
3.05219

ztime,__|
3.05223
3.05226
3.05229
3.05232
3.05235
3.05239
3.05242
3.05245
3.05249

ztime,__|
3.05252
3.05255
3.05258
3.05262
3.05264
3.05268
3.05271
3.05275
3.05279

hpath,__
253.9199
255.9407
65.77771
265.9396
271.5509
260.1191
257.2084
255.8014
255.1789

hpath,__
254.9902
262.2383
257.3423

257.001
264.8258

255.997
255.9622
255.6252
255.6115

hpath,__
255.0766
264.7091
258.8174
257.6444

263.131
262.6754
252.9398

251.414
255.5309

hpath,__
252.6979
255.5461
255.2584
256.3854
256.0184
253.3599
255.5035
260.4648
255.7788

vpath,
-0.27298
-0.14626
-0.00512
-0.16097
-0.36298
-0.43729

-0.3232
-0.59703
-0.21812

vpath,
-0.11214
-0.02996
0.13041
0.45964
0.16308
0.15709
-0.42873
-0.05504
0.08829

vpath,
-0.16195

-0.1627

0.03147
-0.19834
-0.00305
-0.18987
-0.13825

0.03335
-0.48769

vpath,
-0.04445
0.01751
0.00559
-0.11567
0.14226
-0.19432
-0.08988
0.15001
-0.20822

_elev,_si
-0.01581
-0.01581
-0.01581
-0.01581
-0.01581
-0.01581
-0.01581
-0.01581
-0.01581

_elev,_si
-0.01581
-0.01581
-0.01581
-0.01581
-0.01581
-0.01581
-0.01581
-0.01581
-0.01581

_elev,_si
-0.01581
-0.01581
-0.01581
-0.01581
-0.01581
-0.01581
-0.01581
-0.01581
-0.01581

_elev,_si
-0.01581
-0.01581
-0.01581
-0.01581
-0.01581
-0.01581
-0.01581
-0.01581
-0.01581

ailrn,_sui
-0.04133
-0.04133
-0.04133
-0.04133
-0.04133
-0.04133
-0.04133
-0.04133
-0.04133

ailrn,_sul
-0.04133
-0.04133
-0.04133
-0.04133
-0.04133
-0.04133
-0.04133
-0.04133
-0.04133

ailrn,_sui
-0.04133
-0.04133
-0.04133
-0.04133
-0.04133
-0.04133
-0.04133
-0.04133
-0.04133

ailrn,_sul
-0.04133
-0.04133
-0.04133
-0.04133
-0.04133
-0.04133
-0.04133
-0.04133
-0.04133

ruddr,_st
0.00732
0.00732
0.00732
0.00732
0.00732
0.00732
0.00732
0.00732
0.00732

ruddr,_st
0.00732
0.00732
0.00732
0.00732
0.00732
0.00732
0.00732
0.00732
0.00732

ruddr,_st
0.00732
0.00732
0.00732
0.00732
0.00732
0.00732
0.00732
0.00732
0.00732

ruddr,_st
0.00732
0.00732
0.00732
0.00732
0.00732
0.00732
0.00732
0.00732
0.00732

Vtrue,_ki
0.14135
0.09906
0.07506

0.0759
0.09568
0.12339
0.14801
0.16696
0.18974

Vtrue,_ki
0.18798
0.16053
0.13649
0.12647
0.11905
0.11836
0.12678
0.13427
0.14035

Vtrue,_ki
0.14933
0.14936
0.15448
0.16249
0.17026
0.17896
0.18896
0.19472
0.20363

Vtrue,_ki
0.20093
0.18861
0.18125
0.16925
0.16464
0.15479
0.15066
0.14261
0.13923

_Vind,_k
0.13297
0.09349
0.07094
0.07182
0.09059
0.11685
0.14017

0.1581
0.17963

_Vind,_k

0.178
0.15203
0.12924
0.11972
0.11266
0.11197
0.11989
0.12692
0.13264

_Vind,_k
0.14114
0.14121

0.1461

0.1537
0.16108
0.16934
0.17881
0.18428
0.19273

_Vind,_k
0.19018

0.1785
0.17152
0.16016
0.15579
0.14646
0.14255
0.13491
0.13172

Vtrue,__|
0.16266

0.114
0.08638
0.08734
0.11011
0.14199
0.17032
0.19214
0.21835

Vtrue,__|
0.21632
0.18474
0.15706
0.14554

0.137
0.13621
0.14589
0.15451
0.16151

Vtrue,__|
0.17185
0.17188
0.17777
0.18699
0.19593
0.20595
0.21745
0.22408
0.23434

Vtrue,__|
0.23123
0.21705
0.20858
0.19477
0.18947
0.17812
0.17338
0.16411
0.16022

_Vind,__
0.15302
0.10759
0.08164
0.08265
0.10425
0.13447

0.1613
0.18193
0.20672

_Vind,__
0.20483
0.17496
0.14872
0.13777
0.12964
0.12885
0.13797
0.14606
0.15264

_Vind,__
0.16242

0.1625
0.16813
0.17688
0.18537
0.19488
0.20577
0.21207
0.22179

_Vind,__
0.21885
0.20542
0.19739
0.18431
0.17928
0.16854
0.16404
0.15525
0.15158

Table E 2: X-Plane Output File — Sample Flight Data
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_WiI_
43.16137
43.16516
43.16802
43.17139
43.17456
43.17753
43.18031
43.18242
43.18491

Wi
43.18726
43.18903
43.19112

43.1927
43.19455
43.19596
43.19762
43.19918
43.20036

_wi_
43.20176
43.20281
43.20406

43.205
43.20612
43.20716
43.20795
43.20888
43.20975

Wi
43.21042

432112
43.21179
43.21249
43.21301
43.21363
43.21422
43.21476
43.21528

hding,_tr
254.9377
254.9368
254.9361
254.9361
254.9408
254.9465
254.9508
254.9518
254.9527

hding,_tr
254.9533
254.9539

254.955
254.9547
254.9506
254.9478

254.947
254.9469
254.9467

hding,_tr
254.9464
254.9461

254.946
254.9461
254.9477
254.9535
254.9556
254.9573
254.9582

hding,_tr
254.9588
254.9595
254.9601
254.9613
254.9619
254.9629
254.9637
254.9644

254.965



