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Preface

Smart autonomous aircraft have become the new focus of academiec research
and education, due to their important application potential. They offer new
opportunities to perform autonomous missions in field services and tasks such
as search and rescue, observation and mapping, emergency and fire fighting,
hurricane management.

A smart autonomous aircraft does not require any human intervention dur-
ing its mission. Without a pilot onboard, an aircraft either must be controlled
from the ground by a radio-control ground pilot or it must have its own intel-
ligence to fly autonomously. Autonomy is defined as the ability of a system to
sense, communicate, plan, make decisions and act without human interven-
tion. To that end, the goal of autonomy is to teach machines to be smart and
act more like humans. Intelligence is necessary for:

1. Mission planning to chart its own course using navigation with guid-
ance and tracking control, while achieving optimal fuel consumption.

2. Path planning and waypoint generation accounting for changing
weather and air traffic en route.

3. Mode switching and control reconfiguration decisions for implemen-
tation through the use of a flight control system.

4. Staying within the flight envelope of the aircraft.

. Taking the corrective action to avoid an obstacle or to evade a threat,

in the presence of external abnormal conditions.

6. Taking the corrective action by reconfiguring the set of controls to
safely continue to fly or land the aircraft, in the presence of internal
abnormal conditions.

7. Interpreting the data from a variety of sources to execute these func-
tions.

(g}

The objective of this book is to give an interdisciplinary point of view on
autonomous aircraft. It aims to develop models and review different method-
ologies of control and planning used to create smart autonomous aircraft.
Some case studies are examined as well.

The topics considered in this book have been derived from the author’s re-
search and teaching duties in smart aerospace and autonomous systems over
several years. The other part is based on the top literature in the field. This
book is primarily geared at advanced graduate students, PhD students, and
researchers. It assumes at least an undergraduate-level background in engi-
neering.



Author

Professor Yasmina Bestaoui Sebbane earned a PhD in control and computer
engineering from Ecole Nationale Supérieure de Mecanique, Nantes, France,
in 1989 (currently Ecole Centrale de Nantes) and the Habilitation to Direct
Research in Robotics, from University of Evry, Evry, France, in 2000.

She has been with the Electrical Engineering Department of the Univer-
sity of Evry since 1999. From 1989 to 1998, she was with the Mechanical
Engineering Department of the University of Nantes. From September 1997
to July 1998, she was a visiting associate professor in the Computer Science
Department at the Naval Postgraduate School, Monterey, California, USA.

Her research interests include control, planning and decision making of
unmanned systems particularly unmanned aerial vehicles and robots. She has
authored two other books: Lighter than Air Robots, Springer, ISCA 58,2012
and Planning and Decision Making for Aerial Robots, Springer, ISCA 71, 2014.

She also has published eight book chapters, forty journal papers and eighty
fully refereed conference papers. She is the coordinator of the Master SAAS:
Smart Aerospace and Autonomous Systems, in cooperation with Poznan Uni-
versity of Technology, Poland.

Dr. Yasmina Bestaoui Sebbane is an AIAA senior member and IEEE senior
member and was an associate editor of the IEEE Transactions on Control
Systems Technology from January 2008 to December 2012. She is cited in
Who’s Who in the World and Who’s Who in Engineering.

xvii



Contents

Preface.........

Author .........

Chapter 1

Chapter 2

................................................................................................ XV
.............................................................................................. xvii
g o) 41 (6317 () 1 Reowbpem it eltnchici VE (e 5 B0 i it SO s DO R 1
131 . Current: AV, Presentalion v .. dun dsicvvemicosssasssasasssmmss 1
1.2 Autonomous AIreraft .......c..coeeeiiiiimmiiiiiiiiiieeeee e 4
1.3 Smart Autonomous AITCTALE ...curerevissinermanvsasssssorsranssses 9
L4 Outhinetol e B aak e R s fosalsusiass tmempnassnnsunssshuns 15l
G T e e va b Pt evams Vs v s r s aticssa en e msni e sty oo 19
Sl GO A MeH IO AL I icuh e b it cons i s siean e snos el 19
2.2 Reference Frames and Coordinate Systems...........oouie. 20
2. 201 CInertiRl TEDEIAC 2 vrains s isssaienonnisisipbvirsn st nivrasmsarsas 21
2.2.2 Earth-Centered Reference Frame........c..cocccuniie 21
2.2.2.1 Geocentric-inertial frame ................... 21
PN e SR L b g b - O R L Rt IO 21
2:2:3  CeogTADRICPIAING. ..cxvssivisensomsviomvsmrsissstonssesosss 21
2231 - Navigation frame. .. s wssssrsmniisress 21
2.2.3.2 Tangent plane frame...........ccoceiniinene 22
22 R OAVAREATINR .. SR 0 o e e oo dimemasinasasnas 22
2 AL L e S s A N R S T 24
2.2.6 Special Euclidean GIoup ,.o:cossissmssassavesassnces 25
2.3 Kinematie Models i ra i s i nrissitiasasssan s vans 26
2.3.1 Translational Kinematics........ccocccrieerneiiineennennn. 27
2.3.2 Six Degrees of Freedom Formulation................ 27
2.3:3 - -Special Buclidebn SPBCE S.lti o aossasssesssirssns 28
2:3:4 Curyatuteand  IOTEION: = = iiuwsvisvessusasssssirmise 28
2.4 - Dynamic DO SeER S o e i s et vve sanes snssions & 53 58 29
2.4.1 Aerodynamics Forces and Moments ................. 30
2.4.1.1 Negligible side-slip angle.........c..c....... 32
2.4.1.2 Nonnegligible side-slip angle.............. 33
2.4.2 Translational Dynamics: Coordinated Flight....34
2.4.2.1 Aircraft at constant altitude.............. 38
2.4.2.2 Aircraft in a vertical flight................. 39

2.4.3 'Translational Dynamics: Noncoordinated
FRGH o ovonasmmspnpsesmspgastusssimnsssmmisrssaseionmsunsnpind 39

vii



viii

2.5

2.6

2.7

2.8

Contents
2.4.4 Six Degrees of Freedom Dynamics.........ccceernene 40
2.4.4.1 General formulation........cceoeesvreeriivnnn 40
2.4.4.2 Poincaré formulation.......cccceeeeeirenennes 42
2.4.4.3 Longitudinal model.........ccccceerrinvinnnn. 42
2.44.4 Lateral model........ccccoooeiiireniniiirininnnnns 43
2.4.5  UnCertainty........uecuiessveserinmmeieeseniinereesronensiensinnes 44
Multi-Model Approach........cvviieeiimieeniiiiirirereeneieinnnn. 48
2.5.1 Global Representation from Local Models ....... 48
2.5.2 Linear Approximate Model............c.coeevrreriinennnn 49
2.5.2.1 Linear longitudinal model.......c...c...... 50
2.5.2.2 Linear lateral model..........cccccceeevnnnnn. 51
2.5.2.3 Linear translational model................. 51

2.5.3 Linear Parameter Varying Model: Takagi—
Sugeno Formulation..........cc.cccooovinveeeercinieeeennn. 53
2.5.3.1 Longitudinal model........ccccccccovvrnnnnnn 56
2.5.:3.2 Lateral'model.......c...oieberimmnsinnivimarmass 57

2.5.3.3 Multi-model approach for tracking
error model for an aircraft at con-

stant albitude: it e fidemmeamsesensmmassonss 59
2.5.3.4  Multi-model approach for tracking
error model for a 3D aircraft ............. 61
254, Puzzgy Modebng s« caiii.-hessssivirsesssssmnernrsssssonss 66
2.54.1 Type 1 Mamdani approach................ 66
2.5.4.2 Fuzzy estimation of Takagi—Sugeno
12 oo ) W L O SR . . 68
2.5.4.3 Type 2 fuzzy systems.......uieesviasiessns 70
2.5.5 Linear Hybrid Automaton.........ccceveneeeerriirereees 74
2.5.5.1 Stochastic linear hybrid system ......... 75
2.5.5.2 State transition........ccccccevivercnarereniinns 76
2.5.5.3 Specific fuel consumption..........c.cone. 7
I BT oy Yo el o e T e B i ol 7
P B IR -5 (1170 - g P PO USRS Wi Sl AR e ) 78
2.6.2 Camera Model......cocoovinceriiiiineeneeerecrsonesnenens 81
2.6.3 o SOPOWALE .k ssiopsivaddecssdia dhalinasmveniosonassssarsnd i 82
26307 POEL NELE 3. s Suvtussisesior Tasmevsis s os 84
2.6:3.2 = Middlewame, s saiss s didisesissssnmnsinig 84
2.6.4 Human Supervisory Modeling .........covvureeeerrnnnns 85
2.6.4.1 Operator modeling..............ccovuvrvernsen 86
2.6.4.2 Retrial queuing model .......ccorvvnvavrinnnn 87
ABTRORIMABES cv:-3- Hasawswi Ao bngvase s ATas Ry wre i b W eV panaaatists 88
2.7.1 Gusts and Wind Shear ........ccccverevicnrerensinnneen. 90
2.7.2 TUrbulence......ccccvinieeeererireneeneereerrieeeeeerensssssnnns 92

ORGSO vl 1l swnlile foadinrmsa oo e Bu B oan seslvignoiae s sl vstien 95



Contents ix
Chapter 3  Flight Control.......cocoviiiireriiiieiiiieiineceseie e scvseessnnas 103
i1 TDMEOUNEIIOR ;.. veavamaseriosse s silnesnssasssian stiyisyrsnss esossmshicary 103
3.2 | Linear Control MethOaR . s vesasiss izsteenssssnsvasensavios 105
3.2.1 Properties of Linear Systems.............c.cceeeue... 105
3.2.1.1 Controllability and observability...... 105
3.2.1.2 Stability of a linear system .............. 106
3.2.2 Linear Approaches for LTI Models................. 108
3.2e2:ls  PlIY oOmUFOL s i vavvsearensansvisssivsssss 109
3.2.2.2 Classical methods .......ccccccovivveinnnnnn 109
3.2.2.3 Adaptive approach.........c......c.......... 111
3.2.2.4 Robust control method for LTI
TROUBIR vy assnsss i susnsimsx enrmsstoini s vaissssion 114
3.2.3 Gain Scheduling.........ccooovevvevrivniereeriinirnnennnn 1607
3.2.4 Receding Horizon Approach for LTV
MOdEIS vevviiireirreiniineiennsiriisnnsneessesssssinnsreesesiens 118
3.2.6 Linear Parameter Varying Models...........coeovun 119
SIZIH " TP PImCIPIE. i et v erimhsassanssis ramanins 120
3.2.5.2 Parallel distributed compensator..... 122
3.2.5.3 Integral action.......cccoovvveveeieiiieeeiannnns 124
3.2.5.4 Gain scheduling ............cccvveiviiiniinns 126
3.2.5.5 Cost control analysis: Actuator
SALUTALION. . usuaciisinelenenronnnssresnsnssnnnns 129
3.3 Nomnlinear Control .......oeeevviviiiieiiiiiiiiiie e, 131
3.3.1 Affine Formulation of Aircraft Models............ 131
3.3.1.1  Affine formulation without drift ...... 135
3.3.1.2  Affine formulation with drift............ 136
33063 PrOPErtiEE . .. o, 5o s v nmmrrans s ens sumsiee 139
3.3.1.4 Decoupling by feedback
linearization ......cceeviviiiereeeiieiineennenen, 140
3.3.2 Input/Output Linearization .............ccccceeu.ne. 142
3:3.31 TDynami¢ TRVEeTSIONT i o wesosumssssessinsssassoses 143
3.3.4 Control Lyapunov Function Approach ........... 145
3.8.4.1  Properties ......c.ccecerareeeeeererereneranearsens 146
3.3.4.2 Trajectory tracking .......ccccceeveveeeuvenns 147
31543 Path STAtfE s covressisrmonssinnasexuans 149
3.3.4.4 Circular path following in wind
with input constraints.............ccc...... 151
3.3.4.5 Tracking of moving targets with
Wild €I vuveevvrracrrnniirnnseeerinianannnin. 153
3.3.4.6 Suboptimal control ..........couimeseinas 155
3.3.4.7 Measurement error input to state
BERDALIGER S kieiaveaimansans avinaemiinspiaesion 161

3.3.4.8 Control Lyapunov function based
adaptive control ...........c.cceiivereraienn 163



Chapter 4

Contents

3.3.4.9 Noisy System........ccovvurucrerresinsrnnnisies 164
3.3.4.10 Backstepping control for affine
Sy st R W BN n. e s cnvonssaimipesss 166
3.3.4.11 Sliding mode control........c.ccvevcrurnnnn. 172
3.3.5 Model Predictive Control ......c.ccocvivireniniininn 181
3.4 Fuzzy Flight Control.......cccccevviiviriiiiinniiiniininecsinninn 183
3.4.1 Fuzzy Approach for Tracking Moving
T ADBOEE. - vssisasisrasis sornomamesadiassad dsmnessesansbssnses russ 184
3.4.2 Stabilization of Takagi-Sugeno Systems
under the Imperfect Premise Matching.......... 186
3.4.3 Fuzzy Model Predictive Control for Wind
Distuthances Rejoction ... i cnsrsonsssrsvony 189
B8 UABIRBION ke stesdh<rinesiaminastoti sums gan gianas ivesns scnss bl brsing 192
EHTHE PIATIIHIBE it esao siiit oo samsosvesscais sasenersess supsusensssiassss 199
A B G T C EINC. ) e o s N vk 4ol ot LB N sny s n Cmsnenaaseassuamss 199
4.2 Path and Trajectory Planning .........cccocviinminennaririnnn 202
2 2R BN w0t T 215000 2 e o e R e e Iy 204
4.2.2 Trajectory Planning.........ccocoeceevvveereeeeneeneceeens 205
4.2.2.1 Time optimal trajectories ................ 205
4.2.2.2 Nonholonomic motion planning....... 206
4.2:3 - Path PIamtiin. o it frgnresst s sisioge s ivissnea s 209
4.2.3.1 B-spline formulation ..........cceceuvevenne 210
4.2.3.2 Cubic Hermite spline .........ccoceeueeeen. 211
4.2.3.3  Quintic Hermite spline..........ccccooueees 211
4.2.3.4 Pythagorean hodographs...........vevee. 212
4.2.4 Zermelo’s Problem.......ccccooerivareninianamecesrnrnnens 213
4.2.4.1 [Initial Zermelo’s problem................. 213
4.2.4.2 2D Zermelo's problem on a flat
" R PR L S SRy b g 216
4.2.4.3 3D Zermelo’s problem on a flat
TEATERY 1avsn it B s iandionennngesnasannonenssassn 217
4.2.4.4 3D Zermelo’s problem on a
spherical Barth ........comivimrereriosinenns 219
LA AD [ NITEUBDROBE. . viviommssirssosonsrisiosommsas 221
4.3 Guidance and Collision/Obstacle Avoidance ............. 222
4.3.1 GuIdance .....cccecveeiiiiiiirinniniesie s 223
4.3.1.1 Proportional navigation ................... 224
4.3.1.2 « Method of aidjoints:....ov.essmvsmmseinse 225
4.3.1.3 Fuzzy guidance scheme...........cccoeuns 226
4.3.2 Static Obstacles Avoidance ........ccceeeeveeeeennenne. 229
4.3.2.1 Discrete methods ......ccccoevnniiiiiiinnnns 231
4.3.2.2 Continuous methods .......cocicvvriirirnnn 241

4.3.3 Moving Obstacles Avoidance.........cccovvevirinnans 244



Contents

Chapter 5

xi
IR0 T Ty 0T T e S 245
4.3.3.2 Artificial potential fields .................. 247
4.3.3.3 Online motion planner......c.....coceeeun 248
4.3.3.4 Zermelo—Voronoi diagram................ 249
4.3.4 Time Optimal Navigation Problem with
Moving and Fixed Obstacles .........cccocoviveinnnnn, 253
4.3.4.1 Problem formulation..........c....coeernns 253
4.3.4.2 Control parametrization and time
scaling trANRFOrm ... covmvsersaonsscssasassss 254
4 JATETRRT varidtion o s iesses resssassions 255
44 cMisgion PIAnAGEEant. .. cocteonsmrassssnsonsssssssanenssonnsrnnssnsonne 256
4.4.1 Traveling Salesman Problem .........ccc.............. 258
4.4.2 Replanning or Tactical and Strategic
RIanRoloil. v svsssmatavssssssissassa s sesdsranienress 263
4.4.3 Route Optimization.......ccococrmereennirenincenencionee 265
4:4.8°1  Classic approach ci....ccciccieinensiavess 265
4.4.3.2 Dynamic multi-resolution route
(070570 601 7z A 1 L9) 2 U ARRCRRE o PR 268
4. 4.4 Botzy Plonning .. ) wfee v ssivsrsnsssiadosssevasive 271
4.4.4.1 Fuzzy decision tree cloning of flight
A JECEOLIBE . oansossinsnven s gibsmimadFarnaisinons 272
4.4.4.2 Fuzzy logic for fire fighting
BUEOTARE & i e con s iangeissansminaninivssnssusasass 275
4.4.5 Coverage Problem.........cococeiivenniiiiciiiinieniiinnnn 277
4.4.5.1 Patrolling problem .....ccc.cicoveeernnnrenen. 27T
4:4:5:2 Routing problemal. fi ... cvvsomiismans 281
4.4.5.3 Discrete stochastic process for
alreraft NetWorKs s sssavsssrammmsansnsnass 283
4.4.5.4 Sensor tasking in multi-target search
and tracking applications................. 287
4.4.6 Resource Manager for a Team of
ANtenormeus AMPETRED .o wwmisrimssssssivssasassvane 292
4.4.6.1 Routing with refueling depots for
a single aireraft ......coooveeviiiieenininnen. 293
4.4.6.2 Routing with refueling depots for
miltiple BIPErBft . .. ciclonieniianansassnns 296
4.5, 1 Gonchs e e R s e e sw s svan g sawasivns 298
Flight, Safetys . ontad ol aleatuil . dadelieee e onessasrasesssncsonse 311
5 1 106075 (5 10, e s v e e U e e B 311
5.2 SHUSLION AWOTOIEEE S fe i ssimasssvisvssssivaass msissssasimseins 313
T L T T R v vars =y v o' ve b e s st leoas waie 314
5.2.1.1 Classical Kalman filter.........c.c.cce... 314

5.2.1.2 Extended Kalman filter ................... 316



xii

5.3

5.4

5.5

Contents
5.2.1.3 Unscented Kalman filter ........c..c...... 318
5.2.1.4 Monte Carlo filter ..........ccceieriveririnnns 321
5:2715 5 I PErticlelfilier i e seciomiisoronasminnns 323
5:2.1.61 - Wind estimation i...c.ce.ersisiessosesissss 326
5.2.2 Aerial Simultaneous Localization and
D T G R Tl o s stente s s v s s s s sy vsssampsiosnpasasa 328
5.2.2.1 Problem formulation..........cccoeeeriinn 328
5.2.2.2 Inertial SLAM algorithm................. 332
5.2.2.3 Sense-and-avoid S€tUP..ccveviririeraiennnns 336
5.2.2.4 Monocular visual-inertial SLAM
using fuzzy logic controllers............. 338
Bi2:37 s OO OCREIOR (on 5 i dann combadvetbo crsnnssinnansnpsnrmmisns 339
5.2.3.1 Cooperative geolocation with
articulating cameras.....cc..vivsesesssvernns 339
5.2.3.2 Geolocation with bias estimation..... 341
Integrated System Health Monitoring........ccccceuviinniens 342
5.3.1 Diagnostic Tools and Approaches................... 346
5.3.1.1 Sensor selection and optimization.... 349
5.3.1: 200 Hazard alerting i ouecosissssamsies 350
5.3.1.3 = Fault tree analysis......cccseevsssossesssons 351
5.3.1.4 Failure modes and effects analysis... 354
5.3.2 Risk-Based Sensor Management ...........ccc....... 355
5.3.2.1 Bayesian sequential detection .......... 356
5.3.2.2 Bayesian sequential estimation ........ 357
Fault Tolerant Flight Control ..........ccooviiiiiiiiiiiiiiinnes 358
5.4.1 Linear Time Invariant Formulation ................ 359
5.4.2 Linear Parameter Varying Formulation.......... 360
5:4.2.1 ‘Short-period dynamics.......ucusesesavsses 360
5.4.2.2 General formulation..........ccoeeeiieenaenn 361
5.4.3 Sliding Mode Approach .......cccceeeereieeeeeniiennnnns 364
5.4.4 Direct Model Reference Adaptive Control...... 366
5.4:4:1. "Linesr BPPLOACH .ivyiaseuresnssrasseennsprsnnes 366
5.4.4.2 Nonlinear approach......ccccoecvuemsivivises 370
5.4.5 Backstepping Approach.........cccoceriiiiiiiniiininns 372
5.4.6 Control Probabilistic Methods .........ccccvvvienen. 374
FaultyPolerant :BLANGET vt 0mmisessmsimsissnsmiigesesarassosses 377
5.5.1 Artificial Intelligence Planners...........ccccvvvvvenns 377
592"  Trim State IDISCOVEIVS csvrarwsivssisssivrisiessvssotes 378
5.5.3 Obstacle/Collision Avoidance Systems........... 384
5.5.3.1 Safety analysis of collision/obstacle
AVOIAANCS SYBHEINL o tone cosimizasnssseisnssnnns 384
5.5.3.2 Informative motion planning ........... 386
5.5.4 Geometric Reinforcement Learning for Path

PIBRIING o ivh o0 snsvsssesossssssossanarnssosssisssiassssnssiessnas 387



Contents xiii

5.5.5 Probabilistic Weather Forecasting.................. 389

5.5.6 Risk Measurement .....cocoiveveeeeecuniiviimscssincsnsennns 391

520 T TG I SIOR sy s T D ettt oo v STt e Sl O 393

Chapter 6 General Conclusions......iiuiusesiesssnssmsnnasssosseresiverssarannssasssss 403
NN INVTINE e 55554 vanlisssns v sssapumninmeas Pl e sn LA A e e s ML SRR U0 oy o s wnme 405
N OIIETICLATIITE. . v vsonsasionsensionss sinrnsnessonsmssis snsoms #n o8 essm A PHRAS AT S s Rl 411

Index: i cisveiese AT, LT RO W) ooy e T T s S s 415



1 Introduction

1.1 CURRENT UAV PRESENTATION

An unmanned aircraft is defined by the US Department of Defense [22] as
an aircraft that does not carry a human operator and is capable of flight un-
der remote control or autonomous programming, Unmanned aircraft are the
preferred alternatives for missions that are characterized as dull, dirty or dan-
gerous. Unmanned aerial vehicles (UAV) provide a great degree of flexibility
in mobility and response time [5, 6, 7]. This contributes towards lower mission
costs compared to manned aircraft and enables acquisition of information in a
time frame not previously possible [36]. The ATAA defines an UAV as an air-
craft which is designed or modified not to carry a human pilot and is operated
through electronic input initiated by the flight controller or by an onboard
autonomous flight management control system that does not require flight
controller intervention. During the last decade, significant efforts have been
devoted to increasing the flight endurance and payloads of UAV resulting in
various UAV configurations with different sizes, endurance levels and capabil-
ities. UAV platforms typically fall into one the following four categories: fixed
wing UAV, rotary wing UAV, airships or lighter than air UAV and finally
flapping wing UAV. This book is devoted to fixed wing UAV.
The civilian applications can be divided into four categories:

1. Scientific and research related: environmental monitoring [21], climate
monitoring, pollution monitoring [26], pollutant estimation [56],

2. Security related: surveillance [16, 37], communications [29], pipeline
inspection,

3. Contractor supplied flight services: structure inspection [39, 44, 46],
agriculture and farm management [47, 53, 63], bridge monitoring [10],

4. Safety related: weather and hurricane monitoring [55].

Unmanned aircraft typically have complementary sensors that can pro-
vide aircraft location along with imagery information and that support mis-
sion planning and route following [8, 15, 17]. Both multi-spectral and hyper-
spectral cameras are now available for small UAV. The aircraft are used to
collect relevant sensor information and transmit the information to the ground
control station for further processing. For example, advanced sensors are con-
tributing to precision agriculture which uses the technology to determine crop
nutrient levels, water stress, impacts from pests and other factors that affect
yield. Advances in platform design, production, standardization of image geo-
referencing and mosaiking and information extraction work flow are required
to provide reliable end products [64].



2 Smart Autonomous Aircraft: Flight Control and Planning for UAV

The characteristics of UAV are:

1. Operation in large, outdoor environments.

2. Motion in 3 dimensions meaning that the planning space must be 4
dimensions.

3. Uncertain and dynamic operating environment.

4. Presence of moving obstacles and environmental forces that affect
motion such as winds and changing weather conditions.

5. Differential constraints on movement.

On the basis of gross weight, operational altitude above ground level (AGL)
and mission endurance, UAV can be described broadly as:

1. Group 1 : Micro/Mini tactical (< 10 kg)

2. Group 2 : Small tactical (10 to 20 kg)

3. Group 3 : Tactical (< 500 kg)

4. Group 4 : Persistent (> 500 kg and Flight Level < FL180)
5. Group 5 : Penetrating (> 500 kg and Flight Level > FL180)

Civilian applications deal mainly with group 1 to group 3. Unmanned
aerial systems (UAS) are systems of systems. These systems make use of a
large variety of technologies. These technologies are not always traditionally
aviation-related. Some of them are related to robotics, embedded systems,
control theory, computer science and technology. Many of these technologies
have crossover potential.

Unmanned aircraft rely predominantly on guidance, navigation and control
sensors, microprocessors, communication systems and ground station com-
mand, control and communications (C3). Microprocessors allow them to fly
entire missions autonomously with little human intervention [42]. The prin-
cipal issues for communication technologies are flexibility, adaptability, se-
curity and controllability of the bandwidth, frequency and information/data
flows. The key aspects of the off-board command, control and communications
are: man-machine interfaces, multi-aircraft command, control and communi-
cations, target identification, downsizing ground equipment.

Navigation is concerned with determining where the aircraft is relative to
where it should be, guidance with getting the aircraft to the destination and
control with staying on track. Situation awareness is used for mission planning
and flight mode selection which constitutes the high level control elements.
For inhabited aircraft, the pilot provides the intelligence for interpreting the
data from a variety of sources to execute these functions. Much of this data
is used in pre-flight or pre-mission planning and is updated onboard as the
mission proceeds. As the mission segments are executed and abnormal events
are encountered, flight mode switching takes place; this constitutes the mid-
level control element. On an inhabited aircraft, the pilot flies the aircraft
and makes necessary mode switching and control reconfiguration decisions for
implementation through the use of the flight control system. This constitutes
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the low-level control element and is used to execute the smooth transition
between modes of flight, for example transition from takeoff to level flight
to landing and stay within the flight envelope of the aircraft. External
abnormal conditions cause the pilot to take corrective actions, such as avoiding
a collision or an obstacle or evading a threat. Internal abnormal conditions
can also occur, such as a failure or a malfunction of a component onboard the
aircraft. Once again, the pilot provides the intelligence to take the corrective
action by reconfiguring the set of controls to safely continue to fly or land the
aircraft.

Without a pilot onboard the aircraft, the onboard computing architecture
must provide the environment for re-usability and reconfigurability. The high
level supervisory controller receives mission commands from the command
and control post and decomposes them into sub-missions which will then be
assigned to connected function modules. Upon reception of start and destina-
tion points from the supervisory controller, the route planner generates the
best route in the form of waypoints for the aircraft to follow. A database of the
terrain in the form of a digitized map should be available to the route planner.

Currently, automated functions in unmanned aircraft include critical flight
operations, navigation, takeoff and landing and recognition of lost commu-
nications requiring implementation of return-to-base procedure [54, 60]. Un-
manned aircraft that have the option to operate autonomously today are
typically fully preprogrammed to perform defined actions repeatedly and in-
dependently of external influence [14]. These systems can be described as
self-steering or self-regulating and can follow an externally given path while
compensating for small deviations caused by external disturbances. Current
autonomous systems require highly structured and predictable environments.
A significant amount of manpower is spent directing current unmanned air-
craft during mission performance, data collection and analysis and planning
and re-planning [9].

An unmanned aircraft system (UAS) is a system whose components include
the necessary equipment, network and personnel to control the unmanned
aircraft [5]. Unmanned technology innovations are rapidly increasing. Some
UAS platforms fly throughout areas of operations for several hours at multiple
altitudes. These missions require accurate and timely weather forecasts to im-
prove planning and data collection and to avoid potential weather related acci-
dents [62]. Accurate weather reporting also supports complementary ground
and flight planning synchronization.The UAS replaces the onboard pilot’s
functionality with several distinctive integrated capabilities. From a decision-
making perspective, these include a remote-human operator, coupled with an
information technology based system of components that enable autonomous
functionality. The latter element is significant since it must compensate for
the many limitations that arise as a result of operating with a remote pilot
[25]. As UAS endurance is increasing, weather predictions must be accurate
so that potential weather related incidents can be avoided and coordinated



4 Smart Autonomous Aircraft: Flight Control and Planning for UAV

flight and ground operations can be improved [34]. UAS have the potential
to be more cost-effective than current manned solutions. UAS can be more
effective than manned aircraft at dull, dirty and dangerous tasks. They are
also capable of missions that would not be possible with manned aircraft.

1.2 AUTONOMOUS AIRCRAFT

In the context of humans and societies, autonomy is the capacity of a rational
individual to make an informed, uncoerced decision and/or to give oneself
his own rules according to which one acts in a constantly changing environ-
ment [33]. Technical systems that claim to be autonomous will be able to
perform the necessary analogies of mind functions that enable humans to be
autonomous. Moreover, like in human and animal societies, they will have to
abide by rule set or law systems that govern the interaction between individual
members and between groups.

Research and development in automation are advancing from a state of
automatic systems requiring human control toward a state of autonomous
systems able to make decisions and react without human interaction [2]. Ad-
vances in technology have taken sensors, cameras and other equipment from
the analog to the digital state, making them smaller, lighter and more energy
efficient and useful.

Autonomy is a collection of functions that can be performed without direct
intervention by the human. Autonomy can be defined as an unmanned system
ability of sensing, perceiving, analyzing, communicating, planning, decision-
making and acting to achieve its goals [40, 41]. Autonomy is a capability
enabled by a set of technologies such as sensing, intelligence, reliability and
endurance [50].

Different levels of autonomy can be considered [22, 58]:

. Human makes all decisions

. Computer computes a complete set of alternatives

. Computer chooses a set of alternatives

. Computer suggests one alternative

. Computer executes suggestion with approval

. Human can veto computer’s decision within time frame
. Computer executes then reports to human

. Computer only reports if asked

. Computer reports only if it wants to

. Computer ignores the human.
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In today’s technology, the last five levels of autonomy have not yet been
attained.

An integrated suite of information technologies is required to achieve au-
tonomous capabilities. The four elements of the decision cycle: observe, ori-
ent, decide, act (OODA), are the same actions that any human would
perform in achieving an objective in daily life. For an autonomous system,



