Contents

PIEface...ovoniiiciee ettt et Xiii
ACKNOWIEAZIMENTS ...ttt et XV
AULNOTS ..ottt ettt n et er e b e et Xvii
Chapter 1  Game RODOCS ....ccoviiiniiiniiieere ettt 1
L1 IntroduCtion ..ot et 1
1.2 Robotics Games and Engineering Education............................ 1
1.3 Robotic Games in SINZAPOTE ........ceevvvvveriveriiiicieeceeeeeese e 2
1.3.1 Pole-Balancing Robot Race.............ccccovvrvecvenienenninenn 2
1.3.2  Wall-Climbing Robot Race..........cccccvvvievireiririnnnennene. 3
1.3.3  Robot Colonies .......ccueveveieerriniieieinieriiserceecceeeeennes 3
1.3.4 Humanoid Robot Competition ...........ccocuvevereeeriinnennn 4
1.3.5 Other Competitions and Open Category...................... 4
1.4 Robotic Games around the World .........c.cccoevivieviiiiniininnnne. 6
1.5 Overview of the BooK.......cccocevveiiiiniivieneiienicceecciei 11
RELETENCES ...ttt ettt 12
Chapter 2 Basic RODOTICS ..c..ovciiiiriieieiiciccce e 13
2.1  Introduction to Robotic SyStems ........cceccceverereevenierereereneanin. 13
2.1.1  Terminology Used in RobOICS.....coovverireericiiiicienenns 13

22 Coordinate Transformations and Finding Position of
Moving Objects in SPace.......cvvvivecreienecinieeeeeniercreereeenens 14
2.2.1  Composite ROtAtions ........cccouevveereeerevecreeireereeeseesans 17
222  Homogeneous Transformation Matrix ....................... 19
223  Composite Transformations ..........coceevveeverecerveenennns 20

223.1 Matrix Multiplication Order in
Composite Transformations...........ccc.eeene.. 20
2.2.4 Mathematical Description of Objects...........ccceuenene. 23
23 Wheel Drive in Mobile RObOS..........ccocevvicveriivincieccrecen, 28
2.3.1 Differential DIive .....ccocovveivieieieneiiicieiesencveninecnas 32
2.3.2  Ackermann Steering (Car-Like Drive)...........c.c........ 34
233 Track DIiVe....cooooveniiiiecc et 34
234 Omniwheel DIrive .....ccooovcvieniiniecineneie e 35
235 OdOmELIY.....cocciniireireirieieertet et cnineresevsenerennas 36
2.3.6  Case Study of Odometry for a Differential

DIive RODOL .....oviiiriririiicireeeeee e 37
24 RODOIC AITIS c.oovieiiiiirienicere et 39
2.4.1 Forward Kinematic Solutions...........c.cceceeevereiereninnen. 45
242  Inverse Kinematics........ccocerevinerieiireininecieeieeeenan, 46



vi

Chapter 3

Chapter 4

Chapter 5

Contents

2.4.3  Case Study: Three-Link Articulated Robot Arm ...... 43
RETEIENCES ...vviveeieireiiteerie et e et se e e st aesaeesmcaensbaessanansaseas 52
SEISOTS 1veiviiisreereerieerererrererresbeeetere st eestaesaresbesesaeessaeesssesnaesatesssassaens 53
3.1 Sensors Used in Game RoObOticS.......oververrviieseecererienennen, 54

3.1.1  Measuring Robot Speed........ccoevevvicnniniviiininnnnn, 54

3.1.2 Measuring Robot Heading and Inclination................ 56

3.1.3  Measuring Range .....c.cocceveincninnncciiincvicnciinns 57

3.1.4  Detecting Color ...courviiiiiiiierinirieeerenievsee e 63
RELEIEICES ..ottt e et bbb 64
RODOE VISION. ..ttt s s et e s 65
4.1 INEOUCHON c..eeeiees ettt et s ene e 65
42  Camera Systems for RObotics........ccocevevreveriieneniniccienreeene, 66
4.3  Image FOrmation .......cccocvireermrveoreereereereeserserenneeeesieesensnecnens 67
4.4  Digital Image-Processing Basics......c.ccocoveovniincincininnen, 71

4.4.1 Color and Color Models .........ccecevvneeiniciccienncnninn. 71
4.5  Basic Image-Processing Operations...........coocecvenveiminiinnn, 73

4.5.1  Convolution ........ccoccvveeveeennereninneenesee e 74

4.5.2  Smoothing Fiters .......cccocviiniiinniiiinii 76
4.6  Algorithms for Feature EXtraction ........ccccceivinncnincnnnnias 71

4.6.1  Thresholding .....ccccevrviincccnicniciniiieceeens 78

4,62 Edge Detection .......cccceurneeveieinincereiniieciesennee 81

4.6.3  Color DeteCtion ......cc.eeverrrecriceneiieneeeriecie e 83
4.7  Symbolic Feature Extraction Methods.........ccc.ceiviiiniiinncnins 86

47.1  Hough Transform ....cccooeveevininineneniieneen, 86

472 Connected Component Labeling.......c.ccccccoevieniennne 92
4.8  Case Study: Tracking a Colored Ball ..., 98
4.9 SUIMIMATY .eooveririirinnieieieertneereteesresaesr et s sressassesbaasereanes 100
REfETENCES oevviiiieniencrience ettt e 101
Basic Theory of Electrical Machines and Drive Systems................ 103
5.1  Actuators for RODOtS.......covviveveiiricereceesce e 103
5.2 Electrical ACIUALOIS ..c..coveviereriiieiereniesreeresresrecre e senas 104

5.2.1 Fundamental Concepts of Generating and

MOLOTING ..ot ens 104

5.2.2  DC MaCKhINeS....ccoveireeirriiniieierie e ceerieenerne e 106

523  AC MOOr DIIVES ....coueeverieriniieeiniecreeiine e e 112
5.3  Specific Needs of Robotics Drives ..o 113

5.3.1 DC Permanent Magnet MOtOrS .......cceceereecveneereenne, 114

5.3.2  Servo MOLOIS .oceiveriereieeeerierreatenieeneeseeneeeere et sneennens 114

533  Stepper MOtOrS c.ccuevvreiveieeiiiereerceiiecieieiiennes 116

5.3.4  Brushless DC Motors ......cccceveievieriecieccnneicnnicne: 122
54 DIIVE SYSEIMS..oieriieireriieriiecerrirrecreeriteresreiseeesnesresessanes 126

5.4.1  DC Motor CONtrOl .....ovvvveevriiiieiieiieveeeeieeeeseeeeieaens 126



Contents

Chapter 6

Chapter 7

Chapter 8

vii
5.4.2  Stepper Motors DIivers....coocoooevceenvieencevncieeciennns 128
5.4.2.1 Sequence Generator...........ccceviveerrereninnns 129
54.2.2 Operating Modes of L297.......ccccccveeenen. 130
54.23  Applications .....cccccovverreiiieeieeieieeeeine 131
5.4.3  Brushless DC Motor Drive......c.cccoconiiciiiiveinnn, 133
54.3.1 Back EMF Sensing-Based Switching....... 134
5432 Sensor-Based Switching .........ccccceevennenne. 136
5.5 CONCIUSION c.eveieieiieriiirceret et e 137
REFEINCES ..ottt et e 137
Motor Power Selection and Gear Ratio Design for Mobile Robots......139
6.1  Gear Ratio for a Mobile RObOt........ccvvririiiicniie, 139
6.2  Power Requirement of the Drive Motor .........ccovvievenccnennens 141
6.2.1 Role of Motor Inertia and Friction ..........c..cccceceennne 143
6.3  Typical Motor Characteristics Data Sheet...........ccoccevcerenene 145
6.4  Friction Measurement in a Linear Motion System................ 146
6.5  First Approach: Gear Ratio Design.....ccccocovnvvnincrivinncnne. 148
6.6 Second Approach: System Performance
as a Function of Gear Ratio.......cccocvveecenievencicnicninnincinnnee 153
6.7  Gear Ratio Design for Stepper Motors........cccccocvvenenviinnnne 156
6.8  Design Procedures for Mobile Robot That Are Not
Ground Based.........ccoevviieeiceiiineeer e 158
6.9 CONCIUSION c.vvirieiiieiiceiet ettt 164
RETEICICES 1.veinieiniiieieeiis ettt et et n e sbs e 164
Control Fundamentals .........ccocoeoevverriieiiecreiini e 165
7.1  Control Theory for RODOtICS ....coeveerrireeiciencicieciece 165
7.2 Types of Plants.....ccocoirvieeieeiieiieee e 166
7.2.1 Linear versus Nonlinear Plants ..........cc.cccocniinnnes 166
7.2.2 Time-Invariant versus Time-Variant Plants.............. 167
7.3 Classification Based on Control System.........ccccoeverinvircnens 167
7.3.1  Analog versus Digital Systems........c.ccevveecennivieenne. 168
7.3.2  Open-Loop versus Closed-Loop Systems................ 168
7.4  Need for Intelligent Robot Structure........c.cocevveevvverecennnn. 169
7.5 A Typical Robot Control System.......c.cccoeverieeeciceeneinnencnn, 170
7.6 Trends in Control........ooceeeerrrcnconinenienieneesr e 17
TT CONCIUSION ..ottt ee e see b eneesaee e e ierbeenenas 171
RELEIENCES ..everiiiieiiienieiit ettt s 172
Review of Mathematical Modeling, Transfer Functions, State
Equations, and Controllers ... 173
8.1  Introduction ......cc.ccovireeriiiiinciiiic e 173
8.2  Importance of Modeling.........coccovveveicinineniinncciiien, 174
8.3  Transfer Function Models.........occocivniriiiiniiiniciin, 174

8.3.1 Different Forms of Transfer Functions.................... 175



viii

Chapter 9

Contents
8.4  Steps in MOdeling......ccovreevorrenininirrr s 176
8.5  Some Basic Components Often Encountered in Control
SYSEEIMIS 1.ttt erenreeees e e b et be e eraens 177
8.5.1 Electrical Components .........ccoceevrevnceneirerieerennen. 177
8.5.2 Mechanical Components.......ocveveeeeiverrecreercrienineas 178
8.6  Block Diagram Concepts......orererererereerirmnenisiscneecnineenns 179
8.6.1 Block Diagram Reductions ..........ccccoevervencneennnnn. 180
8.7  Some System EXamples.....c.ccorvriviinevinnniicicniiene 180
8.8 State Equations ......ccooeviiiiiiiniieniiinc 191
8.8.1 Basic Concepts of State Equations from
Differential Equations ......cc..ccocevvveverrvrvrccrrecincnns 191
8.8.2  State Equations from Plant Knowledge ................... 193
8.8.3  State Equations Directly from Transfer Functions....195
8.9  Time Domain Solutions Using Transfer
Functions Approach.........ccivercnncciiiinininonenonennn, 203
8.9.1  Analytical Solution for Mass, Spring, and
Damper System in Closed Loop ..o 204
8.9.2  Simulation Solution for Mass, Spring, and
Damper System in Closed Loop .....ccccocevviniicncnnnn 205
8.9.3 PID Controller Response........coccecceinivieiiiveccnnnen, 207
8.10 Time Domain Solutions of State Equations .........c.ccveennn 209
8.10.1 Time Domain Solutions Using Analytical
MEthOdS ..ottt 209
8.11 Regulator and Servo Controllers ........cocvevvvcrinniiriviininnns 214
B.12  CONCIUSION c..eviiriie e 216
REFEIENCES ...ovevrire ettt asa e s 216
Digital Control Fundamentals and Controller Design .........ccooe..e. 217
9.1 INtroduCtion .....cccocivimercriricireiii s 217
9.2  Digital Control OVerVIeW ........ccocviiviiinniniiiceeeercr, 217
9.2.1  Signal Sampler .....ccccvvniiinniinii 218
9.2.2 Digital Controller .......ccececverninininiiiiiiiincicenns 219
9.2.3  Zero-Order HOld......cccoocvviviiiivininiicninns 219
9.3  Signal Representation in Digital Systems ............................. 221
9.3.1  Sampling Process ......ococevvcsiorenvncnircriiniincn, 221
9.3.1.1 Sampling for Reconstruction .................... 223
9.3.1.2 Sampling for the Purpose of Control........ 223
9.3.2  Z-Transform of Signals........ccovcvecieireinvrniiciinnnn, 223
9.3.2.1 Z-Transform of Continuous Signals.......... 224
9.3.2.2 Z-Transform of Signals Represented
Only as Sample Count, & ...cococeovvricrinnnne 226
9.4  Plant Representation in Digital Systems ........coccevvniniinnnne, 228
9.4.1  Transfer Function of ZOH.........cccoocviiivininceanenn. 229
9.4.2 Z-Transform of Plant Fed from ZOH ...................... 230

9.4.3  Tustin’s Approximation ........eeveievevnrnnivvviiniinnenn 230



Contents ix
9.5  Closed-Loop System Transfer Functions ...........cccecevvevveenns 231
9.5.1 Systems with Digital Instrumentation...................... 232
9.6  Response of Discrete Time Systems, Inverse .
Z-Transforms......eeceeiieencci e 234
9.6.1  Partial Fraction Technique.......c..ccooooevvenvnnnccennnnne 234
9.6.2 Difference Equation Techniques........cccocvevevveeveennnne 234
9.6.3 Time Domain Solution by MATLAB® .................... 235
9.7  Typical Controller Software Implementation............cccvureee. 237
9.7.1 Integral Calculations ........c.occevvererivccrinvcnenenrcnenns 240
9.7.2  Derivative Calculations ......c...ccocovveeenenenneenenennns 240
9.7.3 Implementation of a Digital Controller.................... 240
9.8 Discrete State Space SYStEMS ...ccuevveevivveerereriereeeresressenernene 241
9.8.1 Discrete State Space System from Discrete
Transfer Functions........c.cceeevveieneeieiencciiecnencseenes 241
9.8.2 Discrete State Space Model from Continuous
State Space Model .........ccccovviriiiveniiinr e 242
9.8.2.1 Analytical Method........c..ccooeoiviinnninnins 242
9.8.22 MATLAB Approach.......cccccervmereneninnns 245
9.8.3  Time Domain Solution of Discrete State Space
SYSIEMS. .. eetreriiierreeiierresreesreeeseeeiereeesssnessnaesseenens 245
9.8.3.1 Computer Calculations ..........cccovrreeueennnne 246
9.8.32 Z-Transform Approach ........cccoeceverrenennes 246
9.9  Discrete State Feedback Controllers .......ccc..coeceeeinnienenennnne 250
9.9.1  Concept of State Controllability.........c.cccvecereirinuenne. 250
9.9.2  Concept of State Observability ........c.cccoiveevierervenenne 251
9.9.3 Common Condition for Controllability and
Observability of Sampled Data Systems.................. 252
9.9.4  Design of Pole Placement Regulators Using
State Feedback........cccvveviniiicniniicccnii e 253
9.9.4.1 Comparison of Coefficients Method......... 254
9942 MATLAB Method of Pole Placement...... 256
9.9.43 MATLAB Simulation of the Controller
Performance.......c.cceeeencieieciincecennenenncas 256
9.9.5 Steady-State Quadratic Optimal Control ................. 258
9.9.5.1 Use of MATLAB in LQC Design ............ 259
9.9.6 A Simple Servo Controller ..........coocveveveeirnrereerennnas 260
9.10 Typical Hardware Implementation of Controllers................. 264
911 CONCIUSION .ttt ettt r e 266
REFETENCES ..evviniiieiiiiiie ettt ettt 266
Chapter 10 Case Study with Pole-Balancing and Wall-Climbing Robots.......... 267
10,1 INtrodUCtion ...co.vvevieiicieeiereece et e e 267
10.2  Pole-Balancing RobOt.........covcivivincniiiiiciiiicineiicicnenne 268
10.2.1 Mathematical Modeling .........cccovereerenirencnniinnnenens 269

10.2.2 Transfer Function for Pole Angle Control................ 278



Contents

10.2.3 Pole-Balancing Robot State Model ............cccorunne. 278
10.2.4 State Model for the Pole-Balancing Robot from
Robot and Motor Data........ccccoceicmninicnionicncnienns 282
10.2.5 Pole Placement Controller with Servo Input
Used as OffSel ..c.oovvrviveneinniinicniiiciineneeeeenanas 283
10.2.6 LQC Controller with Servo Input Used as Offset....286
10.2.6.1 Effect of a Change in g Matrix................. 287
10.2.7 Implementation of the Pole-Balancing Robot
Controller Using DSP Processor .......ccooevvvvicvvinnns 291
10.2.7.1 Hardware Setup .....cccccocveevinininnscninnn 291
10.2.7.2 Software for the Robot.............c.cccoeieeins 293
10.2.8 Two-Degree-Freedom Pole-Balancing Robot.......... 299
10.2.8.1 Control Philosophy ........ccccoviviininiiiiiinnins 299
10.2.9 Estimation of Angular Friction Term b Used in
PBR from Experiment........c.cccoovvvneceicieninnincnnnnns 300
10.3  Wall-Climbing RODOLS.......ccoieereereivcrere i, 306
10.3.1 Flipper Wall-Climbing Robot ........ccccovvrvvciiiinnnnenn 306
10.3.1.1 Overall System Configuration of
Flipper WCR....ccooviiiniiiccieicnce 308
10.3.1.2 Control of Suction Pad Arms and
Craise MOtOr . veeverieeieeerreeceereeeecceeenees 308
10.3.1.3 Operation Sequence of the Flipper WCR ....310
10.3.2 Design of a Wall-Climbing Robot Using
Dynamic SUCHION .....ocviiiriiiiciniccei e 312
10.3.2.1 Dynamic Suction Principle..........coocennneee 313
10.3.2.2 Operation of the WCR Using
Bernoulli’s Principle ......cooovvceeieirinnins 314
10.4  CoNCIUSION ..eoviriiriieiiieiceneieeecteie e 315
REFETEIICES ...viovinieiiieiireiee st cesi ettt ettt et s s 315
Chapter 11 Mapping, Navigation, and Path Planning.....c.cccococcenvnnniicnnnnnns 317
T1.T Introduction ..o..eeeeecicine it 317
11.2 PerCeplion .c.cecveieieieriniieieniee st 317
11.2.1 From Sensor Measurements to Knowledge Models ....318
11.2.2 Map Representation........cooeeenerecercrnirmnieniennenns 321
11.2.3 Metric Map....cooooieiiceenicnice et nnens 322
11.2.3.1 Case Study .oevvveveeeerinrenienneirenveienne 325
11.2.4 Topological Map........cccoverecirmeniennienircrcerenreenereeas 328
11.2.4.1 Case Study of Topological Map................ 328
11,3 NaVIZation. oueeerieriiierierieeeei ettt e s e 330
11.3.1 Wall FoHowing ......ocovvovvierecrnienceiccenccnen 331

11.3.2 Obstacle Avoidance with Vector Force Histogram....333
11.3.2.1 Case Study of Obstacle Avoidance with
Vector Force Histogram.........coccocvecveneenne. 335



Contents

Chapter 12

Xi

114 Path Planning........cccoveiiveeennnninnicniieenee st s 341

11.4.1 Wavefront Planner........c.ccoccoecrinineniiiiinnin i 341

11.4.2 Path Planning Using Potential Fields.........c.cc.cocee. 343
11.4.2.1 Case Study of Path Planning Using

Potential Fields ..., 344

11.4.3 Path Planning Using Topological Maps ................... 350
11.4.3.1 Case Study of Path Planning Using

Topological Maps........ccoovcevinviinciniiiinees 350

REFETEIICES ..ottt s 356

Robot Autonomy, Decision-Making, and Learning.........c.cccccoenee. 357

12,1 INtrodUCtion ......ccccecceeriiceenieienre et s 357

122 RODOt AULONOMY....ccveeririeeireiinieiiereeniteeeseesis s siierens 357

12,3 Decision-MaKing ..o, 358

12.3.1 Classical Decision-Making .......c.cccoevverincvinnniinnnne 359

12.3.2 Reactive Decision-MakKing.........cccevvveireiinrennnnnee 360

12.3.2.1 Case Study on Reactive Decision-

MaKing ...ccoveoireneerieinccnec e 361

12.3.3 Hybrid Decision-Making..........ccoeevervvcirvnicrnnienns 365

124 RObOt Learning.......ccccovvceeniviinnieniciiininiese e sineeenenn, 366

12.4.1 Artificial Neural Networks.......occoovveecrncnnicnninniins 368

12.4.1.1 Perceptron........ovrvieiiiiniesienininiieeienans 369

12.4.1.2 Case Study on Perceptron with Learning ...372

12.4.1.3 Multilayer Perceptron .........c.occcevvvvvecirinins 3717

1242 Q-Learming......occeeevveermrenenciireceniieiee e 379

12.4.2.1 Case Study Q-Learning.......cccceevvererrenene 380

12,5 COonCISION c.vveveereiiierrecie et 384

REFEIENCES ...oeiveciiiiiei ettt 386



